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PREFACE 

Since its inception in 1958 the serial publication Advances in Clinical 
Chemistry has had a dual purpose: the description of reliable diagnostic 
and prognostic procedures and the elucidation of the fundamental bio- 
chemical abnormalities that underlie disease. As with so many other 
branches of science, both of these aspects have undergone remarkable 
developments during the past dozen years, and the Editors have striven 
to have the Advances reflect these developments. 

New methods for diagnosis and prognosis of disease no longer consist 
of relatively simple, discrete procedures, but frequently comprise the 
transposition of a whole research technology to the everyday needs of 
the clinical chemistry laboratory. Such transposition requires a careful 
and critical appraisal of the feasibility of the technology in its altered 
setting of such factors as accuracy, precision, sensitivity, and specificity, 
and, if possible, of automation. These features are exemplified in the 
present volume by Street’s review on The Use of Gas-Liquid Chromatog- 
raphy in Clinical Chemistry and by Bush’s review on Determination of 
Estrogens, Androgens, Progesterone, and Related Steroids in Human 
Plasma and Urine. 

Studies on the biochemical mechanisms that underlie disease are 
represented in the present volume by several reviews. That  by Cuthbert- 
son and Tilstone spans forty years of investigation by the senior author 
in a field that is of considerable current interest. The review on The 
Investigation of Steroid Metabolism in Early Infancy critically sum- 
marizes a vast amount of recent work that has been made possible not 
only by the availability of new methods but by the ingenious utilization 
of biological materials obtainable from the infant a t  birth and in the 
neonatal period. 

As in the past, it is a great pleasure to thank our contributors and 
publisher for their excellent cooperation in making this volume possible. 

September, 1969 
OSCAR BODANSKY 
c. P. &ZWART* 

*Present addres*y: 17 Orchard Road South, Edinburgh, Scotland. 
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1 .  Introduction 

The nature and severity of an injury, whether arising by accident, 
necrotizing agent, radiation, or by elective surgery, condition the charac- 
ter of both the immediate and subsequent biochemical changes, that occur 
not only locally but also generally. The subject’s nutritive state a t  the 
time, particularly in respect to  labile protein reserves and glycogen, also 
affects the scale of these changes, as does restitution of the lost blood or 
plasma. Finally, the environmental temperature a t  the time and during 

1 
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the days immediately following the injury or operation likewise condi- 
tions the issue: the relative humidity may be linked with this. 

Although these changes have been spasmodically studied for many 
years and as early as 1794 John Hunter (H18) had realized that there is 
a circumstance concerning accidental injury which differs from disease, 
namely, that the injury done produces not only the disposition but the 
means of cure, nevertheless, the nature of these changes and their in- 
terpretation still constitute a fundamental and important area of bio- 
logical research as accidents increase and surgeons become more venture- 
some (C33). 

It is very obvious that physical injury results in damage to and loss of 
body protein locally a t  the site of injury, either by physical separation of 
tissue from the rest of the body or by destruction of i t  in situ. At this time 
there is initially a depression in vitality (“ebb phase”) which may be 
transitory or more manifest and there may be some degree of primary or 
“neurogenic” shock. The situation may deteriorate, and through loss of 
blood or plasma oligemia may ensue. For defense and in order to initiate 
repair of the damaged tissues, the injury is generally followed by an 
increase in metabolic reactions (“flow phase”) with components-both 
local and general-which together constitute the inflammatory response 
and beginning of repair. 

It is very obvious that many of the consequences of injury imperil, or 
are potentially capable of imperiling, survival apart altogether from the 
purely local damage done. Such are hemorrhage, renal failure, or cerebral 
fat embolism; but many, such as those concerned with preservation of 
homeostasis are defense mechanisms, eg., the vasoconstriction of skin 
and muscle which reduces bleeding, and hemodilution which helps to offset 
blood loss. 

Of the chemical constituents of the body which are lost or damaged, 
the proteins of the tissues suffer most, but considerable electrolyte 
changes take place and the tricarboxylic acid cycle is deranged. 

Clinically i t  is necessary to recognize those effects which should be 
counteracted and, in particular, the pathological sequelae which need to 
be prevented or allayed. The concept of irreversible status requires 
constant revision as knowledge becomes greater and surgery more ven- 
turesome. It is convenient to divide the changes into early and late. 
Together they may be considered to constitute the inflammatory response. 

2. The Nature of the Immediate Changes 

2.1. VASCULAR 

In  this phase we are concerned with both the local tissue changes, 
especially the vascular changes, and the changes in metabolism including 
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alterations in hormonal activity. These are largely interdependent (C27, 
C33). 

A few minutes after injury there is a fleeting arteriolar contraction 
with coagulation of escaping blood. Then there follows dilatation of blood 
vessels inducing redness and heat, and in some measure this constitutes 
the beginning of the defensive pattern of homeostasis involving inflamma- 
tion and repair. Later there is swelling, pain, and sometimes loss of 
function. Shortly after these initial changes there occurs an increase in 
polymorphonuclear leukocytes and platelets but fall in eosinophiles and 
lymphocytes. After severe injury there is increased coagulability of blood 
with decreased suspension stability of red cells which tend to clump. 

2.2. HORMONAL 

Local production or liberation of hormones must act as mediators in 
these reactions. 

The vascular response to mild injury is biphasic and the initial change 
is in the small venules (M12) ; later there is increase in capillary perme- 
ability. Various local hormones, such as histamine, 5-hydroxytryptamine, 
and bradykinin are released, and these mediators could be responsible for 
the venular change, but blocking them does not prevent exudation. 
Systemically there is increased secretion of adrenaline (epinephrine) 
(W5), cortisol (J2), aldosterone (Zl),  and ACTH (see Section 8.2). 

Stimulation of the sympathetic system seems to be the primary trigger 
in setting off a burst of catecholamines and the cortical steroids, the 
latter mainly mediated through the hypothalamic-pituitary axis, and 
which bring about much of what constitutes the primary reaction to the 
emergency. There is also hyperglycemia. Much of this “nervous” stimu- 
lation can apparently be damped down by premedication and anesthesia 
in the case of elective operations, and by fainting. There may be a fall 
in gastric acid-pepsin secretion, gaseous distension of the proximal colon 
and decreased gastric mobility. Cerebral hypoxia may lead to confusion. 

3. Early Postinjury Changes 

Beginning within a few hours after moderate to severe injury, and 
generally complete in 24 hours, is a phase of local increased permeability 
and exudation with consequent swelling as the inflammatory reaction sets 
in. Polymorphs and monocytes migrate in the exudate which coagulates. 
There may be thrombosis of vessels in the vicinity of the damage which 
tends to block movement from and to the zone of damage. Unless the 
loss of circulatory fluid is rapidly blocked or made good, the patient may 
pass into a more serious state of shock by lack of adequate cardiac 
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output due to diminished return to  the right heart. This period of ebbing 
vitality is associated with a progressive fall in body temperature and 
oxygen utilization. There may be oligemia or normal volemia during this 
period depending on blood loss. 

There may be circulatory strain a t  various sites; for example, the gut 
may sometimes show evidence of transient shedding of the mucosa. There 
is oliguria and appetite may fail, the liver may be so affected by an- 
oxemia that there is inhibition of deamination, and there may be in- 
creased concentration of amino acids in the blood; this will be further 
considered. 

Increase in capillary permeability is the second stage of the biphasic 
permeability response (M12). Systemically, the organism is now in the 
“ebb” phase of the metabolic response. Plasma sodium and chloride may 
fall, and there is an accumulation of water, plasma protein, and sodium 
a t  the site of injury. There begins a marked increase of fibrous tissue at  
many sites (R3).  

3.1. RENAL CHANGES 

Regional vasoconstriction arises from oligemia, and hypotension results 
when vasoconstriction cannot balance the reduced cardiac output. The 
outcome is diminished transport of oxygen: oxygen consumption is re- 
duced. This is, however, beneficial, a t  least for a time, because survival 
becomes feasible after an amount of blood loss which would otherwise be 
fatal (58, S9). It may, if extreme and prolonged, result in renal tubular 
necrosis and increase of heart load; and experimentally, i t  has been in- 
volved in the pathogenesis of irreversible hemorrhagic shock (L8). Renal 
vasoconstriction may result in severe degeneration or necrosis of the renal 
tubules. Acute renal failure may arise and associated with it the condi- 
tion of “traumatic uremia.” This takes oliguric and nonoliguric forms 
(S13a) in both of which the azotemia persists for days or weeks, be- 
comes considerable and is not ameliorated by infusion therapy. The 
underlying change in both is a fall in glomerular filtration rate. The 
distinguishing feature in patients with acute renal failure is the per- 
sistence of a low filtration rate, the cause of which remains obscure. 
Tubular necrosis may contribute, but it cannot account for the essential 
change, nor can changes, in total renal flow (M16). Although intrarenal 
cortical ischemia may be important experimentally (T5), this is uncer- 
tain in man. 

The volume of urine is determined both by the fall in glomerular 
filtration rate and by the reduced tubular reabsorption of water. The 
balance determines whether renal failure, if it occurs, is oliguric or non- 
oliguric. Retention of sodium and water help to conserve body water and 
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salt in the face of losses in the injured area and through hemodilution 
may reduce oligemia. 

3.2. EARLY BIOCHEMICAL CHANGES 
In  general, i t  is difficult to determine whether the biochemical changes 

seen a t  this stage represent a primary metabolic change toward homeo- 
stasis or are secondary to a decrease in circulating blood volume and 
in blood pressure. Stoner and his colleagues (S16) have shown that al- 
though the biochemical changes in skin and kidney are mainly due to 
changes in blood supply this is not the case in liver, brain, and uninjured 
muscle. 

3.2.1. Lipemia and Fat Embolism 

While lipemia occurs after injury it has nothing to do with fat emboli, 
for it occurs after hemorrhage, burning, or local cold injury, all condi- 
tions unassociated with fat embolism. Sevitt points out that there is no 
evidence that preexisting lipemia in man (e.g., diabetes) predisposes 
to fat embolism after injury, nor does digestive lipemia in rabbits in- 
crease the degree of fat embolism after injury, nor does digestive lipemia 
in rabbits increase the degree of fat embolism after injury, nor apparently 
does digestive lipemia in rabbits increase the degree of fat embolism 

Sevitt has suggested that traumatic lipemia with rise in free fatty 
acids in particular, and less markedly of cholesterol, neutral fat, and 
phospholipids, may be considered as part of the general metabolic re- 
sponse to injury. Pulmonary fat embolism is found a t  necropsy in 90- 
100% of patients who have died shortly after fracture-possibly a pro- 
tective trapping mechanism in that few fat emboli will reach the systemic 
circulation. 

3.2.2. Early Changes in Nitrogen Metabolism 

A rise in blood nonprotein nonurea nitrogen was observed following 
severe injury in battle casualties in World War I by Duval and Grigaut 
(D13), who related the increase to the degree of tissue damage, though 
Cuthbertson (C19, C22) did not find much elevation in blood levels in 
fracture cases a t  the time of the maximum excretion of urinary nitrogen. 
Grant and Reeve (G19) in their detailed study of battle casualties in 
World War I1 noted that a rise in blood urea in the first 48 hours of 
injury was common in those who had initially lost more than 40% of 
their blood, irrespective of the size of the injury, and the greater the 
blood loss the higher in general was the urea. Two factors contributed: 
(1) diminished renal function in the early period after injury, and (2) 
increased formation of urea. Where blood loss was over 5Q% there was 

(P3, 58, S9). 
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little secretion of urine for 8-10 hours after injury, and the blood urea 
concentrations reached could be used as a rough method of measuring 
urea production. At this period a raised blood urea seems to  depend on 
blood loss rather than on quantity of damaged tissue. In  patients with 
much loss of blood, urea usually reached its peak within 2 W  hours 
and thereafter fell as renal function improved. Where the liver is affected 
through severe blood loss, deamination may be affected and accumulation 
of amino acids in the blood arises (Vl) .  Indeed, the liver of the severely 
shocked animal may make a net contribution of amino acids to the 
plasma rather than effect their normal rate of removal (R12). It has 
further been observed in man that the serum amino acids were usually 
lower 3 to 4 hours after operation than before it, except in the case of 
isoleucine, which rose (55). There was an increased urinary output of 
all of eleven amino acids examined. Eades et al. (El) have reported the 
excretion of peptides in the urine of injured subjects, and increased excre- 
tion of certain enzymes have also been found (see Section 3.2.5.). In  these 
circumstances i t  is not surprising that infused amino acids are poorly 
tolerated (B21). The liver defect is presumably one of deamination, since 
the low blood concentrations are not accompanied by any accumulation 
of ammonia in the liver of the shocked animal (W13). 

However, the observations of Gillette et al. (G7, G8) on the effect on 
goats of massive wounding indicate that both in untreated and penicillin- 
treated animals increases in blood nonprotein-nitrogen, urea, creatine, 
creatinine, and plasma magnesium occur, with creatine showing relatively 
the greatest increase, but no rise in amino acids in the blood was found 
by them. Unwounded animals which had received an intravenous lethal 
dose of the endotoxin of Escherichia coli showed similar, but lesser, effects. 
The plasma Na+ and K+ remained practically constant in all groups. 
Some 48-72 hours after severe burns in man there have been reported 
increases in the plasma undetermined nitrogen (Tl, W l ) .  The examina- 
tion of 177 battle casualties by Green et al. (G21) also confirmed the ab- 
sence of a rise in plasma amino nitrogen. Nevertheless, there are reports 
of amino aciduria, and Nardi (N l )  has reported this following burns 
and other forms of trauma. It consisted of an increase in both the non- 
essential amino acids normally found in the urine and the essential ones, 
threonine, valine, leucine, isoleucine, lysine, and methionine, not normally 
detected. Chytil (C9) suggests that the urinary loss of amino acids in 
rats arising from an injection of turpentine is the main factor causing 
the negative nitrogen balance in this form of injury, possibly from liver 
damage. 

Definite traces of heat-coagulable protein frequently are excreted, 
notably during the time of maximum nitrogen excretion (C21). 
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It has been suggested that blood lost into the area of trauma may 
be the source of the nitrogen lost ( D l l ) ,  but the fact that the increased 
urinary nitrogen loss disappears a t  highish environmental temperature 
and also on a protein-free diet argues against this view, and further the 
introduction of blood of equivalent nitrogen content to that excreted in 
the urine over and above that which would have been normal on the diets 
used, did not lead to this scale of loss (C5, C27, M19). 

During the early stages of the generally depressed vitality following 
receipt of a moderate to serious wound a t  ordinary environmental tem- 
perature there may be a relative or absolute anuria (C21). This is less 
apparent a t  higher environmental temperatures (C40). 

3.2.3. Early Changes in Carbohydrate Metabolism and in the Tri- 

Green et al. (G21) noted a tendency for an inverse relationship to 
exist between the hyperglycemia which is a prominent feature some 10 
hours after wounding, its degree varying with the severity of the injury, 
and the plasma amino acid nitrogen level. 

Stoner et al. (S17) have described the early period of depressed energy 
metabolism following injury and its associated biochemical changes. 
As their model they have taken the rat injured by a 4-hour period of 
bilateral hindlimb ischemia. About 1-5 hours after removal of the tour- 
niquets and before failure of oxygen transport to the tissues, the rat 
is in a sufficiently steady state for metabolic experiments. The timing 
usually corresponds with the period of maximum hyperglycemia, but 
the conversion of tissue glycogen to blood glucose mainly occurs before 
the start of the experiments. When the tourniquets are removed, body 
temperature falls owing to a decrease in rate of heat production (515). 

While the rate of utilization of glucose by rat tissues is only re- 
duced by 10% a t  this stage of the injury, glucose aerobic oxidation is 
more severely affected, being reduced by 30%. This is about the same 
as the reduction in total O2 consumption of the rat  a t  this time. Unlike 
glucose, the oxidation of pyruvate is inhibited by some 70% after injury. 

That this early depression of general vitality occurs has long been 
recognized (D5, MlO), and was earlier shown by Henderson et al. (H8) 
in patients with burns to amount to  a decrease in oxygen consumption 

When p y r ~ v a t e - ~ ~ C  is injected into an injured rat, the label does not 
pass downward to CO, and the amino acids glutamate and aspartate 
associated with the tricarboxylic acid cycle, as i t  does in the controls, 
and a greater proportion of i t  migrates upward toward glucose. In  con- 
sequence, there is a greater labeling of the blood glucose of the injured 

carboxylic Acid Cycle 

of 45-6076. 
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rat despite the fact that gluconeogenesis is not increased a t  this time. 
These findings link glycolysis to the tricarboxylic acid cycle and the 
reactions concerned in gluconeogenesis. Stoner and his colleagues believe 
that the depression in heat production shortly after injury is through 
interference with the tricarboxylic acid cycle a t  or near the citrate 
synthetase stage, either through inhibition of this enzyme or through 
lack of acetyl-CoA. The liver, which is a major site of heat production, 
would be predominantly affected by the change. 

Interference with the first stage of the tricarboxylic acid cycle should 
by deprivation, lead to a fall in the concentration of compounds such 
as citrate, glutamate, and aspartate and also to the accumulation of 
pyruvate. These changes have been observed in the liver of the injured 
rat. Liver mitochondria isolated from injured rats, even from those 
on the point of death still show normal behavior in vitro (A2). 

If an uninjured rat is moved from an environmental temperature of 
20°C to one of 3”C, there is a rapid increase in oxidation and rise in 
core temperature as measured in the colon, and this persists during cold 
exposure. This response, however, is not seen when injured rats are ex- 
posed to 3°C. In  these animals exposure to cold increases the rate of 
fall in body temperature. It is not necessary to have a fatal injury to 
produce this altered response. At 24-48 hours after an injury, when the 
rat can still maintain its body temperature in an ambient temperature of 
2OoC, it may be unable to do so when exposed to 3°C (517). 

Although Stoner et al. (S17) found adrenaline (epinephrine) and nor- 
adrenaline (norepinephrine) to be inactive in relation to temperature 
response (see also Section 7) , isoprenaline and dichloroisoprenaline both 
increased the temperature of injured rats when given just before removal 
of the tourniquets in these experiments, or up to a t  least 1.5 hours 
afterward. Although dichloroisoprenaline is a p-adrenergic blockade 
agent, it also has a powerful agonist action. These authors have pointed 
out that the rise in temperature is due to an increase in the rate of heat 
production, and they are working on the idea that the substrate is non- 
esterified fatty acid, and that a large excess of this can overcome the in- 
terference with oxidative metabolism. They pointed out that in their 
particular experiments the injured animal gained nothing from the in- 
crease in the rate of heat production. The survival time was usually 
shortened by a rise in body temperature in these early hours following 
injury when the natural reaction is that of “ebb” rather than “flow.” No 
effect of injury on the removal from the blood stream and tissue distribu- 
tion of intravenously injected albumin-bound palmitate-l-14C has been 
noted, but its oxidation in organs associated with small bicarbonate pools 
appeared to  be depressed to about the same extent as pyruvate (817). 
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As palmitate enters the tricarboxylic acid cycle via acetyl-CoA, their 
results with labeled palmitate suggest that the inhibited step is the 
oxidation of palmitate and pyruvate after their pathways have joined. 

Mrlz  (M15) has shown that animals are more resistant to  different 
types of shock-drum, burn, hemorrhagic-the higher their liver and 
muscle glycogen levels. In  animals with low glycogen level severe hypo- 
glycemia develops under certain conditions following the injury. Several 
drugs prevent the hypoglycemic reaction in shock and increase simulta- 
neously the resistance of the animals. Insulin, however, does not make the 
animals less resistant despite lowering of blood sugar levels, and p- 
adrenergic blocking agents though permitting higher muscle glycogen 
levels do not increase resistance. 

The term “traumatic diabetes” has been used to describe the temporary 
alteration of carbohydrate metabolism characterized by hyperglycemia 
and glycosuria following injury. Howard et al. (H14) showed that 
glycogenolysis and gluconeogenesis are increased in proportion to the 
extent of the injury, and the tolerance of the body to both oral and 
intravenous loads of glucose is also diminished after injury (H6). Johns- 
ton et al. (55) have found that moderate injury raises the level of fasting 
blood glucose and reduces the tolerance to  intravenous glucose for up to 
72 hours. Plasma levels of insulin and growth hormone are raised after 
injury. 

Corticotropin produces changes in carbohydrate metabolism similar 
to, but greater than, those induced by injury, but it has no effect on 
plasma insulin or growth hormone levels (see also Section 8.2). The 
hyperglycemia may be transformed into an acute diabetic state, as has 
been noted in burns where burn stress has been recorded (E6, R7). 

3.2.4. Electrolytes and Cellular Injury 

The classical signs of inflammation are present in degree varying with 
the injury and with the time interval. These involve permeability changes. 

I n  starvation or other wasting conditions there occurs a loss of K+ 
paralleling the excretion of the other products which result from the 
wasting of the tissues. Gamble et al. (Gl) observed that during the first 
few days of fasting there occurred a loss of Na’ which was in excess of 
the amount contained in the autolyzed tissue and was presumably due 
to the loss of extracellular fluid. After the first 6 days of a 15-day fast 
the K/Na ratio in the urine corresponded to that in muscle tissue. The 
processes a t  work in the injured animal fed an adequate diet differ in 
that there is either no parallel urinary loss of Na or occasionally a 
slight fall (C37), but there may be definite early retention in man (B17, 
M14, W15, W19). Retention of chloride and sodium has long been known 
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to occur in fevers, but Wilson e t  al. (W19) were the first to point out 
that a considerable fall in the level of serum sodium may occur in man 
after extensive burns.. It was found that i t  could be restored rapidly to 
a normal level by deoxycorticosterone acetate (W18). In  cats they found 
that after scalding under Nembutal anesthesia the level of the serum 
sodium in arterial blood and in cerebrospinal fluid steadily declined, while 
the sodium in the red cells tended to increase. Substantially the same 
changes followed when shock was induced by hammering the thigh mus- 
cles. There is retention of body sodium with a concomitant loss of body 
potassium (Ul, W15, W17). 

A K+ loss occurs and for a period may be relatively greater than that 
of N in the fractured rat in relation to the composition of the injured 
tissues (C37), and in this respect the reaction is somewhat similar to 
that in fever. For example, an analysis of the quadriceps of rats adjacent 
to a fractured femur and the contralateral uninjured muscle group re- 
vealed a relatively greater loss of K than N, both histochemically and 
chemically. The loss of K+ in the urine was greater than could be ac- 
counted for by such local changes. To a lesser extent this also holds 
for creatine. It is of interest that the addition of extra dietary carbo- 
hydrate to  rats on a diet some 6% short of adequacy did not affect the 
excretion of either Na’ or creatinine following fracture (C37). 

Walker et al. (W4) reported a fall in urinary calcium following 
operations on soft tissues of a “severe” character, and this correlated 
well with a fall in sodium output. On the other hand, urinary magnesium 
tends to  behave like nitrogen and show an increased excretion during 
the second to fifth or sixth days following injury (W3). 

Acid Base Balance. Trauma from whatever cause may strain 
control of the acid-base balance by increasing production of acids, espe- 
cially where there is tissue anoxia, by diminishing power of lungs and 
kidneys to eliminate them, and by lowering of buffering capacity through 
anemia and hypoproteinemia [for review, see Walker (W2) 1. 

Walker pointed out the possibility of massive transfusions of citrated 
blood producing in the postinjury period a metabolic alkalosis due to the 
metabolism of citrate, leaving sodium to combine with base. 

When fluids must be given intravenously there are two schools of 
thought with respect to  sodium: (1) that in general an intake of not 
more than 80 mEq of sodium is adequate; (2) and more recent, that up 
to 3.0 liters of Ringer-acetate solution should be given during operation, 
depending on the severity of the procedure (S10). 

The control of potassium loss in the urine following injury is not 
a problem if oral feeding is resumed shortly after operation, but if the 
patient has to  be maintained on intravenous fluids for several days, and 

3.2.4.1. 
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these fluids contain no potassium, a deficit of this will develop. This 
may not be serious in itself, but if a t  the same time there are additional 
losses of potassium from the bowel, as a result of ileus or some such 
complication, then a significant deficit may develop. It may be of the 
order of '2W-300 mEq K+. It can be corrected after the first 36-48 hours 
following injury by addition of some 80 mEq K+ each 24 hours. This 
should prevent an unnecessary postoperative complication (L3) (see also 
Section 6.2). 

3.2.5. Enzyme Changes 

In  studies of lymph from injured and noninjured limbs, Lewis (L6) 
found that after 60°C burns applied to the hind limb of the anesthetized 
cat the K+ remained intracellular. Even after burning a t  80°C there was 
only a small increase of K+ in the lymph, and this could be accounted for 
by the hemolysis which occurred and which resulted in a slight rise in 
blood K+ as a direct result of cell damage. It may be that the release of K+ 
is associated with changes which also affect mitochondria1 enzymes. It 
is only after massive cell breakdown as caused by freezing the limb solid 
that considerable amounts of K+ appear in the lymph drainage. 

It has been pointed out that since K+ remains intracellular following 
injuries which result in the leakage of intracellular enzymes of high 
molecular weight, this affords further evidence that changes of the 
cell permeability are specific (L6). Slater et al. (S12a) have shown that 
in spite of the leakage of these enzymes of high molecular weight, NAD+ 
and NADH, which are mainly cytoplasmic in liver, remained firmly 
within the liver cells. 

Lymph. Where a tissue is damaged, one of the first signs of 
injury is a leakage of fluid and protein from the vessels into the inter- 
stitial fluid. During severe acute injury there is an escape of intracellular 
enzymes from the injured tissue into the circulating blood (Ll ,  R11, T3). 
This is part of the local component of the inflammatory response. It is not 
clear whether the enzymes come from completely broken-down cells or 
escape from cells in which, though still functional, the membrane perme- 
ability has been increased by the injury. Wroblewski et al. (W22) have 
already suggested that in some types of hepatocellular injury the enzymes 
escape from the cells by means of a metabolic or excreting process. 

Lewis (L6) has described the biochemical changes which occur in 
lymph, which is the drainage of the interstitial spaces, coming from the 
hind limbs of anesthetized cats injured by ischemia or burning. After 
burning a t  60°C there was a significant increase in the concentrations of 
the cytoplasmic enzymes glutamic-oxaloacetic transaminase (GOT) and 
lactic dehydrogenase (LDH) as a result of the increased permeability of 

3.2.5.1. 
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the cell membrane; when the limb was burned a t  80°C, there was a 
marked increase not only in the cytoplasmic enzymes, but also in the 
mitochondrial enzyme glutamic-pyruvic transaminase (GPT) . Thus with 
the stronger burn the permeability of the intracellular mitochondrial 
membrane was also increased. Not until the most severe injury of all, i.e., 
freezing the limb solid, was there an increase in the concentration of the 
lysosomal enzymes acid phosphatase and p-glucuronidase in the lymph. 
Very mild injury, such as hot water a t  50°C or ischemia for 1 hour, 
produced no increase in protein or enzyme concentration in the lymph, 
although after the latter there was an increase in lymph flow. 

It would appear that  lysosomes take little or no part in the tissue re- 
action to injury even after the most extreme tissue breakdown. This find- 
ing is not in agreement with the original hypothesis of de Duve (D6, D7) 
that rupture of lysosomes could initiate cell injury, but it is consistent 
with the findings of Slater and Greenbaum (S l l ,  S12). 

It was subsequently reported that, in the rabbit, burns a t  80°C induced 
rises in all three groups of enzymes, namely, LDH and GOT, the cyto- 
plasmic GPT, and the lysosomal enzymes acid phosphatase and p-glucu- 
ronidase (L7). No change occurred a t  the time in the contralateral limb. 
The rabbit seems more sensitive in these respects than the cat. 

The finding that prolonged ischemia causes such a small amount of 
cellular injury was somewhat unexpected, since findings in other tissues 
such as liver (D8) and heart (W21) indicate that ischemia causes con- 
siderable leakage of lysosomal and other intracellular enzymes. 

The absolute amount of the enzymes released into the circulation from 
the heart during cardiac infarction is considerable, since high serum 
levels are maintained for several days, although injection of LDH raises 
the level for only a few hours. It has been suggested (H5) that the release 
is part of an acute syndrome rather than a release from necrotic tissue. 
Lewis' findings (L7) make it clear that, a t  least during the acute phase 
of the reaction to injury, the intracellular enzymes escape from the cells 
of the injured tissue. The possibility is not excluded that some substance 
is released from skin cells especially in the case of skin burns, which 
might mediate the escape of the intracellular enzymes from other cells 
in the lower-lying tissues which might suffer direct damage. Lewis points 
out that during the experiments the blood levels of these enzymes re- 
mained very low when the concentrations in the lymph had increased 
many times. The enzyme levels in the lymph draining an injured area 
are therefore a much more accurate indicator of tissue injury than the 
blood enzyme levels. Hydroxycortisone and salicylate had no effect on 
these changes despite being antiinflammatory agents (L7). 

Are these changes in enzyme concentration in lymph due rather to 
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increased synthesis than to just leakage? The overall picture is building 
up that with mild injury there is increase in the enzymes building up 
energy supplies. Histamine and bradykinin when infused did not produce 
these changes. The concentration of protein in the lymph also increases 
after cellular injury except in the case of ischemia. 

3.2.5.2. Blood and Tissue 

3.2.5.2.1. Serum isozymes following different types of injuries. The 
multimolecular forms of enzymes, called isozymes, may be identified using 
combinations of suitable gel electrophoresis and histochemistry. The 
changes in naphthylamidase and alkaline phosphatase following burns 
most likely indicate an alteration of liver metabolism and may persist 
for several weeks (A5). A rise in plasma alkaline phosphatase, but of 
kidney origin, can be found after limb ischemia in the rabbit. 

3.2.5.2.2. Plasma renin. Collins and Hamilton (C11) many years ago 
reported that  severe hemorrhage in dogs caused an increased plasma 
renin act,ivity. It has now been shown that operation and hemorrhage in 
man cause renin release, and it is suggested that  this is mediated through 
a spinal reflex (B15). The role of the renin-angiotensin system is not 
clear, but it seems to be activated during operation in man in relation 
to adjusting the blood volume to the blood vessel capacity. Because of 
its marked vasoconstriction, angiotensin may stimulate the release of 
aldosterone which causes sodium retention and slows adjustment of 
blood volume. 

In  shock the excessive peripheral vasoconstriction may be caused by 
circulating angiotensin and not, as proposed by Nickerson (N5),  by 
catecholamines alone. Secretion of ACTH may possibly stimulate renin 
secretion. Laparotomy in the rabbit per se causes a marked increase in 
plasma renin activity. Such change is in contrast to the results in rabbits 
subjected only to blood sampling and anesthesia (M2). Increased plasma 
activity could stimulate the secretion of aldosterone leading to post- 
operative sodium retention (L4, M14). 

Urine: Uropepsin. The increase in adrenal activity is ac- 
companied by a rise in gastric acidity, pepsin concentration, and urinary 
uropepsin excretion, regardless of the presence of the vagus nerve or 
gastric antrum (D10, E2). The increase in uropepsin excretion closely 
parallels the increase in 17-hydroxycorticoid output. The maximum 
gastric and adrenal responses appear on the second to fourth day (G20). 

3.2.5.2.3. 

3.3. HEMOGLOBIN AND EFFECT OF TRANSFUSION 
In  limb injuries, after blood loss there is usually a fairly rapid dilution 

of blood, first with protein-free or protein-poor fluid, but later chiefly 
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with fluid containing protein in nearly the same concentration as  the 
original plasma. During the first 12 hours after injury the average dilu- 
tion is roughly proportional to the hemorrhage. In  fit men a hemoglobin 
concentration above 14 g/100 ml indicates a previous blood loss of less 
than 40% of the blood volume; and a hemoglobin concentration below 12 
g/100 ml, a previous blood loss of more than 40%. 

Transfusions of dilute plasma or of blood rarely alter the plasma 
protein concentration by more than k0.5 g/100 ml. The greater part of 
the diluent in both rapidly leaves the circulation (G19). 

In cases of trauma, Flear and Clarke (F2) found that the nitrogen 
released by the breakdown of transfused red cells is not excreted but is 
available to  the rest of the body. The experiments of Whipple, Millcr, 
and Robscheit-Robbins (W12) indicate that when undernourished anemic 
dogs are fed protein i t  is preferentially utilized for synthesis of hemo- 
globin. It seems likely that this is the case in the anemia of trauma. 

Flear and Clarke (F2) have obtained the impression of improved con- 
valescence after major injury when blood transfusions adequate to pre- 
vent the anemia are given. When this has been achieved, and in the 
absence of major complications, they have not seen the lengthy early 
stages of convalescence described by Moore and Ball (M14). Such clinical 
impressions suggest that when there has been generous replacement of 
blood loss incurred by injury and its treatment, the metabolic picture 
may be modified. They have not usually found the retention of sodium, 
chloride, and water in the transfused cases after the first 24 hours, though 
in nontransfused cases the amounts and period over which they were 
retained were of the same order as those reported by others to follow 
surgery. 

Flear and Clarke (F2) found the loss of nitrogen to occur in both 
transfused and nontransfused cases, but such losses were greater in the 
nontransfused group, and the excretion of nitrogen suggested that the 
posttraumatic increase in catabolism was postponed by transfusion. Their 
untransfused patients showed approximately the same negative balance 
as the senior author had earlier found after fracture (C22). Their data 
also suggest that in all patients the metabolism of potassium was in- 
fluenced by factors other than the concurrent metabolism of nitrogen. 

The differences between the transfused and nontransfused cases ob- 
served by Flear and Clarke (F2) appeared to be related to the adequacy 
of the circulating red cell mass and the total blood volume during the 
early stages after injury and its treatment. They suggest that blood loss 
and an adequate circulating blood volume are major etiologic factors of 
posttraumatic metabolic changes. The concept of a fixed pattern of 
response to injury involves an oversimplified approach and may lead to 
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an incorrect attitude to treatment. With adequate transfusion, these ob- 
servers believe that one need not be concerned about the loss of potassium 
or overloading with sodium and water. 

The characteristic later change in hemoglobin concentration is a 
progressive fall until about the third or fourth day after injury. The rate 
and extent are much influenced by the amount of blood lost and the 
quantities of red cells and plasma transferred. Significant quantities of 
red cells are rarely added by the patient before the fifth day, and often 
not till later. Red cells may remain low, often in the region of 50% of 
predicted normal. 

Limb and skeletal injuries show no evidence of hemoconcentration at  
any stage of their course. 

It has been found that untransfused casualties with abdominal injuries 
not perforating the intestines exhibit changes in initial hemoglobin and 
plasma protein levels comparable with those shown by patients with 
limb injuries who have lost similar amounts of blood; that is, they show 
hemodilution (G19). Patients with intestinal penetration may show some 
hemoconcentration. Evidence is insufficient to  determine whether, after 
hemorrhage, the factors tending to  cause hemoconcentration ever slow 
down the processes causing dilution. In  some instances reported by 
observers they did not. 

The anemia of injury with decrease in hemoglobin, elevation of erythro- 
cyte sedimentation rate, and a loss of erythrocytes from the effective 
blood volume have been the subject of recent studies by Gelin and his 
collaborators (Gla-G4). Furthermore, immediately consequent on the 
injury the white cell count is usually elevated, and the thrombocyte count 
is decreased (R4). 

Serum iron and total iron-binding capacity fall after major surgery 
and trauma, especially when blood has been lost, and serum transferrin 
also falls (Fl, N7). These changes may be interpreted teleologically as a 
deviation of iron to the marrow for hemoglobin synthesis, just as serum 
iron falls when erythrocyte formation is rapid, or possibly that  iron is 
taken up by the reticuloendothelial system after its release from hemo- 
globin in the normal metabolic cycle and is not passed into the blood. 
Its level is influenced by the red blood cell mass. Studies with iron 
chelates have shown that a greatly increased amount of iron is available 
for chelation by the drug desferrioxamine during recovery from post- 
traumatic anemia even when the serum iron is low (01). 

3.4. HYPERCOAGULABILITY 
Speeded clotting and activated fibrinolysis dominate the first few 

hours after injury but are soon followed by a rebound to  normal, or even 
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slower, clotting and prolonged, that is inhibited, fibrinolysis. Neverthe- 
less, the platelet count continues to fall for 1 3  days. Obviously the early 
accelerated clotting is an emergency mechanism against continued hemor- 
rhage and supplements the vasoconstrictor effects of adrenaline on torn 
vessels. Speeded clot lysis can be regarded as a protection against exces- 
sive thrombosis in vivo; and its subsequent inhibition as a mechanism 
guarding against fibrinolysis and other proteolytic effects of plasmin in 
the blood. 

Speeded clotting after hemorrhage is probably due to thromboplastin 
or a thrombotic accelerator in the blood (T6) ; this suggests that micro- 
thrombi form in the circulation and are most numerous when hemorrhage 
is severe. 

3.5. PLASMA PROTEINS 

Owen (02) has recently reviewed the literature describing plasma 
protein changes following injury. Some of the salient features will be 
considered here. 

It has long been known that the level of fibrinogen in the blood plasma 
is very variable and that acute inflammations are invariably associated 
with high values: further, that in contrast to the other proteins a deficit 
of it can be restored in a few hours. Research indicated the general 
nature of the reaction to  injury by heat, cold, necrotizing agents, bone 
fracture (C8) or by sulfur and nitrogen mustard vesicants (G10) to be 
the same, namely, a decrease in serum albumin and an increase in a- 
globulin. The electrophoretic pattern exhibited sharp spikes in the (Y 

and p areas which were interpreted as an indication of the appearance of 
abnormal proteins in the serum. Similar changes in the electrophoretic 
patterns had been known to occur where there was inflammation or 
tissue destruction. 

3.5.1. Albumin 

Since these earlier observations were made the whole technique of 
plasma protein estimation has considerably improved and the earlier 
findings substantially confirmed, namely, that after major surgery in man 
or after accidental injury or burning the plasma albumin falls (B20, D4, 
L2, M1, M5, P5, R6, S13a). The fall, according to Owen (02), averages 
about 0.8 g/lOO ml (about 20% of the normal plasma albumin level), 
but decreases of twice this amount have been found in individual patients 
with the depression maximal between 4 and 10 days and sometimes 
normal values may not be regained for several weeks. The fall is par- 
ticularly marked after extensive burns. Davis e t  al. ( D l )  have noted an 
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increase in the rate of plasma albumin turnover in burned and injured 
patients with a maximum period of breakdown (2-3 times normal) 
coinciding with the peak of urinary nitrogen excretion. Albumin is lost 
into the exudate from burned areas in substantial amounts. 

3.5.2. Globulins 
3.5.2.1. a-Globulins. An increase in plasma al- and a,-globulins occurs 

after surgery and after burns and in the case of animals is much reduced 
if the animals are first starved (B12). Ceruloplasmin rises steadily after 
injury, and raised levels may be found a fortnight after surgery (Ml ) .  
Haptoglobulin rises until about the fourth day, with peak between 3 and 
7 days, then s tark to fall (02). 

A slow moving a,-globulin-variously designated az-acute phase (AP) 
or a-2-glycoprotein (GP)-which is not normally detectable in the plasma 
of patients and experimental animals, appears in acute inflammatory 
states and after injury in general. It appears in the plasma 12-18 hours 
after the injury and remains detectable for 7-10 days or longer. Adrenal- 
ectomy prevents its appearance after injury. It can be restored in the 
adrenalectomized rat by corticosterone or cortisol. [For review see (B10, 
02,WS,W9).] 

There is a linearity of response to graded cortisol treatment in trauma- 
tized adrenalectomized animals (B11). The adrenal cortical control of 
the appearance of slow as-globulin is incomplete in the 2-day postpartum 
maternal rat, because the globulin can be demonstrated in most adrenal- 
ectomized animals in this condition. Adrenal cortical control over the 
appearance of the globulin is not simply in the postpartum maternal 
animal, because the percentage of adrenalectomized rats with demonstra- 
ble slow a,-globulin can be increased by the administration of corti- 
costerone (H7), 

3.5.2.2. p-Globulins, Including Transferrin. In  man there is no con- 
sistent change in total /3-globulin in plasma following surgery (H12, 22) 
or after burns (D9, L2). However, an increase apparently occurs after 
experimental injury in goats (G7) and rats (N4). Plasma transferrin, 
which constitutes about 30% of the p-globulin, decreases after surgery, 
and as a rule its concentration varies with that of plasma albumin (02)) 
but exceptions occur in iron deficiency, in pregnancy, and in some acute 
conditions, An increase in plasma transferrin has been noted after hemor- 
rhage in man but is not apparent until 10-20 days after the loss of blood. 

3.5.2.3. y-Globulins. No consistent change occurs in plasma 7-globulins 
immediately after surgery (B7). However, an increase in plasma 7-glob- 
uIin has been observed in man after burns (B20, D2, P4). An increase 
occurs in all types of infection (02). Barr et al. (B5) report that  con- 
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centrations of serum y-globulin 2-4 weeks after burning were significantly 
lower than in patients not exposed to warm dry air. 

3.5.3. Fibrinogen 

Plasma fibrinogen rises following stress in the form of tissue injury, 
hemorrhage, cortisone, Nembutal anesthesia, and probably also anxiety 
(C34a, G11, G15, H4, M1, W6, W9). Peak values may be twice the pre- 
operative level or more, and are reached on days 2-8. Turpentine abcesses 
in animals, which normally cause an increase in plasma fibrinogen, fail 
to do so if the liver is poisoned (F5). Likewise in man the fibrinogen 
response to infection is reduced or absent in patients with extensive liver 
damage (B14, F4, G16, H3). On the other hand, in experimental animals 
moderate liver damage is itself a stimulus to fibrinogen production (F5, 
S6) . 
3.5.4. Mucoproteins and Protein-Bound Carbohydrates 

There is a temporary rise in mucoprotein and in protein-bound carbo- 
hydrate and hexosamine (BSa, B13, N4, P5). The response is greatly 
reduced if the liver is first poisoned (R8, WlOa). They rise in a great 
many infiammatory conditions (02). 

3.5.5. Metabolism of Plasma Proteins 

The acute effects of injury on plasma protein turnover level are best 
explained mainly in terms of an increase in metabolic turnover of the 
protein concerned and the appearance of an abnormal wglobulin. All 
the proteins acutely affected are formed in the liver, which is stimulated 
to increase protein synthesis through the action of some mediator gener- 
ated by injury. In those which rise, namely, haptoglobulin and fibrinogen, 
increased synthesis must, at least temporarily, exceed increased catabo- 
lism. In the case of proteins whose plasma levels fall (e.g., albumin and 
transferrin) , increased catabolism must exceed increase in synthesis. 
According to Owen (02) net transfer of protein from the intravascular to 
the extravascular compartment may contribute to the fall in plasma 
albumin and transferrin, but in most injuries this is likely to be a minor 
factor. In  burns, however, physical loss of protein from plasma, affecting 
in particular low molecular weight proteins, becomes a factor. 

3.6. RETICULOENDCWHELIAL SYSTEM (RE) IN RESPONSE 
TO DIFFEBENT TYPES OF INJUBY 

Considerable caution must still be exercised in allotting a definite role 
to the RE system in the defense of the body against physical trauma 
though there is some evidence which strongly suggests that the greater 
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the degree of traumatic shock, the greater are both the magnitude and 
duration of early phagocytic depression (A4). 

4. Nature of the Post-shock Delayed Metabolic Response 

This corresponds to the ‘(flow” period of returning metabolic activity 
following the early “ebb” period of depressed metabolism resulting from 
the injury, whether accidental or elective, and can be considered as a 
further phase of the inflammatory reaction. It has sometimes been de- 
scribed as the “delayed response,” but this is not a sufficiently accurate 
description for it connotes that something has been held back, rather 
than being part of a cyclical response. Our interest in understanding this 
reaction and the contributions of our colleagues to it extend over a period 
of some 40 years and have recently been reviewed by us (C19, C20, C B -  
C27, C33, C34).  

In  brief, injury through accident, radiation, necrotizing agent or by 
elective surgery results in the immediate loss or destruction of a portion 
of the body’s protein content. In  addition, following moderate to severe 
trauma there generally occurs in the otherwise healthy and well-nourished 
person a t  normal environmental temperature a marked rise in urinary 
nitrogen, sulfur, phosphorus, potassium, magnesium, and creatine ac- 
companied hy increased basal oxygen consumption. These catabolic 
changes reach a maximum in 4-8 days after injury and are paralleled by 
increased pulse and respiration rates and by a slight degree of fever- 
traumatic fever-and this is part of the general component of the inflam- 
matory response. The rise in urinary nitrogen excretion is mainly as urea, 
that of sulfur as sulfate and phosphorus as phosphate. There is an early 
retention of sodium. Comparable disturbances of nitrogen metabolism 
following injury have been found in animals as divergent as man, sheep, 
earthworms, and crabs. I n  man and the rat, injury by fracture of a long 
bone does not affect the digestibility of dietary protein, a t  least, over the 
periods studied (C5, C27). The role of the endocrines is discussed in 
Section 8.2, 

The source of the nitrogen and sulfur lost by man and experimental 
animals has never been clearly defined, but because of its magnitude and 
the N: S and N: K ratios of the excess in the urine i t  must come mainly 
from muscle ((321, C22, (337). Munro (M17) has postulated this labile 
protein in man as 300-400 g, but very much larger amounts are frequently 
lost as a consequence of bony injury (C21). There is also evidence that in 
the previously depleted subject there is little response ( A l ) ,  and this 
clinical evidence agrees with the earlier findings on animals (M4, M19, 
M20). 
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Subsequent operations and manipulations may cause further disturb- 
ance. Even after a month there may be a slight negative balance, but 
normally there is a slow merging into an anabolic phase (52). In  burns 
loss of tissue plays a large part in the initial nitrogen depletion and this 
is only slowly made good: nevertheless, there is a marked catabolic 
response (B19, C15, H11, T l ) .  

More nitrogen may be eliminated in the course of 10 days following 
severe bony injury than is present in the whole of the liver ((321). The 
discharge, however, involves the liver, and we have earlier in this paper 
drawn attention to  the effect of anoxemia on the capacity of the liver to 
deal with urea formation. 

That  disuse atrophy of muscIe, as  might arise by fixation of a leg in a 
splint or by pinning, may be a factor in causing a loss of body nitrogen 
following injury has been found to be so, but this is smaller than that 
arising from the actual damage done (ClS, C19, $4). 

Although studies on day 7 postfracture revealed no changes in the 
nitrogen content of the liver of fractured rats (F3), a significant loss on 
day 5 has been reported (W20). 

As the level of food intake by patients is increased to levels quite 
beyond their apparent requirements a t  rest in bed, the excess of urinary 
nitrogen and other catabolites over that anticipated from the level of 
intake is diminished, but does not usually drop below the level of intake 
during the days of maximum excretion. Neither does increasing the 
protein intake per se-even by large amounts-completely overwhelm the 
response to moderate to severe injury a t  normal environmental tem- 
perature. Here the N-saving effect of surplus food may play a part in 
reducing loss (C28, C35, C36). The observations of Wilkinson (W14), 
Clark (ClO) , and others, demonstrate that  catabolic response is addi- 
tional to  the changes attributable to reduced intake. The observations of 
Rossiter (R10) and Keys et al. (Kl )  have provided information concern- 
ing the pattern of changes in blood volume and proteins which follow 
partial starvation and the recovery process. 

Although Cairnie et al. (Cl )  found no increase in heat production or in 
nitrogen excretion following fracture in the protein-depleted rat indica- 
tive that  fa t  was not being mobilized in the absence of labile protein, 
nevertheless some involvement of lipid metabolism seems to  occur. Birke 
et al. (B8) have reported high levels of circulating free fatty acids and 
reduced levels of cholesterol, with no change in triglyceride level in 
severely burned patients. Continuous infusion with noradrenaline will 
produce this. 

A search of the earlier literature on the effect of injuries ranging in 
severity from simple hemorrhage to the seriously wounded on the meta- 
bolic response, indicates the extent of an underlying basic pattern. 
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Malcolm (M7) in his study of the Physwlogv of Death from Trau- 
matic Fever noted that there might be evidence of increased nitrogen 
metabolism after a major operation although the body temperature re- 
mained low. During the concluding years of World War I, Wertheimer 
e t  al. (W11) observed that, after the shock period in battle casualties 
had passed, the urinary excretion or urea and ammonia remained a t  a 
high level for some time and could amount to 17 g of urea nitrogen. This 
phenomenon of increased protein catabolism following trauma was later 
confirmed by many workers and in many forms of injury (B5, B18, C2, 
C10, H14-Hl6, K2, L5, L9a, M4, M14, M15, M19, M20, N2, N3, W1, 
W16). Actual tissue damage is not necessary. Gontzea et al. (G13a) have 
shown that painful stimuli can initiate protein catabolism which cannot 
be accounted for by tissue loss. 

As to the degree of injury necessary to  elicit a response, Moore (M13) 
found no significant disturbance of nitrogen or potassium balance after 
a single venous hemorrhage of 770 ml in a normal volunteer, though 
there followed obvious sodium retention. He  also recorded no significant 
eosinophil or hydroxycorticoid disturbance following a sudden hemor- 
rhage of this order. Ether anesthesia and pentothal-nitrous oxide-curare 
anesthesia per se likewise caused no systematic alterations in the adren- 
aline/noradrenaline values in man (M13). I n  general, the more severe 
the injury the more vigorous the catabolic response, provided the patient 
when injured had not been deprived of his labile protein reserve by 
previous illness or starvation (C27). 

4.1. SIGNIFICANCE OF INCREASED CATABOLITES AFTER INJURY 

Levenson and Watkin (L5) have reported that their I5N experiments 
indicate that both protein catabolism and anabolism are accelerated after 
injury: catabolism more than anabolism. Kinney (K2) surveyed studies 
on infections in rats, chemical abcess formation in dogs, and burns in rats 
and in man and came to the same conclusion. 

As already mentioned, a rise in the basal consumption of oxygen follows 
fractures and operations on bone in man, and this parallels the nitrogen 
and sulfur excretions in the urine (CZl). A 15-2076 increase in heat 
production followed fracture of one femur in the rat, and this closely 
paralleled the nitrogen excretion. It was essentially due to  an increase 
in the resting rate. In  the protein-depleted animal, however, this did not 
occur (Cl) .  On calculating the heat production that would arise from 
oxidation of protein equivalent to the extra nitrogen excreted in the urine 
of rats with such a fracture the value obtained fitted almost exactly the 
increase in heat production actually found. When the oxygen consump- 
tion required to oxidize protein, equivalent to the extra nitrogen elimi- 
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nated following fracture trauma in the 1930 series of cases reported by 
Cuthbertson in 1932, was similarly calculated, the results provided again 
little or no margin, a t  least during the first 10 days, for fat to be oxidized 
in significantly greater amount than normally. 

Miksche and Caldwell (M11) have now reported that rats with double 
the injury reported by Cairnie et al. (C l )  show a significant increase in 
heat production (1620%) and in average body temperature, when 
housed a t  28”. From relatively contemporaneous analysis the former 
calculate that the heat equivalent of the urinary nitrogen excreted ac- 
counted for only 1746% of the actual increment and that  the major 
portion of this heat increment was accounted for by the van’t Hoff effect 
(Ql0 effect) secondary to  an elevation of the average body temperature. 
Cuthbertson (C21) had earlier noted in man that the calculated van’t 
Hoff effect actually equated the observed increase in BMR in man. 

Miksche and Caldwell (M11) have recently reported that  after thy- 
roidectomy rats with such injuries show no significant changes in heat 
production or average body temperature. Caldwell et al. (C4) had earlier 
reported that  thyroidectomy did not prevent the metabolic response to 
injury in burned rats and an earlier review by Moore (M13) of the 
literature found the metabolic data on the thyroid in relation to trauma 
difficult to interpret. He  concluded that, on the whole, i t  would seem that 
the thyroid partakes in the general alteration in endocrine and metabolic 
activity but without the early, massive, and systematic nature charac- 
teristic of adrenocorticol and antidiuretic alterations. 

In  their multiple but brief measurements of “basal” oxygen consump- 
tion by burned patients, beginning soon after trauma and extending 
through convalescence, Cope et al. (C13) found increments in metabolic 
rates to plus 3040% above normal early after injury. The oxygen con- 
sumption rate gradually declined but continued to  be elevated in many 
patients for as long as 2 months. Although Cope e t  al. considered that 
fever probably played a part, the temperature rises were irregular and 
did not correlate with the metabolic rate. Following major elective opera- 
tions there was usually a rise of onIy 10-15% in basal oxygen consump- 
tion lasting from 3 to 5 days with a return to preoperative levels by the 
end of 1 week. 

Kinney (K2) found that  the resting metabolic rate rises after opera- 
tion on man by about 10-15% though the total energy expenditure may 
remain essentially unchanged because on account of the injury there is a 
considerable reduction in voluntary muscular activity. With an over- 
whelming injury like an 85% burn, a progressive metabolic deterioration 
may occur. Kinney considers fractures as presenting a midway position 
regarding oxygen uptake. 
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5. Time Factor in Multiple Injuries 

The gradation of the trauma components, the order of infliction, and 
the timing between them are three vital features of importance in con- 
sidering the systemic effect of combined injuries. Regarding timing three 
alternatives exist, provided the components differ in severity: (1) the 
initial damage is small; (2) the initial damage is large; (3) the agents 
“hit” simultaneously. 

Under certain conditions the small trauma will adapt the organism, 
and temporarily increase the resistance, by means of unspecific stimula- 
tion. I n  the case of 2 and 3 the combined effect will be additive or strongly 
synergistic depending on timing (53). 

According to  Koslowski and Messerschmidt (K3a) , the time factor 
seems to have more influence on the prognosis of combined injuries in- 
volving irradiation than the dose of X-rays applied to cause irradiation 
damage. If the surgery was performed after radiation, the overall mor- 
tality with various forms of trauma in mice was found to  increase up to 
90% whereas the reversal of this procedure did not change the radiation 
mortality (27%) and wound healing remained either unchanged, or a 
significant decrease of the overall mortality sometimes occurred. The 
same tendency has been noted by others (SlS). This effect of irradiation 
on subsequent healing has been termed a “radiological traumatic shock 
syndrome” (L2a). If irradiation and other form of damage is produced 
on the same day the effects show synergism (R5). 

The ratio of methylcobalamin to total vitamin B,, derivatives of 
extractable B,, has been determined in liver from mice who were sub- 
jected to  different types of injury (mechanical trauma, burns, and ioniz- 
ing radiation) inflicted separately or in various combinations. A decrease 
in methylcobalamin was observed paralleling the severity of the damage. 
There may thus be a decreased synthesis of methycobalamin or an  in- 
creased catabolism or leakage from the liver-or combination of these 
causes. The method used did not determine the nonextractable cobalamin, 
so that a disappearance into a nonextractable form could have been the 
cause (L9). 

6. Nutritional Aspects 

6.1. EFFECTS OF DIMINISHED FOOD INTAKE ON THE 
METABOLIC RESPONSE 

As described above, it is now fairly certain that the source of most of 
the additional nitrogen lost in the urine in the “flow” phase of the 
metabolic response to  injury is labile body protein, and not liver or gut 
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protein (C21, F3) and labile body protein is a nutritionally dependent 
protein store (M17), although turnover of muscle protein is, if anything, 
decreased after injury (L5). Rats fed a protein-free diet for some time 
before being given fracture of one femur will not show any protein 
catabolic response (Cl, M20) and also groups of rats fed to different 
levels of protein intake each showed a protein catabolic response propor- 
tional to  the preinjury level of intake, even when the dietary regime there- 
after was changed simultaneous to fracture (M19). 

The data associating the levels of urinary nitrogen after injury with 
the level of protein nutrition (and also basal heat production) seems to  
us to be firm evidence of the existence of a “protein metabolic response to 
injury” largely independent of qualitative or quantitative changes in food 
intake consequent on trauma. In  any case, in the animal work outlined 
above, changes in voluntary intake of food throughout the immediate 
preinjury and all of the postinjury period were negligible, so no “starva- 
tion component” existed, and Campbell and Cuthbertson (C5) have 
shown that there are no changes in protein digestibility in the rat conse- 
quent on injury, and fecal nitrogen output in man is little affected (C22). 
Indeed, the rat  has proved to  be a very suitable model for injury studies 
in respect to  comparison with the responses of humans (C37, C40). 

However, it must be recorded that  some workers feel that in the human 
subject the period of anorexia which usually follows injury is responsible 
for the negative-nitrogen balance of the postinjury period (Al ,  D11, 
D12). There are a number of unsatisfactory aspects about much of this 
work. We have already made mention of the considerable volume of work 
with well-nourished animals on a constant pre- and postinjury food 
intake, which show a definite and marked loss of nitrogen in the urine. 

Also the exact nature of the response seems to have escaped some 
workers. The loss of nitrogen in the urine consequent on a diminished 
intake is a modification of that to  be found following starvation or 
protein-free intakes (ClO, L10, W14), that is, situations where the urinary 
nitrogens (which are direct measures of negative nitrogen balance in 
these circumstances) are maximal to start with and then decay to endog- 
enous levels. Following trauma the pattern of excretion of urinary 
nitrogen is different. Starting from fairly normal levels on the first day 
or two following injury, urinary nitrogen rises to a peak 4-8 days post- 
injury and then gradually falls back to  normal, sometimes with a late 
secondary rise. 

Not only does this pattern indicate that we are dealing with other than 
the consequences of diminished food intake, but there is also an associated 
and parallel rise and fall in oxygen consumption and heat loss which is 
characteristic of this metabolic response to injury and is quantitatively 
similar t o  the increased protein catabolism (Cl) .  
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It may be that gastrointestinal surgery, which is a common example 
of injury used by those who argue for the overriding importance of food 
intake in causing the nitrogen loss, is not a suitable model for injury 
studies, although the present writers have previously remarked that 
almost any injury will give rise to a qualitatively similar response (C33). 

It is now some time since Cuthbertson (C22) demonstrated that  the 
negative nitrogen balance following injury could be largely counteracted 
by feeding large quantities of protein associated with a high-calorie diet. 
However, the pattern of rising urinary nitrogen was not thereby affected. 

Much of the work of Abbott and colleagues and of Dudley mentioned 
above has been essentially nutritional, and these workers have confirmed 
that nitrogen balance may be maintained in the postinjury period by 
provision of adequate energy and nitrogen, intravenously if necessary, as 
has Peaston (Pl). However, Moore and Ball (M14) and Cuthbertson and 
Tilstone (C30) have pointed out that artificial feeding in the first week or 
so following injury is unnecessary except in cases where normal oral 
nutrition is impossible, as  in comatose subjects, or where a lengthy 
period of artificial feeding is foreseen. In  cases requiring artificial feeding, 
tube feeding is to  be preferred, but if necessary, as in cases of paralytic 
ileus, adequate parenteral nutrition is possible for a time, using glucose 
or fructose, ethanol and fat emulsions for energy, and protein hydroly- 
zates for essential amino acids and additional nitrogen (C30). 

In  the stages of the body’s response to trauma which occur before or 
after the “flow” phase, we are still ignorant of the role of many of the 
nutrients. During the “ebb” phase Threlfall and Stoner (T2) have 
reported that fed rats have a greater resistance to ischemic injury than 
have fasted rats; tissue repair, although susceptible to dietary levels of 
ascorbic acid and trace minerals, does not appear to be much affected by 
levels of protein energy intake so long as frank malnutrition is avoided. 
We have shown that wound healing in the rat  is not affected by a 
moderate reduction in food (C29). Infectious diseases, however, can be in- 
fluenced by dietary protein (S7). Kovach (K6) has recorded that  rats 
fasted for 2 days were more susceptible to tumbling trauma or tourniquet 
shock than fed controls, but rats fasted for 4 days were more resistant 
than controls. 

6.2. TRANSFUSION AND NOURISHMENT OF THE INJURED 
This topic has recently been reviewed by us (C30). There is, virtually 

no problem with the patient who has not lost much tissue-and blood is 
a tissue-and who has been in a reasonably good nutritional state before 
trauma and whose appetite is good: nor should there be any worry if 
this is lacking for a few days. A well-balanced normal diet of 40-50 
kcal/kg with some 12% of the total calories present as mixed proteins 
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and without any essential amino acid defect, is adequate; 1415% is 
possibly better for the more seriously injured, for those confined to bed, 
and for children. It is essential to ensure that the demands for energy 
supply are met though a short period of partial starvation should not 
jeopardize the outcome. 

Where a patient is unable to ingest, digest, or absorb sufficient food 
over a period which may jeopardize such full recovery as the injury will 
permit, the need obviously arises to provide nourishment by routes other 
than oral; the alternatives are tube feeding of homogenized total diets, 
either by the nasogastric route or through some form of “ostomy”; or by 
intravenous alimentation. Gastrostomy or jejunostomy is quite unneces- 
sary for most illnesses of relatively short duration. But first the circulat- 
ing blood volume must be restored. Intravenous feeding with protein 
hydrolyzates, fat emulsion, carbohydrate, minerals, vitamins, etc., is now 
relatively safe but should be reserved for conditions where the absorptive 
ability of the gut is seriously impaired. Probably less effective are mix- 
tures of pure amino acids, fat carbohydrate, etc., for most of the D-isomers 
in them are an extra load. Such preparations are best reserved for those so 
seriously impaired in their capacity to digest and absorb suEcient food 
over a period as to jeopardize recovery, and particularly where there is 
paralytic ileus, induced or accidental. 

7. Environmental Factors 

7.1. INTRODUCTION 
Many of the metabolic changes described above are changes in energy 

metabolism, and energy metabolism in uninjured animals is in turn in- 
fluenced by environmental conditions, in particular, temperature, hu- 
midity, and wind velocity. Furthermore, environmental conditions may 
themselves act as noxious stimuli as in sunburn or frostbite. We have 
already mentioned some examples of the interaction of environment, 
specifically environmental temperature, in the body’s response to injury, 
and a more detailed account follows. 

7.2. ENVIRONMENTAL STRESS 
Although a considerable amount of work has been reported on the 

effect of environmental conditions on bodily function, particularly with 
reference to thermoregulation (G5) and although there is a considerable 
literature on the body’s response to injury (e.g., see bibliography of this 
review), little work has been done on the interaction of environmental 
conditions and injury. However, studies on the effects of environmental 
stress are of relevance to the problem of the metabolic response to injury. 
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Hale et al. (H2) have studied the effect of long-term exposure to 3"- 
5"C, 24"-26"C, or 34"-35°C on tissue growth in the rat. Only the middle 
temperature range is within the normal thermoregulatory range of en- 
vironmental temperature for the rat. They found kidney, liver, spleen, 
and testes weights to be linearly and inversely related to  environmental 
temperature, while thymus weight was linearly and directly proportional 
to environmental temperature. Adrenal weight was the same a t  the lower 
and middle ranges, but decreased a t  34"-35°C. Heart weight was minimal 
and body weight maximal a t  24"-26°C. 

Heroux and Gridgeman (H10) compared tissue weights in rats adapted 
to 30°C or to 6"C, and found that cold adaptation had no effect on brain, 
genitalia, and lung weights, but reduced growth of muscle, pelt, fat, 
skeleton, spleen, and thymus. Liver, gut, kidney, heart, and adrenals were 
hypertrophied a t  6°C. 

Barnett and colleagues (Bl-B4) have studied the effect of exposure 
to -3°C or breeding at -3°C on the mouse. Oxygen consumption is 
increased and the insulation of skin plus hair increased in the cold, 
although cold-exposed mice have lighter-weight skins than the controls. 
First-generation mice born and bred a t  -3°C have less body fat, nitro- 
gen, and collagen and more body water than controls, and are of lighter 
body weight. The fortieth generation or so of mice born and bred a t  
-3°C are the same body weight as controls and do not have less body 
fat, nitrogen, nor collagen than controls. The principal metabolic response 
to cold exposure is increased heat production, with increased food and 
oxygen consumption, although nest-building is not unimportant. On 
theoretical grounds, one might expect cold exposure to result in increased 
tissue weight in liver, kidney, and gut, secondary to increased food con- 
sumption. Adrenal hyperplasia would not be surprising, and increased 
insulation of the pelt would be expected. This is apparently achieved 
mainly by increased fur growth, and the lighter-weight skin reported by 
Barnett on cold exposure may be due to  energy demands preventing 
peripheral fat deposition. Energy demands will also tend to keep down 
body weight, although the consequent increase in the body surface area to 
body mass ratio is disadvantageous for heat loss. 

At high environmental temperatures, food intake and oxygen consump- 
tion will fall, as will voluntary activity. Thus a reversal of the effect 
secondary to food intake noted for cold exposure may be expected. 
Whether or not adrenal activation occurs is of interest, since one tends to 
consider environmental temperatures other than those normally found in 
the individual's natural habitat to  constitute a stress, but all environ- 
mental temperatures below body surface temperature will impose an 
obligatory heat loss on the animal, and may thus be considered stressful. 
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Body surface temperature in the rat  is about 34OC, depending on skin 
blood flow, environmental temperature, and the interpretation of ((sur- 
face." The results of Hale e t  d. (H2) that adrenal weight is lowest a t  
34'35°C would support the above, insofar as  adrenal weight may or may 
not reflect adrenal activity. 

Exposure to both cold (K3) and heat (34°C) (K4, K5) will lead to 
stimulation of corticosteroid secretion within 24 hours, but we have shown 
that exposure to 30°C results in plasma corticosterone levels below those 
of controls at 20°C in the rat  (T4). 

Confirmation of some link between the stress of exposure to extremes 
of temperature and the stress of physical injury is given by the work of 
Blatt and Kerkay (B9), who found plasma protein changes similar to  
those described above as following physical injury when men were 
exposed for 3 weeks to temperatures of less than 10°C. Exposure to heat 
of almost 5O"C, however, produced very little change in plasma protein 
patterns, only a slight fall in globulin being noted. 

7.3. INTERACTION OF ENVIRONMENT AND STRESS 
The present writers interpret ('stress" as any situation giving rise to 

activation of the hypothalamic-pituitary-adrenal axis. It is wise to define 
the activating agent when i t  is known. Stress may thus be psychological 
or follow nonpsychological injury. One stress model is that  of the subject's 
ability to swim without exhaustion, and, although no physical injury is 
necessarily involved, this model is of interest. 

Interaction between environmental temperature and swimming stress 
has been observed by Beaton and Feleki (B6) who found that the time 
for exhaustion to  occur increased linearly with water temperature for 
swimming rats fed to a high protein or high carbohydrate diet. At 30°C 
the rats could swim for more than 150 minutes without exhaustion. This 
may appear to  be related to the obligatory energy demands (ie., heat 
loss) of the environment, but Costill e t  al. (C14) found that when young 
men were made to  swim for 20 minutes in water a t  17.4", 26.&", or 33.1"C 
their energy requirements were not affected by water temperature, but 
the extra expenditure involved in swimming is not a considerable propor- 
tion of the total. However, core temperature increase during exercise was 
positively related to  water temperature. 

A powerful model for producing shock, that is, a period of depressed 
oxygen consumption, usually associated with some circulatory deficiency 
resulting in decreased oxygen transport, is limb ischemia produced by 
applying tourniquets or clamps to one or more limbs of an experimental 
animal. 

Allen (A3) has shown that immersion of the ligated limb in water at 
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temperatures a few degrees above normal room temperature greatly 
enhances the effects of tourniquet shock. On the other hand, reductions 
of temperature greatly reduce the dangers of ligation. 

Stoner (S14) studied the interaction between environmental tempera- 
ture, cold acclimatization, and ischemic shock in the rat. At an environ- 
mental temperature of 18"-2OoC, rats show a fall in liver and brain tem- 
perature during the period (4 hours) of ischemia. Cold-acclimatized rats 
showed no changes in liver and brain temperature in this period. In  both 
groups liver blood flow fell toward the end of the period of ischemia, and 
consequent on this, arterial blood pressure fell, remaining a t  about the 
critical level for autoregulation of hepatic blood flow until the rat was 
moribund. Raising the environmental temperature accelerated the fall 
in blood pressure and hepatic blood flow after limb ischemia, but the 
liver temperature rose. Lowering air temperature accentuated the fall in 
tissue temperature without altering the changes in liver blood flow after 
limb ischemia. 

The oxygen saturation of the portal vein blood fell after limb ischemia. 
Total oxygen consumption was unchanged during limb ischemia but fell 
when the tourniquets were removed a t  20°C and a t  30°C air temperature. 

Most of the oxygen consumed by an animal is used by its muscle, and 
in the presence of a fall in local temperature, oxygen supply to ischemic 
muscle is adequate for normal metabolic demands, a s  evidenced by the 
persistence of a normal nucleotide pattern. However, a t  an air tempera- 
ture of 30°C, the fall in muscle temperature is prevented, and muscle 
chemistry then indicates inadequate oxygen supply. 

Haist (Hl) using ischemic shock in the rat as his injury model has 
shown that an environmental temperature of 15°C during the period of 
ischemia is optimal for survival. Lowering the temperature to 9.5"C or 
raising i t  to 40°C resulted in failure of the animal to recover from the 
ischemia. The animals were housed a t  27°C after the somewhat lengthy 
(10 hours) period of bilateral hindlimb ischemia. If the ischemia is carried 
out a t  27°C and the rats are exposed to environmental temperatures of 
9.5"40°C after clamp release, then 24"-25.5"C is the optimal tempera- 
ture range for survival, the mean survival time falling as temperature is 
raised or lowered from this. Survival a t  relative humidity SZ-42% was 
the same as that a t  relative humidity 7142% over the full temperature 
range studied. 

Haist further showed that exposure to environmental temperatures in 
the range SOo-32"C in the postischemic period did not affect hematocrit 
nor blood nonprotein nitrogen, both showing a uniform rise on clamp 
release. Blood inorganic phosphate also rose after clamp release, but here 
the rise was inversely related to environmental temperature. Liver gly- 
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cogen fell on clamp release, the fall being roughly constant a t  all en- 
vironmental temperatures, although the absolute values in controls and 
postischemic animals were approximately directly proportional to en- 
vironmental temperature. Blood sugar levels tended to  mirror the survival 
results, being highest a t  24"C, and lowest 10" and 32°C. Tolerance for 
intravenously injected glucose wm not greatly different in shocked 
animals at 20°C or 1O"C, but glucose utilization was significantly greater 
in controls a t  10°C. 

Other workers have studied the effect of environmental temperature 
on the protein catabolic response to injury. The earliest report is that 
of You e t  al. ( Y 2 ) ,  who found that rats with burns lost more nitrogen in 
the urine a t  an ambient temperature of 1.5"C than did similar animals a t  
room temperature. The increased urinary nitrogen response in the cold 
was not dependent on thyroid or adrenal stimulation. 

Caldwell and colleagues (C2, C3, M11) have investigated energy me- 
tabolism in rats with burns a t  environmental temperatures of 20°, 28", 
and 30°C. In  experiments with a moderately restricted dietary regime, 
injury produced no increased oxygen consumption, heat loss nor urinary 
nitrogen excretion when a t  an environmental temperature of 30°C. Deaths 
consequent on burning were also reduced. Ad libitum feeding tended to 
diminish the general response a t  the lower temperatures. 

In  man, Barr et a2. (B5) have reported very favorable results in treat- 
ing burns by blowing dry air a t  32°C over the patients. Oxygen consump- 
tion measurements indicated a reduction in the anticipated phase of in- 
creased general metabolism. The patients' general nutrition remained 
good. 

In  cases of long bone injury in man and the rat, Cuthbertson and his 
colleagues have shown that the protein metabolic response to injury is 
considerably reduced by exposure to 30°C (C4a, C5, C40) ; short-term 
thermoregulatory adaptation did not seem to be involved. 

As well as helping in the clinical treatment of patients with burns, the 
above work on the effect of exposure to 30°C offers an exciting experi- 
mental tool for investigation of the nature of the general metabolic re- 
sponse to injury. 

The work of Allen (A3), Haist (Hl) ,  and Stoner (S14) using experi- 
mental animaIs indicates that, with an injury involving marked hemo- 
dynamic changes, including local sequestering of fluid, i t  would be best 
to keep the patient a t  normal room temperatures, and that exposure to 
warm air should be avoided; yet, as we have noted above, patients with 
burns respond favorably. 

Caldwell (C2) originally suggested that the diminution of the protein 
catabolic response to burns by rats kept at 30°C was due to environ- 
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mental compensation for the obligatory heat loss in fluid evaporation 
from the burn surface, but such an explanation is not applicable to bone 
injury, as Campbell and Cuthbertson have discussed (C5). 

Furthermore, if heat loss due to water evaporation from the burned 
surface were of critical importance, then warm humid air should be 
better than dry air, but all available evidence indicates that warm humid 
air should be avoided both for satisfactory clinical outcome and general 
comfort. 

Caldwell later suggested that  the minimal thyroid activity in rats a t  
30°C was an important factor since partitioned heat loss measurements 
indicated that the lower overall heat loss of rats with burns kept a t  30°C 
compared to rats with burns a t  28OC was due entirely to a lower dry 
heat loss. In  rats a t  normal room temperature, he suggests that there 
is a thyroid-mediated increase in average body temperature on injury, 
resulting in increased heat production consequent on the van% Hoff effect 
of temperature. This Q,, effect is estimated to be responsible for about 
50% of the total increased heat production consequent on injury. 

Direct measurement of thyroid activity after injury would indicate 
that there is insufficient increase to account for a significant proportion 
of the additional energy metabolism (G12, 53). It is by no means certain 
that the thyroid plays a causal role here, and Caldwell (C4) earlier 
reported work suggesting that a thyroid response is unimportant. 

The present authors (C30) have suggested that, in the rat, 30°C is 
probably about the highest environmental temperature which the rat  can 
withstand without having to increase heat production due to hyperthermia 
(G5) ,  and that any nonobligatory heat production will be avoided. We 
thus conclude that, in spite of its widespread occurrence, the “flow” phase 
of the response to injury is not of great importance and is avoided in the 
face of a requirement for minimal heat production. Whether such an 
explanation is valid for humans, where behavioral activity such as selec- 
tion of clothing is important in regulating heat loss, we do not know. 

Our first attempts a t  using exposure to 30°C as an experimental tool 
involved experiments on wound healing. If the “flow” phase of the met- 
abolic response to injury is of value to  the organism, then it might be 
reasonable to  assume that preventing the increased metabolism may 
prejudice wound healing. However, healing of skin wounds in the rat  is 
accelerated by exposure of the animal to  30°C (C29). The reason for this 
is not clear. It may be due to increased peripheral blood flow (E5) or to 
the slight increase in skin temperature which results on exposure to 3OoC 
as compared to 20°C (C29). Heroux (H9) has shown that  there is a 
linear relationship between the logarithm of induction rate and tissue 
temperature for various epithelia. In  the rat, the order of epithelial 
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mitotic activity is: duodenum > back > foot >ear. Furthermore, al- 
though most biological reactions have a Qlo of 2-3 (B16), Heroux found 
a Qlo of 10 for mitotic rate in ra t  epithelium. 

Experimental evidence of the importance of local temperature in skin 
wound healing has been given by work in which skin-graft donor sites 
in the human thigh were heated. A temperature of a t  least 26°C was 
necessary for reepithelialieation to occur, and repair was faster as site 
temperature was raised to about 40"C, after which a sharp fall occurred, 
with necrosis at 44°C (G9). 

Thus our results on skin-wound healing, although interesting in them- 
selves, could not be interpreted vis ii vis the metabolic response to injury, 
and so we decided to study healing in a nonsurface nonepithelial tissue, 
namely bone. Bone is a very difficult tissue in which to study repair, but 
using a combination of histology and radioisotope tracer studies, we 
concluded that bone healing was probably not affected by exposure 
to 30°C (C31, C32). 

One of the salient features of stress is an increased secretion of cortisol 
or corticosterone from very shortly after the moment of injury and last- 
ing for 3 days or more, although plasma levels rise to  a peak of about 
three times basal and return to normal within a few hours (52). We 
have found that, in the rat, increased corticosterone secretion, as meas- 
ured by plasma levels 1 hour after injury, due to long bone fracture is not 
affected by housing the animals a t  30°C before and after injury (T4). 
Thus, in summary, the effects of environmental temperature on homeo- 

thermic animals include producing changes in surface temperature, possi- 
ble changes in average body temperature, changes in heat-producing 
biochemical reactions, and changes in circulation. Studies on the responses 
of injured animals indicate that the toxic effects of ischemic shock are 
potentiated a t  temperatures above or below 24"-25"C in the postinjury 
period. The heaIing of burns and other skin lesions, but probably not of 
deep tissue, is accelerated by exposure to 30°C. When the injured organ- 
ism (man or rat) is transferred to an environment a t  30"-32"C the 
protein catabolic component of the ((flow" phase is absent or reduced. The 
corticosteroid rise in response to injury is not affected by exposing the 
animal to  30°C. 

8. Control of the Metabolic Response to Injury 

8.1. INTRODUCTION 

Injury, by physical or chemical agents, is a threat to homeostasis. It 
will produce a temporary upset in the otherwise well-controlled function- 
ing of many major physiological and biochemical systems, and unless 
adequate regeneration of the damaged tissue is effected, may result in 
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FIG. 1. Schematic representation of pathways involved in homeostatic regulation. 

some degree of permanent malfunction in the injured area. Some met- 
abolic functions remain altered for several months after injury, in spite 
of apparently full recovery in other ways, as for example in bone mineral 
dynamics after fracture (W10). 

A general picture of the results of a traumatic stimulus is shown in 
Fig. 1. The stimulus acts on the organism via a receptor (or receptors), 
which then stimulates some effector which in turn activates the homeo- 
static regulator via its own transmitter. The homeostatic regulator may 
be activated more directly by a forward transmitter. The concept of 
“homeostatic regulator” includes compensatory changes in its target 
tissue(s) or organ(s) via some mediator, and holds equally for immediate 
changes such as the “fight or flight” effects of adrenaline and non- 
adrenaline, and for long-term changes involved in regeneration of tissue 
and function. 

An example, in another context, is the stimulus of raised blood pressure 
which will act on the stretch-sensitive baroreceptors in the carotid sinus 
and thence via the direct neural link (receptor transmitter) in the glosso- 
pharyngeal nerve to the effector in the medulla of the brain. The effector 
output is stimulation of the cardioinhibitory center there, which acts on 
the homeostatic regulator-the heart-via the effector transmitter, which 
is the vagus in this case. The effective homeostatic regulator is heart rate, 
the mediator being acetylcholine liberated by vagal stimulation, and 
slowing the beating of the target organ, the heart. 

The “short-cut” action of the forward transmitter is seen in, for ex- 
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ample, the flexion reflex, where we may consider the complete nervous 
arc which is not controlled by higher centers as the forward transmitter 
acting between the pain receptors and flexor muscle target organ, the act 
of withdrawal of the limb being the homeostatic regulator. 

8.2. THE ENDOCRINE RESPONSE TO INJURY 

The various transmitters and mediators in this scheme-and the met- 
abolic response to  injury involves a multiplicity of effectors and homeo- 
static regulators-are neural or hormonal; the Iatter including “local 
hormones” such as bradykinin. Hormones may also be involved as ef- 
fectors. One of the salient features of “stress,” whether or not accom- 
panied by physical injury, is an increased secretion of the hormones of 
the adrenal cortex. Much work has been done on this field since the 
early studies of Browne ( B B )  on the excretion of “cortin” in the urine 
after trauma. 

In  man, free plasma cortisol levels rise after a number of stresses 
(Y1) and, in the case of surgery, reach a peak of about five times the 
basal secretion about 5-6 hours after the operation returning to  basal 
levels in another 5 hours or so. The increased plasma levels reflect in- 
creased secretion of cortisol and an increased removal half-time from 
plasma probably due to depressed liver blood flow (52, 54, Yl) .  

Urinary excretion of cortisol metabolites, usually measured as 17- 
hydroxycorticoids, is increased for 3-4 days after surgery, rising from 
about 3 mg/day basal t o  about 18 mg/day 3 days after operation (M13, 
P2). It is thus evident that cortisol secretion is increased for a few days 
after physicaI injury, and that  plasma levels are elevated for the first 
few hours of this time, probably because of deficiencies in metabolism 
of the hormone. The early increases in plasma cortisol have been found 
to parallel plasma levels of ACTH independently assayed (C12). 

Posttraumatic secretion of aldosterone has also been measured. In- 
creased quantities were found to be present during surgery, and in the 
urine subsequently (D3, H17, Z l ) .  Also, the aldosterone antagonist spiro- 
nolactone will abolish postoperative sodium retention without affecting 
potassium secretion, illustrating the dependence of sodium displacements 
after surgery on the hormone (52, MS) . 

Holzbauer (H13) has investigated the part played by ACTH in stimu- 
lating aldosterone secretion during operative stress. She found a fall in 
cortisol and in aldosterone in adrenal venous blood up to 2 hours after 
hypophysectomy. The fall in aldosterone was much less marked than 
that of cortisol. Both cortisol and aldosterone secretion showed a linear 
log dose-response relation to infusion of ACTH, although the response 
of cortisol reached a plateau after injection of 0.3 mU/min of ACTH 
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per kilogram of body weight, whereas aldosterone secretion was linear 
up to 3.0 mU/min/kg. Operative stress caused secretion between 0.03 and 
0.3 mU/min/kg. 

It would appear that ACTH plays an important part in the response 
of cortisol secretion to physical injury, but that aldosterone secretion is 
more liable to be influenced by other factors, including the renin-angio- 
tensin system (SlOa). Jouan and Samperez (J6) have reported that 5- 
hydroxytryptamine has a specific action in stimulating aldosterone 
secretion. 

One of the posterior pituitary hormones-antidiuretic hormone (ADH, 
vasopressin)-may play a part in the metabolic response to injury. The 
reduced blood volume and increased plasma electrolyte concentration 
found after trauma may be expected to stimulate ADH secretion and the 
oliguria or anuria often found to follow injury would suggest this is so 

Another tropic hormone of the anterior pituitary which has been in- 
vestigated in the response to injury is growth hormone (somatotropic 
hormone, STH) . Emotional stress or injection of pyrogen will stimulate 
STH secretion in men. The response is associated with adrenocorticol 
activity but not hypoglycemia, and is not suppressed by induced hyper- 
glycemia (G22). Although STH is not necessary for the protein catabolic 
phase of the metabolic response to  injury to occur (hypophysectomy has 
no effect) low levels of the hormone have been found in the pituitaries 
of patients who died a few days after surgery. This may be an attempt 
to circumvent protein loss (G6). Gemzell (G6), and Cuthbertson et ul. 
((338) have shown that  STH administration will prevent the loss of body 
nitrogen consequent on injury, but it will not accelerate healing of super- 
ficial skin wounds in the rat ((39). 

The role of the catecholamines, adrenaline, and noradrenaline, in the 
“fight or flight” response is well known and the possible connection be- 
tween enhanced sympathetic and adrenal medullary activity and the 
vascular changes, tachycardia and early hyperglycemia after injury is 
apparent. An increased urinary excretion of catecholamines is known to 
occur for several days following injury (C16, G13). Analysis of adrenal 
vein blood has shown that anesthesia, hemorrhage, and injury can all 
stimulate adrenaline production (W5). 

Coward and Dunlop (C17) found four catecholamines to be excreted 
in increased quantities after surgery, viz., metanephrine, normetanephrine, 
N-methylmetanephrine, and 3-methoxytyramine, The N-methylmeta- 
nephrine probably reflects increased adrenaline formation, and the 3-me- 
thoxytyramine levels probably represent the increased homovanillic acid 
secretion after stress. Of the metanephrine and normetanephrine, the lat- 

(52) * 
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ter increase is more marked, suggesting active participation of the sym- 
pathetic nervous system as  well as the adrenal medulla. Moore (M13) 
could find no consistent change in plasma a.drenaline or noradrenaline 
levels after trauma. 

Adrenocorticoid and catecholamine activities are interrelated. Adrena- 
line and noradrenaline are required in the injured for the sensitization 
of many tissues to cortisol. Both medullary and cortical hormones are re- 
quired for the maximal vascular response to blood loss, and adrenaline 
may be involved in stimulating ACTH release (R l )  . 

Adrenaline a t  a dose of 80 pg can activate purine metabolism and 
markedly increase total nitrogen excretion in rats. This action is not 
blocked by ergot alkaloids, and the opposite effect is produced by acetyl- 
choline (G17, G18). 

Adrenaline and noradrenaline both have an action in promoting chemi- 
cal thermogenesis. Spoelstra (S13) has shown this to occur after low doses 
of drug and to be apparently independent of the changes in cardiac output 
and hyperglycemia. 

Sandor (Sl) has investigated the effect of adrenaline on plasma proteins 
in the guinea pig. He found a rapid lowering of plasma albumin, with 
a frequent concomitant increase in a-globulin levels. Although stimula- 
tion of ACTH may be involved he believes this to be largely a direct 
metabolic effect of the injected adrenaline. 

Glucose metabolism in the “ebb” phase of the response to trauma- 
a raised blood glucose and reduced tissue glucose utilization-are similar 
to those expected in insulin deficiency. However, direct measurement of 
plasma insulin by an immunological method shows plasma insulin levels 
to be increased after moderately severe surgery (R9). 

8.3. THE PERMISSIVE ROLE OF CORTISOL 

From the above outline of some of the endocrine changes consequent 
on physical injury, including the discussion of thyroid activity in Section 
7.3, the overriding impression which one has is that of a blanket stimula- 
tion of endocrine secretions. 

Apart from catecholamine secretion, it is not obvious what role in- 
creased endocrine activity would have in homeostasis after injury. In  
adrenalectomized dogs subjected to  hemorrhagic injury, cortisol and 
aldosterone will each cause an expansion of extracellular fluid volume 
by mobilization of cell water within 6 hours of administration. Cortisol, 
but not aldosterone, also will cause an expansion of plasma volume which 
can be attributed to its effects on the peripheral vasculature. Spirono- 
lactone will prevent the shift of water from the body cell mass to the 
interstitial fluid (M3). The above experimental evidence clearly im- 
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plicates a causal role of two other hormones, cortisol and aldosterone, 
in some of the metabolic consequences of trauma, but, unlike the cate- 
cholamines, the value of the resulting metabolic changes is not clear. 

The role of the adrenal gland in various responses to various stresses 
has been widely studied. John (Jl) found that sound stress for a period 
of 1.5 hours produced marked lymphocytopenia in normal but not adre- 
nalectomized rats. Estimating the normal daily in vivo production of 
corticoid to be equivalent to 0.8 pg of cortisone acetate per kilogram body 
weight injected subcutaneously as an aqueous suspension, Johns noted 
that injection of 4.0 mg of cortisone acetate per 100 g body weight into 
adrenalectomized rats resulted in lymphocytopenia. Injection of doses of 
cortisone acetate more equivalent to the normal daily secretion of corti- 
coid in intact animals did not produce lymphocytopenia in adrenalecto- 
mized rats, but did restore the lymphocytopenic response to sound stress. 

Weimer and colleagues have studied the response of the az-acute phase 
globulins of rat serum to trauma, and the interaction of adrenal function 
with this response (W7-W9). 

The response of the various plasma protein fractions to injury in the 
rat can be differentiated according to the effects of repeated challenge 
by turpentine injection. The a2-acute phase globulins will rise pro- 
gressively with each challenge, giving a very rapid rise then fall on each 
occasion. Fibrinogen behaves similarly. The seromucoid fraction did not 
fall rapidly after injection of turpentine and gave a maximal response 
on each occasion of challenge. 

The presence of functioning adrenals does not have the same effect 
on the response of all the plasma protein fractions. Adrenalectomy will 
lead to a reduced response of the az-acute phase globulins and also of the 
seromucoid fraction to tissue injury, but is without effect on the fibrinogen 
response. 

Treating adrenalectomized rats with 0.15 mg/100 g body weight of 
cortisol will partially restore the response of the cr2-acute phase globulins 
to turpentine injury; a dose of 0.3 mg/100 g gave complete restoration 
of the response, but doses of 0.6 mg/100 g or 3.0 mg/100 g were inhibiting. 
Also, administration of cortisol to intact animals was inhibiting for the 
wacu te  phase globulin response to challenge. 

Cortisol will increase gluconeogenesis, that is, formation of glucose 
from protein with loss of the nitrogenous moiety in the urine. A 25 mg 
subcutaneous implant of cortisone gave a response similar to  that ob- 
tained after fracture in the rat when urinary nitrogen was examined (C7). 
Rats with 50-mg implants excreted about twice as much nitrogen in the 
urine as those with a 25-mg implant and rats with a 25-mg implant + 
fracture of one femur excreted about the Same amount of nitrogen as the 
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sum of that in rats with a 25-mg implant alone plus that in rats with 
fracture alone. Saline-maintained adrenalectomized rats showed no 
urinary nitrogen increase after fracture, but adrenalectomized animals 
receiving maintenance doses of cortisone produced the characteristic 
response to fracture. 

A more recent paper by Cuthbertson and co-workers (C6) investigated 
the interaction between oral doses of p-methasone and fracture of the 
femur in the rat. Heat production was also measured. As far as urinary 
nitrogen was concerned both treatments produced a characteristic in- 
creased output-that from the drug showing a rapid rise and fall where- 
as fracture gradually reaches a peak 3-4 days after treatment. Urinary 
nitrogen excretion in rats given fracture and drug together produced a 
pattern which was the sum of the individual treatments. Measurements 
of heat production showed that only the fracture treatment caused an in- 
crease, and the authors suggested that after fracture there is gluconeo- 
genesis and subsequent glucose oxidation from the deaminated amino 
acids, whereas after steroid the deaminated moiety is excreted probably 
largely unchanged in the urine. 

Nims and Thurber (N6) found that urinary nitrogen excretion by the 
rat is increased after whole-body X-irradiation. Adrenalectomy sup- 
presses the response, but administration of adrenocortical extract re- 
stored it. Weights (dry weight and wet weight) of thymus and spleen fell 
and that  of liver rose after whole-body X-irradiation of intact rats. 
Adrenalectomy produced only a slight qualitative change in the response 
of organ weight. The authors concluded that after X-rays, tissues are 
broken down to release nitrogenous fractions greater than amino acids 
or simple polypeptides, and the breakdown products are transported to 
the liver. This process is not dependent on functioning adrenals. In  intact 
animals the liver then metabolizes the polypeptides. I n  adrenalectomized 
animals there is no breakdown of the polypeptides by the liver. 

Distinction between the effects of injury on protein metabolism and 
the effects of corticoid on protein metabolism has been made by Munro 
(M17, M18) who has found a marked gain in liver nitrogen content fol- 
lowing cortisone administration to the rat, but not after femur fracture. 
He  also notes that cortisone has a constant action on nitrogen balance a t  
all levels of protein intake whereas the effect of injury is obliterated 
by prior protein depletion. 

Evidence that corticoids do not play a causal role in a t  least the protein 
catabolic response to  injury has been provided by experiments in which 
plasma corticosterone levels have been measured in rats housed a t  20°C 
or a t  3OoC, and in which a fracture of femur was induced under halothane 
anesthesia, or the animals given anesthesia alone, or no treatment (T4). 
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As we have already noted, exposure to an ambient temperature of 30°C 
will largely inhibit the protein catabolic response to injury. Rats a t  both 
temperatures showed a maximal response to  fracture of femur when 
plasma corticosterone was measured 1 hour postinjury, in spite of lower 
basal levels in the rats a t  30°C. 

It is interesting to note that there is increased secretion of corticoid 
after trauma in the face of elevated plasma levels. Some confusion over 
the mechanisms controlling plasma corticoid has arisen because of this, 
and two control mechanisms have been proposed, a closed-loop control 
with negative feedback, in nonstress conditions; and an open-loop con- 
trol with no feedback, in stress. However, Yates and Urquhart (Yl) 
point out the most likely control system is a closed-loop, negative feed- 
back proportional control, with a variable set point, the set point being 
raised in stress. Why the set point should be raised (or the type of control 
changed) in stress when all the evidence indicates a noncausal role for 
corticoid in the various other responses to stress is a very interesting and 
as yet unanswered question. 

8.4. INITIATING PATHWAYS 
It is very difficult to plan experiments to study pathways involved in 

control of the metabolic response to injury since some surgical or a t  least 
stressful preparation of the experimental animal before administration 
of the injury is almost always necessary. 

Early work by Gordon (G14) reported that severe scalds could cause 
ascorbic depletion of the rat adrenal even when the scalded limb was 
completely deafferentated. This suggests adrenal stimulation or ACTH 
release due to a humoral agent. We have already mentioned (Section 8.2) 
that 5-hydroxytryptamine may have a specific action in stimulating 
aldosterone secretion (J6) , and Johnston (52) has postulated that other 
local hormones released after injury, such as histamine and bradykinin, 
may lead to direct adrenal stimulation. 

Most evidence presently available, however, implicates a direct neural 
link from the site of injury to the CNS. Much of this, work has been done 
by Egdahl and colleagues, and he has recently reviewed their contribu- 
tion (E3, E4). Egdahl’s model is a dog with an isolated hind limb leav- 
ing only an  artery, vein, and the sciatic nerve intact. The dogs are 
surgically prepared for adrenal venous blood collection without subse- 
quently disturbing the animal. A burn injury to the isolated limb will 
provoke a rise in adrenal venous skeroid content only if the nerve is 
intact. Severing vascular contact is without effect. 

Using leg fracture in the rat as an injury model, Matsuda and col- 
leagues (M9) have shown a direct neural link to be necessary for induc- 



40 D. P. CUTHBERTSON AND W. J .  TILSTONE 

tion of ACTH release by the stress. No increased adrenal secretion is 
produced by fracture if the spinal cord is transected proximal to the in- 
jured limb, but the adrenal response is unimpaired if the cord transection 
is distal to this. The afferent connections to the hypothalamus appear to 
pass through the dorsal mesencephalon. A large hypothalamic or thalamic 
peninsula in which the hypothalamic connections to the dorsal mesen- 
cephalon are maintained permits a normal adrenocorticoid response. 
Adrenal secretion was high in all animals anesthetized with ether and 
was not further elevated by leg break. Ether probably caused release of 
corticotropin-releasing factor from the median eminence. Laparotomy 
for adrenal vein cannulation and subsequent blood collection were car- 
ried out rapidly. In  the injured animals about 11 minutes elapsed be- 
tween fracture and laparotomy. Adrenal venous blood from uninjured 
controls always gave lower corticosterone levels than that from rats with 
fractures in spite of the stress of laparotomy. This may have been due 
to a time factor, since maximal corticosterone secretion following in- 
travenous injection of ACTH in hypohysectomized rats is not seen until 
about 10 minutes later. 

Using electric shock as a stressor, Redgate (R2) directly measured 
ACTH release in adrenalectomized rats. Adrenalectomy was performed 
12 days before stressing. Forepaw stimulation and hindpaw stimulation 
were equally effective in producing a 6-fold increase in circulating ACTH. 
Spinal cord transection a t  thoracic-2 inhibited stimulation of ACTH re- 
lease consequent on hindpaw electric shock, but had no effect on ACTH 
secretion following forepaw shock. The ability to secrete ACTH follow- 
ing stress is thus demonstrated to be unaffected by the surgical pro- 
cedures of the experiment and to be dependent on a direct neural link 
between the injury site and the central nervous system. Direct hormonal 
stimulation of the adrenals was, of course, not discounted by this work. 

The evidence for a direct neural link causing ACTH release following 
chemotoxic stress is not too clear. Makara et  al. (M6) using thoracic-2 
spinal cord transection in the rat has shown that formalin injection into 
a limb caused ACTH secretion by a mechanism involving nervous path- 
ways, but capsaicin injections could stimulate ACTH release even when 
injected to sites distal to  the cord transection. They also noted that 
repeated formalin injection did not produce tachyphylaxis, whereas 
capsaicin did, but only for ACTH release due to capsaicin. Repeated in- 
jections of capsaicin did not affect the ability of subsequent injections 
of formalin to stimulate ACTH secretion. 

In  conclusion, injury leads to a blanket stimulation of endocrine secre- 
tion. This increased activity, with a few notable exceptions, does not 
appear to  play a causal role in subsequent metabolic responses to trauma 
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--only a permissive role in certain circumstances. The initial pathways 
involved in provoking endocrine activity are largely but not exclusively 
neural in nature. 

9. Summary 

The nature and the severity of a physical injury, whether arising by 
accident, radiation, or elective surgery, conditions the character of both 
the immediate and subsequent biochemical changes that occur both 
locally and generally. The subject’s nutritive state both a t  the time of 
injury and in the early postinjury period, particularly in respect to labile 
protein reserves and glycogen, also affects the scale of those changes, 
as does restitution of lost blood or plasma. There is first an “ebb” and 
then Ylow” of metabolic activity in those who recover from a moderate 
to severe injury. Finally, environmental temperature a t  the time of in- 
jury and during the days immediately following the injury also affects 
the issue. It is probably in this last area that the most interesting recent 
observations have been made. Studies on energy exchange, and on protein 
as the constituent of the body most involved, reveal an interesting funda- 
mental difference in homeostatic response when the energy demands of the 
injured are minimal as in the zone of thermal neutrality. When a patient 
is maintained a t  an ambient temperature close to his superior critical 
temperature, above which hyperthermy begins, then not only will his 
energy needs be minimal, but he will also resist unnecessary endogenous 
processes which result in heat production. In  an atmosphere of 30°C and 
with a relative humidity of 1545% the increased urinary loss of nitrogen 
and presumably of other nitrogenous and sulfur-containing catabolites 
of protein metabolism, which has been termed the “protein catabolic re- 
sponse to injury, is largely eliminated and the related increase in resting 
heat production is correspondingly reduced. The organism also compen- 
sates for the extra load by decreased food intake a t  the higher tempera- 
ture. Whatever the reason for the additional protein catabolism that 
usually follows physical injury it is clearly not sufficiently pressing to 
be obligatory in patients a t  high environmental temperatures, and a 
conservative approach to  nutritional therapy for those who are not suf- 
fering from defects in alimentation is indicated. The response of the 
adrenal cortex to trauma is not inhibited a t  an environmental tempera- 
ture of 30°C. Experimentally there is evidence of accelerated healing 
of superficial tissues a t  30°C and no untoward effects have been seen 
clinically. Indeed, warm dry air assists in the healing of burned patients. 
Obviously patients previously depleted in protein through malnourish- 
ment or undernourishment though a t  a disadvantage when reserves 
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have to be called on for healing, should be assisted by hospitalization 
a t  such higher temperatures, providing they are not suffering from in- 
jury to  the brain or have other conditions countermanding such treat- 
ment. 

The immediately early and later effects of the response to trauma in 
experimental animals and in patients housed a t  normal temperatures and 
which are all part of the “inflammatory response,” and the relation of 
these to such changes in the level of endocrine secretions as occur, are 
described. The time factor in the response to multiple injuries is also 
considered. 
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NOTE ADDB IN PROOF 

Since this paper went to press a noteworthy publication by J. W. L. Davies, S.-0. 
Liljedahl, and G. Birke has appeared in Injury, 1, 43 (1969). Nineteen patients with 
burns of varying sizes were treated in a warm (32"C), dry environment and another 
group of 41 with similar sized burns in a cooler (22'C), more moist environment. 
Those in the warm, dry environment showed smaller losses of body weight while in 
the hospital, with significant reductions in basal metabolic rate and the rate of 
catabolism of plasma albumin and y-G-globulin, smaller amounts of protein in the 
extravascular space, increased serum albumin concentrations, a greater rate of 
synthesis of albumin, and a lower rate of synthesis of y-G-globulin. Less protein was 
lost in the exudate when the patients were exposed in the warm, dry environment 
and their clinical condition was often better than those in the normal hospital 
environment. 
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1. Introduction 

1.1. GENERAL CONSIDERATIONS 
Taxidermy in modern times, with borax mothproofing aa its latest 

and greatest step forward, can be a fascinating hobby well able to 
fill in many spare hours with undreamed-of satisfaction. (P9, p. VII) 

The measurement of the steroid hormones and their metabolites in 
tissues and body fluids has long been a major technical problem to endo- 
crinologists and biochemists, and even more of a problem to clinical 
chemists. Steroid biochemistry has been somewhat esoteric and to some 
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extent has remained so despite the tremendous increase in work in this 
field in the last fifteen years. In  large part this has been due to the great 
technical difficulty of measuring the often minute concentrations of 
steroids commonly found in the blood and urine of man and other species. 
Indeed, i t  can reasonably be suggested that the study of steroid endo- 
crinology and biochemistry has been almost completely dependent upon 
the laborious development of analytical techniques, often to the exclu- 
sion of other considerations. This has naturally led to  a situation in 
which large areas of methodology and technique have been closed to non- 
specialists and quite obviously unsuited to general use in a laboratory 
of clinical chemistry. 

At the present time we are probably a t  the threshold of a major ex- 
pansion of the use of methods for measuring steroids in routine clinical 
chemistry, and a number of methods which were confined to  the research 
laboratory five years ago are now quite widely available in the larger 
hospitals and in some of the more sophisticated commercial service lab- 
oratories. However, these methods are extremely expensive compared 
with other methods in clinical chemistry, and i t  is still difficult for the 
clinical chemist who is not a steroid specialist to  obtain a balanced 
appraisal of the field. The increasing sophistication of clinical endo- 
crinology has lead to a greatly increased pressure upon the clinical 
chemist to provide more and more relatively difficult techniques in the 
laboratory, and the choice of techniques-and even more of e q u i p m e n t  
is fraught with an uncertainty which is perhaps made worse rather than 
better by the ernbarras de richesse to  be found in the literature on the 
subject. Nor is the aspiring clinical chemist likely to  get much help if 
he takes the trouble to seek out one of the specialists in the field, unless 
he is very lucky. The specialists have been banging their shins, if not their 
heads, against seemingly intractable problems of sensitivity, specificity, 
and recovery for the greater part of their professional lives, and are only 
too likely to emphasize the complexity and difficulty of analytical meth- 
ods for steroids. It is only natural that they often become a little im- 
patient with the visiting general clinical chemist whose main interest is 
in something simple and quick. The latter will often return to his home 
ground with the impression that steroids in blood and urine are entities 
in such vanishingly small concentrations and of so desperately unstable 
a nature that only a genius can actually catch one in a test tube. If, as is 
so often the case, he has also been told that the few simpler methods he 
currently uses in his routine laboratory are hopelessly nonspecific and 
largely useless for any but the crudest diagnostic purposes, this impres- 
sion will be superimposed upon a mood which is not conducive to  strictly 
rational thought. In this, however, he may be luckier than his colleague 
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who is given to understand that with $6sooO-sO,O0O of the “right” equip- 
ment and half the time of a good technician he should be under way with 
half a dozen reliable modern methods in three or four months. 

In  view of this situation I shall attempt to write this article mainly 
from the point of view of the general clinical chemist. As is so often the 
case in real life, the true situation is described neither by one of the two 
extreme views often presented in this field, nor by a hazy compromise 
between them, but by specific parts of each. The measurement of steroids 
in body fluids and tissues is indeed an exceptionally difficult task in 
many cases, and in some, still a task for minor geniuses only. How- 
ever, this is by no means true of all cases and there are ways in which 
the competent nonspecialist can achieve his aims of introducing into his 
routine operations new and improved techniques for measuring steroids. 
He should be tolerant and understanding when the specialist tends to 
emphasize the complexity of the problem, and a t  the same time refuse 
to be overawed by him. 

I shall adopt one or two principles as axiomatic in what follows. First, 
it is not reasonable to lay down any ideal standards of performance of 
an analytical method considered in isolation. An evaluation of an analyti- 
cal method is a t  best incomplete-and a t  worst quite misleading-if it 
does not take account of the purpose of that method. This “purpose” is 
mainly defined by the nature of the sample; the minimum significant 
change in the variable that is to be measurable; the minimum number of 
samples that must be analyzed per unit time; and the maximum allowable 
interval between the collection of the sample and the presentation of the 
estimate of the measurement. Second, the maximum quality of perform- 
ance that is economically feasible should be aimed a t  in any method used 
in a routine laboratory; in other words, all economically reasonable steps 
to increase one’s margin of safety over the minimum acceptable standards 
should be adopted. Third, all the steps of an analytical procedure and all 
the criteria determining the nature of those steps must be considered as 
a whole when designing or evaluating an analytical method. That  is, an 
analytical method is just another example of an “operation” in the modern 
sense and must be assessed not only in terms of its physical and chemical 
technicalities, but also in the terms of systems analysis or operations 
research. I believe that these principles are always implicit and often 
recognized in the work of practicing clinical chemists: they are naturally 
of secondary consequence to most specialists, in any field, since the 
specialists are mainly devoted to  cracking the technical problems. 

Finally, this article is designed to be selective in its scope. In  an age 
of plethora in all media, I believe it is more valuable to  be comprehensible 
than to  be comprehensive. This aim is made all the more reasonable by 
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the considerable number of specialist books and reviews on this topic- 
some of them excellentwhich have been published in recent years (E2, 
G8, G9, L8, R3, T5). 

1.2. MAJOR STEROIDS OF HUMAN BLOOD AND URINE 

In general the hard-scaled kinds of fishes are to be preferred for 
mounting, i.e. the sunfishes, perch, pickerel, muskellunge, gars, . . . 
Those kinds with much fat make poor taxidermy specimens. 
(P9, P. 27) 

This review is concerned with methods for the measurement of the 
steroid sex hormones and their metabolites. While not strictly concerned 
with adrenocortical steroids or with synthetic analogs of the steroid 
hormones, i t  will deal briefly with some of them where necessary. This 
is unavoidable for three main reasons. In  the first place some steroids 
recognized as major or minor sex hormones are secreted by the adrenal 
cortex, and the gonads are capable of secreting steroids of adrenocortical 
type under certain conditions. Second, estimations of the adrenocortical 
glucocorticoids is essential in the differential diagnosis of most disorders 
of steroid sex hormones. Third, synthetic steroids are of great importance 
as oral contraceptives and therapeutic or diagnostic drugs: they may 
need to be measured, or may interfere with the measurement of naturally 
secreted steroids or their metabolites. 

The steroid nucleus with its numbered carbon skeleton is shown in 
Fig. 1A. By convention the hydrogen atoms are not shown, and the 
number attached to any carbon atom is obtained by subtracting the 
number of carbon-carbon bonds to it from 4, the valency of carbon. In  
particular i t  should be noted that the carbon atoms 18 and 19 are 
normally the centers of methyl groups often referred to as the “18-” and 
“19-methyl groups” although this is, strictly speaking, inaccurate. 

In  Fig. 1B are shown the structures of the main steroid sex hormones 
of the three classes currently recognized. In  each case there is good evi- 
dence that  the compound is the main secretory product of its class. In  
Fig. 1C are shown three typical major metabolites of the first two classes. 
In  these structures another convention is apparent. The nucleus is con- 
sidered as lying more or less in the plane of the paper: bonds directed 
toward the reader or above the paper are drawn as dashed lines and are 
designated “arr; those away from the reader or below the paper are 
drawn as solid lines and designated “j3.” An excellent account of these 
and other stereochemical features of the steroids will be found in Klyne’s 
monograph (K9). 

The steroids in Figs. 1B and 1C are hydrophobic lipids and are called 
“free” steroids to distinguish them from their water-soluble conjugates, 
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(c)  

FIQ. 1. Important steroid structures. (A) The steroid nucleus and numbering. 
(B) Major sex hormones. (C) Typical metabolites. 

some examples of which are shown in Fig. 2. The predominant steroid 
conjugates of human urine are /3-glycosides of glucuronic acid and esters 
of sulfuric acid. There is some confusion in the nomenclature of the 
former. For a long time, and in most of the literature prior to about 1956, 
they were simply called “glucuronides,” and many people stick to this 
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FIG. 2. Typical steroid conjugates. 

term colloquially or even lapse into i t  in print. It is now commoner to 
call them “glucosiduronates” or “glucuronosides,” the latter being dis- 
approved, but both names aiming to emphasize the glycosidic linkage 
between the steroid and the uronic acid, and distinguishing it from the 
ester linkage of glucuronic acid seen in the conjugates of some hydroxylic 
substances in urine (W6, p. 289). More recently they have been described 
as 3-/3-~-glucopyranosiduronates (B9) to remind readers that  the uronic 
acid radical is in the pyranose rather than the furanose form. Since the 
earlier term has been declared acceptable by the American Endocrine 
Society and is shorter it will be used in what follows. 

It is probable that other conjugates of steroid hormones and their 
metabolites will eventually be found to exist in human urine, either as 
normal or unusual constituents. A conjugate of 17a-estradiol with p- 
glucuronic acid and N-acetylglucosamine has been isolated recently (J3) ; 
and an unusual compound, not a conjugate in the usual sense, of urea and 
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3cu,ll/?-dihydroxyandrost-4-en-17-one has been isolated by Fukushima 
(F6). The existence of the major proportion of urinary steroids in the 
form of conjugates has long been one of the greatest technical difficulties 
in this branch of analytical chemistry. 

The physical state of these steroids in the blood is of the greatest 
interest to the endocrinologist and may greatly affect the significance 
attached to  the values of steroid concentrations which are obtained by 
the usual methods. All steroids in plasma are to  some extent associated 
with, or “bound” to, the plasma proteins. It is convenient to  distinguish 
three common types of binding. In  the first there exists a more or less 
highly specific binding protein for the free steroid hormone under con- 
sideration. Usually the dissociation constant of the steroid-protein com- 
plex is very low and the concentration of the protein, or more strictly of 
its binding sites, is low. Under these circumstances, 80-95% of the total 
steroid in the plasma is in the form of this complex a t  “normal” concen- 
trations of steroid, and the rest is loosely associated with plasma albumin 
or other proteins, or in free solution. The best example of this type is 
cortisol and its plasma carrier, transcortin (see B28, K4, M8), but a seem- 
ingly specific testosterone-binding globulin has recently been found in 
the plasma of pregnant women (K3, M3). The case of progesterone is 
more complex since it is quite strongly bound by transcortin but becomes 
part of a complex chemical equilibrium in competition with cortisol and 
corticosterone (T3). 

In  the second type the free steroid is more loosely bound to albumin 
and other plasma proteins. Again an equilibrium between the steroid- 
protein complex and the free steroid and protein is established. One 
important difference from the first case, however, is that the concentra- 
tion of binding sites is usually very large. Thus over quite a wide range 
of changing total steroid concentration the proportions of free and 
bound steroid remain the same. This is in contrast with the first type in 
which the low concentration of the carrier protein and the low dissocia- 
tion constant of the steroid-protein complex leads to  an equilibrium in 
which most of the binding sites of the protein are occupied a t  normal 
steroid concentrations. Under these circumstances the proportion of 
unbound steroid and of steroid loosely bound to albumin increases as 
the total steroid concentration rises. This is important physiologically 
because there is considerable evidence supporting the generally held 
hypothesis that  the concentration of the hormone in the extravascular 
tissue fluid, and hence its biological actions, are determined by the 
concentration of the free steroid in the blood plasma (Fl, K4, T3). 
Similarly the distribution of the steroid between the plasma and the 
blood cells is affected by such binding, and influences to  some extent one’s 
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choice of plasma or whole blood as the appropriate sample to extract 
when measuring steroid concentrations (e.g., F1) . Despite valid objec- 
tions to the use of plasma when dealing with adrenal or gonadal venous 
blood, the use of plasma if separated soon after collection is the general 
method of choice. Serum is rarely, if ever, used. 

The third type occurs only with the conjugates of steroids. The two 
commonest forms, glucuronides and sulfates, exist largely as anions a t  
physiological pH values, and it is well known that plasma albumin con- 
tains a large number of binding sites with a high affinity for anionic 
groups of all kinds. This binding is probably far  stronger with the 
steroid sulfates than with the glucuronides and is of interest for two 
major reasons. In  the first place such binding will affect the distribution 
and excretion of such compounds to a considerable degree. In  the second, 
it is sufficiently strong to be a potential difficulty in securing the com- 
plete extraction or hydrolysis of steroid conjugates in plasma and some 
urine specimens. In  contrast, neither of the two previous types of protein 
binding seriously affects the extractability of free steroids from plasma 
when the usual solvents are used in the usual volume ratios. 

I n  normal urine the major part of the steroids present are in free 
solution as the anions or salts of the conjugates. Very small quantities 
of some steroids are present as free steroids. In the presence of the normal 
small amounts of protein and particulate debris in urine, it is probable 
that these relatively minute quantities of such steroids are partly or 
largely associated with, or adsorbed on, such particles in a nonspecific 
manner because of their very low solubility in pure aqueous solution. 
This is not known to hinder their extraction with organic solvents or 
with adsorbents. However, one will expect to encounter quite serious 
losses if the urine is in prolonged contact with certain types of plastic 
tubing or bottles during or after its collection, or if  heavy sediments are 
not broken up and mixed well before a fraction of a urine sample is 
drawn off for analysis. 

Representative values for the concentrations in plasma of the major 
steroids under review here are given in Table 1. These values bridge what 
is a t  present an important boundary between relatively easy and rather 
difficult problems of sensitivity with current techniques. Thus, proges- 
terone a t  concentrations of 0.3-1.0 pg/100 ml in the luteal phase of the 
menstrual cycle and testosterone in male plasma a t  concentrations of 
0.5-0.8 pg/loO ml can be measured by a wide variety of existing methods. 
On the other hand, the plasma concentrations of estrogens in nonpregnant 
women, of testosterone in women, and of progesterone in the follicular 
phase of the menstrual cycle are in a range which can be reached only 
by a small number of rather difficult techniques at present. 
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TABLE 1 
PLASMA CONCENTRATIONS OF MAJOR STEROID SEX HORMONES AND RELATED STEROIDS~.~ x 

Female 5 z 
L 8 Hormone Male F 

z 
q 
u, e m 

Testosterone 0.8 k 0.07 (R2) 0.041 f 0.003 (B2) 0 

Androst-4-ene-3,17-dione 0.06 k 0.004 (H6) 0.140 k 0.008 (H6) Fd 
2 1.45 zk 0.11 (J4) U 

2 

0.0196 k 0.0016 (Bl) z 

0.074 k 0.010, IH (B2) 
0.117 k 0.019, PCO (B2) 

Progesterone - 0.032 k 0.025 (54) 
2.48 k 0.73 (54) (Preg., 5 wk) 
1.67 k 0.74 (54) (Preg., 9 wk) 
12.5 f 2.8 (54) (Preg., 32 wk) 
12.5 k 2.8 (54) (Preg., term) 

0.398 (Bl) (Preg., 16 wk) 

u1 - 
t+ 
iP rn 

;P 

Es tradiol 0.0021 + 0.00026 (Bl) 0.0064 +_ 0.0015 (B1) 

Estrone 0,0064 k 0.00075 (Bl) 5 
E! 

* Values pgg/lOO ml. 3 

0.0057 f 0.00073 (Bl) 0.011 f 0.00057 (Bl) 
0.112 (Bl) (Preg., 16 wk) 

0 F = Follicular phase; IH = idiopathic hirsutism; L = Luteal phase; PCO = polycystic ovaries. 
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I n  Table 2 the major metabolites of the steroid sex hormones and some 
important related steroids are listed. Their relationships to their pre- 
cursors are in some cases controversial a t  present and will be discussed 
in the next section of this article. Suffice i t  to  say a t  the moment that  
simple relationships between the excretion rates of some of these me- 
tabolites and the secretion rates of their precursors are not easy to  
establish. On the other hand, it is fair to add that some of the complexities 
implied by recent work on the metabolism of testosterone and andros- 
tenedione, and on the metabolic activity of the placenta and fetus in 
pregnancy should not be allowed to  obscure the relative simplicity of 
many aspects of the metabolism of progesterone and of estrogens. 

Once again the boundary between relatively easy problems of measure- 
ment and rather difficult ones is bridged by the range of values en- 
countered. Pregnanediol glucuronide in women, estrogens in pregnant 
women, and the six major 17-ketosteroids in both sexes are excreted a t  
rates between 0.25 and 4.0 mg in 24 hours and are within the range of 
easy measurement by a large number of existing techniques. On the 
other hand, the measurement of estrogens in nonpregnant women, and of 

TABLE 2 
PRINCIPAL WELL-ESTABLISHED METABOLITES OF STEROID 

SEX HORMONES AND RELATED PRODUCTS 

Approximate range 
of excretion rates 

Metabolites (mg/% hr) 

2-6 2-6 1 Androsterone 
E tiocholanolone 
Dehydroepiandrosterone 0.1-10.0 

11-Ketoetiocholanolone 0.4-2.0 
118-Hydroxyandrosterone 0.2-1.0 
118-Hydroxyetiocholanolone 0.1-0.5 

Pregnane-3a, 17a;20a-triol 

Pregnane-3a,2Oa-diol 
Pregnan-3a-ol-20-one 

Estrone 0.001-0.010" 
Estradiol-17 0.001-0.008" 
Estriol 0.001-0.0145 
2-Hy droxyestrone 0.003-0.020" 

@HA) 

I 
o.3-1 .Oa I 

0.50-6. ?a O" 5 
Pregnane-3a, 17a-diol-20-one ?a 

ZMethoxyestrone 0.002-0.015" 

Probable precursors 

DHA-SOa, testosterone, 

DHA-SO,, 17a-hydroxy-As- 
androstenedione 

pregnenolone 

Cortisol, 118-hydroxy- 
andros tenedione 

17a-hydrooxyprogesterone, 

Progesterone, A6-pregnenolone 
17~-hydroxy-As-pregnenolone 

Estradiol 
Estrone 
DHAS04 (? fetus) 

- 

~~ 

a Nonpregnant women only. Ranges uncertain due to menstrual variation, small 
numbers of subjects, or great variety of methods. 
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many steroids in postmenopausal women or hypophysectomized patients 
is extremely difficult, 

At the present time i t  is generally recognized that a completely satis- 
factory quantitative description of the metabolic fate of the major 
steroid sex hormones is not yet available. On the other hand, it is not 
reasonable to exaggerate this gap in our knowledge to an extent which 
casts too much doubt on the clinical value of measurements of the known 
metabolites of these hormones. 

1.3. SECRETION AND METABOLISM OF STEROID SEX HORMONES 
Here innumerable birds and small mammals were stuffed. (P9, p. VIII) 

The most important and useful generalization that has been established 
by the research of the last fifteen years is that the biosynthesis of all the 
steroid hormones involves a large number of pathways common to all 
steroid-secreting tissues. Having a common embryological origin in the 
intermediate cell mass, it is perhaps not surprising that the adrenal 
cortex and the endocrine tissues of the gonads should have a basic stock 
of similar enzymes operating via similar biosynthetic pathways. This 
“common currency” of steroid biosynthesis also provides a satisfactory 
basis for the understanding of the many possible alterations which are 
seen in disease. 

Progesterone is a central intermediate metabolite of all the biosyn- 
thetic pathways found in the gonads and the adrenal cortex (Fig. 3).  In  
the production of the CIS androgens and the CIS estrogens, 17a-hydroxy- 
progesterone is almost equally important, although a second pathway to 
testosterone by the direct conversion of progesterone to testosterone 
acetate is probably possible. Although complete quantitative evaluation 
of the role of these reactions in determining the characteristic secretory 
products of the various steroid-secreting tissues is not yet available, it is 
generally believed, and there is a considerable body of evidence suggest- 
ing, that these characteristics are determined by the amounts of crucial 
enzymes present in the different tissues. The nature of the genetic and 
other regulatory mechanisms determining these enzyme concentrations 
remains to  be worked out. 

Careful analysis of the biosynthetic properties of the membrana 
granulosa, the theca interna, and luteinized cells of the Graafian follicle 
and corpus luteum have revealed some of the factors determining the 
secretory products of these structures, but the role of the ovarian inter- 
stitial tissue is not completely established. There is much evidence sug- 
gesting that the latter tissue may secrete the major portion of ovarian 
androgens in women and in virilizing syndromes accompanying ovarian 
disease (G11, L4, Mla,  M5). 
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FIG. 3. Major pathways in the biosynthesis of adrenocortical steroids in cells 
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In  the last five years much more work has been done on what might 
for the moment fairly be called the minor or secondary secretory products 
of the steroid-secreting endocrine organs. They are potentially important 
in the assessment of the possible role of steroid sex hormones in hormone- 
dependent cancers of the female reproductive organs, and of the origin 
of such products in postmenopausal women. Since much of this informa- 
tion has been obtained in subprimate species, its relevance to human 
endocrinology is uncertain. Thus, relatively large amounts of proges- 
terone have been identified in the adrenal venous blood of cows, and 
small amounts have been found in the same site in women, sheep, and 
pigs (%I), In  the dog a number of C,, and C,, steroids have been identified 
(H3) in adrenal venous blood. Similarly 20a-hydroxypregn-4-en-3-one 
is found in ovarian venous blood (M4, M5),  and androstenedione has 
been shown to be the major secretion of the testis in immature bulls and 
to become a minor product in the mature animal due to the increasing 
secretion of testosterone (L6). 

One of the major changes in outlook in the last five years has resulted 
from the original discovery by Baulieu (B3) that  dehydroepiandrosterone 
(DHA) sulfate was secreted by several human adrenocortical carcinomas. 
Wieland et al. (W4), using the percutaneous adrenal cannulation tech- 
nique of Bush and Cranston (B36), were subsequently able to obtain 
strong direct evidence that this substance and androstenedione were 
secreted by the normal human adrenal cortex, their secretion being 
stimulated by corticotropin (ACTH) . Lieberman and Gurpide (L5, V3), 
using isotopic methods, have obtained evidence suggesting that the normal 
human adrenal cortex secretes in 24 hours about 24 mg of this steroid 
conjugate. Sizable amounts of testosterone, 17a-hydroxyprogesterone, and 
androstenedione have been identified in human ovarian venous blood in 

responsive to  ACTH. The exact order of reactions 3, 4, 6, and 6 is not certain, and 
several orderings may be possible. The pathway for ddosterone is not shown. It is 
probable (eg., B2) that the pathways leading to the formation of androstenedione, 
testosterone, and estrogens are at least partly in cells not responsive to  ACTH in 
the manner of the major eella of the zona fasciculata. DHA is released into the 
blood stream as the sulfate: sulfation occurs at an unknown part of the sequence. 
Estradiol is suggested as a secretion product although i t  is not known how much 
or what estrogen is normally secreted. Normally secreted products are asterisked. 
All the components shown may be secreted in abnormal states. Based mainly on 
Hechter, Dorfman, Talalay, and many others, for which see Bush (B28). 

Key to reactions (enzymes) : 0, via mevalonate, isopentenyl phosphate, squalene ; 
1, hydroxylase, desmolase (20,221 ; 9, As-3/3-hydroxysteroid dehydrogenase, 5(4)- 
isomerase ; 3, 21-hydroxylaae ; 4, 17a-hydroxylase ; 6, llp-hydroxylase ; 6, desmolase 
(17,20) ; 7, 17/3-hydroxysteroid dehydrogenase ; 8, 19-hydroxylase ; 9, aromatization. 
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Substrate 

[group I 
Product 

[ 1 ] 4,s - Hydrogenases 

[2] Hydroxysteroid Ketone group [redl 2 ry hydroxyl 
Dehydrogenases aldehyde group [red] 1 ry hydroxyl 

A6 -3-Ketone group 501-H or 5P-H dihydro- 
steroid 

1 ry hydroxyl [ox] aldehyde 
2 ry hydroxyl [ox] ketone 

[Known or probable for following hydroxyl groups and 
related carbonyl groups: 301-, 30-, 6P-, 1 IP-, I&-, 16/3-, 17a-, 
17p-, 18-, 19-, 20a-, 20p-, 211 

[3] 17,20-Desmolase C2,-17a, 20-diols 17-ketosteroid 

[4] Hydroxylation nucleus or side chain hydroxysteroid 

[With estrogens: 2-, 6-, 15, 16 
With others: 2a-, 6p-, 601-, 7a-, 1 5-, 16-, 2 1 I 

[ 5 I Methylation phenolic hydroxyl methyl ether 
[estrogens I 

[6] Conjugation Unhindered 6-glycoside 
hydroxyl groups or ester 
13, 17, 20?, 21, ?others] 

FIG. 4. Major eliminative reactions of steroid hormones and their metabolites. 
Hydroxylation reactions of biosynthetic tissues are not included, although they 
may be partly responsible for some of the observed metabolic transformations of 
exogenously administered steroids. 

women suffering from ovarian hyperthecosis (Mla, M4, M5; see also B2). 
The biological significance of these secondary products in normal 

states is as yet unknown. In particular, the possible hormonal function of 
DHA-sulfate is an intriguing mystery in view of its large plasma con- 
centration and secretion rates and its negligible androgenic activity. Its 
role as a provocative factor in acute porphyria has recently been sug- 
gested, and it has been shown to increase the activity of hepatic amino- 
levulinate synthetase (G6). 

The metabolism of the secreted steroid hormones is seemingly complex 
but can readily be understood in terms of a relatively small set of com- 
mon biochemical transformations (B28). These major reactions are sum- 
marized in Fig. 4. Although the stereochemical properties and large 
number of positions open to  metabolic “attack” give rise to a tremendous 
number and variety of metabolites through these reactions, they are in 
fact typical “detoxication” reactions common to a large number of non- 
steroidal substances. 

For many years the metabolism of steroid hormones has been regarded 
largely as an irreversible detoxicating activity carried out mainly by the 
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liver. It was believed that  in most cases conjugation of a metabolite 
lead to its excretion without further significant metabolism. Minor 
exceptions to this idea were made in the case of some steroid sulfates 
because of the known moderate biological activity of estrone 3-sulfate1 
the low renal clearance of steroid sulfates (see, e.g., B14, B15), and the 
known reversibility of sulfate formation. In  the last five years this idea 
has been modified fairly extensively in the light of new discoveries. 

In  the first place the discovery of the secretion of DHA-sulfate by the 
adrenal cortex in apparently major quantities suggested a hitherto com- 
pletely unsuspected role of steroid sulfates in steroid biosynthesis and 
metabolism. Second, a number of steroid metabolites conjugated with 
two molecules of glucuronic or sulfuric acid were discovered, particularly 
in pregnancy urine, amniotic fluid, and in perfused placentofetal prepara- 
tions. Finally, isotopic studies revealed several cases in which adminis- 
tered doubly labeled steroid conjugates were metabolized in the steroid 
part of the molecule without hydrolysis of the conjugate (e.g., D4, R5; 
cf. B5). 

These findings have lead some authors to imply that  the older idea of 
the role of steroid metabolism and conjugation is now quite outmoded, 
and that an extensive recirculation and interactive metabolism of steroid 
metabolites and their conjugates takes place of potentially considerable 
physiological significance. The pyrogenic properties of intramuscularly 
administered etiochiolanolone and many other 5/3 (H) -3a-hydroxysteroids 
(K2) have also been cited in support of this notion, particularly after 
Bondy et al. (B12) and others suggested that patients suffering from 
idiopathic recurrent fever had abnormally high concentrations of ;neon- 
jugated etiochiolanolone in their plasma. 

This extreme view seems to  be unjustified on many grounds and may 
give rise to unnecessary confusion, so that some attempt to  present a 
more balanced picture seems to be in order. Many saturated Cz,-steroids 
similar to, or identical with natural steroid metabolites possess anes- 
thetic or depressant properties (W8) and a large range of 58(H)-3a-hy- 
droxysteroids cause fever on intramuscular injection (G5). Similarly an- 
drosterone and some other steroid metabolites are potent androgens (B28) , 
and the work of Baulieu et al. (B4) and of Bruchovsky and Wilson (B23) 
strongly suggests that the local conversion of testosterone to andro- 
genically active reduced metabolites by some target tissues may be of 
great biological significance. Again, estriol, which is regarded as being a 
metabolite of estradiol or estrone, or a placental or fetal product in 
pregnancy (D4, G13, L2), is a weak “impeded” estrogen (H7). However, 
these facts take on a less spectacular aspect when their quantitative 
significance in normal human physiology is examined and when further 
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recent findings are taken into consideration. Among these considerations 
are the following. 

It is no longer possible to support the idea that 5P(H)-3a-hydroxy- 
steroids are endogenous pyrogens in man, or, in particular, that  free 
etiocholanolone in the plasma is the cause of a sizable number of cases 
of idiopathic recurrent fever. Using a highly specific and sensitive method 
for measuring free etiocholanolone in plasma, George e t  aL. (G4a) ex- 
amined cases of such fevers and found that the minute concentrations of 
free etiocholanolone in their plasma, while slightly higher than in normal 
subjects in some cases, were within the normal range in the majority 
(35 _+ 4 ng/100 ml). Furthermore there was no correlation between the 
concentration of etiocholanolone in any of the patients with febrile and 
nonfebrile episodes of their disease. They and other workers have now 
convincingly shown that the pyrogenic effects of etiocholanolone in 
normal subjects are due to a purely local inflammatory reaction and are 
not caused by intravenous administration unless local inflammation 
occurs in the vein used for the injection. In  reviewing their results, these 
authors have shown that previous workers had not obtained sufficient 
evidence to justify the earlier claims for the existence of naturally occur- 
ring “etiocholanolone fever,” and they suggest that no such clinical entity 
exists. It is hard to disagree. 

The idea that saturated steroid metabolites may play a role in normal 
circumstances in regulating cerebral function is equally devoid of quanti- 
tative support a t  present, although more specific actions on the brain of 
the steroid hormones themselves are well established and a growing field 
of interest (e.g., Ll). Thus, i t  is reasonable to  suppose a t  present that the 
plasma concentrations of other free saturated steroid metabolites are 
similar to those of free etiocholanolone determined by George e t  aL. 
(G4a), namely in the range 30-50 ng/100 ml. In  contrast, Bush (B26) 
has measured the concentrations of the free (saturated) metabolites of 
21-hydroxy-5P-pregnan-3,2Q-dione-21 -hemisuccinate (Viadril) , which are 
most probably responsible for the anesthetic action of this agent, a t  the 
onset and offset of anesthesia and found them to be in the range 1W200 
pg/lOO ml. Again it should be remembered that the central depressant 
effect of progesterone and other steroids first discovered by Selye in 1941 
(see W8) was only convincingly demonstrated with massive doses in 
partially hepatectomixed animals. With the possible exception of proges- 
terone in late pregnancy (plasma concentration in the range 10-60 
pg/lOO ml (S3), it seems highly unlikely that the generalized central 
depressant actions possessed by many steroids when given in large doses 
have any biological significance in man under normal conditions. Nor is 
there yet any demonstration that steroid hormones or their metabolites 
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are responsible for nonspecific central depressant actions in any rtb- 
normal states. 

Another factor to be taken into account is the enterohepatic circula- 
tion of steroids and their metabolism by the flora of the alimentary canal 
(Wl, W2). Long suspected as a complicating factor in this field, its 
major quantitative significance, a t  least in the rat, has now been demon- 
strated convincingly by Sjiivall, Gustafsson, and their colleagues using 
“gemfree” animals (E4, G14, G15). Its quantitative significance in man 
remains to be established, but the biliary excretion of many steroid me- 
tabolites in man is well established (e.g., A l l  A3, J2), and the partial 
hydrolysis of some steroid glucuronides by endogenous or bacterial p- 
glucuronidase in occasional samples of urine has also been demonstrated. 

Although the existence of significant metabolism of steroids by the 
alimentary flora could give rise to some form of commensal metabolic 
interdependence, two facts seem to be of overriding importance a t  present. 
First, the net fluxes of most of the reactions leading from the secreted 
steroid hormones to their conjugated urinary metabolites are overwhelm- 
ingly greater than the fluxes of the reverse reactions. Second, the con- 
centrations of free steroid metabolites in plasma are vanishingly small, 
and only a minor fraction of them are known to possess any biological 
actions a t  all except in large or local concentrations. At present, there- 
fore, i t  does not seem justifiable to abandon the earlier general concept 
that the majority of the reactions undergone by steroid hormones after 
they have been secreted function largely as metabolic pathways leading 
to the formation of relatively rapidly excreted inactive end products. The 
close relationship between these pathways, in general and often in detail, 
and those for the elimination of other classes of endogenous and exogenous 
substances, perhaps needs reemphasis (B7, B28, W6). 

The latter point is in fact emphasized most eloquently by another 
major discovery of recent years, which has a direct bearing on the me- 
tabolism of steroids. This is that a large number of hepatic enzymes 
responsible for the metabolism and elimination of drugs and other 
exogenous substances appear to  be grouped together in the smooth endo- 
plasmic reticulum ((33). 

The activities and amounts of these enzymes in the liver are increased 
in concerted fashion, as a group, by a wide variety of agents, some of the 
most striking effects being seen with barbiturates, alcohol, certain tran- 
quilizers, and pesticides. These enzymes include many hydroxylases, 
nitroreductase, and some dehydrogenases, and are all dependent upon 
NADP and cytochrome P-450 for electron transport. It is now clear that 
administration of barbiturates greatly increases the proportion of certain 
steroids which are eliniinated as hydroxylated metabolites. Striking 
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effects of barbiturates in increasing the excretion of 6~-hydroxycortisol 
in guinea pig and human urine have been discovered (see C3, B24). 
Similarly SjGvall and his group (S6) have shown that low doses of 
ethanol produce an immediate and profound effect upon the ketone: 
hydroxyl ratio of several steroid redox-pairs. In  view of the extremely 
frequent consumption of barbiturates, tranquilizers, and alcohol both in 
and out of hospitals, the interactions of these agents with steroid me- 
tabolizing enzymes deserve careful study and may well require the re- 
examination of many inferences drawn from past work. 

Isotopic studies of steroid metabolism have been frequent since about 
1954. The classical isotope dilution method was first introduced in the 
steroid field, using urinary metabolites, by Pearlman et al. (P5). In  1957 
Pearlman (P4) pioneered the method of measuring the steady-state 
clearance from the blood of an isotopically labeled steroid administered 
by constant intravenous infusion. If a steady stat,e is achieved, a knowl- 
edge of the rate of infusion of the isotopic steroid and its specific radio- 
activity, and measurement of the specific radioactivity of the steroid in 
the blood, yields the net flux of endogenous steroid entering the blood, 
which can usually be equated with its secretion rate. The same concepts 
were employed by Peterson (P5a, P7) in the investigation of cortisol 
metabolism. 

Subsequently Tait (T1 ) introduced the metabolic clearance rate 
(MCR) as a combination of Pearlman’s approach with Homer Smith’s 
well-known concept of renal clearance. In  this treatment the clearance 
rate of a hormone from the blood is expressed as the (conceptual) volume 
of blood which would contain the amount of steroid “cleared” from the 
(actual) blood per unit time. 

At the same time, Gurpide et al. (G12) introduced the concept of 
fractional interconversion rates or p values. This is used unfortunately 
to define two sorts of change. One is the fractional rate of transfer of a 
substance from one compartment or “pool” to another. The other is the 
fractional rate of metabolic conversion of one substance to another. 
Further refinements and complications of these concepts are described 
in the original papers, in the review by Tait and Burstein (T3), and in 
Horton and Tait (H6). 

These later concepts follow the traditional practices of chemical physi- 
ology in providing parameters which facilitate the calculation of me- 
tabolic exchanges. Those outside the steroid field may well regret the 
seemingly unnecessary departure of these treatments from the well- 
established usages of chemical kinetics and thermodynamics, and physi- 
ologists and endocrinologists will find some of the jargon unnecessary, 
confusing, and often conflicting (see, e.g., T4, p. 403). However, Gurpide’s 
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derivation of the p parameter is a valuable achievement in the facilitation 
of the analysis of isotopic experiments in this field. 

The value of these more complex approaches to the secretion and me- 
tabolism of steroids in clinical chemistry remains to be assessed. At 
present their use of complex techniques, or in some cases of potentially 
dangerous isotopes, confines them to the research laboratory. However, 
some of the results achieved by these methods are of importance to the 
clinical chemist and will be reviewed briefly. 

One of the commonest problems laid at the door of the clinical chemist 
involved in endocrinology is to estimate the secretion rate, or some 
parameter thereof, of a steroid hormone. Is it subnormal, in the normal 
range, or abnormally large? Any procedure not using the metabolic blood 
clearance technique assumes either a simple correlation between the 
plasma concentration and the secretion rate of the steroid in question, 
or a simple correlation between its secretion rate and the excretion rate 
of a known urinary metabolite. In  the case of the classical urinary iso- 
topic dilution method the urinary metabolite chosen must be a unique 
metabolite of the steroid whose secretion is to be estimated. The more 
modern isotopic methods have been of great value in demonstrating the 
inaccuracy of earlier simplified assumptions that particular urinary 
steroids were unique, or nearly unique, metabolites of particular secre- 
tory products. An excellent introduction to  this occasionally difficult field 
is the paper by Lipsett et al. (L12) showing that  a large fraction of 
urinary testosterone glucuronide in women is derived from the intra- 
hepatic conversion of androstenedione to testosterone, which is in a 
metabolic “pool” that is not exchanged with plasma testosterone. Testos- 
terone glucuronide is thus not a unique metabolite of plasma testosterone 
and cannot be used as a means for estimating testosterone secretion in 
women by the urinary isotopic dilution method. In  men this fraction is 
too small to invalidate the method. 

On the other hand, it cannot yet be claimed that the newer methods 
have produced a sizable increase in the scope and precision of our knowl- 
edge of the majority of the kinetic aspects of steroid secretion and me- 
tabolism. Despite the diligent work of many people, the errors (e.g., T4), 
and particularly the statistical treatment, of the often complex com- 
partmental models that are used are of uncertain magnitude (e.g., B8). 
The assumptions governing such models are often of doubtful validity 
but of critical importance (F7, T3). 

Another major difficulty of these, and indeed of most, methods for the 
assessment of the kinetics of steroid secretion and metabolism in man is 
that the time required for the infusion and sampling of plasma is rela- 
tively long-in the case of progesterone assessed by the steady-state 



method, excessively so (P4). These times are long not only when com- 
pared with the known time-course of sizable changes in the secretion rates 
of many steroid hormones, but in some cases long even when compared 
with the slow diurnal variation that is seen with adrenocortical secretion. 
The time required for the complete or 95% dilution method is even 
greater, varying from 12 to 72 hours. 

Once again one could reasonably advise the clinical chemist to keep in 
touch with this type of approach to the study of steroid secretion and 
metabolism but to avoid being inhibited by it. A tremendous amount 
of useful clinical chemistry in this field can in effect be carried out, and 
justifiably, by the judicious selection of relatively simple tests using 
nonisotopic methods. 

1.4. MAJOR DISORDERS OF SECRETION AND METABOLISM 
. . . some kinds have heads too large for peeling the skin over 

. . . (P9, p. 423) 

There is no completely satisfactory way of classifying the disorders of 
the secretion and metabolism of steroid sex hormones. The morphological 
pathologist and the chemical pathologist will tend to  use different classi- 
fications. The endocrine disorders involving steroid sex hormones follow 
very similar basic lines of pathophysiology to those of the thyroid gland 
but are more complicated because of the existence of a t  least five recog- 
nizably distinct types of steroid-secreting tissue in mammals. Since all 
these tissues have a common embryological origin and a large number 
of crucial enzymes in common, i t  is possible, and in most cases known 
to happen, that the inappropriate secretion of a steroid hormone of almost 
any type can arise from a disorder of a minimum of five functionally 
distinct tissues in the gonads or adrenals. In  turn these disorders may 
arise by disease of the tissues themselves or by a disorder in the secre- 
tions of a minimum of three anterior pituitary hormones, either from 
the pituitary itself or from certain malignant tissues (L10). Finally the 
picture is complicated by the diurnal and other sorts of variation of 
adrenocortical activity and the changing secretory activity of the ovary 
with the menstrual cycle, pregnancy, and age. 

I n  such a complex field it is well for the clinical chemist to try to 
achieve a clear idea of exactly how his laboratory tests can contribute 
to the activities of his clinical colleagues. It is fair to observe that in most 
problems of differential diagnosis in this field steroid measurements 
provide strong corroborative evidence for a decision rather than conclu- 
sive and critical evidence. The latter can usually be obtained only if the 
measurements are part of a sophisticated and lengthy investigation. 
However, such corroborative evidence is of more than trivial value in 
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this field, and besides has a useful research function in building up ex- 
perience and in occasionally providing the opportunity for new dis- 
coveries. 

Excessive secretion of androgens can occur in both sexes. In  infants, 
children, and young adolescents the commonest cause is a biochemical 
defect in an otherwise normal adrenal cortex. The result is the adreno- 
genital syndrome whose signs and symptoms depend on the severity and 
nature of the biochemical lesion and the time a t  which the disease is 
noticed. The fundamental error of metabolism was first elucidated by 
Bartter and Albright and their colleagues. The detailed biochemical 
studies of Bongiovanni’s group and the clinical and biochemical work of 
Wilkins and his colleagues have given us an extremely complete picture 
of this disease (e.g., B10, B13, B15, G3) .  The severe congenital form of 
the disease causes congenital pseudohermaphroditism in which the en- 
larged clitoris or pseudo-hypospadic penis often causes a misidentifica- 
tion of the sex of the newborn baby. I n  boys macrogenitosomia praecox 
results with its characteristic picture of precocious puberty in the pres- 
ence of normally infantile testes. In  childhood and adolescence, the 
excessive concentrations of androgens cause premature fusion of the 
epiphyses and a characteristic, short-limbed, stubby appearance. 

The syndrome is due to the combination of the enzymatic defect pro- 
ducing a deficient proportion of cortisol and corticosterone in the secreted 
products of the adrenal cortex, and the normal response to this deficiency 
of the system regulating the secretion of ACTH. In  the absence of the 
negative feedback of a normal concentration of plasma cortisol, ACTH 
secretion is increased. Since the action of ACTH on the adrenal cortex 
is to stimulate a very early step in the biosynthetic pathway (Fig. 3), 
the production of all products subsequent to this step is increased. 

The commonest enzymatic deficiency is a relatively severe or total 
absence of steroid 21-hydroxylase1 but minor or severe deficiencies in 
the 11P-hydroxylase, and in A5-3p-hydroxysteroid dehydrogenase also 
occur. As with any metabolic defect of this sort, products of the reactions 
prior to the deficient step reach abnormally high steady-state concentra- 
tions, and their conversion by side branches of the main biosynthetic 
pathway to usually minor or trace metabolites may become spectacularly 
prominent. 

The diagnosis of this condition is usually fairly clear-cut in early life, 
and there is no situation in which the clinical chemist can offer more 
valuable and clear-cut aid to  the endocrinologist. All these young patients 
are a t  risk from sudden death in adrenal insufficiency, and early diagnosis 
and treatment are essential if stunting of growth and disturbance of 
sexual function in later life are to be avoided. 
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The effects of excessive androgen secretion in late adolescence and 
adult life are much more various and less easily analyzed. The largest 
group of cases are young women suffering from hirsutism, acne, and 
varying degrees of menstrual irregularity or with complaints of in- 
fertility. Many patients of this type are obese and can be categorized in 
terms of the original criteria for the Stein-Leventhal syndrome (see B2, 
H5, Mla,  M5). Many others lack the full clinical picture but are clearly 
closely related to this syndrome because enlarged polycystic ovaries are 
discovered and confirmed by surgical treatment. Finally there is a sizable 
group who lack the ovarian lesion but who are often severely virilized 
with or without serious menstrual disorders. 

It is now generally agreed, as the result of increasing numbers of such 
cases who have been carefully studied by more recent sophisticated 
analytical methods for steroids, that a wide variety of adrenocortical 
enzymatic defects of almost all degrees of severity can be found in many 
of these patients. Although some of them may be mild, or very occa- 
sionally quite severe cases of congenital adrenogenital syndrome not 
discovered in early life, the majority have been free of symptoms until 
puberty or some years thereafter. The metabolic defect that is discovered 
is probably of the same general type that is seen in the congenital or 
prepubertal adrenogenital syndrome. The first suggestion of such “tran- 
sitional” forms of the adrenogenital syndrome was made by Kappas et al. 
(Kl ) .  An interesting example of two cases in this category and a useful 
review of the literature up to 1965 is given by Gabrilove et al. (Gl) .  A 
larger group of similar cases who suffered from hirsutism and acne, with 
an approximately 50% incidence of serious menstrual irregularity, but 
who also had no detectable defect in cortisol secretion were first demon- 
strated by Nugent e t  al. These patients have been shown to have a dis- 
tinctly elevated excretion of testosterone glucuoronide (M3) and of 
plasma testosterone concentration (B2, H5). They were distinguished 
by the absence of any other major abnormality of steroid metabolism 
(although total urinary 17-ketosteroids excretion were in the high normal 
range or up to twice the upper limit of normal) and by the fact that the 
excess testosterone appeared to arise from a tissue sensitive to ACTH. 
Thus, small doses of Dexamethasone or of other active glucocorticoids 
will usually suppress the plasma concentrations and excretion rates of 
testosterone to normal and achieve useful or even striking therapeutic 
results (B2, G11, H5, M3). 

This is another group of patients whose fate can be critically dependent 
upon reliable chemical findings. Many clinicians are loth to embark on 
adrenal suppression therapy in the absence of more severe symptoms 
or of gross abnormalities in the standard “group” tests (see Section 
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Mahesh and Greenblatt (Mla)  , however have shown that  large 
amounts of androstenedione and DHA are secreted into the ovarian 
venous blood of patients with polycystic ovaries. Although DHA is a 
poor precursor of plasma testosterone, androstenedione, probably mostly 
secreted by the adrenal cortex, gives rise to approximately two-thirds 
of the plasma testosterone in normal women (H6, T4, W4). The bio- 
logical significance of androgens or their precursors secreted by the ovary 
remains doubtful a t  present, both in normal women and in the polycystic 
ovary syndrome, because of the lack of complete and consistent informa- 
tion. On the other hand, the sizable number of observations which fail 
to show a definite role of adrenal androgens in the polycystic ovary 
syndrome suggests that ovarian androgen secretion may well turn out 
to be of major importance in a sizable fraction of cases. 

1.5. PARAMETERS OF CLINICAL SIGNIFICANCE 
To sex a bird, slit through the ribs on one side, and look for the 

The preceding review of recent work on the major disorders of steroid 
sex hormone secretion, although lengthy enough, is far from compre- 
hensive. Even so, many of the topics discussed so far are a t  present too 
complex and sometimes too controversial to be of immediate applica- 
tion in routine clinical chemistry. Even though the boundary between 
research and application is a diffuse one in this field, it is reasonable to  
suggest that the major task of clinical chemists in this field is to define 
those sorts of measurements which come nearest to providing really 
crucial diagnostic aids to the clinician. While the specialist rightly seeks 
to achieve the maximum precision in determining the source and fate of 
steroid sex hormones in normal and diseased states, the clinical chemist 
has to seek the most economical means of achieving answers to  rather 
different questions. Thus, the “source” of a steroid in blood is, to the 
specialist, a functional definition in terms of compartments, pools, and 
tissues with certain biosynthetic and hormone-responsive characteristics. 
The identification of these with anatomically recognized structures is 
inferential and, although usually reliable, is often not crucial to  the 
argument. To the clinical chemist, on the other hand the “source” is 
more often an anatomical structure which must be identified a s  a place 
for the surgeon to start, or not to start, cutting. The objective clinical 
chemist will realize without too much humiliation that this identification 
is more often made by a good X-radiograph or by vaginal palpation than 
by a chemical investigation. In  what follows I will try to provide a 
balanced guide to those areas of investigation which seem to offer the 
best returns on investment of time, effort, and equipment. 

The two biggest methodological questions facing the clinical chemist 

the testes or ovaries near the front end of the pelvis. (P9, p. 60) 
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2.3) for urinary or plasma steroids. Since many of these patients seek 
medical help only after several years of fruitless cosmetic treatments, 
often after previous rebuffs from doctors, loss of hair and full restora- 
tion of skin texture under suppression treatment is slow, and neither 
patient nor clinician should be allowed to be discouraged from per- 
sisting in the treatment for several years. A clear-cut demonstration of 
an abnormality in plasma or urinary testosterone levels is of crucial 
importance in establishing a confident diagnosis capable of justifying 
the therapy. It should be noted however that Casey and Nabarro (Cl) 
failed to find any significant elevation of plasma testosterone concen- 
trations in 40 clinically similar cases of idiopathic hirsutism. 

The exact nature and pathogenesis of the Stein-Leventhal syndrome 
is still unknown, and considerable doubt has often been cast on the valid- 
ity of this syndrome as a genuine clinical entity. Useful descriptions of 
recent work with isotopic methods and good reviews of other recent 
literature in that field are given by Horton (H5) and Bardin et al. (B2). 
A wider survey of this field is given by Greenblatt (G11). Two major 
trends can be discerned in the work of the last fifteen years. First, as 
the result of Dorfman’s original suggestion that attention be focused on 
pIasma testosterone in the study of virilism and hirsutism, more and 
more studies have demonstrated increased concentrations of testosterone 
in plasma, and increased secretion rates (or MCR’s) of testosterone. 
Second, there has been a steadily increasing number of observations 
demonstrating a close relationship between this disease and the post- 
pubertal form of the adrenogenital syndrome. As far as the definition of 
the disease is concerned, ovarian polycystic disease with hyperthecosis 
has clearly emerged as the single unifying pathological feature from 
the original findings of Stein and Leventhal. More recently, a fair number 
of cases have been observed in which the excessive testosterone concen- 
trations in plasma or other abnormalities of androgen metabolism have 
been rapidly reduced to normal levels by the administration of normal 
maintenance doses of glucocorticoids although this has not been observed 
by others (cf. B2). This is now regarded as fairly clear-cut evidence 
that the source of plasma testosterone or of its precursors must have been 
the adrenal cortex or some presently unknown ACTH-responsive extra- 
adrenal tissue. A reasonable suspicion arises that an excessive secretion 
of androgens by the adrenal cortex may be a major causal factor in the 
polycystic ovary syndrome. Thus, the actual secretion of testosterone 
by the human adrenal cortex has been demonstrated in some cases by 
direct sampling of adrenal venous blood. Similarily polycystic ovaries 
have been reported in several clear-cut cases (i.e., severe and not “tran- 
sitional”) of the adrenogenital syndrome. 
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are: (1) whether to  invest heavily in well-established but only moder- 
ately specific “group” methods for measuring steroids or to develop and 
use the more specific methods for individual steroids; and (2) to assess 
the relative value of measurements in blood plasma and urine. 

These two questions are partly interdependent and are also dependent 
upon the methods chosen for measuring cortisol and other adrenocortical 
steroids outside the class of sex hormones and their metabolites. Thus, 
each clinical chemist will want to reach an optimal strategy based on 
the size and budget of his laboratory and on many other local factors. 
It is sometimes valuable to use a good commercial service laboratory 
for certain types of measurement whose inclusion in the routine arma- 
mentarium of the laboratory would prevent the introduction of other 
more desirable types of measurement. In  any event he will wish to 
minimize the number of different basic techniques and types of equipment 
to be used unless he can afford to allocate a very sizable number of staff 
to steroid work. 

At the outset i t  is fair to suggest that the more specific single-steroid 
methods need a minimum of one full-time senior worker for each method 
to carry out a reasonable number of measurements per week on a routine 
basis. Even the less specific “group” methods need a large fraction of 
the time of a technician of superior quality for the reliable handling of 
the average work load of a large hospital. Quite apart from the actual 
performance of the method, a lot of backup is required in terms of 
purification of solvents and reagents even for the simplest methods. 
In order to provide a reliable battery of several tests of steroid functions 
on a routine basis, i t  is usually necessary to  have three or more tech- 
nicians and one staff member as a minimum team devoted almost en- 
tirely to steroid work. 

The relative value of blood and urinary measurements is a long-stand- 
ing source of controversy. Arguments about the relative “fundamental” 
value of such measurements in endocrine research are rarely relevant 
to routine clinical work. The first priority for the clinical chemist must 
be the value of the chosen measurements as  a discriminant in a differ- 
ential diagnosis. Despite fashionable implications to the contrary, there 
are few disorders involving steroid sex hormones in which properly 
selected urinary measurements are not as valuable as the alternative 
measurements in blood. More important, there are no steroids of well- 
established diagnostic value which cannot be measured in human urine 
by “group” methods or relatively simple, more specific methods. In  con- 
trast, a large number of diagnostically important steroids in plasma 
cannot be measured on a routine basis by the simpler methods, although 
the situation has improved for some of them with the introduction of 
isotopic-displacement methods. None of the steroid sex hormones can 
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be measured in plasma with optimal specificity without using a procedure 
containing a minimum of one chromatographic separation. 

The major advantage of measurements on blood is that direct extrac- 
tion without prior hydrolysis of conjugates is all that is usually needed, 
and that collection of the sample is rapid and volumetrically reliable. 
The latter is of importance, but not essential, in allowing the rapid per- 
formance of adrenocortical suppression and stimulation tests which are 
now needed in the differential diagnosis of virilism in women. 

Despite the recent recognition that few urinary steroids have unique 
circulating hormonal precursors, the few that are unique or approximately 
unique in clinically important conditions are of considerable diagnostic 
value. They include the major fractions of urinary cortisol (C5, cf. F7), 
pregnanediol (P4, P5) , 3,3’,4,5-tetrahydro-ll-deoxycortisol, tetrahydro- 
cortisol (THF) , and tetrahydrocortisone (THE) ; and the cortols and 
cortolones (cf. F7) ; the pH 1-labile conjugate of aldosterone (T3), and 
probably in most cases ll-ketopregnane-3a,l7~,2Ot~-triol (F3). While 
many others result from several, or an unknown mixture of, precursors, 
their urinary excretion rates in disease or during adrenocortical sup- 
pression or stimulation tests are of great use in differential diagnosis. The 
fact that plasma concentrations are more closely related to the effective 
biological significance of the hormones is not only complicated by pro- 
tein-binding (K4, T3) , but usually redundant in routine clinical chem- 
istry-the signs and symptoms of abnormal biological activity are al- 
ready sufficiently obvious to have brought the patient to a doctor. 

The point of these remarks is not to decry the great value of modern 
sophisticated methods of steroid analysis in research and thus in the 
elucidation of the chemical pathogenesis of many disorders involving 
steroid sex hormones. In  general the time is ripe for an expansion of the 
intelligent use of modern methods in routine clinical chemistry, and an 
extension of the scope of steroid research to a wider range of clinics. 
However, i t  is fair to  point out that much more could be done i m m d i -  
ately by the intelligent routine application of some relatively simple 
techniques to blood as well as urine, and that the popularity or relevance 
of a particular type of technique in basic research is not necessarily the 
best guide to its usefulness in clinical chemistry. 

A common problem in the assessment of the milder disturbances of 
steroid sex hormones is the rather large range of normal values for most 
steroid measurements given in the literature. There is now enough in- 
formation in the literature to  suggest that these ranges could be re- 
duced by taking into account the weight, age, thyroid function, and 
psychological state of the patient. The collection of “normal” control 
values should be done so as to take this into account. 

In some cases the identification of particular steroid metabolites in 
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urine may be of great value, and the question arises of how feasible this 
is outside the research laboratory. Thanks to  the great volume of re- 
search in this field over the last fifteen years, it is usually possible to do 
this quite simply without satisfying all the stringent criteria that were 
necessarily required in the original research. The use of simple chromat- 
ograms on readily available thin-layer plates or paper with carefully 
selected methods of detection will often suffice for the identification 
and approximate visual measurement (t 15-20%) of certain abnormal 
metabolites, which are often present in relatively large quantities. 

Thus, for instance, the enormous excretion rates of DHA-sulfate in 
many cases of adrenocortical carcinomata (e.g., B3, L10) could be de- 
tected reliably in just over an hour (15 minutes working time or less) 
with a variety of simple procedures using 0.2 ml of urine or less. Similar 
although slower techniques could also be used for the detection of 
pregnanetriol and its ll-oxygenated derivatives in the common form of 
the adrenogenital syndrome, and for the demonstration of urinary THS 
in the rarer form involving llp-hydroxylase deficiency (GI, W7).  Al- 
though this viewpoint is somewhat heterodox a t  present, a little reflec- 
tion will, I believe, show that i t  is a rational and justifiable one. The 
only serious trap lies in possible confusions with drugs or certain food- 
stuffs. However the latter are still more likely to interfere with group 
methods [see Gray e t  al. (G10) for a valuable survey of these sub- 
stances] than with methods including a chromatographic step, and must 
always be guarded against. It will be remembered that the recognition 
and diagnosis of the aminoacidurias was revolutionized by the applica- 
tion of such techniques in the late 1940’s by Dent and that similar 
methods are now in routine use throughout the world for the early de- 
tection of phenylketonuria and other gross metabolic disorders. 

It goes without saying that whatever methods of measurements are 
used, stimulation and suppression tests using ACTH, prednisone, or dex- 
amethasone, and in some cases chorionic gonadrotropin, other pituitary 
tropic hormones and steroid sex hormones, are an essential part of any 
chemical diagnostic procedures in this field. 

2. The Assessment of Methods 

2.1. THE DEVELOPMENT OF TECHNIQUES FOR STEROIDS 
If I could then have known borax mothproofing, as I have 

developed and perfected it during the past thirty years, my early 
experience would have been completely happy. As it was, arsenical 
methods came near to being my finish. (P9, p. VIII) 

The decision that a steroid hormone or metabolite is worth measuring 
is derived originally from the discovery and investigation of a biological 
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phenomenon. While the modern philosophy of the undersirability of bio- 
logical assays in endocrinology is a very reasonable and fruitful one, i t  is 
perhaps useful a t  the present time to drop a hint about the consequences 
of complete adherence to this doctrine. Thus, a t  a time when most in- 
vestigators in this field were concentrating on the development of newly 
available physical and chemical methods for measuring steroid hormones 
in minute amounts, Simpson and Tait discovered aldosterone by the 
imaginative combination of paper chromatography with a biological as- 
say (Gl l a )  . The study of the prostaglandins is still heavily dependent on 
biological assays. 

After the early stages of biological assay, the methods for measuring 
steroids have all gone through certain characteristic phases. A brief 
sketch is useful in placing the more recent developments in a balanced 
context. At first, attempts were made to use simple physical properties of 
characteristic groups in the steroid molecule. Because of the low con- 
centrations of steroids in most situations these relatively crude methods 
usually suffered from low recoveries and a more or less serious lack of 
specificity. Another difficulty was the early necessity of using rather 
drastic chemical methods for the hydrolysis of urinary conjugates. The 
numerous artifacts caused by this technique and also by the then com- 
mon use of adsorption chromatography on alumina lead to a quite 
reasonable obsession with the dangers of instability and artifact produc- 
tion. In  more recent years the extensive use of infrared spectroscopy, 
isotopically labeled steroids, high resolution chromatography, and mass 
spectroscopy has revealed the frequency with which supposedly “pure” 
steroids extracted from natural sources are contaminated with known 
or unknown compounds. 

The newcomer to  this field may find i t  difficult to get a balanced view 
from the current literature. It will sometimes seem to him as though 
a mass spectrometer is the minimal equipment needed to venture beyond 
the routine performance of an estimation of total 17-ketosteroids. Once 
again my advice would be, “Don’t let yourself be ‘bowled over’ by all 
this.” With relatively cheap modern techniques it is still a t  present 
more difficult to make a reliable measurement of urinary or plasma cor- 
tisol than of plasma glucose-but not that much more difficult. There 
is plenty of scope for the enterprising clinical chemist to take advantage 
of these opportunities. Nor, as we shall see, should he accept on trust 
the common implication that the objective specifications of the more 
complex recent methods are so much better than his own more modest 
procedures. After a close look a t  some of the complex methods, he may 
well agree with a sceptical visitor to a recent fashion show who remarked, 
“All that glitters is not brass.” 
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2.2. SPECIFICITY 

Lay the specimen on an old blanket t o  keep it clean while 
skinning; a litter of forest rubbish results in a miserable job. 
(P9, p. 4) 

One of the greatest bugaboos of the study of steroids is the problem 
of specificity. The majority of “group” methods for plasma or urinary 
steroids, and the simpler methods estimating one or two steroids in 
plasma without a chromatographic step (e.g., simple fluorometric methods 
for cortisol) are moderately nonspecific. Even the deservedly popular 
Nelson and Samuels method (N4) for 17-hydroxycorticosteroids in 
plasma, which includes a crude adsorption chromatographic step, prob- 
ably overestimates the real value by 15-30% a t  normal levels. With the 
profusion of new drugs in wide use, especially soporifics, tranquilizers, 
and contraceptives, the specificity of any method needs continuous re- 
view and checking (G10). 

However, specificity is essentially a question of probabilities, and 
more use could be made of quantitative approaches to its evaluation 
(B27, B32, B33a). Even though no exact magnitude can be assigned 
to the concept of specificity, valid preferences can be established by the 
careful use of inequalities and known parameters of separation methods. 
Too many discussions of this topic are woefully inadequate because their 
authors use inappropriate parameters and functions of them. Some are 
theoretically sounder but fail to take account of well-known empirical 
problems such as the dangers of impurities in solvents and reagents. 
Finally, i t  should be obvious that the specificity claimed for a method 
of measurement is critically dependent upon the nature and source of 
the sample. 

The severity of the problem with steroids is simply due to the very 
large number of steroids which actually exist or may possibly exist in 
nature, and the relatively low concentration of most of the interesting 
ones in blood, urine, and tissues. To this must be added the large number 
of organic substances with closely similar physical properties and many 
similar chemical features. I have emphasized elsewhere that almost all 
chemical analytical methods depend for their specificity on two classes 
of procedural steps, namely, purification steps, and a final signal- 
generating step (B33, B33a). In  some cases the signal-generating step 
depends on a chemical process which also enables an additional purifica- 
tion step to be achieved. Examples of this are the extraction of the 
Zimmerman chromogen prior to  colorimetry (P6) and the esterification 
of hydroxysteroids with isotopic acetic anhydride followed by rechroma- 
tography of the labeled ester. 

Because of its probabilistic nature the overall specificity of a method 
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must be some product function of the specificities achieved by each of 
the steps of a procedure. This has an important bearing on the opera- 
tional characteristics and design of procedures where specificity is a 
major problem. Since this has not been explicitly recognized by the ma- 
jority of workers in this field it is worth a little attention here. 

It can be shown rigorously that the separation of a substance to be 
measured from an undesired contaminant is an additive function of the 
chemical characteristics of the two substances when the distribution 
isotherms between the two phases are linear. Although the exact func- 
tion cannot always be obtained because of vicinal effects, this fact is of 
great value because the role of a t  least four major types of interaction 
between the substances and the partitioning phases can be quantitatively 
assessed. Thus i t  can be shown quite rigorously that a succession of 
partitions (either chromatographic, countercurrent, or simple extraction 
and washing) will always have a better chance of improving the speci- 
ficity of the purification stages of a procedures than the use of a lesser 
number of steps devised empirically so as to minimize empirically known 
sources of interference. This fundamental consideration enters into the 
design of a procedure a t  all stages from simple extraction through to 
the choice of phases to be used in liquid-liquid (LLC) or gas-liquid 
(GLC) chromatography (B33a). 

This is very relevant, for instance, in the oft-discussed problem 
of the relative value of selective, nonselective, or “mixed” stationary 
phases in GLC (see, e.g., L8, pp. 265,286, and 292; E2, KlO, T7, T9). The 
empirical selection of a mixed phase can undoubtedly achieve an im- 
proved separation of particular pairs of steroids, but as a one-step solu- 
tion i t  is a bad strategy because i t  offers no guarantee against the risk 
of reduced separation from other steroids or nonsteroid contaminants. 
This can often outweigh its obvious operational advantages. 

A similar criticism applies to  many existing methods for the measure- 
ment of specific steroids by isotopic labeling. Because of the extreme diffi- 
culty of eliminating added impurities present in or formed during the 
use of radioactively labeled reagents of very high specific activity (Gla, 
R1, R2), most of these methods concentrate on an extensive sequence 
of chromatographic separations after the labeling step. The use of a 
sequence is desirable, but with few exceptions (e.g., G la )  these methods 
usually use sequences of solvent systems, either paper LLC or TLC, in 
which it is already known that the solute-solvent interactions are quanti- 
tatively quite similar except for the factor of molar volume (B33a). 
Such sequences are far less efficient than is possible with existing solvent 
systems. 

The relative effectiveness of different chromatographic methods of 
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separation in separating closely related compounds is also obscured by 
most discussions in the literature. The view is often expressed that 
particular sorts of method are greatly superior to others in this and 
other characteristics. Global statements of this sort are invariably mean- 
ingless without reference to the particular tasks of separation that are 
involved. 

The efficiency of separation of a chromatographic system, and thus the 
maximum specificity that can be achieved by one pass through it, is de- 
termined simply by a product function of the number of theoretical plates 
achieved in the system and the difference in mobilities of the two sub- 
stances to be separated. The appropriate function of mobility for simple 
additive manipulation is the R, value in thin-media chromatograms, 
and the logarithm of the corrected retention volume for effluent column 
chromatograms of whatever type. A full review of this treatment has 
been given previously (B33a) and an excellent recent account of the 
relationships between paper LLC and GLC is given by Thomas (T7). 

As would be expected the separation factors expressed in AR, values 
(which have the great value of enabling a direct quantitative compari- 
son between different types of chromatography) are lower in GLC than 
in LLC, probably largely because of the different temperatures employed. 
Yet, the efficiency of resolution of GLC is, for many pairs of substances, 
still greater than the majority of commonly used LLC systems because 
of the much larger number of theoretical plates that can be achieved in 
GLC in practice. Thus, the average 3 X overrun (16 hours) paper 
chromatogram achieves approximately 1600, the average single-length 
TLC chromatogram (1 hour) approximately 800, and a good 6-foot GLC 
column with SE-30 packing may achieve 3500 (if packed by an expert 
a t  retention times of ca. 30 minutes). An excellent discussion of these 
basic factors in GLC is given by Horning e t  al. (H4; also E2, p. 1). It 
is seen that the general superiority of GLC for this class of substances 
is not so much in the resolution to  be expected per system but in resolu- 
tion achieved per unit time. The relative efficiency of these different 
sorts of chromatography is seriously affected in practice by nonideal be- 
havior, by the formation of artifacts, and by limitations in the choice 
of phases, which are particularly severe in GLC. 

Now, the superiority of the usual GLC machines in number of theoreti- 
cal plates per system (approximately 2-fold) compared with conveniently 
overrun (overnight) systems using LLC on paper is approximately can- 
celed by the reduction in useful AR, values in GLC mentioned above. 
In  more detail (B33a, T7) the AR, values of ketone groups, hydroxyl 
groups, or their trimethylsilylether analogs, range from one-sixth to 
just under one-half the values for the comparable groups in common 
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LLC systems for steroids. A GLC system therefore must achieve a num- 
ber of theoretical plates approximately six times the number achieved 
in low-temperature LLC systems to achieve rough parity of performance 
in terms of the resolution of hydroxysteroids per system with currently 
available stationary phases, and twice the number for steroids differ- 
ing by number of ketone groups. Such values can be achieved with ex- 
pertly packed long GLC columns, Golay GLC columns, and with runs 
of 1-2 hours. Careful inspection of the literature will reveal that such 
conditions are not often used in published methods for steroids, despite 
the empirical recommendations of Horning and other pioneers in this 
field of technique. 

Confusion on this matter is probably largely due to the common pref- 
erence of running single-length LLC chromatograms on paper (3-4 hours) 
despite specific recommendations that much better results can, ex- 
pectedly, be obtained by 2- to 3-fold overrun chromatograms which are 
conveniently achieved overnight with 48-60 cm long strips (B26, B27) 
or in 2-5 hours on small strips (B34). Thus, it is no surprise to find on 
careful inspection of the literature that some separations of closely re- 
lated steroids which are relatively easily achieved by LLC are also easy 
with TLC or adsorption chromatography on columns but are quite im- 
possible on a 6000-plate GLC system using several stationary phases 
[e.g., androsterone and etiocholanolone, using NGA (E2, H4) 1. Others, 
like the separation of testosterone and 17-epitestosterone, are difficult 
with both GLC and TLC but easy with LLC. Finally a number of 
straight-chain geometrical isomers, and nonpolar steroids differing only 
by single unconjugated double bonds are easily separated on GLC but 
difficult or impossible with LLC, and difficult on TLC unless AgN0,-im- 
pregnated plates are used. 

The point of this discussion is not to disparage one or other method, 
but to suggest that the balance of comment involving value judgments 
in the literature of the last five or six years has been somewhat one-sided 
and often has little foundation in fact. The general clinical chemist needs 
a t  least a warning to this effect since his decision on what methods to 
adopt may be seriously and expensively affected by these matters. The 
specificity provided by the different chromatographic methods used in 
modern steroid techniques is considerable by all the principal popular 
methods when properly used and is by far the major factor in the speci- 
ficity of all currently popular procedures. However, for the majority of 
problems of separation that arise, GLC as commonly used in the steroid 
field is only moderately better as a whole than any other form of chro- 
matography when judged quantitatively. By the use of appropriate con- 
ditions the general advantage of GLC over LLC or TLC could probably 
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be increased by one or two orders of magnitude without serious technical 
difficulties, but the majority of published methods use conditions in which 
the resolution achieved is usually no better, and often somewhat worse, 
than standard 16-hour overrun paper chromatograms although decidedly 
better than single-length (3-4 hour) chromatograms on paper and TLC 
plates. 

The specificity derived from the signal-generating step of popular 
procedures for steroid hormones varies widely from method to method. 
Thus fluorescence or color reactions in which the mechanism of reaction 
and the stoichiometry are known, provide a far more certain basis for 
assessing the risk of interference from expected or unexpected contami- 
nants than the use of reactions of unknown mechanism. In most cases 
however, this is not an area which can be treated quantitatively with 
any degree of confidence, and careful empirical checking is necessary 
with a wide range of the samples for which the technique is designed. 
The many types of fluorescence reaction with concentrated strong acids 
are of largely unknown mechanism and are subject to interference by 
quenching as well as by enhancement due to impurities. 

The most sensitive modern methods for steroids nearly all use some 
form of labeling technique to achieve a highly sensitive signal-generat- 
ing step. The specificity of the labeling reaction itself is fairly low but 
the formation of a derivative provides an additional increment of speci- 
ficity in the chromatographic step or steps which usually follow the in- 
troduction of the label. The four commonest methods are the formation 
of 35S-thiosemicarbazones of ketosteroids (Rl, R2) , of 3H-labeled ace- 
tates of hydroxysteroids (see B18), and of chloroacetates (B22, V1, V2) 
or various polyfluorinated esters (C2, V4) of hydroxysteroids. The latter 
two methods provide halogenated derivatives giving exceptionally strong 
signals with the electron-capture detector in GLC. Unlike the almost 
nonspecific but most commonly used flame-ionization detector in GLC, 
this detector is highly specific for halogen atoms and certain polyunsatu- 
rated groups. Despite the relatively unspecific reaction used in these 
methods the specificity and sensitivity of the signal-generating step is 
greatly increased. 

The use of other microchemical conversion reactions is very common in 
this sort of work as a part of the purification stages of many procedures 
(e.g., Gla) .  The use of such reactions for the formation of heat-stable 
derivatives in GLC, which is essential for many classes of steroid, also 
provides an improvement in the purification steps of the overall pro- 
cedure. Some of the most elegant methods of this type involve the en- 
zymatic conversion of a nonlabeling group to one which can be labeled. 
Thus progesterone from a first chromatogram can be purified by acetyla- 
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tion of suspected hydroxylic contaminants, rechromatographed, and the 
eluate reduced enzymatically to 20P-hydroxypregn-4-en-3-one whose 
BOP-hydroxyl group can be esterified with 3H-labeled acetic anhydride 
for isotopic detection after LLC, or chloroacetic anhydride for electron- 
capture detection in GLC. An additional enhancement of specificity is 
obtained by the use of the fairly specific enzyme for the reduction. Other 
aspects of the use of microchemical reactions have been considered ex- 
tensively elsewhere (B27, B32, E2). 

For the examination of novel sampIes and the initial identification 
and detection of steroids in complex mixtures, more elaborate techniques 
are required. Infrared spectra are now less sensitive and less valuable 
in practice than the use of the mass spectrometer. The direct coupling 
of the latter to GLC columns pioneered by Ryhage has provided the 
most powerful and chemically specific research tool now available for 
steroid research (E2, R6). Although LKB (Sweden) now supplies a good 
commercial model of the apparatus, this technique is too expensive and 
needs too much technical backup to be applicable to routine work out- 
side the larger medical centers. Even so, the full exploitation of this 
technique outside of basic research will probably require the extensive 
use of automation and electronic data processing. 

Although this review of the problem of specificity in methods for 
measuring steroids is far from complete, I have devoted a considerable 
space to it because i t  remains probably the single most important feature 
to be assessed when considering the value of a particular procedure or 
the selection of techniques and equipment. Although my assessment of 
some features will be challenged by some workers, I believe that the 
general clinical chemist will find i t  a useful guide to further reading, and 
that in any event the literature quoted can be relied upon to correct any 
unintentional errors of bias that I may have made. Although an objec- 
tive clinical chemist will want to achieve the best specificity he can 
by the most economical means, he will not take too seriously suggestions 
that his estimates of blood glucose or urinary creatinine are unaccept- 
able without the support of a mass spectrum. 

2.3. ACCURACY, PRECISION, AND SENSITIVITY 

Pose the head and neck on its side in several positions and record 

The accuracy of an analytical method is defined as the inverse of the 
difference between an estimate and the true value that would be obtained 
by an ideal method. It is heavily dependent upon the specificity of the 
method. The precision is defined as a function of the agreement between 
repeated estimates carried out on fractions of the same sample, and is 

each attitude with a contact outline. (P9, p. 4) 
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the main determinant of the sensitivity of the method. The sensitivity 
is usually considered as the minimum value which can be distinguished 
significantly from a zero value. For significance a t  the 95% level the 
sensitivity is thus twice the standard error of the method at that level. 

I n  1961 Braunsberg and James (B17) gave an exhaustive account of 
the statistical evaluation of methods for estimating adrenocortical 
steroids and pointed out that very few published methods up to that 
time had been evaluated in a manner which would pass muster by the 
orthodox criteria of general analytical chemistry. In  this, however, the 
steroid field is not much worse than other areas of analytical bio- 
chemistry, and i t  is only relatively recently that a serious move to im- 
prove precision and quality control in clinical chemistry has gained 
acceptance. An excellent general review is given by Whitby at al. (W3). 
In  this section I shall cover only certain points which seem to be speci- 
fically important in steroid work. 

The reporting of the statistical characteristics of methods for steroids 
varies considerably. It is now usual to try to obtain an estimate of the 
coefficient of variation of a method. This is the standard error of the 
calibration curve, treated as a linear regression, divided by the value of 
the estimate of the mean. A problem arises here because of the lack 
of general agreement about the practical application of linear regression 
analysis to calibration curves in analytical chemistry. The standard 
method is based on a model which assumes a symmetrical increase in 
the error of the estimate about the mean of the independent variable. 
The standard error of the estimate when the method is applied in practice 
(in contrast to that of the population of values used to calculate the 
regression), is thus not indicated by the parallel lines sometimes drawn 
either side of the calibration curve but by two hyperbolas (Fig. 5) .  If 
in fact one measures the standard deviations of sets of estimates a t  
values of the independent variable corresponding to A ,  B, and C in 
Fig. 5, i t  is common experience that the standard deviation a t  the higher 
value C is approximately equal to that a t  the intermediate value B and 
that both are much less than the standard deviation a t  the lowest value 
A. This suggests a realistic error envelope of type shown in Fig. 5. Com- 
mon sense suggests that the reason for this is that the overall errors of 
analytical procedures are not symmetrical. In  many cases it is known ex- 
perimentally, for instance, that measuring instruments have a larger 
error a t  low values and that certain losses are not due to first-order 
processes but have a zero-order component-that is, a constant, irreduci- 
ble fraction which becomes proportionately very large with very small 
quantities. 

A very good discussion of these problems is given by Williams (W5, 



IAN E. BUSH 

a 

FIQ. 5. Classical linear regression plot. R is the regression line for a calibration 
curve; a and b, the true 1% fiducial limits for future estimates of y. The bars show 
the probable standard deviations of measurements of y at x = A ,  B,  and C. c, d = 
the probable form of the actual 1% fiducial limits of a calibration curve in analytical 
chemistry when working near the limits of sensitivity. 

p. 90) but there is as yet no authoritative analysis of what sort 
of weighted model should be used. A practical approximation adopted 
by Tait and his colleagues emphasizes this fact by characterizing the 
precision of a method not only by its coefficient of variation in the 
middle region of its range of normal application, but also by the stand- 
ard error a t  this point expressed directly in units of mass. This seems 
to be a very valuable practice a t  present since it emphasizes the limita- 
tions of the method in an immediately recognizable fashion €or all levels 
of its application. 

A major improvement in the precision of the more complex methods 
has been achieved by the now almost standard practice of using an in- 
ternal standard of radioactively labeled steroid. Some features of this 
practice need discussion. It is axiomatic that the mass of added tracer 
must be small compared with the mass to be estimated in the sample, 
and that the precision of addition and measurement of the internal 
standard be as great as possible. Also, the tracer affords a correction for 
losses only in the stages of the procedure following its addition. Whcre 
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the signal-generating step is achieved by labeling with isotopic reagents, 
the two isotopes must be different and all of the final sample is counted 
in a two-channel radioactive counter. If GLC is used, a small part of the 
sample is usually taken before the GLC step and used for the counting 
of radioactivity, because the collection of specific peaks in GLC is 
technically rather cumbersome a t  present. 

There are, however, some extremely useful methods in which an in- 
ternal radioactive standard is not used, and i t  is important to try to 
assess both the improvement in precision that has been achieved, and 
the main sources of the errors that  have been reduced by this method. 
The use of labeled internal standards is expensive in materials, equip- 
ment, and time, and should not be adopted unless its advantages can be 
assessed and found to  be worthwhile (B27). In  recent years the pro- 
cedure has been improved greatly, largely by the increasing availability 
of isotopic steroids and reagents of high specific activity. On the other 
hand, new and disturbing information has raised new doubts about 
this technique so that an objective appraisal is still rather inconclusive. 
There are some very decided advantages of this technique, but they are 
not applicable indiscriminately to  all types of method. 

It seems likely that  the three major advantages of this method are 
as follows. First, i t  allows the occasional serious loss of material due to 
technical error or accident to  be corrected with confidence. This is of 
tremendous logistic importance in a difficult field because it makes the 
use of duplicate or triplicate estimates unnecwsary, and reduces very 
greatly the anxiety of technicians, which can be considerable in this 
arduous field. Second, i t  eliminates or a t  least greatly reduces the mn- 
linear effects of disproportionate losses with very small quantities. Third 
it greatly reduces, and in theory eliminates, the more or less vandoom 
errors introduced by losses during the many steps that are usually in- 
volved in such procedures. All these considerations are critically de- 
pendent on the absence of any significant isotope effect, and their rela- 
tive weights are obviously closely related to the type of technique that 
is involved. 

Probably the main value of this technique in the modern complex 
methods is in the third factor. Thus, the elimination of steroid, and even 
more of nonsteroid, impurities from the final estimate is crucial a t  the 
low levels which are involved so that most procedures using isotopic 
labeling or GLC involve two or more microchemical reactions (one is 
a minimum for isotopic reagent methods) and three or more chromato- 
grams with transfer operations before each one. Recovery by elution from 
TLC or paper chromatograms is often poor (50-700/0 recovery) unless 
very wide margins are taken around the zone to be eluted (B26), and 
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it is desirable in all types of chromatogram to take as fine a “cut” as 
possible to reduce the inclusion of impurities with similar mobilities. This 
latter factor makes the use of an internal radioactive sample essential 
with isotopic labeling methods. Thus the overall recovery of progesterone 
in the double-isotope method of Riondel et al. is only about 3% (Rl) . 

For some years, however, it was known or strongly suspected that a 
significant isotope effect could often be seen with tritiated, as distinct 
from I4C or 12C, steroids in their mobilities on Celite LLC partition 
columns (“2). Sizable and consistent differences in their mobilities on 
paper LLC chromatogram have now been convincingly demonstrated by 
Gold and Crigler (G5). As they point out, the omission of any part of a 
chromatographic zone from elution will produce a significant error in the 
measurement of specific activity or isotopic ratios. The intentional and, 
in the absence of an isotope effect, extremely sensible earlier procedure 
of eluting less than the whole of a chromatographic zone during the steps 
of a double-isotope procedure must now be regarded as a potentially 
serious source of errors with tritiated steroids. 

On the other hand, it is not yet known whether the same effect is found 
with 12C-steroids labeled with tritium-containing reagents. Thus values 
obtained with 14C-steroids as internal standards and tritiated acetic 
anhydride for labeling are probably reliable. Similarly the high losses in 
the 35S-thiosemicarbazone methods of Riondel et al. (Rl, R2) were 
attributed largely to losses in the microchemical reactions with proges- 
terone, but poor elution of the thiosemicarbazones from paper and silica 
gel plates was also regarded as a major factor with testosterone. Since 
1,2-3H-labeled internal standards are used in both these methods, the 
elution of the zones with large safety margins would seem to be desirable. 
An unfortunate aspect of this problem is that the full power of the 
double-isotope methods in achieving really high sensitivities is reached 
only when very small quantities of internal standard, and hence of very 
high specific activity, can be employed. This is now economical with 
tritiated steroids, but very expensive with I4C-labeled steroids of com- 
parable specific activities (B18). The same considerations apply to  the 
majority of ultrasensitive GLC methods in which labeled internal stand- 
ards are used as controls on recovery, because not only do they usually 
involve a similar series of preliminary subfractionation chromatograms 
but, if the internal standard is counted in the effluent (as yet a rare tech- 
nique), fa r  more serious isotope effects are to be expected. Indeed many 
examples are now known of almost complete separation of isotopically 
labeled substances from the naturally occurring compounds. 

I n  GLC the losses on the column itself and variations in detector sensi- 
tivity can be corrected very adequately, but not in a theoretically abso- 
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lutely satisfactory way, by using closely related nonisotopic steroids as 
internal standards. This is undoubtedly of value since i t  also corrects for 
the often large transfer errors on injection of the sample which are only 
partly overcome by solid-sample injection equipment. 

If methods are used in which the overall recovery is 70% or above, and 
if the possibility of accidental but undetected very large losses is reduced 
by using a minimum of steps and transfer operations, or by automation, 
it is questionable whether in practice the precision will be greatly in- 
creased by current techniques of using internal radioactive standards. I n  
the case of many urinary steroids, conjugated internal standards would 
be required for full control of the procedure and are not yet generally 
available. Finally the technique itself is not error-free, even in the 
absence of isotope effects, and the usual techniques employed so far often 
involve very small volumes of volatile solvents in which transfer errors 
can be large unless very superior manual technique is used. 

It is not fair to end this discussion, in which so many difficulties in the 
use of radioactive internal standards have been dwelt upon, without 
admitting that the position taken here is controversial. It should be 
obvious that the use of internal radioactive controls is absolutely essential 
for all existing ultrasensitive methods using radioactively labeled re- 
agents, and highly desirable with the majority of existing GLC methods 
working in the same range. However, neither the real gains nor the often 
unrecognized limitations of this approach should be obscured by un- 
critical advocacy. 

The working precision attained by existing methods for steroids is not 
always easily discovered. In  this the field is not much worse than many 
others in biochemical analysis or clinical chemistry. In  part it is due to 
the fact that in many areas of steroid technique we have only just got 
out of a period in which almost any method was better than none. Partly 
owing to the stimulating critical review of Braunsberg and James (B17) 
and partly to increasing confidence, it is now more usual to find some 
attempt a t  an assessment of the precision of a new method over the work- 
ing range intended for it. However, many of these estimates of precision 
are based on rather limited numbers of replicate determinations (usually 
6-10) or a series of duplicate estimations during routine work. These 
estimates of precision are probably considerably overoptimistic as an 
indication of what is obtained during ordinary routine use, and as yet 
it is not usual for steroid research laboratories to  employ intensive 
methods of quality control. The results of double-blind trials or quality 
control are now very, even painfully, familiar to  general clinical chemists. 
It is well recognized that a routine performance of a test of precision on 
a dozen samples over a day or two tends to be much more carefully 
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performed than routine work. A significant improvement in results is also 
seen with blind trials-that is to say, the inclusion of surrogate or 
duplicate samples in a coded batch in which the identity of the test 
samples is unknown, but their existence is known or suspected (W3). The 
hard facts really emerge only when quality control is practiced as a 
routine with an absolutely foolproof system of coded samples. Precision 
assessed in the manner conventional in most steroid laboratories should 
be regarded only as  an essential preliminary in the setting-up of a new 
method. 

Some estimates of the precision of various typical modern procedures 
are given in Table 3. General clinical chemists may well be surprised at  
some of the values when compared with objective experience in other 
areas. Thus it is well known that the estimation of serum bilirubin has 
a coefficient of variation (C.V.) of around &15% in most laboratories, 
and that with creatinine a value of +8-10% is fairly normal (W3). In  
a recent blind (but not double-blind) interlaboratory trial of a stand- 
ardized method for 17-ketogenic steroids and one for 17-ketosteroids, 
Gray et al. (G10) obtained C.V.’s varying between &4% and 2 1 4 %  for 
both methods. Six of the ten laboratories cooperating in the trial had 
“special steroid experience” and were asked to obtain duplicate estimates 
of “any thirty” routine specimens of urine. These results are for two 
well-established and relatively simple procedures. 

In a comparison of orthodox, blind, and double-blind estimates of 
precision by the duplicate method, Roberts e t  al. (R4) examined the 
precision of a modification of the systematic method for nine common 
urinary 17-ketosteroids and reducing steroids of Bush and Willoughby 
(B29, B36, B37). The two samples of the duplicates in the double-blind 
trial were submitted, unknown to the technical staff, on separate days 
up to one month apart. This method is semiautomated, involving a con- 
ventional type of extraction procedure followed by photometric scanning 
of paper chromatograms. Recovery values and estimates of precision by 
open trials were in the conventionally acceptable range. The precision of 
the standard methods for 17-ketogenic steroids and 17-ketosteroids were 
similar in the conventional tests to those found in other laboratories and 
deteriorated to the levels observed by Gray e t  al. (G10) in the double- 
blind samples. The precision of the estimates of the nine individual 
steroids in the double-blind trials varied from C.V.’s of 2 1 0 %  with the 
majority to A20747 with the steroids of smaller quantity (0.2-0.4 mg/22 
hours). An assessment of the sources of these errors among the many 
steps involved has not been made, but a relatively rapid and unsophisti- 
cated method of triangulation was used to obtain peak areas on the 
chromatogram records. 



TABLE 3 
PRECISIONS CLAIMED WITH VARIOUS MORE COMPLEX STEROID METHODS 

Substance Basis of method, final Precision as coefficient 
(source)' (subfractionation) Method of assessment of variance Reference 

Testosterone (U) 
Testosterone (P) 
Testosterone (P) 
Progesterone (P) 

GLC (TLC) 
GLC (paper LLC) 
GLC (TLC) 
GLC (paper LLC) 

Progesterone (P) 
Progesterone (P) 
Pregnanediol (U) 

Estriol (U) 
Estriol (U) 
Estrogens (U) 
Progesterone (P) 
Progesterone (P) 

Progesterone (P) 

Testosterone (P) 

17-Ketosteroids (U) 

17-Ketosteroids (U) 

GLC (various) 
GLC (TLC) 
GLC (TLC) 

GLC 
GLC 
GLC (Ah03 column) 
Isotope displacement 
Isotope displacement (TLC) 

Isotopic labeling 
(double isotope) 

Isotopic labeling 
(double isotope) 

GLC (paper LLC) 

Photometric scanning 
(paper LLC) 

Replicates (open) 
Replicates (open) 
Replicates (open) 
Replicates (open) (part of 

Various 
Replicates (open) 
Addition of known 

quantities (open) 
Replicates (open) 
Replicates (open) 
Addition of known amounts 
Replicates 
Addition of known amounts 

to HZO (open) 
Replicates (open) 

Replicates (open) 

procedure tested) 

+7% 
+9% 

k4.776 
f 30% 

+5% to *25% 
+5 to +20% 
-14.5% 

+2% 
f4.876 
+3-5% 
+8.5% to k25% 
f 1 2 % @  0.5pg 
+38%@ 0.2pg 
+7.5% 

*5.5% 

Comparison with established 
method, part of procedure 

Replicates of urine samples or 
(open) 

pools (double-blind) 
+ l o %  to +25% 

L9, p. 19 
L9, p. 35 
L9, p. 23 
L9, p. 143 

E2, p. 180 
L9, p. 153 
L9, p. 135 

L9, p. 215 
L9, p. 229 
L9, p. 195 
54 

N1 
R1 

R2 

L9, p. 1 

R4 

a (P) = Dlasma: IU) = urine. . .  - I .  . 
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Although one would like to see the precision of these methods improved, 
i t  should be realized that most diagnostic problems in this field involve 
elevations in steroid levels in plasma or urine of the order of 2- to 10- 
fold and often of several hundredfold. By many criteria these levels of 
precision vary from not quite, to  reasonably, adequate (W3). Despite 
the lack of quality control the satisfactory precision achieved by most 
modern methods for individual steroids is indicated by more recent 
studies in which they have been used for measurements of steroids pro- 
viding rather sharp discrimination of normals from diseased patients. 
There is also reasonable concordance between normal values achieved 
by different workers for many steroid sex hormones and their metabolites. 
Also, in these studies the better GLC and double-isotope LLC methods 
are in general agreement (E2, T5). 

Until the more complex ultrasensitive methods have been subjected to 
double-blind quality control their effective precision in routine use should 
be assessed with caution. It is highly unlikely that any steroid method 
whatever in existence today will have a C.V. of less than *lo% in 
routine use in more than 30% of laboratories. [In the study of Gray et al. 
(GlO), the highest C.V. in the 17-ketogenic steroid test, one of the 
simplest tests considered here, was *14% and was returned by one of 
the six laboratories with “special steroid experience”!] Claims of C.V.’s 
of k 5 %  of less for the more complex methods should be reviewed with 
extreme caution. Thus van der Molen points out (E2, p. 171) that 
triangulation or planimetry of GLC peak areas has an error &3-5% in 
his experience. Again the widely used method of Moore and Stein for 
amino acids has a C.V. of &3% for pure synthetic amino acid mixtures. 
When such relatively large errors are observed by some of the best 
workers in their fields in the final steps of such methods, using pure 
synthetic mixtures of substances, it is quixotic to  claim more than 
moderate precision with current methods when analyzing natural mix- 
tures using many additional preliminary steps of intrinsically far lower 
reliability. This is quite similar to the situation in other areas of clinical 
chemistry. 

Sensitivity is closely related to the specificity and precision of a 
method. As an extremely important aspect of any method for plasma 
steroids, and of many for urinary steroids, it has been much discussed. 
In  terms of the best levels of signal-to-noise ratio obtained with pure 
substances under ideal conditions, the mass spectrometer attached directly 
to a good GLC column is probably the most sensitive analytical method 
currently available. In  terms of steroids in natural sources the most 
sensitive methods a t  present established are those using the isotopic- 
displacement (protein-binding) technique (0.1-0.5 ng) and eIectron- 
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capture detectors with GLC (0.5-5 ng) . Double-isotope methods using 
paper LLC and TLC have an effective sensitivity of 0.2-10 ng, but this is 
highly dependent on the substance to be estimated, the overall yield of 
the typically complex procedure, and the availability of both substance 
and reagents with high specific activity. 

In  the highly sensitive range of methods (signal-to-noise > 20 a t  > 20 
ng), fluorescence methods abound with a sensitivity at least the equal 
of the more common GLC methods using flame-ionization detectors. A 
good survey of many of these earlier methods will be found in the book 
by Gray and Bacharach (G9) and in Braunsberg and James’ review 
(B17). Preeminent among them are the methods of Brown and Ittrich 
(B20, B21, 12, S2), Finkelstein (F2, F3, F4), and Preedy (P10) for 
estrogens, and of Eik-Nes and his colleagues for androgens, progesterone, 
and related steroids (02). 

In  the moderately sensitive range (>SO0 ng) a large number of both 
fluorometric and colorimetric methods are suitable and quite competitive 
with GLC using the flame-ionization detector. However, for compounds 
with few reactive substituents, GLC with the flame-ionization detector 
is obviously the method of choice (e.g., E4, G14, G15, H4, Pl). 

The best clue to the sensitivity of a given method in practice is ob- 
tained by discovering the volume of plasma or urine that is routinely 
used in the recommended overall method, and calculating the quantity 
of steroid being measured in the sample (see also 2.4). This exercise often 
yields surprising results. 

2.4. OPERATIONAL AND LOGICAL DESIGN 
Profesional taxidermy is apt to develop into a grind, With its 

aesthetic values growing dulled in the rush of required production. 
(P9, p. VII) 

The preceding sections have dealt with the chemical and physical 
properties of the analytical methods under consideration and, except 
where absolutely necessary, have dealt with them without any considera- 
tion of the operational design and characteristics of those methods. While 
i t  is perfectly proper to  neglect operational factors within reason when 
attempting to achieve an aim in fundamental research it is not possible 
for the clinical chemist to do so. The application of systems analysis to 
analytical chemistry has been limited in the past, but has now become of 
major importance because of the increasing need for tests involving 
complex procedures and expensive equipment. For the modern clinical 
chemist analytical chemistry is as much a problem of management of 
his resources as of chemical technique. 

A systems analysis is concerned with optimizing the yield and/or costs 
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of an operation or set of operations and the design of systems to achieve 
this aim. It depends on a clear definition of aims or “product” (output, 
yield) and of resources available. While i t  does not necessarily concern 
itself with technical improvements per se i t  will often yield a very useful 
guide to  areas where the rewards of technical progress will be greatest. 
At first sight this approach seems to be one of applied common sense 
plus a little statistics: the results, however, are often surprising. The 
conclusions of some earlier approaches to this question (B25a, B29, 
B33a) need relatively little modification today. In  this article I shall 
focus on examples which may be of use to the clinical chemist in his 
d a c u l t  choice of strategies to be adopted in the steroid field. Obsoles- 
cence is now an important factor in these considerations and will be 
given due weight. 

First i t  should be recognized that each major area of technique in the 
steroid field is still a difficult one. None of the more complex methods in 
the highly sensitive or ultrasensitive range can be run on a part-time 
basis. A large number of items of know-how and manual skill are re- 
quired and a minimum of six-month’s training will be needed for an 
above-average technician without previous experience of steroid work if 
GLC or double-isotope methods are used. Less will be required for most 
of the isotope-displacement (protein-binding) assays, although I know 
of one laboratory staffed by outstanding workers in the GLC field who 
have had difliculty. Some impression of the difficulties that may arise 
can be gained from reading the discussions in the symposia edited by 
Lipsett (LS), Paulsen (P3), and Grant (G8). Both GLC and double- 
isotope methods are still prone to  serious stretches of down-time due to 
unknown impurities interfering when new batches or solvents or reagents 
are used, or to equipment failures. One of the most expert teams in the 
double-isotope field has been out of operation for up to six months a t  a 
time because of problems of this sort. Another in the GLC field had to 
try out about 40 electron-capture detectors before one of adequate sensi- 
tivity could be selected. Similar problems can arise with some fluores- 
cence methods, particularly with different batches of the sulfuric acid 
used in the less specific methods-here, however, the volumes used are 
small so that a good batch, once found, can be reserved and provide good 
results for long periods. 

All the methods for individual steroids involve chromatographic 
separation steps, and this is likely to continue for a long time. Because 
of the advantages in specificity to be obtained by using a sequence of 
selectively designed purification steps (see Section 2.2)) the use of 
multiple chromatograms is common and likely to remain so. It is to  be 
noted that this is a major factor in both the lag-time and work-time of 
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methods using GLC or double-isotope LLC and TLC. When we talk of 
GLC in the highly sensitive range and below, we in fact mean GLC 
preceded by anything from 2 to 5 subfractionation chromatograms on 
paper (LLC), silica gel plates (TLC), or columns (LLC or alumina). 
This is because of the almost total lack of specificity of the signal- 
generating step with the flame-ionization detector, the low specificity of 
the labeling reagents in electron-capture GLC and double-isotope meth- 
ods, and the high level of unidentified radioactive impurities in the latter. 

One of the main problems of the general clinical chemist today is to 
guess a t  the needs and methods of tomorrow rather than just those of 
today. Of the range of methods and equipment now available, which ones 
will be preferable in five year’s time? Where and how can he get into the 
act without serious risks of obsolescence? 

For the ultrasensitive range it is clear that almost all examples of the 
three major approaches-double-isotope, GLC, and isotope-displacement 
methods-involve preliminary paper LLC or TLC chromatography. Both 
the latter techniques are relatively cheap to set up and have a low risk 
of obsolescence. They represent a minimal essential investment. They 
can be used on their own for many types of steroid in both the high and 
moderate sensitivity ranges with precisions that are acceptable for most 
diagnostic tasks and many research projects. For many purposes TLC 
is faster overall than paper LLC. For very large rates of sample accept- 
ance, the advantages in speed of TLC become much smaller or vanish 
altogether, and its extra cost becomes a very large factor. 

The next factor to  be considered, which is relatively unlikely to alter 
much for some time, is the awkward conflict between the gain in speci- 
ficity achieved by sequential chromatographic steps, and the great cost 
in time, and danger of losses, a t  each transfer step (elution and redeposi- 
tion of chromatographic zones). Although marginal improvements can 
be expected from technical advances, the situation is unlikely to change 
much. It leads one to suggest that methods incorporating greater speci- 
ficity into the signal-generating step of a method, and thus reducing the 
need for sequential purification steps, are to be preferred where possible. 

In  terms of available techniques this suggests a strong preference for 
isotope-displacement or the more specific fluorescence methods. Thus it 
is notable that all the current ultrasensitive isotope-displacement tech- 
niques use one, or a t  most two, TLC or paper LLC chromatograms before 
the signal-generating step. A special rapid method for progesterone uses 
none (54). In  the moderately sensitive range, a number of good fluores- 
cence methods use no chromatograms or merely one or two. In  terms of 
future developments i t  is highly likely that a t  least moderate improve- 
ments in specificity will be achieved in GLC by the development of more 
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selective detectors or labeling reactions, and that a major improvement 
will be achieved by the use of combined GLC-mass spectrometry using 
on-line computer analysis with or without nonradioactive isotope label- 
ing (R6). It is, however, equally likely that comparable improvements 
involving far lower cost will be made in the chemistry and instrumenta- 
tion for fluorescence methods. 

Another factor to consider is the actual and potential scope of these 
different methods, i.e., the number of different types of substance amena- 
ble to analysis. Within the steroid field, GLC with or without mass 
spectrometry is supreme in this respect precisely because of its lack of 
specificity, i.e., its lack of dependence on the presence of reactive sub- 
stituents for the signal-generating step. For the analysis of hydrocarbons, 
fatty acids, and other moderately to highly volatile substances, GLC is 
also far and away the best method. On the other hand, i t  is not as  yet 
to be recommended for most other classes of substances of biological 
and medical interest. LLC, TLC, and thin-media electrophoresis, using 
fluorescence or colorimetric methods, vary from poor to useless for 
volatile or unreactive substances, but overall have a far wider range of 
applications than GLC. From this point of view, however, the isotopic- 
displacement methods are weak because new binding agents have to be 
isolated, purified, and tested for each new substance or small group of 
substances to be measured. Unless the preparation of the necessary wide 
range of selective binding agents is taken up by commercial suppliers 
on a large scale, this method is likely to remain of relatively narrow 
scope. Double-isotope methods are similarly limited, but for quite dif- 
ferent reasons-namely, that the final purification stages are rarely 
adequate for handling more than two compounds a t  a time (e.g., Gla ,  
H6). 

The logistics of the several broad types of methods for steroids have 
been discussed previously (B29, B33a). For the large-scale analysis of 
many components in complex mixtures the fast direct photometry of 
thin-media chromatograms (paper, coated or loaded paper, fiberglass 
sheets, TLC, plastic-supported TLC, etc.) is still far and away the most 
productive method although a t  present not applicable to  the ultrasensi- 
tive range of problems. For the estimation of single steroids in the ultra- 
sensitive range, the isotopic-displacement methods are supreme. Thus 
testosterone, progesterone, and one or two related steroids can now be 
estimated in plasma a t  the rate of 20 or more per technician per day (54, 
K3, M3, M7, N3, N4, N6, S8). At the other end of the scale are the exces- 
sively difficult double-isotope methods for estrogens (Bl) with which one 
technician with skilled supervision can accomplish 3-5 estimations per 
week. For ultrasensitive, and some highly sensitive methods, for steroids 
not yet measured by isotopic displacement methods, reasonable produc- 
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tivity can be achieved with GLC. Such methods are decidedly more 
productive than comparable double-isotopic methods where these have 
been developed. 

For most endocrine studies the lag time for small batches of samples is 
not a serious factor in choosing a procedure. Actual lag time, however, 
can be a serious problem if the load of sample acceptance for a laborious 
method becomes too large for available staff and equipment. Thus with 
the majority of installations, no more than 10-20 GLC chromatograms 
can be run per working day, and a t  this rate i t  will be hard to analyze 
mixtures of more than 4-6 steroids per run. With most methods the 
necessary prior subfractionations usually reduce the number of measura- 
ble compounds per run to 3 or less. I n  one or two cases lag time is crucial. 
The most interesting example involves the need for rapid measurement 
of total urinary estrogens in cases of infertility being treated with 
gonadotropins (G4). In  order to avoid multiple pregnancy, treatment 
must be stopped within 6-12 hours of the attainment of a critical level 
of urinary estrogen. No attempt is made to obtain 24-hour samples, and 
the estimation is carried out by a modification of the rapid method of 
Brown. One technician can carry out the method and calculate the 
results for 12 samples in 3-3.5 hours. Similar though less stringent re- 
quirements must be met in the estimation of plasma or urinary estriol in 
attempts to forestall threatened abortion. 

At this point it is usual to  suggest that no one method will suffice to 
cover all the tasks to be carried out and that “a variety of techniques 
must be used.” While true in the literal sense, this needs further defini- 
tion because of the moderately high costs of the equipment involved and 
the very high costa of time and personnel, both directly in carrying out 
the complex manual procedures, and indirectly in the considerable amount 
of technical backup that is needed for maintenance of equipment and the 
preparation of pure solvents and reagents. The dangers of obsolescence 
are considerable in the areas both of equipment and of investment in the 
training of staff. The latter especially should not be underestimated. The 
strategy to be adopted depends on the size and scope of the effort that 
is contemplated. Before attempting to make specific suggestions (see 
Section 2.6) we must return to the question of the diagnostic tasks re- 
quired of a modern laboratory for steroid chemistry. 

2.5. DIAGNOSTIC RELEVANCE 
Using this outfit, I turned out a lot of creditable work, though 

many a modern lad might feel that such a layout would cramp his 
style. (P9, p. 1) 

From the point of view of clinical work in this area, the methods chosen 
should be those that meet most economically and reliably those requests 
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of clinicians in which a chemical measurement, or set of them, provides 
the most crucial diagnostic information. Although not considered in 
detail in this article, the estimation of glucocorticoids is essential in a 
large number of cases. Because of the wide variety of methods that are 
adequate for most diagnostic tasks of this type, attention will be focused 
on those areas in which only a few methods can be used. 

The differentiation of normal from abnormal concentrations of pIasma 
testosterone in women requires the use of either electron-capture GLC, 
isotopic-displacement methods, double-isotope methods, or fluorometric 
methods. Evidence to date suggests that the isotopic-displacement method 
is preferable (K3, M3). Existing fluorometric methods are adequate in 
analytical characteristics, but much more laborious (F2). This differen- 
tiation is crucial in cases of simple, provisionally idiopathic, hirsutism 
(cf. however, C l ) .  In  many cases, however, an elevated excretion of 
urinary testosterone glucuronide would be equally satisfactory despite 
the uncertainty of its metabolic precursors (B2, 11). This measurement 
is also desirable in cases of provisionally idiopathic amenorrhea. 

For the investigation of primary amenorrhea, measurement of urinary 
estrogens may be required. The number of measurements needed excludes 
most methods despite their adequate sensitivity and precision. Brown’s 
Kober or Ittrich fluorescence methods (B20, B21, 52) are the best estab- 
lished and probably preferable, although others are probably adequate 
but slower. In  the absence of signs of the adrenogenital syndrome, plasma 
progesterone or urinary pregnanediol measurements may be desirable 
in the investigation of some types of amenorrhea, of anovular cycles, and 
irregular menstruation. The most satisfactory method for plasma proges- 
terone as a routine in these circumstances is the isotope-displacement 
method, although a variety of GLC methods, and fluorescence methods 
with TLC or LLC would be adequate (54, M7, N3, N4). With a good 
method for plasma progesterone, urinary pregnanediol measurements 
would be less necessary. Under these circumstances, however, the best 
established modern methods for pregnanediol are those using GLC (E2, 
L8, Ll l ) ,  although TLC and LLC paper methods using fluorescence are 
also adequate for many purposes (e.g., S9). 

Other problems of differential diagnosis in which chemical measure- 
ments are of crucial value all involve moderately sensitive, or a t  most, 
highly sensitive methods, with the exception of the acute obstetric prob- 
l e m  mentioned previously. In  many of these problems a battery of simple 
and well-established colorimetric and fluorometric methods not involv- 
ing chromatography could reasonably be used. Thus cortisol could be 
measured by a variant of the Silber and Busch method (see B17) or an 
isotope-displacement method (M7, N6) ; 17-ketosteroids and 17-keto- 
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genic steroids by the standard methods (see G10, P6) ; pregnanetriol by 
benzene-water partition followed by the method for 17-ketogenic steroids 
using periodate (W7) ; and DHA-sulfate by the Pettenkoffer reaction 
(B16). A greater certainty of chemical identification could be achieved 
if desired by a wide variety of simpler chromatographic methods used as 
checks on the above. 

It is reasonable, however, to demand that a modern clinical chemistry 
laboratory be in a position to carry out more than the bare minimum of 
essential, crucial diagnostic tests in a field in which much clinical re- 
search remains to be done. The introduction of more sophisticated 
methods is not only desirable in yielding results possibly leading to new 
discoveries, but also because i t  provides extra information which im- 
proves the reliability both of the chemical findings and the differential 
diagnosis. It also enables the confirmation of clinical-chemical correla- 
tions obtained by other workers. Thus one cannot agree with the sugges- 
tion of Whitby e t  al. (W3) that the more complex steroid methods are 
completely outside the scope of routine use. A more balanced position 
would be to suggest that the research of the last ten years has created a 
definite need for the introduction of more sophisticated steroid methods 
into routine use, but that the methods to be adopted should not neces- 
sarily reflect the preferences of existing workers in basic research if the 
cost and risk of obsolescence are excessive. 

2.6. RETURN ON INVEsTMENT 

At the start before buying costly additions to his tool kit, the 
beginner should try to produce good work with a simple home 
outfit. (P9, p. VIII) 

The main concern of this article is to try to assess the current state of 
the art in steroid analytical chemstry for the clinical chemist who has 
not previously embarked on the more complex modern methods. I hope 
i t  will be understood that in trying to do this for the present situation, 
and for the immediate future where obsolescence could be very costly, 
it is often necessary to adopt criteria which differ from those that are 
appropriate for the specialized research laboratories already established 
in the field. In  casting doubt upon the value to clinical chemistry of 
several general methods which are popular in research a t  the present 
time, there is no intention to disparage the tremendous amount of earnest 
effort and sometimes great elegance which has gone into the development 
of these methods. In  large part i t  is precisely because of the excellence 
of much of the research done with them that it is now possible to suggest 
other lines which seem most likely to be valuable to the clinical chemist 
in the near future. 
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The first and most important investment is in the training and super- 
vision of people. While no exact job specifications can be provided, a 
descriptive assessment of this can be given. First, i t  seems unlikely that 
one can go beyond the simpler methods without having a t  least one 
professionally qualified leader in the laboratory whose main, although 
not exclusive, interest is in the chemical and technical problems of steroid 
work. Laboratories without this minimum requisite have sometimes 
managed to  set up one of the more complex modern methods under the 
direction of specialist-trained superior technical staff. However, the 
range of methods covered by these personnel was very small and down- 
time was large because of their lack of know-how for coping with un- 
anticipated problems. The scientific leader of the steroid group will be 
hard to find. It should be realized that most of the leaders in the develop- 
ment and current use of these methods are either experienced research- 
oriented M.D.’s a t  the consultant level, full time research Ph.D.’s or 
M.D.’s usually a t  the full professor level, or bright young M.D.’s or 
Ph.D.’s who have spent 1-3 years in postdoctoral training with a leading 
group of workers. At this point it seems that two possible policies can 
be distinguished which could be the basis of further discussion. One is to 
accept the extreme view of some specialists that the steroid group can be 
a success only if someone of the caliber of the present leaders of the field 
is recruited to  lead it. The other is to go for a good man with general 
experience who is willing to undergo any special training that may be 
needed. 

Larger laboratories would be well advised to consider the first policy 
seriously. It would, however, entail the establishment of a recognized 
steroid division with a minimum of two additional workers with a Ph.D. 
or M.D., and 3 to 6 positions for technicians, graduate students, or visit- 
ing workers. A minimum of 2000 sq. f t .  of space and a generous capital 
budget would be required. Considerable autonomy and scope for re- 
search activity would have to be granted. Several centers in the United 
States and the United Kingdom now have laboratories which have almost 
grown to this state of affairs, having started as small research groups ten 
or more years ago. All of them are attached to departments of medicine, 
surgery, pediatrics, or obstetrics and gynecology and are not integral 
parts of the clinical chemistry department. These groups maintain a 
healthy mixture of research, development, and service functions. Nearly 
all the ones I know specialize in certain areas and are too small to cover 
the full range of desirable modern methods in parallel a t  the same time. 
I know of only one center in which large-scale use of modern steroid 
methods is under way in the clinical chemistry department itself. The 
department is part of a teaching hospital of about 1000 beds and is 
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moderately large and well-equipped for general clinical chemistry. There 
are three senior leaders with excellent research ability, and approximately 
one-half of the entire technical staff and general facilities are devoted 
full-time to steroid work. The main techniques used are GLC and mass 
spectrometry. Considerable support from outside research grants is 
obtained. 

Even if a separate well-financed steroid division is established, i t  may 
be difficult to  find the right man to head it. Such men are relatively rare, 
and if they are good they are likely to be well established and more 
interested in their own research. In  view of this, it is worth considering 
the alternate policy. 

It will probably be preferable in most cases to  seek an interested 
clinical chemist or analytical biochemist of high quality rather than a 
man of lesser ability with specific experience of steroid work. Experience 
with some form of biological work involving organic chemistry is very 
desirable-e.g., food technology, pharmaceuticals, natural products anal- 
ysis, pulp and paper technology, marine biochemistry. A minimum of 
six months’ experience of postdoctoral research training in a good group 
dealing with a reasonable range of steroid techniques will be necessary. 
For a really good man this will be adequate and a stretch of one or more 
years is probably to be avoided: if the man is any good he will either be 
lost to  his teacher’s research group or be in danger of getting compul- 
sively hooked to one or the other of the more complex techniques. 

After this period the training of technical staff must be undertaken. 
For a t  least one or two particular techniques outside the specific training 
of the senior worker, it will usually be desirable to send one above- 
average technician to a center specializing in the method to be adopted. 
Costs of this policy can be roughly compared with the costs of the 
alternatives. In  my experience a good technician learns about as much 
in this field by working alongside one “skilled in the art?’ for 2-3 weeks, 
as will be learned from 4-6 full-day consultation visits by an expert, or 
from 6-18 months trial and error without any outside help. I n  several 
cases I have known of errors which had either completely held up or 
seriously hindered the work of a laboratory in this field for as much as 
three years, which were realized by an intelligent technician within the 
first 2 hours of a week’s stay in an expert’s laboratory. The same in- 
formation might have been missed, however, if the setting had merely 
been a conventional 1-day visit. Six-months’ frustration on some technical 
difficulty before deciding to seek outside help is a very common experi- 
ence of newcomers to  this field. Training of this sort must be obtained by 
work on the job, and care is needed to  ensure that the technician really 
has carried out every step of a given procedure and has also had as much 
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contact as possible with problems of technical backup. The technician 
should return with a list giving the supplier and catalog number of every 
piece of equipment used, and every reagent used. 

We can now try to  assess the material requirements of such a group. 
It is not profitable to attempt a completely quantitative analysis, but 
simple counting and ranking methods can be used to assess the relative 
merits of different sorts of approaches. The main factors to be taken 
into account are: current diagnostic value of current methodology; cur- 
rent research value of current methodology ; scope for expanding current 
applications and integration with future technical developments ; cost 
of equipment investment; cost of down-time and servicing of typical 
equipment; sample acceptance rates manageable; cost of rapid obsoles- 
cence (less than 5-7 years), and the personnel investment mentioned 
above. Most of these factors are interactive to a sizable degree. 

Paper LLC and adsorption TLC are basic parts of all major com- 
plex methods in current use and likely to remain so. Capital cost is small, 
risk of obsolescence is small, and training investment is minimal. One 
technician should specialize in it, and all others should be familiar with 
it. Simple columns mainly for adsorption chromatography are necessary 
for the Brown method and are potentially or actually useful for many 
methods. The simpler techniques are easily mastered, but for some, con- 
siderable know-how is needed, most of which can be gleaned from 
Brown’s papers and symposia discussions (E2, G8, L8, P3). 

The choice of signal-generating methods to concentrate upon-a small 
group must concentrate to some extent-is best approached by tabulat- 
ing the important procedures not possible for technical reasons with any 
given method. This is done in Table 4, where attention is mainly focused 
on well-established or thoroughly worked out methods, but reasonably 
feasible alternatives for the near future are given some weight. When 
productivity and training investment are taken into account, the isotope- 
displacement methods win hands down if measurements in the ultra- 
sensitive ranges of testosterone and progesterone in plasma are desired. 
On the other hand, the crucial diagnostic value of plasma testosterone 
estimates (ultrasensitive) is confined to the relatively small group of 
women with provisionally idiopathic hirsutism in which urinary testos- 
terone glucuronide (highly sensitive range) is probably as good a dis- 
criminant (N5a, cf. V4). It may be objected that I have been a little 
harsh on fluorometric methods in that Short and Levit (53) and Heap 
(Hl) have devised methods capable of detecting 5 5 0  ng of progesterone; 
and Brown (B21) and Preedy and Aitken (PlO), methods capable of 
detecting even smaller quantities of estrogens. The application of these 
methods to samples of human plasma, however, is too limited as yet to 
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TABLE 4 
SURVEY OF LIMITATIONS OF MAJOR SIQNAL-GENERATING TECHNIQUES 

Currently NOT fully Estimate of probable extent of 
Technique developed for : feasible advances in near future 

Isotope-displacement 
methods 

Flame ionization GLC 
Electron-capture GLC 

Isotopic-labeling ; 
LLC and TLC 

Photometric (fluc- 
rescence, absorption) 

Plasma and urinary estrogens, 
aldosterone, and major and 
minor metabolites 

All ultrasensitive methods 
Plasma estrogens, aldosterone, 

most metabolites 
Most major and minor 

metabolites 
All ultrasensitive methods 

except estrogens 

Estrogens-good ; 
aldosterone-fair; minor 
increase in scope-good; 
major increase in scope- 
poor 

Poor 
Fair 

Fair 

Good 

warrant recognition as ‘‘fully developed.” Both electron-capture-GLC 
or isotopic-displacement methods are significantly more sensitive and 
have been far more extensively used. The isotopic labeling methods may 
be subject to some technical improvement in the future, but with heavy 
running costs and low productivity, they seem a t  present to carry a 
large risk of obsolescence. 

Because of the current importance of measuring estrogens in relatively 
large numbers of samples, often with very short lag times, a good fluorom- 
eter seems to be an essential instrument and, for a minimal invest- 
ment, might be the best single instrument to buy. For a more than 
minimal investment, this would still be the first instrument to  buy, but 
a good scintillation counter would be the next. The point is that for cur- 
rent methods in the highly sensitive and ultrasensitive ranges, most 
methods involve overall recoveries well below SO%, so that an internal 
radioactive standard is probably essential. This equipment is thus not 
only the core of the preferred isotopic-displacement method, and of the 
less favored double-isotope method, but a desirable or necessary under- 
pinning for all the main techniques in Table 4. A further advantage is 
that this instrument has enormous potential scope outside the steroid 
field and a low risk of major obsolescence. As the only heavy capital 
cost in the isotopic-labeling method, the group would be well placed to 
capitalize on any major technical advances in isotopic-labeling tech- 
niques. 

With these two instruments, the group could encompass the whole 
range of steroid measurements of crucial diagnostic significance, and 
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also with the isotopic-displacement method, be capable of all of the 
three most difEcult ultrasensitive measurements of plasma steroids, 
namely estrogens, progesterone, and testosterone. The only serious gap 
in their repertoire would be in the measurement and identification of 
specific steroid metabolites in large numbers per sample a t  moderate to 
high levels of sensitivity. Although the development of GLC methods 
for obtaining analyses of complex patterns of urinary steroids and of 
other materials (Dl, E2, H4, R6) is a fascinating endeavor and may 
well be achieved using GLC-mass spectrometry and electronic data 
processing, this method is expensive and far from fully developed. This 
gap could be filled a t  present either by TLC or paper LLC, or by cur- 
rent GLC methods with flame-ionization detection. There is considerable 
doubt a t  present whether current flame-ionization-GLC techniques are, 
in the best hands, more reliable and precise than much older methods 
using thin-media chromatography. Indeed one can reasonably suggest 
that the use of qualitative TLC or paper LLC is so much more economi- 
cal of time and effort that i t  should be adopted by our hypothetical 
group for the time being. As suggested earlier, this approach is capable 
of answering most of the additional questions that will need answers in 
routine diagnosis or clinical research work. No extra capital investment 
is required, and operating costs are small. It also holds open the possi- 
bility of exploiting future advances in methods using rapid photometric 
scanning and other photometric methods using these media for separa- 
tion. As pointed out elsewhere, these methods seem to be readily trans- 
ferable to previously inexperienced workers so that investment in training 
is small (B33a). Nevertheless, it is surprising, as Engel and Finkel- 
stein have pointed out, that the considerable sensitivity of fluorescence 
reactions has received so little attention in recent years (LS, pp. 263 and 
264). 

At present, this suggested nucleus of methods and equipment seems 
to be the optimum ‘(mix” for a small steroid division within a routine 
department of clinical chemistry. A further step into GLC or double- 
isotope methods should be taken only if an addition to the group of a t  
least one professional and two technicians is contemplated. This holds 
independently of capital cost. A reasonable range of GLC methods needs 
the full-time service of a t  least this number of staff. Even then, this step 
should be taken with caution and after a careful assessment of the real 
return. Thus if we consider the, by and large, excellent electron-cap- 
ture-GLC method of van der Molen and Groen (V2), the two extra 
technicians could achieve 40 determinations of plasma testosterone and 
progesterone per week. (No time allowed for technical backup work.) 
The same two technicians using Johansson’s rapid modification (54) 



DETERMINATION OF STEROIDS IN PLASMA AND URINE 111 

of Murphy’s original isotopic displacement methods (M7) could achieve- 
40 determinations of progesterone per day. Both methods require a good 
scintillation counter for measurements of radioactivity, and Murphy’s 
needs small TLC equipment. The GLC method would undoubtedly 
need a considerable amount of professional supervision and a GLC 
apparatus costing approximately $5000. The isotope-displacement assay 
would need no extra supervision and no extra major equipment. The 
cost of materials would be similar and so would the down-time of the 
scintillation counter. The GLC method would suffer from the additional 
down-time of the GLC apparatus. The latter on occasion can be so large 
that with the time needed for trial and development of new methods, test- 
ing of new reference standards and reagents, calibration, and so on, the 
effective time available for steady routine use can be down to 50%. A 
routine lab embarking on a heavy load of routine use would probably 
need two or three GLC machines to avoid the risk of disruptions of its 
schedule of sample acceptance. With current methods, 8 to 12 runs can 
be made per day per machine if enough staff exist t o  do the preliminary 
extraction and paper or TLC subfractionation chromatograms. 

In  summary, I have tried to assess some of the major problems facing 
a general clinical chemist in deciding which routes to take in bringing 
some of the modern methods for steroids into the routine laboratory. In  
doing so, I have considered two possible approaches and have risked 
formulating a definite policy for one of them. Emphasis has been laid 
on the operational characteristics of these methods because this aspect 
of the problem is so frequently overlooked or relegated to small print. 

3. Advances in General Techniques 

3.1. TECHNIQUES OF EXTRACTION 

Do not leave skins lying endlessly in borax solution. (P9, p. 89) 

The first step of nearly all methods for steroids involves extraction 
of lipid-soluble materials from plasma or urine and evaporation of the 
organic solvent. In  the case of urine the water-soluble conjugates are 
usually hydrolyzed or solvolyzed prior to this step. There are a thousand 
different ways of carrying this out, but their empirical details are of little 
interest. A few general principles and the most useful specific examples 
of novel techniques will be discussed here. 

The classical method of liquid-liquid extraction was devised in the 
days when pure solvents and large pieces of laboratory glassware were 
very expensive. Great use therefore was made of the binomial principle 
showing that for a given volume of extractant, and a given partition 
coefficient of the substance to  be extracted, the maximum yield was ob- 
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tained by subdividing the extractant as much as was feasible and extract- 
ing the sample repetitively with small volumes of extractant. Thus, be- 
fore the 1950’s extractions of steroids were commonly carried out by 
recipes calling for 3 to 6 extractions of the aqueous phase with one- 
fourth to one-half its volume of extractant. In  the early part of 1950, 
G. F. Marrian pointed out a t  a meeting that emulsification during the 
extraction of urine with organic solvents was greatly reduced in fre- 
quency by using two or more volumes of solvent per volume of urine. 
Since then most methods have usually involved 2-3 extractions with 1-4 
volumes of organic solvent. 

It has long been recognized that the liquid-liquid extraction of steroids 
and the concentration by evaporation of the organic solvent extract 
represent a tremendous fraction of the working time and a large fraction 
of the total or lag time of the average method for measuring steroids. 
It is a pity therefore, that the majority of extraction procedures in the 
literature appear to have been devised without more than an intuitive 
or empirical appraisal of the optimum solvent and procedure to be used. 
The general approach seems to be to adopt a convenient, volatile solvent 
which is readily available and use a safe excess, in volume or number of 
extractions, to minimize the effects of accidental carelessness. Dichlo- 
romethane (i.e., methylene chloride), diethyl ether (ether) , chloroform, 
and less often ethyl acetate are the most frequently used. Two main 
factors are overlooked in this intuitive approach. 

First, with a favorable partition coefficient, 2-5 volumes of extractant 
secure such a good recovery with one extraction that the use of repetitive 
slightly smaller volumes gains only a marginal increase in recove? a t  
very considerable expense of time and effort. As Peterson (P6, P6a) first 
pointed out, one extraction of an aqueous solution of cortisol with 5 
volumes of dichloromethane should, and in fact does, secure a recovery 
of 98% of the cortisol in the aqueous sample. Because of a preference 
for an upper layer extractant, my own work has usually employed one 
extraction with 5-6 volumes of ethyl acetat-ther, 1:2 by volume, for 
this class of steroids. In  their double-isotope method for plasma testos- 
terone and 17-ketosteroids1 Gandy and Peterson (Gla) used one extrac- 
tion with 9 volumes of dichloromethaneethyl acetate, 1 : 1 by volume. 
Calculation will quickly show that with a partition coefficient of 10 in 
favor of the extractant, two extractions with three volumes will secure 
a recovery of 99.8% as compared with 98.4% using one extraction with 
6 volumes. While it can be shown that with a random error of perform- 
ance of the extractions the double extraction procedure will reduce the 
overall error in the recovery value, this is trivial compared with the 
extra labor in the extraction of many samples. If an internal radioactive 
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standard is used, the achievement of such a marginal improvement in 
recovery is completely valueless. While the partition coefficients be- 
tween water and extractant cannot be used directly for plasma, the 
difference is usually small and can be measured. 

A second feature, worthy of more attention, is the more selective use 
of solvents to extract only what is desired and a minimum of impurities 
(e.g., B25, 54, M7, P6, P6a, S4, S 5 ) .  While such selective extractions, or 
one-step partitions, will never be as effective as the subsequent chroma- 
tographic steps of purification, they may well, in the early stages of 
a procedure, reduce very considerably the total mass of the extract 
and of widely different steroids from the one to be measured, thus per- 
mitting smaller and more convenient chromatographic systems to be 
used, and better resolutions to be obtained, in the first chromatographic 
step. It is probable that this principle should be applied cautiously with 
plasma when strongly binding proteins are known to be present (note, 
however, 54, M7). 

It is, however, of great significance in urine, where, for instance, 
ether is commonly used for a wide variety of steroids. Thus methods for 
testosterone, 17-ketosteroids1 and probably pregnanediol should probably 
benefit greatly by using benzene, or hexane-benzene approximately 1 : 1 
as extractant. This would be of particular benefit in GLC methods. 
Similarly in our laboratory we have always extracted urine with ether 
or ether-ethyl acetate before hydrolysis, solvolysis, or conjugate extrac- 
tion, when attempting to measure small amounts of specific, conjugated 
steroids. A surprising amount of freely extractable material can be re- 
moved from many urine samples in this way and thus eliminated from 
the extract of the urine made after hydrolysis. 

The use of resins or adsorbents for extracting steroids from urine de- 
serves more attention. Our earlier method using the weak anion exchange 
resin “Decolorite” (B35) was discarded in 1960 when the suppliers 
changed the process of manufacture. Recently Bradlow (B16a) has 
achieved good recoveries of steroid conjugates from urine with the 
nonionic lipophilic resin Amberlite XAD-2 (Rohm and Haas). These 
methods, using simple percolation through columns of the resin, are 
great savers of time and labor and deserve more attention. A useful 
review is given by Pasqualini (PZ). 

One of the most interesting recent developments has been the applica- 
tion of “liquid ion-exchangers” to the extraction of steroid conjugates 
from urine (M2) and bile (H2). The chromatographic use of these 
reagents by Mattox (M2) is one of the most useful applications of the 
R N  theory in recent years, and may enable some revolutionary modifica- 
tions of the operational characteristics of methods for steroids in urine. 
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The increased speed and productivity of methods using these reagents 
will undoubtedly be of the greatest significance in many applications 
of steroid methods in the routine laboratory. 

The operational characteristics of extraction procedures can often be 
greatly improved by close attention to the vessels and volumes used, 
choice of upper or lower layer extractants, and the means by which 
phase transfers are achieved. Most methods for plasma, and many for 
urine, nowadays employ stirring or shaking in standard-taper glass- 
stoppered test tubes in preference to the orthodox separating funnels of 
old. Horizontal shakers for large numbers of samples have been used 
by Townsend and James (T10) in a method using one extraction with 
dichloromethane. This method, however, is subject to leakage around 
the stoppers unless heavy pressures and a very good set of matched 
tubes and stoppers are used. This problem is overcome by the use of 
special separating funnels which have been described elsewhere (B30). 
A similar device has been used by Brown (B21a) in which the extract of 
estrogens for his fast method is transferred directly to an attached 
fluorimeter tube. Batches of 12 or more extracts can be shaken in parallel. 

The introduction of simple modifications of conventional apparatus 
of this sort can often secure surprisingly large reductions in working time, 
lag time, or both, and are well worth considering whenever a new 
method is set up. 

3.2. TECHNIQUES OF SEPARATION 
The long-winded papier-mlchi: formulas of bygone times are 

largely obsolete, along with arsenical mothproofing and hay stuffing. 
(P9, p. 88) 

Apart from the use of liquid ion-exchange reagents mentioned above, 
there have been few striking advances in this area which are likely to be 
of much application in steroid work in the immediate future. The paper 
of Dalgliesh et al. (Dl) gives a fascinating glimpse of the possible de- 
velopments in computerized GLC-mass spectrometry, but involve a 
large and expensive system needing further development before its 
potentialities can be fully realized. Work on the exploration of new types 
of stationary phases for GLC seems to have reached a plateau. An 
interesting review of recent work with Golay capillary GLC is given by 
Desty (D3). 

It should be emphasized that the use of GLC of any kind is critically 
dependent for its precision as a quantitative measurement upon the 
technique of introducing the sample (see, e.g., S2a, and others in G8). 
It seems to be generally agreed that the gauze type, or other types, of 
solid sample injection techniques are essential for the best results (E2, 
G8, K10). 
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The importance of transfer operations in multiple chromatographic 
steps has been emphasized above. They are very costly in time directly, 
and also indirectly because of the large losses that are usually entailed, 
particularly in isotopic-labeling methods (see, e.g., B1, R1, R2). In  this 
connection one would emphasize the value of simple elution and “run- 
ning-up” methods for the transfer of fractions or extracts to and from 
chromatograms (B27, B29, B33a, G7). 

Another time-saving procedure of considerable value in our experience 
is the technique of pretreatment of paper chromatograms with ether- 
methanol-water mixtures (B34, T8). This is effectively a hydration step, 
not an “impregnation” with stationary phase. Equilibration of LLC paper 
chromatograms, using volatile stationary phases, which normally needs 
a minimum of 3 hours a t  25”C, can be cut to a few minutes. By using 
small tanks and strips, many simple separations can be achieved in times 
comparable to standard TLC methods for steroids. The time saved by 
this technique in more complex methods using standard length chromato- 
grams can also be of great value (e.g., B18). 

The general opinion is still that one of the major advantages of TLC 
over paper LLC is the low values for “blanks” of various sorts when 
zones are eluted from preliminary chromatograms. While the empirical 
findings cannot be challanged, the implication that this is a general and 
invariable phenomenon can. There are many examples in which eluates 
from paper LLC chromatograms show satisfactory blank values, and 
one suspects that too little attention is given to selection of solvents, 
methods of selecting and washing filter paper, and details of technique 
(e.g., Hla ,  L3, L7). As pointed out before, the simpler and shorter the 
method of washing paper, the better; and the use of masks and a no-touch 
quasi-surgical technique for handling the paper once i t  has been washed 
is essential (B11, B27, B29, L3). Prolonged washing procedures and 
solvent extractions may introduce more “dirt” than they remove. 

The problem of impurities in solvents and reagents, especially with 
GLC and fluorescence methods, receives frequent mention. It is probably 
a sizable part of the problems usually attributed to “paper blank,” 
although this fact may not emerge from incomplete tests. An example 
from my own laboratory may indicate just how serious, indeed com- 
pletely ruinous, this can be with an otherwise sound method. In  develop- 
ing a flame-ionization-GLC method for plasma progesterone a t  moderate 
to highly sensitive levels, J. McCracken found that one preliminary TLC 
or LLC paper chromatogram was sometimes quite adequate to  obtain a 
clean peak on GLC. More often the peak was useless due to massive 
amounts of material tailing back from the front zone. At  first i t  seemed 
that this was material from the paper. Careful tests showed that the 
material was in fact contained in the methanol used for eluting the 
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progesterone zone from the paper chromatograms. Ten different grades 
of methanol had to be tested before a satisfactory one was found. When 
found, it turned out to be the second-best grade offered by its manufac- 
turer-the extra cost of the “best” grade was matched only by the extra 
dirt i t  contained. 

Microchemical modification reactions are now an essential and fre- 
quent part of practically all separation procedures. A variety of deriva- 
tives are essential or useful for many steroid separations on GLC, and a 
full survey will be found in available monographs (E2, G8, H4, K10) ; 
one of the most elegant advances in this area stems from the use of 
enzymatic reactions for the reduction of progesterone to its 20p-dihydro 
derivative (see V I ) .  This not only provides a characteristic change in 
chromatographic properties and a hydroxyl group available for con- 
venient labeling reactions, but also introduces the considerable chemical 
specificity of an enzymatic reaction into the factors determining the 
overall specificity of the method. 

Improved resolution by using very long columns has been obtained, 
using adsorption chromatography, by Vestergaard, who has exploited 
U-shaped columns and capillary Teflon tubing (V8, V9) for compactness. 
A large number of adsorption systems for TLC plates have been worked 
out by Lisboa (L13-L16). 

3.3. TECHNIQUES OF DETECTION AND MEASUREMENT 
Clean all meat from the leg bones but do not disarticulate the 

One of the most striking advances of recent years has been the intro- 
duction of the electron-capture detector for GLC by Lovelock (L17). 
This is extraordinarily sensitive to halogen-containing molecules and has 
enabled the introduction of several promising labeling methods for 
steroids. The most successful and well established is the use of chloro- 
acetic anhydride to form chloroacetate esters of several hydroxylic 
steroids (B22, V1) . Polyfluoro labels in the form of heptafluorobutyrate 
groups give promise of great sensitivity, but completely satisfactory 
methods have yet to be established (cf. V4). 

This technique is subject to a large number of highly technical details 
which may cause changes in sensitivity of 104-fold or more. The intro- 
duction of newer and more stable isotopes as a source of /I-particles is 
likely to secure greater stability and, possibly, sensitivity in the near 
future. Meanwhile, the most important technical improvement for its 
use with steroids has been the introduction of alternating current or 
pulsed voltages to the detector (L8, p. 266). 

It is well recognized that the development of more selective detectors 

joints. (P9, p. 75) 
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for GLC could produce great improvements in its value for the analysis 
of high-boiling biochemicals of all kinds. Although a phosphate-selec- 
tive detector has recently been introduced, there has been relatively little 
advance in this area despite the considerable effort of the last ten years. 
A large number of promising techniques exist, but their transformation 
to stable reliable devices has yet to be achieved. Nevertheless the elec- 
tron-capture detector is a major advance in that a wide variety of 
halogen-labeling methods should be feasible in addition to those already 
in use. In  this connection, the recent introduction of chloro- and bromo- 
trimethylsilyl ethers promises to be very useful (E2, T6). 

Direct monitoring of radioactivity in GLC effluents is still under de- 
velopment (e.g., N3). Sensitivity is limited by the necessarily short 
period of counting which is possible. 

Photometric methods have also advanced. Several new fluorometric 
instruments have appeared, many of them with attachments for direct 
scanning of paper chromatograms. Although none of the commercially 
available chromatogram scanners are fully satisfactory for the reasons 
given earlier (B29) , the considerable sensitivity possible with differential 
scanners has been clearly demonstrated by the elegant differential ab- 
sorptiometric scanner of Salganicoff et al. (S2a). I n  my own laboratory 
we have concentrated on a differential fluorometric instrument. Sensitivi- 
ties seem to be extremely high and interference from contaminants in 
plasma very small if specific rather than nonspecific fluorescence re- 
actions are used. This instrument is already quite satisfactory for the 
highly sensitive range of measurement of all A4-3-ketosteroids1 having a 
signal-to-noise ratio of 20 with quantities of 3 20 ng (B33a, cf. P11). 

Wide use of photometric scanning for high-precision measurements of 
steroids will depend on the introduction of a commercially available 
instrument with satisfactory specifications. This is probable in the next 
six months. Meanwhile it should be noted that many fluorometric 
methods, whet,her by direct photometric scanning or by more conven- 
tional techniques, are strictly competitive with all other existing methods 
in the highly sensitive range. Their future successful extension to the 
ultrasensitive range is not unlikely. 

Even with conventional scanners on the market a t  present, some sur- 
prisingly effective techniques have been devised (e.g., B25a, C4, E3, M6). 
Although these methods are still slightly less precise as signal-generating 
steps than GLC or scintillation counters, and more dependent on careful 
manual technique than is possible with a more sophisticated instrument, 
their precision is good enough for a very large majority of diagnostic 
purposes. The general opinion is still doubtful of the value of direct 
photometric scanning of paper or TLC chromatograms as a general 
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technique. This opinion, however, is mainly based on the use of deficient 
instruments and techniques. Until a good commercial instrument becomes 
available, the general clinical chemist should be advised to  adopt a “wait- 
and-see” attitude. 

3.4. TECHNIQUES OF AUTOMATION AND DATA ANALYSIS 

Glass eyes, once strictly a European product, are now made even 

This field is advancing rapidly and only a limited part of its scope can 
be ascertained from generally available publications (e.g., S6a gives an 
excellent review). One major line of work is in the development of large 
hospital computer systems in which diagnostic aids, monitoring of 
therapy, and record-keeping and retrieval are the main functions. The 
other is in the on-line or real-time processing of data obtained from 
chemical analytical apparatus or from physiological recording equipment 
in intensive-care units. Several systems have been developed commer- 
cially for laboratories of general clinical chemistry, but the overall 
automation of more complex analytical methods is still under develop- 
ment. Probably the single advance with the greatest significance for 
steroid work in the last five years has been the development of automatic 
sample-changers, printers, tape punches, and data-processors for scintil- 
lation counters. Simple computer programs for handling the paper tape 
output of this equipment are numerous and easily written. Many are 
available from the manufacturers of isotope-counting equipment. 

Several systems for analyzing chromatogram records have been devised 
in recent years (see B a a ,  K7). They are all still in the stages of further 
development, and it is not possible a t  present to recommend any par- 
ticular one with confidence for exclusive use. The IBM 1800 gas chro- 
matograph system (I.B.M., Inc.) and the DEC Gaschrom-8 system 
(Digital Equipment Corp.) are designed to monitor 2@40 GLC columns 
simultaneously. Fairly complete data-processing is achieved. At the 
moment there seem to be no published tests of the analytical and operat- 
ing characteristics of these systems. Inspection of program listings and 
supplier’s brochures suggests that the numerical methods used may have 
some serious weaknesses. Until such systems have been validated or 
converted to satisfactorily validated systems by expert users they can- 
not be recommended as worthwhile investments. However, computer 
analysis of mass spectra and complex GLC records is progressing rapidly 
(e.g., PACE and QUAD systems; Electronic Associates, Inc.) . WeIl- 
established general-purpose systems are not yet available for the general 
user, and considerable development is still needed in this field. 

in America. (P9, p. VIII) 
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Automatic peak integrators of various sorts are in fairly wide use for 
monitoring the effluents of IEC, LLC, and GLC columns (DISC integra- 
tor, Perkin-Elmer, Infotronics) . While these can give excellent results 
with very clean and drift-free backgrounds and have some arrangements 
for eliminating noise and drift, their performance is well below acceptable 
standards of precision outside the fields of ion-exchange columns and 
unusually good GLC separations. 

The best-developed computer programs that have been published are 
nearly all for medium-size to very large computers. It is probably helpful 
here to  note that the use of the larger and better-known machines for 
most purposes of analytical chemistry is rapidly and progressively be- 
coming less attractive because of the tremendous development of smaller 
machines in the last two years. Thus, quite sophisticated and complete 
systems for analytical laboratories have recently been exhibited using 
computers with 4096- or 8192-word core memories in configurations 
costing only $25,000-90,000. This is largely because of more skillful 
programming and because these computers were developed from lines 
specifically designed to handle large amounts of data from scientific 
measuring equipment and industrial machines. The cost of interfacing 
some of the better-known large computers to a small set of analytical 
instruments is sometimes more than the entire small computer that would 
suffice. The cost of expanding the interface to accommodate an additional 
measuring instrument may be more than 10-fold greater than with the 
small machine. The frequent advantages of the large machine in systems 
programs is shrinking rapidly with the increase in user-experience of the 
smaller machines. Finally, the expansion of small computer systems to 
encompass more complex tasks is cheap and relatively simple. The larger 
configurations are now in fact recognized to be some of the best in 
existence for complex time-sharing systems. Further details can be 
obtained from the books and symposia quoted, but a lot of the “lore” of 
this field is still unpublished. The policy to be adopted for automating 
steroid analysis or any other type of complex biochemical analysis needs 
careful development and the gathering of a lot of data from current users. 

Automation of the procedures for analyzing steroids is difficult be- 
cause of the present lack of a really efficient liquid-liquid extractor. 
Townsend and James (T10) have published an ingenious method for 
adapting an Autoanalyzer or similar system to the estimation of cortisol 
in plasma by their earlier fluorescence method. The semiautomated 
method is capable of making 20 estimations of plasma cortisol per hour 
using 2 ml samples of plasma. 

Automation of adsorption chromatography on columns has been 
achieved by Vestergaard using a system capable of handling 12 columns 
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in parallel. Although used specifically for the main 17-ketosteroids and 
17-ketogenic steroids a t  moderately sensitive levels it could be applied 
to many other procedures (V5, V6, V7, V10). 

As discussed above, the precision of automated methods becomes 
evident only when tested by double-blind quality control (R4, W3). 
Although Vestergaard’s method appears to be good in this respect, i t  is 
interesting and perhaps cautionary that Townsend and James claimed a 
precision no better than fl.O pg/lOO ml for their automated method for 
plasma cortisol, i.e., coefficient of variation of about +-8% of the mean. 
This was much better (one-third to one-half) when sequential rather 
than random duplicates were assessed (T10). 

Zak and Epstein (Z l ) ,  have automated the Zimmerman reaction for 
17-ketosteroids by the development of a novel aqueous reagent using 
Hyamine-KOH as base. This paper well repays a close study. 

A useful device to have for paper LLC is an automatic solvent dis- 
penser. Thus runs taking between 8 and 16 hours can be started by 
dispensing the mobile phase into the troughs during the night. The run 
is then completed a t  the start of work next day. A recent example is 
described by Nerenberg e t  al. (N5). 

4. Specific Examples 

4.1. INTRODUCTION 
While this writer does not favour the indiscriminate slaughter of 

turtles and tortoises for taxidermy use, occasionally a fine specimen 
does turn up as a temptation. (P9, p. 83) 

Since the main aim of this article is to give a review which will, hope- 
fully, be a useful guide to the nonspecialist presently trying to  assess 
the future introduction of advanced methods of steroid analysis into the 
routine laboratory, no attempt will be made to provide a comprehensive 
and detailed summary of steroid methodology in the last five years. Some 
excellent books, monographs, and symposia have been published in the 
last two or three years, so that a specialist’s survey of the field would be 
redundant. Instead I shall pick one or two examples of methods which 
seem best to illustrate and support the general ideas expressed in earlier 
sections. Enough references will be given to enable the clinical chemist 
to pursue these matters for himself in more detail if he desires; by and 
large, references will be confined to the main and most useful papers in 
each area, so that he will not be smothered. The complete coverage of 
this field as a specialist review would require the citation of about 15013 
references. 
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4.2. ESTROGENS AND RELATED STEROIDS 

The best method for urinary estrogens of clinical importance is that 
devised by Brown (B20, B21). This depends on the modification of the 
Kober-Ittrich color reaction to provide an extremely sensitive fluores- 
cence reaction (see also S2). Acid hydrolysis (15 minutes) is followed by 
either extraction (2 x 1 volume) ; evaporation to dryness; a partition 
between petroleum ether-benzene and water (estriol) and 1.6% NaOH 
(estradiol, estrone). The two solutions are methylated (10 minutes) and 
extracted with ether; the ether is evaporated, and the residues are run 
on alumina columns. I n  the original procedure the less specific and sensi- 
tive form of the Kober reaction required more extensive purification; 
one technician could complete four estimations in 1.5-2 days. The new 
procedure enables four determinations to be made every $6 hours. An 
ultrarapid version of this method for specialized obstetric use has been 
devised by Gemzell and his group and will be published shortly. By this 
method, twelve samples can be measured in 3 hours by one technician. 

The limit of sensitivity by the latest version (B21) is 0.05-0.1 ng of 
individual estrogen per sample, equivalent to excretion rates of about 
6 ng/24 hours. While this method has not been applied to plasma and 
requires a good deal of know-how and manual skill, it is at present, in 
one of its forms, a “must” for any laboratory venturing into the more 
difficult areas of steroid methodology (see P3). Quite apart from the fact 
that current electron-capture-GLC or isotopic-labeling methods achieve 
little or no greater sensitivity in practice, they are considerably more 
laborious, the latter requiring up to 1 week for the analysis of 3-5 
samples. 

For the measurement of the large amounts of estriol in pregnancy 
urine, many methods are suitable (Hla,  J1, 01, 52). The Kober-Ittrich 
fluorescence reaction can be used, as Ittrich originally showed (I2), 
directly on small volumes of urine without any chromatographic proce- 
dure. For those wishing to use GLC methods, the well-designed methods 
of Touchstone are well validated and reliable. Useful summaries of these 
methods are given in the symposium edited by Paulsen (P3, appendix). 
One of the most useful innovations in this field is the gel-filtration pro- 
cedure of Beling (A2, B6). This provides an excellent although rather 
slow “clean-up” step as a preliminary to many subsequent techniques. 

A recent paper by Brown e t  al. (B21) supplants some of the material 
in these books and provides a totally new procedure. An excellent but 
extremely laborious isotopic labeling method has been described by Baird 
e t  al. (Bl) and is a good example of the complexities of such methods 
in this area. 
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One can reasonably hope that rapid ultrasensitive methods based on 
the isotope-displacement method will soon be available for the principal 
estrogens. A promising method has been published by Korenman (K11). 
The reliability of this assay and the ease of preparation of the uterine 
“macromolecule” used in this assay remain to be established. 

The excellent review by Adlercreutz and Luukkainen (A4) gives many 
details of the above methods and of those devised for the measurement of 
the numerous recently discovered hydroxylated metabolites of the classi- 
cal estrogens. Attempts to measure the latter substances routinely are 
not advisable for nonspecialists a t  present. 

4.3. PR~GESTERONE AND RELATED STEROIDS 
A good review of previous methods for this important group of steroids 

is given by Short (S3), and an outstandingly good account of GLC 
methods by van der Molen (Vl;  see also G8). A good summary of van 
der Molen’s method is given in Lipsett (L8, pp. 153-168) based on his 
original paper with Groen (V2). This is an example of an electron-cap- 
ture-GLC method with good analytical characteristics, which illustrates 
several general principles and problems of current technique in the 
steroid field. 

A very small tracer quantity of proge~terone-7-~H is added to the 
plasma sample (10 ml) which is then made slightly alkaline with NaOH. 
The latter step stabilizes lipoproteins and prevents the extraction of 
excessive amounts of triglyceride, phospholipid, and cholesterol (S3). 
The plasma is extracted with ether (6 X 15 ml) and the combined ex- 
tracts are washed with water (2 x 5 ml). After evaporation to dryness 
the extract is transferred to a TLC plate, which is run with benzene- 
ethyl acetate, 2:l  (ca. 60 minutes). The progesterone zone is eluted, and 
the eluate is evaporated. Buffer solution (1 ml), NADPH, and 20p- 
hydroxysteroid dehydrogenase are added, and the mixture is incubated 
for 120 minutes a t  37OC to form the reduction product 20P-hydroxy- 
pregn-4-en-3-one. This solution is now extracted (4 X 1 ml) and the 
combined extracts are evaporated and carefully dried in a desiccator (2-3 
hours). The dry residue is now esterified with chloroacetic anhydride and 
pyridine (overnight), and the chloroacetate of 20p-hydroxypregn-4-en- 
%one is extracted. This product is now run on a second TLC plate (ca. 
60 minutes), and the appropriate zone is located by a marker steroid, 
scraped off, and eluted. The eluate is now dissolved in 1 ml of methanol 
containing 10-40 ng of testosterone chloracetate as an internal standard 
to correct for losses in transfer to the GLC column. One-tenth of this 
solution is pipetted into a counting vial, and the tritium is counted to 
provide a correction for recovery in all the preceding steps. The remain- 
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ing nine-tenths of the final fraction is then evaporated, dissolved in 1 M O  
p1 of benzene, and injected into a %foot XE-60 column with an electron- 
capture detector using a 15O-psec pulse. The chloroacetate is eluted in 
about 25 minutes and has a relative retention time of 29.7 ( x  cholestane) . 
The testosterone-chloroacetate serves as internal standard and has a 
relative retention time of 21.4. A valuable feature of this method is that, 
by simple variations of the technique, 20p- and 20a-hydroxypregn-4-en- 
%one themselves and testosterone can be measured in the same plasma 
sample (see also B22). This method is 5-10 times as sensitive overall as 
the best comparable flame-ionization method. The use of heptafluoro- 
butyrate in place of chloroacetate as an electron-capturing labeling 
radical achieves a further 5-fold increase in sensitivity but has some 
problems associated with it (Vl ,  V4). 

The useful sensitivity of this method is 2-5 ng with a precision (C.V.) 
of &25% in this range. In  the range 1&100 ng, the C.V. is -+10-15%. 

Despite its elegance and relative simplicity compared with many 
others, this method is very laborious, involving 12 liquid-liquid partitions 
in the form of extractions or washes; the addition of two internal stand- 
ards ; three transfers to chromatograms; two microchemical reactions, 
and numerous evaporations of organic solvents. However, 20 plasma 
samples can be analyzed per week for both progesterone and testosterone. 
Among its suboptimal features are: the use of ether instead of a more 
selective extractant; an unnecessarily large number of partitions for ex- 
tractions; and a difficult addition of the second internal standards using 
very small volumes of volatile organic solvents. However, this method is 
well established and tested. In  comparison it should be noted that Heap’s 
fluorometric method (Hla)  is very nearly as sensitive (ca. 5 ng) and 
precise, and approximately equally laborious. 

By comparison, Murphy’s isotope-displacement method (54, M7, N2- 
N4) uses less than one-tenth the volume of plasma, an excellent selec- 
tion of solvent allowing 1-step extractions, has about 20 times the sensi- 
tivity, a similar precision, uses one TLC chromatographic step, and 
allows about 20 samples to be measured per day by one technician. This 
method has been modified by Johansson (54) so that 0.25 ml of plasma 
or less can be used and the TLC chromatogram eliminated. An applica- 
tion of the earlier method by Knobil’s group has shown its adequacy for 
studying the complete menstrual cycle (N3, N4). Strott and Lipsett (SS) 
have modified the method so as to enable the simultaneous measurement 
of 17a-hydroxyprogesterone simultaneously with progesterone and used 
i t  for a complete and penetrating study of these two plasma steroids 
throughout the menstrual cycle in women (L8). 

I n  evaluating the various methods for plasma progesterone in the ultra- 
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sensitive (follicular phase) and highly sensitive (luteal phase) ranges 
for their possible use in the routine laboratory, it is impossible to  mistake 
the superiority of these isotope-displacement or competitive binding 
methods. The proof of the pudding is in the eating. Within a few years 
of the first publication of Murphy’s methods (M7), half a dozen labora- 
tories have got underway and several have published first-class studies 
using these methods. Promising or well-developed methods for other 
classes of steroids using other binding agents have also been published in 
this period (see 4.1, 4.3). 

Johansson’s modification of Murphy’s method is an impressive example 
of both the gains (and the possible dangers) of careful attention to the 
selection of analytically specific and operationally rapid extraction 
techniques (54). In  a careful discussion of specificity, he points out that 
14% of 17a-hydroxyprogesterone will be extracted by his solvent. This 
probably means that his progesterone estimates may be increased 20% 
or more over their true values a t  and just before the onset of ovulation 
(L9). Since, however, the test is of clinical interest mainly in determin- 
ing adequate function of the corpus luteum this is not a serious draw- 
back. This degree of specificity may not satisfy many steroid specialists, 
but can reasonably be defended, in that specificity is not in practice an 
absolute property of a method but a probabilistic one, which in this case 
has been carefully and quantitatively assessed. In  fact i t  is interesting 
to note here that in nonvirilized women the specificity of this method is 
in question for only 1-2 days in the menstrual cycle. The resulting speed 
of the method is potentially of the greatest value in routine gynecological 
or acute obstetric problems. 

The present dependence of both Murphy and Johannson’s methods 
on particular lots of petroleum ether is, however, a weakness and un- 
necessary. Thus, the property most probably determining the suitability 
of particular lots of petroleum ether for this selective extraction is either 
the proportion of aromatic hydrocarbons, and/or the proportion of 
longer chain or cyclic aliphatic hydrocarbons. It would probably be easy 
and very valuable to compare suitable and unsuitable batches of solvent 
by GLC (one of its most valuable and appropriate spheres of applica- 
tion!) and use the results to formulate a synthetic mixture of pentane, 
cyclohexane, and toluene or benzene for the extractant in this method. 
This would achieve a standardization enabling other laboratories to be 
far more confident of success with this method. 

For some ten years the most useful method for measuring urinary 
pregnanediol was that of Klopper e t  al. (K8). The principal isomer 
excreted in human urine is the 58(H) -3~~,20~-diol .  Much smaller quanti- 
ties of the 5a(H) epimer and of the 5m(H)-3/3-OH bis-epimer have been 
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identified in pregnancy urine. A complete separation of all the eight 
possible isomers of this compound is a laborious task. Even using GLC, 
acetylation or other microchemical reactions are needed to obtain a com- 
plete characterization. Nor does this usually take the form of a final 
complete resolution of these isomers, but rather the complete separation 
of some members of the set on one column, and of others on another. 
Probably the most exhaustive method is that of Gardiner and Horning 
(G2; see also Vl). There is a t  present no evidence that the resolution of 
even the three commonest isomers in urine is in fact of any diagnostic 
significance. However, the measurement of the combined mixture of 
isomers has been of great clinical value. 

At  the moment there are probably around fifty papers describing GLC 
methods for pregnanediol in human urine (Vl, G8). The main advantage 
of GLC is that with its high sensitivity, very small samples of urine can 
be used. Van der Molen has shown in a careful comparison of one 
method of GLC (using pregnanediol diacetate) with the H,SO - c h romo- 
gen reaction applied to Klopper’s method of isolation, that the two 
methods are entirely comparable in precision and accuracy for excretion 
rates over 1-2 mg per 24 hours. For lower rates, he suggests with good 
reason that the GLC values may be more accurate because of their 
higher specificity (Vl) . 

Since the Klopper method is undoubtedly inadequate for the lower 
ranges of pregnanediol excretion rates, and needs a fair degree of skill 
and know-how for it to be reliable, it is fair to suggest that new methods 
are needed. On the other hand, none of the GLC methods is obviously 
superior, either operationally or analytically, and some are grossly 
inferior, to earlier absorptiometric or fluorometric methods. Taking into 
account the relatively low diagnostic value of this measurement now that 
good methods for plasma progesterone are available, there seems to be 
little reason to try to  set up GLC methods for this substance in a 
routine laboratory. If a GLC apparatus is already available, the method 
of Lipsett and Kirschner would be a good one to choose because it includes 
the valuable measurement of pregnanetriol (L11; see also 55). However, 
a small steroid group should probably concentrate on plasma proges- 
terone measurements or simpler methods for pregnanediol (e.g., S9) until 
improved methods for urinary pregnanediol are developed. 

In  the case of pregnanetriol it is almost essential to establish a reliable 
method because of the importance of this steroid in the differential diag- 
nosis of virilism, hirsutism, and the adrenogenital syndrome. Here again, 
however, one would suspect that plasma 17~hydroxyprogesterone meas- 
urements will probably become an equally good discriminant for this 
differential diagnosis. Since this can be measured by the isotope-displace- 
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ment method (SS), its diagnostic value should be investigated as soon 
as possible. 

Meanwhile, the elevation of urinary excretion of pregnanetriol and 
ll-oxygenated pregnanetrioh seen in most cases of the adrenogenital 
syndrome, and its suppression with glucocorticoids, is so clear-cut that 
simple “qualitative” methods are in part sufficient (see B15, D2, F3). 

This statement too may cause raised eyebrows; but an objective assess- 
ment of errors and costs can support it. Thus, De Courcy’s trichloroacetic 
acid reagent (D2) is capable of convenient application to the detection 
of pregnanetriol in the nonketonic fraction from one-sixteenth of a 24- 
hour collection from men (100-150 ml) on simple LLC paper chromato- 
grams (a TLC method could no doubt also be devised for this). As she 
pointed out, the same quantity can be obtained from one-thousandth of 
a 24-hour collection (1.5-2 mI) of urine from some patients with adrenal 
hyperplasia. Quantitative estimation by the same reaction after elution 
from the paper or TLC chromatogram could also be used either by one 
of the many variations of the micro-17-ketogenic steroid methods or by 
the same fluorescence reaction (e.g., W7). Further confirmation of 
identity could be obtained by using a small fraction of the latter after 
the periodate oxidation for a paper LLC, or TLC, chromatogram and 
application of the Zimmerman reaction to  demonstrate the formation of 
etiocholanolone (B32). 

Even quantitative assessment of pregnanetriol by visual comparison 
with standards would be adequate using carefully coded samples, and 
preferably duplicates. It is agreed from objective evaluations in a wide 
variety of fields that this method has a C.V. of +15 to *20% (B27). In 
the presence of 5- to 100-fold elevations of this steroid in the adreno- 
genital syndrome, the visual method would meet the usual requirements 
for a clinically valid discriminant (W3). 

These arguments could be simplified with justice to the suggestion that 
a standard qualitative test for pregnanetriol in urine be used in which 
De Courcy’s method is applied to 10 ml of urine and one-fifth of the 
nonketonic fraction is used for a preliminary paper LLC chromatogram. 
The remaining four-fifths of the fraction would be used, if desired, for 
confirmation of identity or more precise quantitative measurement in 
the event of a positive finding in the first chromatogram. Such a method 
is incomparably faster and simpler than any others, and there is little 
or no objective evidence that it is significantly less precise for clinical 
purposes than other published methods. 

4.4. TESTOSTERONE AND RELATED STEROIDS 
The most complete account of an isotope-displacement method for the 

ultrasensitive range of testosterone measurements in plasma is that of 
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Mayes and Nugent (M3). This method involves adding testosterone- 
l,2-3H as  internal standard and displaced steroid to a 2-ml sample of 
alkalinized plasma (females) or 0.2 ml (males) diluted with water to 
2 ml; extraction with dichloromethane (1 x 35 ml) and two washes with 
water (4 ml). The residue from evaporation of this extract is run on a 
paper LLC chromatogram (14 hours), eluted and run through a micro- 
alumina column in one step, the eluate run on a TLC plate (ca. 40 
minutes), and the zone eluted via an alumina-silica gel column. The 
eluate is then mixed with 0.15 ml of dilute testosterone-binding protein 
(prepared from human plasma, and stood a t  room temperature for 2 
hours. A fraction (one-third) is then removed for counting the internal 
standard (i.e., total test~sterone-l,Z-~H recovered), and the remainder 
is treated with 0.1 ml of saturated ammonium sulfate. After 5 minutes the 
tubes are centrifuged for 10 minutes and 0.1 ml of supernatant is taken 
for counting the unbound testosterone. 

The precision determined on 14 samples from a pool of female plasma 
was k2 .6  ng/100 ml, giving a C.V. of ~ 5 . 3 % .  In  men the C.V. was 
t3 .8%.  Overall recovery of testosterone was 64.2%. Accuracy was deter- 
mined by adding known amounts of testosterone to a plasma sample 
containing no testosterone taken from a woman with proved adrenal 
and ovarian insufficiency. 

This method is moderately laborious, and the paper is a useful one to 
read because of its careful description of numerous technical difficulties 
which have to be avoided. The alternative method of Kato and Horton 
e t  al. (K3) is much simpler and faster, but supposedly not quite so 
sensitive. Full publication of similar methods by Murphy and Fritz and 
Knobil (see M3, M7) should be awaited before venturing on the rather 
complex method of Mayes and Nugent for routine use. Meanwhile, the 
simpler method of Kato et al. (K3), which is adequate for male plasma 
and for determining many cases in which values in female plasma are 
elevated, is probably worth setting up for males and for urinary estima- 
tions. 

The best-established electron-capture-GLC method for plasma testos- 
terone is that of Brownie et al. (B22) and is very similar in principle to 
that already described for progesterone (V2). Another is described by 
Kirschner and Coffman (K6). The latter paper uses the enzymatic con- 
version of androstenedione to testosterone and the use of heptafluoro- 
butyrate radicals in place of the chloroacetate group used originally by 
Brownie et al. (B22; see also V4). 

These methods cannot be recommended for routine use a t  present in 
preference to  the isotope-displacement methods. The latter are rather 
more complex than those for progesterone because the chromatographic 
separation procedure has to  be more extensive for testosterone. Thus, 
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unlike progesterone, testosterone falls in a class containing a lot of other 
common steroids which compete for the binding protein and have similar 
chromatographic properties. Their complete elimination from the final 
step is crucial to this method. 

Isotopic-labeling methods cannot be recommended for routine use 
either. However, the papers of Tait’s group (including one on aldosterone) 
and that of Gandy and Peterson are well worth studying, since they give 
by far the best accounts available of such methods, and convey a very 
complete picture of the principles and great laboriousness which they 
entail (Bl, Gla, R1, R2). 

The measurement of 17-ketosteroids is an important test for the 
investigation of practically all disorders in this field even though the 
proportion of 11-deoxy-17-ketosteroids derived from testosterone is less 
then originally supposed. GLC methods cannot be recommended for 
routine use although in many ways the measurements of the six major 
17-ketosteroids by flame-ionization techniques is a good deal easier than 
that of many other steroids in blood and urine. A very good account of 
this field is given by Knights and by Thomas and Walton (K10, T6). 
The detection of the trimethylsilyl ethers a t  highly sensitive levels with 
flame-ionization-GLC enables very small volumes of urine to be used 
(10-50 PI), and the “noise” from “impurities” is relatively small. This 
is a case in which the speed and sensitivity of GLC can be used to obtain 
great operational advantages by its intelligent application to an analyti- 
cally easy task; and also one in which there are strong reasons for using 
the simplest possible preliminary extraction and chromatographic steps. 
Very few published methods are in fact optimal from this latter point of 
view. The fact that an optimum procedure sufficiently trouble-free for 
routine use by nonspecialists has not yet been found is easily ascertained 
by a reading of the better specialist discussions in symposia (GS, LS). 

The main criteria of diagnostic importance in this area are the distinc- 
tion of extremely large from only moderately increased excretion rates 
of 17-ketosteroids ; the demonstration of their amenability to alteration 
by hormonal suppression or stimulation tests ; and the specific demonstra- 
tion of excessively high excretion rates of DHA. A combination of older 
colorimetric procedures, the Zimmerman reaction (P6) and the Petten- 
koffer reaction (B16), are quite adequate for this purpose in most cases. 
As suggested earlier, the specific demonstration of DHA in human urine 
is easily achieved by a wide variety of simple TLC and LLC paper 
chromatograms. Alterations of genuine value in routine differential diag- 
nosis fall in the class that can be recognized by qualitative tests using 
that greatly underestimated instrument the human eye. Observer bias 
must, as always, be eliminated by coding the samples. 
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If greater precision is required, the zones from paper LLC or TLC, 
chromatograms can be eluted and measured by the micro-Zimmerman 
reaction (e.g., W7). There is no objective evidence that the precisions to 
be obtained are any worse than those by the more sophisticated modern 
methods for comparable degrees of care and attention to detail. 

5. The Future 

It is possible that five to ten years from now some large centers, mas- 
sively equipped with mass spectrometers, a large computer, and many 
GLC machines, will exist in which small drops of blood or urine are 
introduced by nurses or doctors directly, or in capillary tubes, into ports 
leading from the ward to the clinical chemistry laboratory. The latter 
will be staffed almost entirely with systems analysts, computer pro- 
grammers, and physicists. Smaller centers may be equipped with several 
chemical analytical systems based on small desk-top computers costing 
$3000 or so. Until that day of their eclipse clinical chemists should take 
heart from the fact that venereologists and E.N.T. men are still around 
twenty years after the prediction of their disappearance, and that the 
manifold complexities of chemistry are unlikely to be mastered quite 
so easily or completely by automated physical methods. If they can 
make due allowances for the usual enthusiasms of expert protagonists 
of new technologies they should be able a t  the present time to bring a 
large number of more difficult classes of steroid measurement into their 
routine repertoire. The difficulties of doing so should not be under- 
estimated, but, equally important, unnecessary and expensive difficulties 
should not be embraced just for the sake of getting into the act. There 
is indeed some ripe fruit ready to be plucked, but it must be carefully 
selected. When surveying this complex field i t  is hard to see the forest 
for the trees. It is salutary to note that, in another field of expertise some 
time after the end of a t  least a century’s use of arsenic, i t  was possible 
for our guiding taxidermist to write as recently as 1945: “Borax-solution 
immersion followed by dry borax dusting and fluffing of skins brings to 
the art of taxidermy its greatest boon-moth-proofing that will not kill 
the operator.” Until the steroid research worker has discovered the 
“borax” for this field, the clinical chemist must remain cautious and 
patient. 
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1. Introduction 

Striking anatomical changes take place in the adrenal glands of the 
human infant during the first few days and weeks of life (B9, M6, 526, 
S31) while they are adapting from the type of steroid production neces- 
sary in utero to that required for independent life, and during this 
period considerable qualitative and quantitative changes occur in the 
urinary steroid output. 

For many years it was thought that the placenta acted as an in- 
dependent endocrine gland during pregnancy, and only comparatively re- 
cently was it realized that the fetus is also considerably involved in 
steroid production and catabolism, certain mechanisms for the metabolism 
of steroids being present in the fetus and not in the placenta, and vice 
versa. The complex steroid metabolic interrelationships which exist 
between the fetus, the placenta, the maternal endocrine glands and the 
mother as a whole have been discussed in a previous review (M16) and 
will be covered only insofar as they affect an understanding of the situa- 
tion in early infancy. 

At birth three populations of steroids may be considered to exist in the 
infant: (1) those arising from the metabolism of the large amounts 
of estrogen and progesterone received from the placenta ; (2) 3p-hydroxy- 
A5 steroids produced in utero as precursors of estrogen and possibly pro- 
gesterone; and (3) cortisol and other steroids normally found in adult- 
hood. From all three groups, steroids or their metabolites might be 
expected to be excreted in the urine of the newborn infant. I n  the case of 
group 1, such compounds would be excreted after birth in rapidly decreas- 
ing quantity since their source has been eliminated (D10). The steroids 
in group 2 are produced by enzyme systems which operated for special 
purposes in utero, but production does not cease at  birth and the urinary 
excretion may actually increase during the first month (R6) when 
steroids with the 3P-hydroxy-A5 configuration predominate quantita- 
tively and qualitatively over all the others (S9). Of the adult-type 
steroids considered in group 3, cortisol is produced in near normal amount 
(when related to surface area) throughout infancy (B12), corticosterone 
production (related to  surface area) is more than three times that of 
the adult (L17), and the ll-deoxy-17-oxosteroids (DHA, etiocholanolone, 
and androsterone) normally present in adults, are almost completely 
absent in infant urine (C6). 

Thus, in infants, it is in the presence of a complex and changing normal 
pattern that any abnormality of steroid metabolism must be identified. 
Three media are available in reasonable quantity for investigation: (1) 
a sample of amniotic fluid may be collected a t  birth, and since this con- 
tains steroids excreted in urine by the fetus, its contents may give an 
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indication of steroids produced and excreted in utero; (2) approxi- 
mately 50 ml of umbilical vein blood and 15 ml of umbilical artery 
blood may be obtained a t  birth from the severed umbilical cord, and from 
this may be obtained an accurate measure of the type and quantity of 
steroids sent to, and obtained from, the placenta by the fetus; (3) 24- 
hour specimens of urine may be collected after birth and assays on these 
will show any changing pattern of urinary steroid excretion taking 
place. It is not usually practicable to  assay steroids in the quantities of 
blood which can reasonably be removed from an infant. Steroids have 
been assayed in meconium and it has recently been shown that feces 
collected from infants up to 6 months after birth contain relatively large 
amounts (G7): it is nat yet known, however, whether the measurement 
of steroids in meconium or feces will be of diagnostic significance. 

Most of the knowledge available has been obtained from work done 
on the three media mentioned, plus incubation and perfusion studies using 
fetal and placental material from therapeutic abortions carried out before 
week 24 of pregnancy. Experimentation on infants must, for ethical rea- 
sons, be strictly limited to procedures that produce no harm or incon- 
venience, and for this reason full advantage has been taken of treatments 
given for therapeutic purposes, for example, exchange blood transfusions 
or the administration of corticotropin and gonadotropin for various dis- 
orders. Much information has also been obtained by the investigation 
of anencephalic monsters both in utero and during their limited life. 

In  the fetoplacental unit and in early infancy, steroid metabolism is 
dominated by many steroids which are relatively unimportant later 
in life (for list, see M16), and many steroidlike compounds present a t  
this time remain to  be identified. This review is concerned with the normal 
steroid metabolism which is to be expected in the newborn period and 
in infancy, techniques which may be used in its investigation, and the 
clinical significance of any abnormalities. It is important to stress that 
the overall understanding of the situation is still incomplete and the 
clinical significance of many of the aspects is not known. 

2. Nomenclature 

Throughout the text, full names have been used for steroids not referred 
to repetitively, but for the more common compounds mentioned, the 
trivial names in the table on pp. 146146 are used throughout. 

3. Methodology 

3.1. INTRODUCTION 
Until comparatively recently, the examination of infant urine for 

steroids of adrenal origin was done mainly by means of group steroid 



Trivial name 

Adrenosterone 
Aldosterone 
Allo-tetrahydrocorticosterone 

A 11 0- T H F 
Androstenediol (17a) 
Androstenediol (178) 
16-0x0-androstenediol 
Androstenedione 
1 18-OH-androstenedione 
Androstenetriol 
Androsterone 
118-OH-androsterone 
1 1-0x0-androsterone 
Corticos terone 
18-OH-corticosterone 
Cortisol 
16a-OH-cor tisol 
68-OH-cor tisol 
Cortisone 
6p-OH-cortol 
68-OH-cortolone 
DHA 

Allo-THE 

16a-OH-DHA 
168-OH-DHA 
11-Deoxycorticosterone 
11-Deoxycortisol 
20a-Dihydroprogesterone 

Systematic name 

androsM-ene-3,11,17-trione 
1 1~,21-dihydroxypregn-4-ene-3-20-dion-18-al 
3a, 1 1~,2l-trihydroxy-5a-pregnan-2O-one 
3a1 17a121-trihydroxy-5a-pregnane-11,20-dione 
3a, 1 1~,17a,2l-tetrahydroxy-5a-pregnan-20-one 
3j3,17a-dihydroxyandrost5-ene 
3p117j3-dihydroxyandrost5-ene 
3p,17p-dihydroxyandrost5-en-16-one 
androsM-ene-3,17-dione 
1 l~-hydro~yandrost-4-ene-3~17-dione 
3p1 16a, 178-trihydroxyandrost-5-ene 
3a-hydroxy-5a-andros tan-17-one 
3a, 1 l~-dihydroxy-5a-androstan-17-one 
3a-hydroxy-5a-androstane-ll,l7-dione 
llj3,21-dihydroxypregn-4-ene-3,20-dione 
11p,18,21-trihydroxypregn-4-ene-3,2O-&one 
1 18, 17a,2l-trihydroxypregn-4-ene-3,20-dione 
118, 16a1 17~,2l-tetrahydroxypregn4ene-3,2O-dione 
68, 118, 17a,2l-tetrahydroxypregn4-ene-3,20-dione 
17a,21-dihydroxypregn-4-ene-3,1 l12O-trione 
3a1 68, 1 18, 17a, 208, 21-hexahydroxy-58-pregnane 
3a,6p,17a,20~,2l-pentahydroxy-5~-pregnan-ll-one 
3j3-hydroxyandrostr5-en-17-one 
3~,16a-dihydroxyandrost5-en-17-one 
3~,16~-dihydroxyandrost5-en-17-one 
2 l-hydro~ypregn-4-ene-3~20-dione 
17a,2l-dihydroxypregn-4-ene-3, 20-dione 
20a-hydroxypregn-4-en-3-one 

F 

9 

3 

H 
0 z 



20p-Dihydroprogesterone 
17a,21-Dihydroxypregnenolone 
16-Epies t riol 
Rpitestosterone 
Estetrol 
Estradiol 
16-0x0-es tradiol 
Estriol 
Estrone 
16a-OH-es trone 
16p-OH-estrone 
E tiocholanolone 
1 Ip-OH-etiocholanolone 
11-0x0-etiocholanolone 
3p-HSD 
17-OHCS 
17-08 
Pregnanediol 
Pregnanetriol 
11-0x0-pregnanetriol 
Pregnanolone 
Pregnenolone 
16a-OH-pregnenolone 
17a-OH-pregnenolone 
21-OH-pregnenolone 
Progesterone 
I&-OH-proges terone 
l7a-OH-progesterone 
6p-OH-progesterone 
Testosterone 

2Op-hydroxypregri4-en-3-one 
3p,1701,2 l-trihydroxypregn-5-en-20-one 
3,16p,17p-trihydroxyestra-l,3,5(10)-triene 
17a-hydroxyandrost-4-en-3-one 
3,1501,16a,17p-tetrahydrosyestra-1,3,5(10)-triene 
3,17p-dihydroxyestra-l,3,5( lO)-triene 
3,17p-dihydroxyestra-1,3,5(10)-trien-16-one 
3,16aY, 17p-trihydroxyestra-1,3,5(lO)-triene 
3-hydroxyestra-1,3,5( 10)-trien-l7-one 
3,16a-dihydroxyestra-l,3,5 (10)-trien-l'l-one 
3,16p-dihydroxyestra-l,3,5(10)-trien-17-one . 
3a-hydrosy-K~-androstan- 17-one 
3a, 1 18-dihy droxy-58-andros tan- 17-one 
301-hydroxy-5p-androstan-ll,l'i-dione 
3p-hydroxysteroid dehydrogenase plus epimerase 
17-hydroxycortical steroids 
17-0x0 steroids 
3ay,20a-dihydroxy-5p-pregriane 
3a, 1i'a,20a-trihydroxy-5p-pregnarle 
3a, 17a,20a-trihydrosy-5p-pregnari-ll-one 
3a-hydroxy-6p-pregnan-20-one 
3p-hydroxypregn-5-en-20-one 
3p, 16a-dihydroxypregn-5-e1i-2O-one 
3p, 17a-dihydroxypregn-5-en-20-or1e 
3p,21-dihydroxypreg11-5-en-20-one 
pregn-4-ene-3,20-dione 
16a-hydroxypregn4-ene-3,20-dione 
17a-hydroxypregn-4-ene-3,20-dione 
6p-hydroxypregn-4-ene-3,20-dione 
17pbydroxyandrost -4-en-3-one 

d 
e 
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Trivial name Systematic name 

Tetrahydroaldosterone 
Tetrahydrororticosterolie 
Tetrahydro-1 1-deoxycorticosterone 
Tetrahydro-11-dehydrocorticosterone 
Tetrahydro-11-deoxycortisol 
THE 
THF 
THS 
1 lp, 17a,2 1-Trihydroxypregnenolone 

3a, 1 lp,21-trihydroxy-6p-pregnan-20-on-18-al 
3a, 1 lg,2 1-t rihydroxy-5p-pregnan-20-one 
3a,21-dihydroxy-T,p-pregnan-20-one 
3a,21-dihydroxy-.5p-pregnane-l1,20-dione 
3a, 17a,21-trihydroxy-5p-pregnan-20-one 
3a, 17a,2l-trihydroxy-:ip-pregnane-l1,20-dione 
3a, 1 lp, 17a, 21-tetrahydroxy-5p-pregnan-20-one 
3n, 17a,2l-trihydroxy-rip-pregnan-20-0ne 
3p,1 lp, 17a,21-tetrahydroxypregn-5-en-20-one 

d m 
U 

0 
E 
x 
r 
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assays designed to measure the principal end products of adrenal steroid 
metabolism in adults. When, however, special fractionation techniques 
were developed (B18, R2, R3, S9), i t  was found that major qualitative 
and quantitative differences exist in the steroid content of infant and 
adult urine (B16, C6, M16, R2, R3, R6, S9, S11,513), and the compounds 
measured by group assay techniques originally designed for investigations 
on adults are very different when these are applied to  infants. Consider- 
able caution must therefore be applied in the interpretation of any results. 

Similarly the steroid profile of umbilical cord blood is very unlike 
that in adult blood and is dominated by large quantities of steroids with 
the 3p-hydroxy-A5 configuration and by estrogens and progesterone and 
their metabolites. Many of the compounds involved are unique to this 
period of life, and i t  has been necessary to develop special techniques for 
their measurement (C12, '213, E4, S9, SlO, S11, S20, 24). 

It is therefore evident that  in addition to special compounds requiring 
new techniques for their assay, all methods designed for steroid investiga- 
tions in adults must be reassessed before being applied to infants; not 
only is the composition of steroids in group assays different, but non- 
specific chromogen interference in these assays can be considerable (BlO, 
B12, M10, W5). Also, techniques for the measurement of single com- 
pounds such as pregnandiol and pregnanetriol in adult urine may be com- 
pletely invalid for such assays in the urine of infants, where the con- 
taminants may be very different from those which the techniques were 
specially designed to remove from adult urine. In  this section methods of 
hydrolysis and the difficulties involved in group assays will be discussed, 
and techniques will be mentioned which are now available for the meas- 
urement of single steroids either individually or collectively in profile 
analysis. 

3.2. METHODS OF HYDROLYSIS 
Drayer and Giroud (D16) have shown that, although the proportion 

of steroids excreted in urine free is considerably increased in infants, 
sulfate conjugation is also increased, and for the 17-OHCS, sulfation 
is a t  least as important as conjugation with glucuronic acid (see Section 
10). The important 3P-hydroxy-A5 steroids in umbilical cord blood and 
infant urine are also mainly present as sulfates (E2, EX, M l ,  R6, S20) ; 
only very small portions of DHA and ~ ~ w O H - D H A ,  for instance, have 
been found free in blood (S21). Because of the importance of sulfate 
conjugation, special care must be taken, if enzyme hydrolysis is used 
alone, to ensure the presence of the specific sulfatases required. For in- 
stance, a t  least one steroid present in infant urine is diconjugated and 
cannot be completely hydrolyzed by the enzymes in the crop fluid of 
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Helix pomatia (Sl l )  (Section 10; Fig. 5 ) .  Alternative modes of con- 
jugation other than sulfation and with glucuronic acid have been in- 
dicated (MIO, 527). 

Most assay techniques depend upon hydrolysis of any steroid con- 
jugates before extraction. The use of hot acid is normally applicable 
only to the assay of 17-0s (either present in urine as such or produced 
by bismuthate or periodate oxidation), the three major estrogens, and 
pregnanediol, and even with these compounds major qualitative changes 
can occur (C9). If other steroids are to be preserved intact, milder 
methods involving either solvolysis (for sulfates) or the action of enzymes 
must be used. Solvolysis is particularly important for infant urine be- 
cause of the preponderance of sulfate conjugation. Complete hydrolysis 
of all steroid conjugates in infant urine cannot a t  present be guaranteed 
since the nature of many is not known, but a comprehensive system to 
cover all known conjugates can be devised. The visceral hump enzyme 
preparation of Patella vulgata is a richer source of p-glucuronidase than 
is the crop fluid of Helix pomatia, but the reverse is true for 3p-hydroxy- 
h5 steroid sulfatase. The Helix pomatia enzyme preparation also contains 
other steroid sulfatases (LIO) and both preparations contain enzymes 
other than sulfatases and p-glucuronidase (D14, M21,Ol)-an advantage 
for the hydrolysis of unknown conjugates. To utilize the features of 
both preparations to  advantage, Birchall et al. (B18) used them se- 
quentially, incubating once for 24 hours with the Helix pomatia prepara- 
tion followed by a second 24-hour incubation with the Patella vulgata 
preparation. Shackleton et al. (S10) used only the Helix pomatia enzyme, 
but i t  was found that  a two-stage incubation was necessary to achieve 
maximal hydrolysis of cortisol metabolites. Because of the long incuba- 
tion periods, i t  is necessary to suppress bacterial action by adding peni- 
cillin and streptomycin. Care must be taken initially to remove enzyme 
inhibitors from the urine. Phosphate and sulfate ions markedly inhibit the 
sulfatase activity of both the Helix pomatia and Patella vulgata prepara- 
tions (H8, 55, R16, 530) and may be removed satisfactorily by precipita- 
tion with barium chloride a t  pH 11.5 (55, 529). This procedure also re- 
moves the specific p-glucuronidase inhibitor, saccharo-1 : 4-lactone (M4). 

The action of the sulfatases in the Helix pomatia enzyme is insufficient 
to achieve complete hydrolysis a t  least of the 3P-hydroxy-A5 steroids in 
umbilical cord blood and infant urine, and a further stage involving a 
solvolytic procedure (B40) is essential (S9, S11). 

3.3. ASSAYS OF GROUPS OF STEROIDS 

It will be seen from Fig. 1 that  the absorption spectra of the Zimmer- 
mann chromogens in urine from infants up to 2.5 years of age vary 
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FIG. 1. Absorption spectra of Zimmermann chromogens obtained with 2 ml of 
urine from: a, a pool from infants 1-3 days old; 0, a pool from infants 6 days old; 
0, a 6-month-old infant; 0, a pool from infants 1-2.5 years old; A, a pool of adult 
urine. From Birchall and Mitchell (B15). 

considerably, and a t  no time closely resemble the adult pattern, which is 
not greatly different from that  of pure DHA (B15). The absorption 
curves were obtained using a modification of the Zimmermann reaction 
specially selected to reduce interference from nonspecific chromogen, but 
even so, this specificity of measurement would appear to be very low. 
An indication of the specificity has been obtained by using the Allen 
correction formula (A4) to measure the preponderance of specific Zim- 
mermann chromogen over material giving linear light absorption in the 
region 480-560 mp. The values were calculated from actual, a ,  and cor- 
rected, b, extinction values a t  520 mp, the percentage of specific chromo- 
gen being given by b/a x 100. The findings for 17-0s given in Table 1 
show that for infants up to 7 months old, as much as 95.5% of the absorp- 
tion a t  520 mp can be due to nonspecific chromogen. The percentage is 
less for the assay of 17-OHCS (A7) (Table 1 ) )  possibly owing to  the 
removal of some impurity by the oxidation and reduction procedures 
involved. However, one finding of 85.4% is shown. Bertrand e t  al. (B12) 
investigated the assay of plasma 17-OHCS as Porter-Silber chromogens 
by the method of Nelson and Samuels (N3) and found t h i  ~ i r m i g  T ~ I (  
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TABLE 1 

IN THE URINE OF ADULTS AND INFANTS'" 
P R O P O R T I O N  O F  SPECIFIC T O  NONSPECIFIC Z I M M E R M A N N  C H R O M O G E N S  

Specific chromogen expressed as a percentage of the total 

17-0s 17-OHCS 

lJrine samples Mean Range Mean Range 

Adult, male and female 72.4 (39)& 33.7-99.3 71.1 (10) 63.2-78.2 
Infant 1-3 days 43.8 (9) 32.8-47.6 56.6 (5) 61 .349.7 

6th day 31.1 (16) 19.4-40.4 69.4 (16) 39.8-1O6.Zc 
4-7.5months 33.9 (15) 4.5-56..5 58.5 (10) 14.6-97.2 
1-2.5 years 53.6 (3) 47.2-57.8 82.8 (5) 76.6-89.2 

a Reproduced from Birchall and Mitchell (BE).  
b The number of replicate assays is given in parentheses. 
c The apparent anomaly of having higher corrected than uncorrected values resulting 

in a percentage greater than 100% may be explained by the nonspecific chromogens 
having nonlinear extinction/wavelength curves; this invalidates the application of the 
Allen correction formula. 

first 2 weeks after birth the conditions required for the application of the 
Allen correction formula are not fulfilled. 

Birchall and Mitchell (B15) have investigated various modifications of 
the techniques for the assay of 17-0s and 17-OHCS to improve tlic 
specificity for newborn and infant urine (B15). Suggestions for improve- 
ment include the use of aqueous-ethanolic potassium hydroxide in the 
Zimmermann reagent, a color development period of 3 hours at O"C, and 
extraction of the color with ethylene dichloride. Even though the sug- 
gested technique gives improved specificity, the application must have 
limited value until more is known on the exact nature, origin, and 
importance of the substances measured. 

3.4. ASSAYS OF INDIVIDUAL STEROIDS 

Inevitably the study of steroid metabolism in infancy has had to  be 
delayed until suitable techniques were available. Crystallographic tech- 
niques initially used for isolating steroids from adult and animal ma- 
terial were not applicable since considerable amounts of tissue or urine 
would be required. The early solvent partition and adsorption techniques 
involving countercurrent distribution and column chromatography could 
have been applied, but since considerable labor would have been involved 
and no gross difference from the adult pattern of steroid metabolism was 
suspected in infants, little work was done until the availability of paper 
and thin-layer chromatography greatly improved the feasibility of study. 
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When paper chromatographic techniques designed for work on adult 
urine, such as those of Bush and Mahesh (B41), were applied to infant 
urine, considerable modifications were required mainly to deal with the 
increased amount of material which interfered both with chromatography 
and the specificity of color reactions (B18). Thin-layer silica-gel chro- 
matography was found to be less susceptible to this interference, and with 
its use little preliminary purification is necessary (S9, SlO) . 

In the paper chromatographic technique developed for infant urine by 
Birchall e t  al. (B18) for the assay of blue tetrazolium and Zimmermann 
staining compounds, two sequential chromatographic separations were 
used for low and medium polarity steroids, and three for those of high 
polarity. Assay was by direct staining on the paper followed by densi- 
tometric scanning. Ulstrom e t  al. (U3) used paper chromatography with 
elution for the measurement of Porter-Silber reacting steroids. 

t 
I 2 3 4 5 6 7 -  

A 
B 

FIG. 2. A typical 20 X 20 em thin-layer chromatography plate for the assay of 
the following compounds in infant urine: A, pregnenolone; B, DHA; C ,  unknown; 
D, 21-OH-pregnenolone ; E, androstenediol ; F, 16-0x0-androstenediol; G, 1 6 ~ 0 H -  
DHA ; H, 16p-OH-DHA ; I, 16~-OH-pregnenolone. The position of androstenetriol 
(not assaycd) is shonn at J. Samples of 1601-OH-DHA were run in positions f 
(1.25 pg), 5 (3.75 pg), and 7 (5.0 pg).  Samples (2.5 fig) of all the steroids measured 
(except for the unknown and 16P-OH-DHA) were run in position 3. Duplicate 
extracts of urines collected from the same baby on days 1, 2, 3, 4, 5, and 6 of life 
were run in positions 2, 4, 6, 8, 9, and 10. The plate was sprayed with antimony tri- 
chloride then heated. From Shackleton and Mitchell (S9). 
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I 2 3 4 5 6 7 a 9 
FIG. 3. Part of a 20 X 20 cm thin-layer chromatography plate for the assay in 

urine of: A, androsterone; B, DHA; C ,  etiocholanolone ; D, ll-oxo-androsterone; 
E, ll-oxo-etiocholanolone ; F, llp-OH-androsterone ; G, llp-OH-etiocholanolone. 
Standard compounds have been run in positions 1, S, 6, and 8. Duplicate extracts from 
normal adult wines have been run in positions 2, 4, and 5 ;  from a normal day-old 
infant in position 7 ;  and from an infant with the adrenogenital syndrome in position 
9. The plate was sprayed with Zimmermann reagent, then heated. From Shackleton 
e t  al. (SIO). 

For the separation of certain 3P-hydroxy-Aj steroids in infant urinc, 
Reynolds (R2, R3, R6) has used one or two paper chromatographic 
separations followed by elution and acetylation with further paper and 
silica-gel column chromatography. All these procedures are excessively 
long for clinical purposes, and techniques involving elution before 
colorimetry are not suited to the assay of more than a small number of 
steroids, as others tend to be too close together on the chromatogram for 
accurate detection and delineation using a parallel run of standards before 
elution. For multiple steroid assay, a more suitable technique has been 
developed employing thin-layer chromatography followed by direct stain- 
ing of the chromatogram and quantitative densitometric scanning (S9, 
S10). This has the advantage of rapidity, and it is possible to  assess the 
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chromatograms visually if accurate quantitation is not necessary. The 
precision of quantitation by scanning is adequate for diagnostic and 
many clinical research purposes (the standard deviation averages _t8.1% 
for 17 types of steroid assayed), and steroids staining with antimony 
trichloride, blue tetrazolium, and Zimmermann reagents may be meas- 
ured. Typical chromatograms stained with each reagent are shown in 
Figs. 2-4. Thin-layer chromatography may be followed by trimethyl- 
silyl ether formation and subsequent gas-liquid chromatography ( C l l )  . 

T o  elucidate the urinary steroid excretion pattern in various cases of 
the adrenogenital syndrome Bongiovanni (B28) used a long but excellent 
technique involving digitonin, and Girard separations, multiple chro- 
matography on silica-gel and paper, and a variety of colorimetric tech- 
niques for detection and assay. 

A situation similar to that for urine applies for the assay of the 3p- 
hydroxy-A5 steroids in umbilical cord blood. Thc amount of blood 

A 

B 

C 
D 

E 

F 
G 

I 2 3  4 5 6 7 a 9 

Part of a 20 X 20 em thin-layer chromatography plate for the assay in 
urine of: B, THS; C, allo-THE; E, THE; F, allo-THF; G, THF.  Standard com- 
pounds have been run in positions 2, 4, 6, and 8. Cortisol is shown in position D and 
is measurable only if present in abnormally increased amount. The compounds 
shown in position A are mainly CIS steroids with an a-ketol group. Duplicate extracts 
from normal adult urines have been run in positions 1 and 3; from a case of adrenal 
carcinoma in position 5;  from a normal infant in position 7; and from an infant 
wlth adrenogenital syndrome in position 9. The plate was sprayed with blue tetra- 
zolium reagent, then heated. From Shackleton e t  d. (SIO). 

FIG. 4. 
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Cholesterol 

Preg nenolone 

DHA 

17a -OH- pregnenolone 

Dihydroxy-pregn- 5-ene 

2 I-OH- pregnenolone 

30, 20u- 

16a-OH - DHA 

16 a-OH-pregnenolone 

Androstenetriol 

Plasma Plasma 
2.5 ml 1.0 ml 

Androstenediol 

3p, l7a, 20a -  
pregn- 5- ene 

Tri hydroxy - 

enzyme solvolyzed 
hydrolyzed after enzyme 

FIG. 5. Thin-layer sihra-gel chromatography of an extract of umbilical cord 
plasma after enzyme hydrolysis and a further extract obtalned after solvolysis. The 
chromatogram was developed once in the system benzene-ethyl alcohol (95:5 v/v) 
and twice in the system cyclohexane-ethyl acetate (50:50 v/v) . Color development 
was by spraying with antimony trlchloride with subsequent heating. 

normally available and the high concentration of the compounds being 
measured allows the use of a colorimetric assay, and again separation by 
paper or thin-layer chromatography with direct staining and densi- 
tometry (E2, S9, S l l ,  S20) would appear to be the technique of choice 
for routine clinical and quantitative research purposes. A typical separa- 
tion is shown in Fig. 5 .  Shackleton e t  al. (Sll)  found tha t  fatty impuri- 
ties present in plasma extracts could prevent chromatographic separation 
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on thin-layer plates. The impurities could not be removed after hydrolysis 
since their polarity was very similar to that of the steroids being sepa- 
rated. Removal was achieved by performing the separation on a Sephadex 
LH-20 column while the steroids were still in conjugated form. This tech- 
nique has the added advantage of separating free, mono-, and diconjugated 
steroids if this is desired (S22a). Column chromatography on alumina has 
been successfully used by Col&s et al. (C12, C13) for the measurement of 
selected 3P-hydroxy-As steroids. Zander e t  al. (24) used paper chroma- 
tography, with elution, to detect and measure mainly progesterone and its 
metabolites and for the separation of steroids purely for identification 
purposes. Eberlein (E4) has used column, paper, thin-layer, and gas 
chromatography with Girard and digitonin separations. 

Several workers (e.g., B18, E2, S20) have corrected for losses during 
laboratory procedures by measuring the recovery of initially added iso- 
topically labeled steroids. 

Gas chromatography has been applied by Horning e t  al. (HlO), and 
their technique, involving the formation of methoxime-trimethylsilyl 
ethers to stabilize the molecule, shows great promise for profile analysis 
if problems involving the quantitative formation of the double deriva- 
tives can be solved. 

For the assay of estriol, estrone, and estradiol in umbilical cord blood 
(A3, D8, 11, M3, R17) and in infant urine (DlO) methods designed for 
adult material have been used, and there appears to be no reason to 
doubt the validity of the results obtained. In  all cases the methods 
depended upon column chromatography for separation, with various 
modifications of the Kober reaction or Auorimetry, for assay. 

Special techniques have been used for the measurement of individual 
steroids. For blood progesterone Harbert et al. (H4) obtained an initial 
separation on an alumina column, but final purification and assay was 
achieved by further alumina chromatography after preparing the his- 
dinitrophenylhydrazone. The method of Short (Sl6) involving paper 
chromatography and assay by ultraviolet absorption, with Allen correc- 
tions for impurity, has been used by Greig et al. (G5) and Aitken et al. 
(A3). Cortisol has been measured in urine and blood by fluorimetry and 
isotope dilution (U3, U4), and in blood by double isotope dilution deriva- 
tive techniques together with cortisone (H9) and also with cortisone, 
1 1-deoxycortisol, and corticosterone (B38). A double isotope derivative 
technique has also been used for the assay of pregnenolone ((316). 

Attempts have been made to measure pregnanediol in infant urine 
(e.g., CS) by the method of Klopper e t  al. (K9), which is widely used 
for adults. However, because of the very low specificity of the final 
color developed, and the unknown effect of steroids and other compounds 
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present in infant and not in adult urine, for which the technique was 
designed, any results obtained must be treated with caution. The same 
difficulty is applicable to  similar techniques used for the assay of preg- 
nanetriol (B29, H5, L9, S28). 

Cortisol and corticosterone production rates have been measured by 
isotope dilution by means of techniques developed for adults (B12, KI,  
L17). There appears to  be no reason why these should not be satisfactory. 

4. The Influence of Steroid Metabolic 

Pathways Used in Ufero' 

The fetus can synthesize the steroid nucleus (B22, B23, R9, S24), and 
in this respect the fetal zone of the adrenal cortex in utero is very active. 
I ts  production is considerable and owing to a low activity of the enzyme 
3p-HSD (B23, C8, G2, G3, V6), is largely composed of 3p-hydroxy-A5 
steroids. There is evidence that 3P-HSD is a t  least to some extent sub- 
strate specific (B l ,  V5),  and histochemical findings have shown that 3p- 
HSD enzymes specific for certain substrates may be present and active 
in the fetal zonc of the adrenal gland (Cl) .  The level of some of the 
3P-hydroxy-A5 steroids in fetal blood is higher than that of any other 
known steroid (cholesterol apart) in human blood a t  any time. Simmer 
and co-workers (S20) have indicated that about 75 mg of DHA are 
produced every 24 hours in late pregnancy and possibly even more 16a- 
OH-DHA (D9, M16). Certain of the steroids formed, notably DHA, are 
used by the placenta for estrogen production, but the role of many 
others remains to be elucidated. 

The distribution, between the placenta and fetus, of the activity of 
some of the major enzymes involved in steroid synthesis is shown in 
Table 2. After birth the lack of 3p-HSD, the aromatizing enzymes, and 
sulfotransferases is not compensated for by the placenta, with the result 
that (a) only relatively small quantities of 3-0x0-A4 steroids are formed, 
but despite this, cortisol production is adequate (see Section 7.3) ; (b) thc 
newborn infant cannot convert its large supply of estrogen precursors to 
estrogen; and (c) i t  cannot desulfurylate its steroids, which hare been 
sulfated by the considerable and widely distributed activity of sulfo- 
transferases (B24, W3). 

The mechanism of control of stcroid production by the fetus is not 
understood ; corticotropin stimulation in the newborn acts preferentially 
on cortisol production (see Section 12) and presumably if acting alone 
in utero, would not stimulate the production of large quantities of 3/3- 
hydroxy-A5 steroids without producing a considerable amount of cortisol. 

'For reviews, see Diczfalusy et al. (D9) and Mitchell (Ml6). 
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TABLE 2 
ENZYME ACTIVITIES IN THE PLACENTA AND FETUS 

Enzyme system Placenta Fetus 

3p-HSD High 
Aromatization High 
Sulfatases High 
Sulfotransferases (aryl and 3p) Low 
Hydroxylases ( l lp ,  1601, 1701, 21) Low 
17,20-Desmolase Low 
Steroid synthesis from acetate Low 

Traces 
+" 

Low 
High 
High 
High 
High 

a Only GI, 3-Ox0-a~ steroids are aromatized. It is presumed that the lack of 38-HSD 
prevents the aromatization of 3p-hydroxy-A5 steroids (M2). 

The adrenal gland is relatively 10-20 times larger than that in the adult 
and is mainly composed of the fetal zone. After birth involution com- 
mences and by day 28 of life the size has decreased by between four- 
fifths and nine-tenths (P13, Tl).  It would not be expected that  such a 
large amount of highly productive tissue would cease activity immediately 
after birth, and in fact production of steroids of the pattern found in the 
fetus does not cease until after the sixth month of life (R3, R6, Fig. 7) .  
The concentration of the 3P-hydroxy-A5 steroids in urine (Fig. 7) and 
blood (E4) and of the 17-0s in blood (E4), appears roughly to parallel 
the involution of the fetal zone of the adrenal (E4). 

The fetus receives estrogen and progesterone in considerable quantity 
from the placenta; for example, Zander (21) has estimated that approxi- 
mately the same amount of progesterone goes to the fetus as to the 
mother. It is not known whether this large dose of potent hormone is 
received by the fetus by design and is required for essential purposes, or 
whether by an accident of nature the hormones are received in such large 
amounts as to necessitate the development of special processes for de- 
toxication. Whatever the reason, steroid metabolism in the fetus is very 
different from that in the adult, and some of the differences persist up to 
4 years after birth (B3). 

The metabolism of the CIS and C,, steroids and estrogens in the fetus 
will be considered separately, and a separate subsection on the steroid 
content of amniotic fluid has been included. 

4.1. METABOLISM OF C,, STEROIDS AND ESTROGENS 

4.1 .l. S/3-Hydroxy-A5 Steroids 

The production, transport, and metabolism of the C,, steroids in the 
fetoplacental unit appears to be of very great importance. ColBs et al. 
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ThBLE 3 
COMPAR~SON OF STEROID CONCENTRATIONS (pg/100 ml) IN PLASMA FROM THE 

MATERNAL PERIPHERAL VEIN (PV), UMBILICAL CORD ARTERY (CA), 
AND CORD VEIN (CV) AT DELIVERY 

PV CA cv 
Steroid ( d l 0 0  ml) ( d l 0 0  ml) (wg/100 ml) 

Es trone 3.5 (17)"rh 1.9 (16)" 2 .8  (16p 
Est radio1 1 .3  (17)' 0 .4  (16)a 0 .6  (16p 
Estriol 9 .0  (17p 103 (16)a 102 (16)c 
Progesterone 14 (62)b 62 (24)b 89 (37)b 
17~1-OH-proges terone - 3.3c 0 . 6 ~  
20a-Dihydroproges terone 5 . 4  (4)d 2.7" 1 . W  
20pDihydroprogesterone - 1.4c 0 . 3  
Total DHA 32 (12)e 81 (12)a 68 (12)' 
DHA sulfate 100 (20)' 162 (20)g 130 (20)~  
Total 16a-OH-DHA 7 (12)" 147 (12)e 114 (12)" 
~GcI-OH-DHA sulfate <10 (16)' 110 (16)' 87 (16)' 

Maner et al. (M3). 
Greig (G4). 
Zander (81). 
Short (S17). 
ColSs et al. (C13). 

f Easterling et al. (E2). 
0 Simmer et al. (S20). 

The number of cases investigated is shown in parentheses. When results by more 
than one group of workers have been published only the latest are given. 

(C13) (Table 3) have demonstrated a fall in the level of both DHA and 
16a-OH-DHA, from umbilical cord arterial, to umbilical cord venous, to  
maternal blood, showing that their origin was in the fetus. That  the source 
is actually the fetal adrenal gland has been indicated by markedly 
decreased concentrations in the blood of anencephalic fetuses and in 6 
cases in which the mother received large doses of prednisolone or cortisol 
throughout pregnancy (Cl2, E2, S20). Hypoplasia or atrophy of the 
fetal adrenal in both conditions has been described (L2, O2), and hypo- 
plasia was proved in several of the cases reported. The levels of sulfated 
DHA and 16a-OH-DHA in fetal blood have been found to  vary inversely 
with the amount of corticoid given to the mother (S22). 

The aromatization of C,, 3P-hydr0~y-A.~ steroids received by the 
placenta from the fetus is the major source of the estrogens in the later 
stages of pregnancy (M16). Their utilization by the placenta, together 
with estrogen production will be seen from the arteriovenous differences 
given in Tables 3 and 4. 
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TABLE 4 
3fl-HYDROXY-A5 STEROIDS I N  ARTERIAL AND VENOUS UMBILICAL CORD PLASMAa 

Significance 
ArterialE (A) Venousb (V) A-V of differencec 

Steroid (rg/100 mU (Crg/100 ml) irg/100 ml) (%) 

Pregnenolone 
DHA 
1701-OH-Pregnenolone 
2 1-OH-Pregnenolone 
16a-OH-DHA 

168-OH-DHA 
16a-OH-Pregnenolone 
Androstenediol (1701 + 178) 

(+ 16-0x0-androstenediol) 

91 ( 3 0 ) d  
80 (19) 
56 (25) 
62 (34) 

348 (164) 

27 (22) 
178 (89) 
123 (70) 

64 ( 3 4 ) d  
63 (21) 
42 (24) 
56 (31) 

277 (138) 

21 (15) 
141 (83) 
112 

27 
17 
14 
6 

71 

6 
37 
I1 

2.0 
0 .5  
0 . 2  
NS 
0 . 6  

3 .0  
NS 
0 . 2  

a From Shackleton et al. (S12). Presented at  the International Symposium on Faeto- 
placental [‘nit, Milan, Italy, 1968. 

Average of 20 assays. 
c Since the difference is most likely to be nearer to a constant ratio than a constant 

difference, Stndent’s t test for significance has been applied to the logarithmic values of 
the results. NS = not significant. 

d Standard deviations are given in parentheses. 

4.1.2. Testicular Formation 

Unlike the low activity of 3P-HSD found in the fetal zone of the 
adrenal, intense activity has been detected in the Leydig cells of the fetal 
testis. This rises to a maximum between weeks 12 and 16 (B31, C8, G2, 
J8, N5), thereafter declining. At the sanie time there is rapid growth in 
the interstitial tissue, which reaches a maximum amount never again 
attained during the further life of the human testis (h’5). During this 
period the testes actively produce compounds including androgens (J9) 
causing, in the male, regressive changes in the Mullerian ducts and mas- 
culinization of the external genitals. Without suitable androgenic stimula- 
tion a t  this time every fetus would develop as a female and production of 
the A4 steroidal androgens requires 3P-HSD activity. At birth testicular 
activity has decreased considerably, not to be revived until puberty. 

4.1.3. Estrogens 

The special type of estrogen catabolism present in infants is presurna- 
bly designed to  deal in utero with the large amounts of estrogens received 
by the fetus from the placenta. Barr et al .  (B3) found that  in 11 infants 
aged 2-36 months only 14% of a dose of exogenous estriol could be 
recovered as such from the urine, compared with approximately 80% 
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recovered in adults (B39). The adult type of estrogen metabolism was 
not fully achieved until the fourth year of life. 

The metabolism of estradiol also differs in the newborn from that 
later in life; extensive hydroxylation occurs, and this pattern of me- 
tabolism may be one of the mechanisms by which the fetus is protected 
against its high biological potency. It will be seen in Section 9 that during 
the first few days of life large amounts of estriol are excreted, but very 
little estrone and estradiol, and after the administration of estradiol to  
newborn infants and infants aged up to 10 months, only trace amounts 
of it and estrone are found in the urine (B3, D l l ) ,  contrasting with con- 
siderable quantities of estrone and estradiol recovered from the urine of 
children 2.5-9 years of age treated similarly (B3).  Hagen e t  al. (H2) 
administered estradiol 4-14C to infants, aged 42-43 days, with multiple 
malformations; they recovered less than 5% of the radioactivity in estrone 
and estradiol, 20% in estriol, 16a-OH-estrone, and 16-0x0-estradiol, and 
16% in a highly polar product. That this type of metabolism obtains in 
the fetus in utero has been shown by the work of Gurpide e t  al. (G6) and 
Schwers e t  al. (S7), who reported the major product of the metabolism 
of estradiol by the fetus to be a tetrol, possibly made exclusively by the 
fetus. The compound is probably the same as the highly polar radio- 
active metabolite reported by Hagen e t  al. (H2).  It has been synthesized 
(F2) ,  identified as estetrol (Z5) ,  and shown to be a normal constituent 
of newborn and pregnancy urine and meconium (26). 

The fetus rapidly conjugates estrogen as early as the third month of 
gestation. The conjugation mechanisms are widely distributed ; sulfuryla- 
tion predominates in the lungs and the liver, but estriol glucosiduronate 
has been shown to be a major conjugate in the intestine (D12). 

4.2. METABOLISM OF C,, STEROIDS 
steroid metabolism in the fetus 

differs from that  in the adult was the finding by Appleby and Norym- 
berski (A6) and Schuller (S6), in 1957, that  toward the end of pregnancy 
the urinary excretion of 21-deoxyketols rises to a level of up to  3 mg/24 
hours above the normal excretion of about 0.16 mg/24 hours in non- 
pregnancy. Appleby and Norymberski (A6) also showed in 4 patients 
that after intrauterine death the excrction fell sharply to  normal levels 
while the excretion of pregnanediol remained within the normal range 
for pregnancy. The adrenogenital syndrome is the only other known 
human condition in which the excretion is raised, and the cause is then 
due to  a relative deficiency of 11- and 21-hydroxylase Ieading to the 
production of such compounds as 17a-OH-progesterone instead of cortisol 
(Section 11). The findings would seem to indicate that the pIacenta is not 

One of the first indications that, the 



STEROID METABOLISM I N  EARLY INFANCY 161 

the source of the 21-deoxyketols, and the maternal adrenal would also 
appear to  be eliminated because administration of cortisol did not 
markedly decrease the amount excreted as i t  does in the adrenogenital 
syndrome. The fetus was therefore suspected of being the source, and 
though this was contraindicated by the finding of low levels of 21- 
deoxyketols in newborn infant urine, the measurements were not con- 
sidered to be reliable since the technique of assay was not entirely 
satisfactory when applied to infant urine. 

It is probable that  the increased amounts of pregnanetriol (H5), corti- 
costerone, and 17-deoxycorticosteroids (E8, N6) and of Pettenkoffer 
chromogens (N2),  also found in maternal urine, emanate from the feto- 
placental unit if not from the fetus itself (M16). 

The fetus contains a large amount of pregnenolone, i t  metabolizes con- 
siderable quantities of progesterone, and its metabolism of cortisol differs 
from the adult. Each of these aspects will be dealt with in turn. 

4.2.1. Pregnenolone 

It is probable that  the fetus is not significantly implicated in the syn- 
thesis of progesterone in pregnancy since various workers have shown 
that urinary pregnanediol (a  characteristic metabolite of progesterone 
excretion by the mother) can remain high or actually rise after the death 
or removal of a fetus, with the placenta remaining intact (A5, A6, C3, 
K8; for review, see MIS).  There is also little difference from normal in 
the pregnanediol excretion of women with anencephalic monsters ( F 6 )  
where the fetal adrenal zone is absent. Hellig et al. (H6) have concluded 
from experiments with radioactive cholesterol administered to the mother 
that progesterone in late pregnancy is made almost entirely from ma- 
ternal cholesterol. Pion e t  ul. (P12) have shown, however, that  approxi- 
mately 15% of pregnenolone perfused through mid-term placentas in sihi 
was converted to progesterone, and a similar high conversion has been 
obtained from pregnenolone sulfate perfused through term placentas (PI, 
P11). There is a considerable quantity of pregnenolone in fetal blood; 
as the arterial and venous levels are 91 pg/lOO ml, arterial; 64 pg/IOO ml, 
venous (Table 4;  see also Cl6) , i t  seems likely that  fetal pregnenolone is 
used by the placenta possibly for progesterone production, though the 
major precursor is almost certainly cholesterol (JI, Ml6).  Large quanti- 
ties of pregnenolone are presumably formed in the placenta during the 
synthesis of progesterone. If any of this is secreted into the fetoplacental 
circulation i t  would be expected to be present in the free form since 
sulfotransferase activity in the placenta is low (Table 2) ; however very 
little, if any, is free (Sl2).  

The fetal adrenal in vivo (week 13 of gestation) can convert pregneno- 
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lone into DHA and 17a-OH-pregnenolone, and the liver can form the 
20a- and 16a-hydroxy derivatives (12). Using in vitro incubation tech- 
niques with newborn adrenal homogenates, Villee and Loring (V3) have 
obtained conversions into a variety of steroids, notably cortisol, corti- 
costerone, and androstenedione. The use for the large quantity of preg- 
nenolone produced by the fetus in utero is therefore uncertain, but pro- 
duction continues into infancy and is then reflected in the considerable 
urinary excretion of 16a-OH-pregnenolone (see Tables 13 and 14, and 
Fig. 6) .  

4.2.2. Progesterone 

It is evident from the differing concentrations of progesterone in the 
umbilical cord artery and vein (Table 3) that the fetus metabolizes some 
30 pg of progesterone in every 100 ml of plasma passing through its 
circulation. The peripheral tissues of the fetus show a remarkable ability 
to metabolize progesterone to a variety of products (S24). Zander and 
Solth (23) pointed out in 1953 that  progesterone metabolism in the fetus 
differs markedly froin that in the adult, where the major urinary me- 
tabolite is pregnanediol. If an adult type of metabolism obtained, it 
would be expected that  the large quantity of progesterone received by 
the fetus in utero would be cleared in the first few days of infancy, largely 
as pregnanediol; however, little (L4, R14) or no (C6, 23) pregnanediol 
has been found in infant urine although it  has been isolated from this 
source ( N l ) .  Even after a loading dose of 20 iiig of progesterone, Zander 
and Solth (23) could not detect pregnanediol in the urine of newborn 
infants. From work on the metabolism of cortisol, i t  is evident that the 
infant is deficient in A-ring reducing enzymes (Section 7.3), and this may 
explain the absence or partial absence of pregnanediol. It is perhaps 
fortunate that  pregnanediol is not present in quantity in early life 
because, both free and as the glucosiduronate, i t  has been shown to be a 
potent inhibitor of the conjugation of bilirubin with glucuronic acid 
(B14). This is, in infants, a rate-limiting step in the excretion of 
bilirubin. 

Major metabolites of progesterone are indicated from the arteriovenous 
differences shown in Table 3 as being 17a-OH-progesterone, 20a-dihydro- 
progesterone, and 20P-dihydroprogesteronr. Zander ( Z l )  has provided 
additional proof by injecting radioactive progesterone into the umbilical 
cord vein during a laparotomy operation for sterilization and subse- 
quently identifying, among the steroids in the fetal tissue, radioactivity 
in the three steroids previously mentioned and also in 6P-OH-proges- 
terone. It has been proposed by Wiener and Allen (W4) that  the forma- 
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tion of 20cr-dihydroprogesterone may operate a feedback control mecha- 
nism for the production of progesterone from pregnenolone by the 
placenta, since the enzyme system responsible for the conversion is non- 
competitively inhibited by 20a-dihydroprogesterone, the Ki of the inhibi- 
tion being of the same order of magnitude as is the placental inhibitor 
concentration. In  considering the catabolism of progesterone by the feto- 
placental unit, however, the action of the placenta itself cannot be 
ignored since Kitchin et al. (K2) have shown that  20a-dihydroproges- 
terone is a major product when placentas are perfused in situ with 
labeled progesterone. 

The adrenal gland is probably one of the major sites of progesterone 
metabolism in the fetus since autoradiographic studies on previable 
fetuses perfused with radioactive progesterone have shown a striking ac- 
cumulation of radioactivity in the fetal adrenals (B8), and a considerable 
amount of in vitro incubation and perfusion work done on fetal adrenal 
tissue has shown that  i t  is capable of converting progesterone into a 
variety of steroidal products (for review, see M16) of which the follow- 
ing are worthy of note : cortisol, corticosterone, 16a-OH-progesterone, 
17~~-OH-progesterone, 20a-dihydroprogesterone, 16a-OH-cortisol, deoxy- 
corticosterone, androstenedione, llp-OH-androstenedione, and pregnano- 
loneL That  fetal liver can in fact form pregnanediol was shown by Solomon 
and co-workers (S25), who perfused fetuses of gestational age 17-21 
weeks with progesterone-4-14C and isolated in the form of pregnanediol 
in the liver approximately 25% of the activity perfused; 20a-dihydro- 
progesterone and pregnanolone in the liver were also radioactive. It thus 
appears that  the adrenal gland of the fetus can utilize circulating proges- 
terone for the production of corticoids while the function of the liver is 
to produce reduced metabolites. 

Zander (22) has shown by both in vitro and in vivo experiments that 
much of the 20a-dihydroprogesterone produced by the fetus from placen- 
tal progesterone may be reconverted to progesterone by the placenta, and 
thus a placental-fetal circulation is possible of some of the progesterone 
produced by the placenta. 

During the first few days of life, therefore, infant urine will contain a 
wide variety of steroidal metabolic products of the progesterone which the 
fetus received from the placenta; these should be cleared by the sixth day. 

The high concentration of progesterone in fetal blood may be responsi- 
ble for the low activity of SP-HSD in the fetus and in the infant. Proges- 
terone occupies a key position in the normal chain of steroid synthesis 
(Fig. S ) ,  and i t  might be expected from the known effects of increases in 
product concentration upon the activities of other enzymes that  inhibition 
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of the conversion of pregnenolone into progesterone would occur. Con- 
firmatory evidence for this suppressive action of progesterone has recently 
been provided by D. B. Villee (V4) using adrenal cultures. If this ex- 
planation is to be accepted, however, overriding influences must be present 
in the placenta and in the fetal testes during weeks 12-15 of gestation 
(Section 4.1.2.), where intense activity of 3p-HSD is present. 

4.2.3. Cortisol and Corticosterone 

Cortisol can cross the placental barrier (L13, M l l ,  M14), but i t  is not 
known to what extent, if any, the fetus draws upon a maternal supply. 
Leyssac (L14), after infusion of cortisol into the mother, demonstrated 
an average gradient of 203: 111:79 pg/loO ml from maternal to  umbilical 
vein to  fetal heart plasma. Likewise from experiments carried out by 
Migeon e t  al. ( M l l ) ,  i t  is evident that  cortisol or its metabolites can be 
transferred from fetus to mother, probably via the placenta. It would 
appear from the levels of cortisol in maternal plasma (52.4 pg/lOo ml) 
and umbilical cord plasma (7.8 pg/lOO ml) shown in Table 5, that  a 
gradient exists from maternal to fetal blood. The free cortisol levels, 
however, probably do not show such a wide difference since most of the 
cortisol in maternal blood is bound to the cortisol-binding protein trans- 
cortin, the concentration of which, through the effect of estrogen (Wl)  

TABLE 5 

BLOOD, AND I N  INFANTS DURING EXCHANGE TRANSFUSION" 
hIEAN BLOOD STEROID CONCENTRATIONS I N  NORMAL YOUNG WOMEN, I N  CORD 

11-Deoxy- Corti- 
Cortisol Cortisone cortisol costerone 

Sample source (pg/100 ml) (pg/100 ml) (pg/100 mi) (pg/100 ml) 

Young womenb 7 4 (39p 

Beginning of transfusionb 
(aged 18-25 years) 

(approx. 3 hours after birth) 
7 2 ( 3 )  

End of transfusionb 14 5 ( 5 )  
Donor plasmab 6 0 ( 5 )  
Cord bloo& 9 2 (9) 
Cord plasmad 7 8 (12) 
Maternal bloodc 47 4 (9) 
Maternal plasmad 52 4 (12) 

1.8 (23) 

4 . 7  (5) 

4.3 ( 5 )  
1.5 (5) 
13.4 (9) 
13.6 (12) 
4 . 4  (9) 
5 . 2  (12) 

1.3 (17) 2 . 5  (19) 

1 .9 ( 5 )  3 .2  (5) 

1.4 ( 6 )  2 . 5  ( 5 )  
0 .8  ( 5 )  1 . 4  ( 5 )  
- - 

- - 

a Reproduced from Mitchell (M16). 
b Data from BULIS et al. (B43). 

d Data from Hillman and Giroud (H9). 
8 The number of cases investigated is shown in parentheses. 

Data from Bro-Rasmussen et al. (B37). 
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rises two to three times during pregnancy, and over 99% of the plasma 
cortisol is then protein bound (M7). The level of plasma cortisol in the 
fetus a t  term is almost the same as in the nonpregnant woman, and 
transcortin levels are low (D2, D7, S2), indicating that  for some reason 
the effect of the high concentration of estrogen is slight or absent. Sand- 
berg and Slaunwhite (S2) have shown that a high percentage of cortisol 
in cord blood is unbound (36% compared with 16% in normal adults) 
and the binding is probably due to albumin, not to transcortin (M15, 52). 
Since protein-bound cortisol is probabl? inactive (53, S23, W l ) ,  the 
activity of cortisol in the infant a t  birth must be relatively high and, 
contrary to the position which might be inferred from measurements of 
total blood cortisol, the level of free “active” cortisol in fetal blood is 
probably higher than in maternal. For this reason Mills (M15) has 
suggested that  the mother steals cortisol from the fetus during most of 
fetal life, and i t  is not until the maternal adrenal cortex is strongly 
stimulated by the stress of birth that the high concentration of transcortin 
is saturated and the hormone can escape into the fetal circulation. If this 
does occur, the levels of cortisol found in cord blood may not represent 
the normal concentration in the fetoplacental circulation (Section 5.3; 
Table 5) .  

From Table 5 it will be seen that the cortisol: cortisone ratio of 0.7: 1 
in mixed arterial and venous umbilical cord blood is a complete reversal 
of the ratio of 11 : 1 in maternal blood. This change could be produced by 
the placenta because blood “milked” from a cord a t  delivery is pre- 
dominantly venous. James (53) has measured the two steroids in samples 
of pooled venous and pooled arterial plasma; although he found the same 
levels (7 ,ug/100 ml) in each for cortisol, the level of cortisone was lower 
in the artery (10.5 pg/loO ml) than in the vein (14.0 pg/100 ml),  indicat- 
ing a supply of cortisone from the placenta. The considerable activity of 
llp-dehydrogenase, possibly with a low substrate specificity, which has 
been shown to be present in placental tissue (03, P2) might be the cause 
of the normal cortisol : cortisone equilibrium shifting toward cortisone. 
The fetus a t  mid-pregnancy does not appear to be capable of converting 
cortisone to cortisol (P3) .  The placenta may thus provide the fetus with 
a supply of “inactive” cortisone which can act as a reserve supply of 
cortisol for use after birth. It is also possible that  cortisone is not com- 
pletely “inactive” and the increased amount in fetal blood may serve 
some special function. 

It has been shown that  the fetal adrenal can convert progesterone and 
pregnenolone into cortisol in substantial yield (Sections 4.2.1 and 4.2.2), 
and, notably, Solomon (S25), after perfusion of fetuses with proges- 
teronc-4-*‘CC, has isolated radioactive corticosteronc and cortisol from the 
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adrenal tissue, indicating that circulating progesterone can be thus 
converted. The fetus, however, does also possess an independent means of 
production as indicated by Sachazkaja (S l ) ,  who showed that  fetal 
adrenal tissue from fetuses 9-11 weeks old could produce cortisol from 
endogenous substrates during in vitro incubation in the presence of 
corticotropin. 

To achieve the synthesis of cortisol, and possibly to a lesser extent 
corticosterone, i t  seems probable that  the fetus and newborn infant can 
utilize a pathway which bypasses progesterone. The low activity of 3p- 
HSD in the fetus and in infancy which has already been mentioned in 
Section 4 would be expected to  cause an inhibition in the normal pathway 
of cortisol synthesis a t  the stage of conversion of pregnenolonc into pro- 
gesterone. Increased use of secondary pathways for corticoid synthesis 
via 21-OH-pregnenolone or 17a-OH-pregnenolone would then occur, with 
3P-HSD (possibly substrate specific) acting a t  a later stage subsequent 
to hydroxylation a t  C-17, C-21, and C-11 for the synthesis of cortisol or 
corticosterone. The possibility of these pathways has been indicated by 
several workers (for review, see D15), and it seems likely that  i t  is the 
major mode of synthesis of corticosteroids, a t  least in guinea pigs, swine, 
and rats (Y l ) .  

TWO alternative pathways for androgen synthesis have been known for 
some years, one proceeding via pregnenolone, progesterone, 17a-OH- 
progesterone, and androstenedione and the other via pregnenolone, 17a- 
OH-pregnenolone, DHA, and androstenedione, bypassing progesterone 
and 17a-OH-progesterone (for review, see D15). Evidence that the A5 
pathway exists in man for corticosteroid synthesis, even though it  may 
not normally be used to any extent, has been provided by the isolation 
of small quantities of 21-OH-pregnenolone from human urine after 
corticotropin stimulation (D13, P4) and of polyhydroxy A5-pregnene 
compounds shown to be present in the urine of infants with a deficiency 
of 3P-HSD. That the pathway may be of major importance in the fetus 
and newborn is indicated by the identification and measurement of 21- 
OH-pregnenolone in moderate quantity in the urine of newborn infants 
(B16, C7) (Tables 13 and 14; Section 8) , and Eberlein (E4) has partially 
identified in cord blood 17a,21-dihydroxypregnenolone and 11/3,17a,21- 
trihydroxypregnenolone, two steroids which might be expected to be on 
the A5 synthetic pathway to cortisol. Finally, in vi t ro work involving 
the incubation of newborn adrenal homogenates with pregnenolone and 
progesterone has shown that  cortisol and androstenedione may be pro- 
duced from pregnenolone without necessarily involving progesterone as 
an intermediate (V4).  In  a similar experiment using adrenal slices from 
a premature infant, Klein and Giroud (K5) showed a preferential path- 
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way for cortisol synthesis via 17a-OH-pregnenolone; 21-OH-pregneno- 
lone, and 17a,21-dihydroxypregnenolone were also produced but in low 
yields. Pasqualini e t  al. (P7) have recently shown that  the adrenals of 
mid-term human fetuses can convert 17a,21-dihydroxypregnenolone into 
cortisol. 

The control of cortisol production in the fetus is not fully understood, 
but it must be somewhat complex for the following reasons: (a )  The fetus 
could be supplied by the transfer of free cortisol across the placenta from 
the mother and presumably need not have a supply of its own. (b) The 
fetal adrenal could synthesize cortisol from progesterone circulating in 
high concentration, but if this pathway was used exclusively, an alterna- 
tive would have to be available a t  birth. (c) The low activity of 3p-HSD 
in the fetal adrenal would cause a block if the normal mode of corticoid 
synthesis in the adult were wed. The difficulty raised under (a) is proba- 
bly overcome by there being a constant gradient of free cortisol from fetus 
to mother and conscqucntly, as previously explained, a steady loss to, 
instead of a gain from, the mother. The lack of SP-HSD may be circum- 
vented by the use of a synthetic pathway, but there appears to  be no 
clear explanation why under (b) there is not a considerable production 
(out of corticotropin control) of cortisol from circulatory progesterone. 

Work done on the measurement of corticotropin in the fetus has so far 
not provided direct information on its use for steroid production control, 
but adrenals, normal for the newborn in size and morphology, have been 
produced in anencephalic monsters by corticotropin stimulation (L2),  
and the administration of corticoids to pregnant women before and 
during delivery leads to a decrease of D H A  and 16a-OH-DHA in cord 
plasma (S22). This circumstantial evidence indicates tha t  corticotropin 
may be involved as a controlling factor. This question is further discussed 
in Section 12. 

corticosterone production appears to be relatively greater in the new- 
born than in the adult (Section 7.3). The reason for this is not known, 
but several mechanisms are possible. Klein and Giroud (K4) have shown 
that  adrenal slices from newborn infants can actively form the (2-21 
ester sulfates of corticosterone and several other A4-3,20-dionepregnenes. 
Further hydroxylation was not then observed, and it is possible tha t  in 
V ~ V O  the activity of this specific sulfokinase limits synthesis. A further 
explanation for a greater synthesis of corticosterone may be in a prefer- 
ential hydroxylatjon of pregnenolone a t  C-21 over hydroxylation a t  C-17, 
or hydroxylation a t  C-17 may be so rapidly followed by the action of 
17,2O-desmolase producing the large quantities of DHA made in utero, 
that  a relatively smaller proportion of 17a-OH-pregnenolone remains for 
subsequent hydroxylation a t  C-11 and C-21. 



168 FREDERICK L. MITCHELL AND CEDRIC H. L.  SHACKLETON 

TABLE 6 
STEROID CONTENT OF NORMAL AMNIOTIC FLUID IN LATE PREGNAKCY 

Steroid 
Concentration 
(dl00 mC References 

Cortisol 
Cortisone 
17-0s 
17-OHCS 
Pregnanetriol 
6p-OH-cortisol 
6p-OH-cortol 
6p-OH-cortolone 
Estrone 
Estradiol 
Estriol 
2 1-OH-pregiienolonec 
Androstenediol (mainly 1701)~ 
16-0x0-androstenediop 
16a-OH-DHh 
16p-OH-DHAc 
16cr-OH-pregnenolonec 

2 .6  k 0.32a 
1 . 3  A 0.14y (10) 

3.8 (4) 
2.4 
3.1 (4) 
4.3 (6) 
0.8 (6) 
3 . 1  (6) 
0.44 (10) 
0 .31  (10) 
79 (10) 

19.8 k 16.5d (28) 
10.9 k 27.1d (28) 
18.9 k 2 0 . 9  (28) 
40.8 f 54.0d (28) 
19.3 f 20.0d (28) 
12.0 f 11.2d (28) 

a Standard error of the mean. 
The number of cases studied is given in parentheses. 
Results obtained in the author’s laboratory. 
Standard deviation. 

4.3. STEROID CONTENT OF AMNIOTIC FLUID 

The fetal kidney can produce urine as early as the fourth month of 
gestation (K3) and probably excretes freely from a t  least week 20 of 
pregnancy (J6) .  It therefore seems reasonable to conclude tha t  the 
steroid content of the liquor reflects fetal production. The concentration 
of various steioids assayed in late pregnancy is given in Table 6 .  Dynamic 
transfer is continually taking place between the amniotic fluid, the fetus, 
and the mother ( M l l ) ,  and it is thus difficult to estimate excretion rates 
into the fluid from any assay of its contents. Lambert and Pennington 
(Ll ) report abnormally lorn7 levels of 6,8-OH-cortisoll Gp-OH-cortol, and 
6P-OH-cortolone in the amniotic fluid of anencephalic fetuses. In  similar 
cases low levels of pregnanetriol and 17-0s have also been found (57 ) ,  
and high levels of both 17-0s and pregnanetriol have been reported a t  
40 weeks’ gestation in a case of adrenogenital syndrome in the fetus (57). 
There is no difference in the cortisol or cortisone content when the mother 
has diabetes (B2) , but 6P-OH-cortisol is reduced (Ll ) .  

Estriol glucosiduronate appears to be selectively retained in the 
amniotic fluid, probably because glucosiduronates are poorly transferred 
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FIG. 6. The content of the major 3P-hydroxy-A' steroids in adult male urine, 
infant urine, term amniotic fluid, and plasma obtained from the umbilical cord at  
birth. 

and hydrolyzed by the membranes and the placenta [concentration 32 
pg/lOo ml compared with 20 pg/lOO ml for estriol-free, sulfated, and as 
the sulfoglucosiduronate (L12) 1. 

The 3P-hydroxy-As steroid content of amniotic fluid (S12) is compared 
with that in adult and infant urine and umbilical cord blood in Fig. 6. 
Schindler and co-workers have assayed several 3P-hydroxy-As steroids 
and others in amniotic fluid for both normal and abnormal pregnancies 
(S4, S5). 

4.4. CONCLUSIONS 
Many interrelated mechanisms exist for the synthesis and metabolism 

of steroids in the fetoplacental unit, and after birth that  part of the 
metabolism which takes place in the fetus may be expected to continue 
in the newborn infant for a varying period of time. These effects may be 
summarized as follow,s: 

a. The concentration of progesterone in the blood going from the 
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placenta to the fetus is some 5-6 times, and of estriol 10 times, that  found 
in the maternal circulation. It is not known whether this high concentra- 
tion of potent hormone is essential for the well-being of the fetus or 
whether i t  is received by accident, but the fetus does handle progesterone 
and estrogen differently from the adult and this difference persists (for 
estrogen a t  least) in infants up to the fourth year of life. 

b. The fetus has a low activity of 3p-HSD and a high activity of 16a- 
hydroxylase; this situation appears to persist almost up to the sixth 
month of infancy, and consequently the major quantity of steroids 
excreted during this period have the 3p-hydroxy-as configuration and are 
16-hydroxylated. 

c. Quantitatively the major function of the adrenal gland in the fetus 
is to  produce estrogen (and possibly progesterone) precursors which are 
subsequently converted to the active hormones by the placenta. The 
production of these compounds continues in decreasing amount until the 
sixth month of infant life, and initially their 16-hydroxylated metabolites 
dominate the steroid pattern in infant urine. 

d. It seems probable that  cortisol is synthesized in the fetus and in 
early infancy by a pathway involving the hydroxylation of As steroids, 
and i t  is possible that  this mode of synthesis remains dominant in infancy 
until adult levels of activity of 3P-HSD are assumed. 

5. Steroid Assays on Umbilical Cord Blood 

By studying the steroid content of arterial and venous umbilical cord 
blood, i t  is possible to obtain a considerable amount of information on 
steroid metabolism in both the fetus and the placenta. Quantitative 
assays can indicate uptake or production by either body, and as the blood 
is relatively easily obtained in quantity i t  also provides a ready source 
of material from which new compounds can be extracted and identified. 
In  abnormal conditions a study of its steroid contcnt can provide early 
information on steroid production by the infant adrenal a t  birth. 

The groups of steroids present will be discusscd under the following 
headings : 3P-hydroxy-ns steroids, progesteroiic and progesterone ine- 
tabolites, cortisol and its metabolites, testosterone and the 17-0S1 and 
the estrogens. 

5.1. 3p-HYDROXY-A5 STEROIDS 
The major group of steroids found in cord blood has the 3p-hydroxy-A5 

configuration. The steroids present are largely sulfate esters (C12, C13, 
C16, E2, E4, M12, S5, S12, S20). In  addition to those listed in Table 4 
and shown on the thin-layer chromatogram in Fig. 5, the following have 
been characterized or tentatively identified : androstenetriol (S12) ; 
3,8,17~~,20~~-trihydroxypregn-5-ene (E4) ; 3P,20a-dihydroxypregn-5-ene 
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(E4) ; 3P,ZOp-dihydroxypregn-5-ene (E4) ; 3p,20~,21 -trihydroxypregn-5- 
ene (E4) ; 3b,17a,21-trihydroxypregn-5-en-20-one (E4) ; 3P,ll,8,17a,21- 
tetrahydroxypregn-5-en-20-one (E4) ; 3P,17a,20~,21-tetrahydroxypregn- 
5-ene (E4). 

From the differences in the arteriovenous concentration given in Table 
4, i t  will be seen that  for all the steroids listed there is a net production 
by the fetus and uptake by the placenta. The utilization by the placenta 
of certain of the steroids mentioned has been discussed in Sections 4.1 and 
4.2. Fetal DHA sulfate and 16a-OH-DHA sulfate, for instance, provide 
the major source of estrogen in pregnancy, the aromatization taking 
place in the placenta. Pregnenolone may be used in the placental produc- 
tion of progesterone, and 16a-OH-pregnenolone may have a role in the 
synthesis of 16a-OH-DHA, since a desmolase enzyme system for 16a-OH- 
pregnenolone has recently been demonstrated (S14). As in infant urine, 
androstenediol is present mainly as the 17a epimer (Section 8). 

It will be noticed from Table 4 that the lowest arteriovenous concentra- 
tion differences are shown for 21-OH-pregnenolone, lGp-OH-DHA, and 
androstenediol (mainly 1 7 ~ ~ ) .  It is possible that  their low uptake by the 
placenta is due to  their being diconjugated (Table 15), and i t  is possi- 
ble that  though the placenta can readily hydrolyze 3p-sulfates i t  may 
have difficulty hydrolyzing (P6) ,  and therefore removing from circula- 
tion, steroids sulfated a t  other positions. 

Anencephalic monsters have low umbilical cord plasma levels of DHA 
sulfate and 16a-OH-DHA sulfate (Table 7) .  This is associated with 
an abnormally low excretion of estrogen by the mother (Cl2, F5, F7, 
M9). 

5.2. PROGESTERONE AND ITS METABOLITES 
It will be seen from the arteriovenous differences given in Table 3 

that a considerable amount of progesterone produced by the placenta is 

TABLE 7 
UMBIIJCAI, CORD PLASMA LEVELS OF DHA SULFATE AND 1601-OH-DHA 

SULFATE IN ANENCEPHALIC FETUSES 

DHA sulfate 16a-Hydroxy-DHA sulfate 
Reference (pg/100 ml mixed plasma) (pg/lOO ml mixed plasma) 

East,erling el al. (E2) 0-25 (5)a Q-118 (4) 

Arterial Venous Arterial Venous 
plasma plasma plasma plasma 

C:olBs and Heinrichs (C12) 6 .7  (3) 6.2 (3) 14.4 (3) 8.1 (3) 

a The number of cases studied is given in parentheses. 
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metabolized by the fetus. The concentrations of oldy three of the metabo- 
lites are given in the table, but the overall metabolism has been dis- 
cussed in Section 4.2.2. 

5.3. CORTISOL AND ITS METABOLITES 
Cortisol and cortisone have been identified and assayed in cord blood 

by several groups (B37, H9, 53, U4, Tablc 5), and the implications of 
the results have been discussed in Section 4.2.3. Little information is 
available on the concentration in abnormal infants. Cathro and Coyle 
(C4) found a low level of cortisol in an infant with congenital adrenal 
hypoplasia (3.3 pg/lOO ml) , and James (J3) measured the concentration 
of cortisol and cortisone in the cord blood of two infants born to mothers 
with acute adrenal insufficiency. The compounds must have been formed 
almost entirely by the fetus since negligible quantities of cortisol were 
found in the maternal blood. Thc low levels of cortisol (2.5 Fg/lOO ml) 
and cortisone (4 pg/lOO ml) found for these fetuses is difficult to  ex- 
plain unless they represent the true levels of the steroids in the feto- 
placental circulation, which are normally "boosted" by transfer from the 
mother during the stress of childbirth (see Section 4.2.3). 

5.4. TESTOSTEROKE AND THE 17-0x0 STEROIDS 
Early in pregnancy the testes of male fetuses produce androgen (see 

Section 4.1.2). Concentrations of testosterone and androstenedione found 
in cord plasma by Rivarola et  al .  (RlO) and Mizuno e t  al. (MlS) using 

TABLE 8 
CONCENTRATION OF TESTOSTERONE A N D  ASDROSTENEDIOXE 

I N  UMBILICAL CORD PLASMA 
~ ~ 

Umbilical vein Umbilical artery 
- 

Aridrdstenedioiie Testosterone A4ndrostenedioiie Testosterone 
I3 eference (mpg/100 ml) (mpg/100 ml) (mpg/100 ml) (mpg/100 mi) 

Rivarola et ul. (R10) 
- - Males 138 k 68" (5)b 53 k 30 ( 3 )  

Females 112 k 49 (4) 39 f 14 (4) - - 

Mizuno et a/ .  (M18) 
Males 12,5 k 20 (5) 54 k 20 (5) 113 k 16 (5) 43 12 (Ti) 
Females 86 t 8 (-5) 7% k 47 (.5) 91 t 2.5 (.i) 57 & 22 (5) 

Males - 940 (4) - 8540 (4) 
Females - 1080 (4) - 2830 (4) 

Beck (B7) 

Standard deviation. 
Number of infants studied is given in parentheses. 
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TABLE 9 
PLASMA TESTOSTERONE AND ANDROSTENEDIONE IN INFANTS DURING EXCHANGE 

TRANSFUSION FOR RHESUS INCOMPATIBILITY' 

Androstenedione (mpg/100 ml) Testosterone (mwg/100 ml) 

Males Females Males Females 

438 (l)b 
236 (2) 
32 ( 3 )  

306 (4) 
.54 (4) 
20 ( 5 )  
5 4 c  ( 5 )  

Mean values: 163 

Iindetectable ( < 10) (2) 
Undetectable ( < 10) (2) 
Undetectable ( < 10) (4) 
34 (a 

- 
- 
- 

< 16 

106 (1) 
58 (2) 
36 (3) 
326 (4) 
117 (4) 
Undetectable (5) 

5gC ( 5 )  
100 

a Mizuno et nl. (M18). 
Age of infants, in days, is given in parentheses. 
This figure was obtained from a pool of specimens from 3 healthy male babies. 

isotope dilution techniques are given in Table 8. The results obtained by 
the two groups of workers agree well, and for testosterone, no significant 
difference was found between male and female infants, though an- 
drostenedione was present in greater amount in the plasma from male 
infants and Mizuno et al. (M18) have shown that  this difference is 
statistically significant. The differences in the concentration of andros- 
tenedione and testosterone in the vein and artery were not significant, 
but i t  could be that a more extensive study may show a significantly 
higher concentration of testosterone in the vein than in the artery. This 
would then indicate its synthesis in the placenta. The findings of Beck 
(B7) are also given in Table 8 and the discrepancy between his results 
and those of the other two groups of workers is possibly due to the non- 
specificity of the technique used. 

Mizuno e t  al. (M18) have determined the concentration of testosterone 
and androstenedione in plasma from infants undergoing exchange trans- 
fusion for rhesus incompatibility. From their results (Table 9 ) ,  i t  is 
evident that  during the first few days of life, male infants have higher 
levels of testosterone and androstenedione than female infants. How- 
ever, since these babies were not normal, i t  is possible that their androgen 
metabolism differed from that  of normal infants. The concentration of 
testosterone in maternal peripheral plasma increases during pregnancy 
(M18, RlO), this increase being associated with an increased protein- 
binding of testosterone (RlO). The level in maternal plasma is not re- 
lated to the sex of the fetus (MlS, R10). 

Adrenosterone [0.2 pg/lOO ml (24) ] and 1 lp-OH-androstenedionc [0.3 
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pg/lOO ml (Z4)] have also been detected in mixed arterial and venous 
cord blood, and androsterone [0.2 pg/lOO ml (E4)] and etiocholanolone 
[1.2 pg/lOO ml (E4)] have been tentatively identified in infants with 
congenital adrenal hyperplasia. 

5.5. ESTROGENS 
It will be seen from Table 3 that  lower levels of estrone and estradiol, 

but higher levels of estriol, are found in cord blood compared with 
maternal blood. Estrone and estradiol can be formed from DHA-sulf ate 
reaching the placenta from the fetus (B25) or the mother (B4, B25, S18, 
W2). These steroids are then secreted by the placenta into the maternal 
and fetal compartments. Estrone and estradiol reaching the fetus by the 
umbilical vein can be 16a-hydroxylated to form estriol, but most of the 
estriol is probably formed by placental arornatization of the large amounts 
of 16a-OH-DHA sulfate synthesized by the fetus (D6). Estriol is rapidly 
catabolized by infants (see Section 4.1.3), but if this is so for the fetus, 
the similar concentration in arterial and venous cord blood is difficult 
to explain, though a small amount of the estriol in the arterial blood 
may have been formed by the fetus from estrone and estradiol supplied 
by the placenta. 

6. 1 7 - 0 x 0  Steroids in Infant Blood and Urine 

Eberlein (E4) found that the  level of total 17-0s  in infant blood rises 
after delivery and remains elevated during the first week of life, there- 
after declining. The level rises in response to medical or surgical stress. 

When the group assay of 17-08 using the Zimmermann reaction was 
applied to infant urine, the results showed a high concentration (56 
mg/liter) during the first few days after birth, but by day 14 i t  had 
fallen to approxiniately 4 mg/liter (PlO). From findings such as these, 
i t  was thought that  infants after birth go through a period of hypo- 
adrenalism. Infant urine, however, contains considerable quantities of 
nonspecific chromogen which interferes with the colorimetry in steroid 
assays (see Section 3.3) ; also, when the Zimmermann staining steroids 
and steroidlike compounds were separated by paper chromatography, 
they were found to be quantitatively and qualitatively very different 
from those in adult urine (B18, C6). The 11-deoxy-17-08, DHA, etio- 
cholanolone, and androsterone, which predominate in the group in adults 
are present in the infant in only trace amoiints if they are detectable a t  
all (B17, C6), and between five and eight chromogens are present with 
a polarity lower than that of androsterone. Their rate of excretion falls 
off rapidly during the first few days after birth to almost undetectable 
levels on day 6, and their excretion is almost doubled in premature in- 
fants (C5).  
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TABLE 10 
EXCRETION OF ll-Ox~-17-OS AND ONE UNKNOWN COMPOUND IN THE URINE OP 

ADULT FEMALES, INFANTS 1-3 DAYS OLD, AND ONE NORMAL 
INFANT OVER THE FIRST 4 POSTNATAL  DAYS^ 

adul t  Infant," Infant, Infant, Infant, Infant, 
Compound female" 1-3 days day 1 d a y 2  d a y 3  d a y 4  

- - - 1 lp-OH-etiocholanolorie 370d 13 4 
3 1 lp-OH-androsterone 610 18 

Tinknown -e 29 41 52 4 
1 1-0x0-etiocholanolone 650 17 24 30 6 12 
11-0x0-androsterone 180 13 24 30 9 

- - - 
- 

- 

a Data from Cathro et al. (C6). 
Average of 10 estimations on a pool of 24-hour urine specimens from 6 women aged 

c Average of estimations on pooled 24-hour nrine specimens from 74 full-term and 5 

d Values are expressed as micrograms per 24 hours. 
e A dash denotes that the level was too low for measurement. 

18-36 years. 

premature infants and on individual 24-hour specimens from 31 infants. 

It is generally agreed that up to 7 years of age DHA is either undetect- 
able in urine (B6, F4, M13, P8, S9) or present only in small amount (C6, 
L6, V2).  Both DHA (fetal life apart) and androsterone seems to be 
associated only with the reproductive years of life in both sexes since 
Migeon e t  al. (M13) found the levels in plasma to be low or zero, from 
shortly after birth until the age of 5-7 years when a steady rise took 
place until 20 years. After 30 years the levels declined until after the 
menopause in women, and in men over 65 years, zero or near zero levels 
were again found. 

The urinary excretion pattern of the 11-oxy-17-0s during the first few 
days bears more resemblance to  that  found in adults (Table lo ) ,  but again 
paper chromatography shows other compounds with similar polarity to 
be present (C6). The rate of excretion of a major unknown substance is 
given in Table 10, and it will be seen that the urinary content of this 
and of the known compounds rapidly decline over the first few days. 
The results shown were determined by scanning paper chromatograms 
stained with Zimmermann reagent. Identification of the named steroids 
was not complete and consisted of a comparison of Rf  values in various 
solvent systems before and after acetylation of the compounds. 

Figure 3 shows examples of the Zimmermann staining urinary steroids 
in chromatograms of extracts of adult and infant urine and of urine from 
an infant with a form of the adrenogenital syndrome. 

Table 11 shows that  the excretion of the major adult type 17-0s 
is very low a t  6 months, but by 3-5 years of age substantial amounts 
are present, and the increase in excretion continues until puberty. 
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TABLE 11 
EXCRETION OF IND~VIDUAL 17-0s FROM 6 MONTHS TO 7 YEARS OF AGE" 

5-7 Yearsa 

13 
67b 
0 

45 
94 
0 

43 
167 
378 
45 

133 
11 
87 

172 

59 
306 
522 
17 
44h 

- 

- 

a Values are expressed as micrograms per square meter of body area/24 hours. 
* Reservations on the validity of the result were expressed by the original authors. 

It is evident that  during the first few postnatal days quantitative and 
qualitative changes in the excretion of the 1 7 - 0 s  are rapidly taking place 
and initially only a small proportion of the urinary Zimmermann chromo- 
gen excretion is made up of the type of 17-0s  normally present in the 
aduIt. The early postulation that  the rapid fall indicated a period of 
adrenal hypofunction is certainly not correct for all steroids ; cortisol 
production, for instance, shows no reduction (Section 7.3), but i t  does 
show tha t  sudden changes concurrent with birth are taking place which 
affect the production and fate of the steroids and steroidlike hormones 
concerned. Even for adults, the biological significance of the 17-0s in 
the urine, except as metabolites of the corticoids and testosterone, is not 
understood. It is possible tha t  with the rapid growth which takes place 
in the fetus and the newborn, their anabolic properties are more im- 
portant than their action as androgens, and in this respect i t  is worthy 
of note tha t  after perfusion of a fetus with androstenedione Mancuso 
e t  al. (M2) found tha t  1 Ip-OH-androstenedione was a major metabolitc 
both in the adrenals and in the perfusate. Meyer e t  al. (M8) have also 
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shown that of eight naturally occurring androgens tested, only ll/3-OH- 
androstenedione showed an anabolic: androgenic ratio greater than tes- 
tosterone. 11p-OH-androstenedione is catabolized to adrenosterone and 
the four urinary 11-oxy-17-0S shown in Table 10. A prominent spot 
with the Rf  value of adrenosterone was found by Cathro et al. ( 0 3 )  
after paper chromatography of both infant and maternal urine extracts. 

The level of DHA in cord blood is very high and the lack of significant 
quantities of the compound in infant urine may be explained by 16a- 
hydroxylation being the dominant metabolic pathway (see Section 8 for 
the excretion of l6a-hydroxy-As steroids). In  adults DHA is the principal 
precursor of androsterone and etiocholanolone, and they are its main 
metabolites (R11, Vl) .  

7. The Urinary Excretion, Blood Levels, and Production of Czl Steroids 

URINARY C,, STEROIDS ASSAYED BY GROUP METHODS 7.1. 
The urinary excretion of 17-OHCS measured as Porter-Silber chromo- 

gens is normally approximately 0.5 mg/24 hours during the first 8 days 
of life ((317). For premature infants the figure is somewhat lower during 
their first week. Ulstrom e t  al. (U2) obtained normal values of approxi- 
mately 0.1 mg/24 hour (0.6 mg/m2/24 hours) for the first day of life, 
increasing to approximately 0.5 mg/24 hours (2.0 mg/m2/24 hours) by 
day 7. Comparable values for adults were 3.1 mg/m2/24 hours,. During 
the early days after birth the pattern of urinary corticoid excretion is 
very different from that found in the normal adult, and this must be 
taken into account in the interpretation of group assays. An increased 
proportion of polar metabolites is formed from cortisol (U3) ; these are 
poorly extracted by the methylene dichloride normally used for extract- 
ing Porter-Silber chromogens, and ethyl acetate is required (R8). The 
finding of low levels, increasing after a few days, may thus reflect an 
alteration in metabolism toward the adult type rather than an increas- 
ing cortisol production. 

For children up to 12 months of age, the techniques developed by 
Norymberski and his colleagues for measuring urinary 17-oxogenic ste- 
roids and 17-OHCS (A7, G1, N7) can include the measurement of a high 
proportion of nonspecific chromogens (B15), The levels measured aver- 
age less than 4 mg/24 hours up to 6 years of age (ClO, N7, L l l ) ,  and 
as for the measurement of Porter-Silber chromogens, the makeup of the 
groups of steroids assayed is probably very different from that found in 
adults (C6). 

An increased excretion of corticosterone (Sections 4.2.3 and 7.3) is 
reflected in a high ratio of 17-deoxycorticosteroids [assayed by the 
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method of Exley et al. (E8)]  to 17-OHCS. This ratio is 3:l in infants 
compared to 1:3 in adults (Exley and Norymberski, quoted in C6). 

In view of the above findings, criteria which are used in the interpreta- 
tion of group assays in infants must be different from those which are 
normally applied to  adults. 

7.2. URINARY EXCRETION OF INDIVIDUAL CZ1 STEROIDS 

By means of a rigorous preliminary purification procedure, the blue 
tetrazolium staining steroids in infant urine have been separated by 
paper chromatography (B18, C6);  more recently a similar effect has 
been obtained using thin-layer chromatography, but in this case only a 
very simple preliminary wash of the extract is required (SlO). With both 
techniques the pattern of excretion has been found to  be entirely different 
from that obtained for normal adults. Blue tetrazolium is not only reduced 
by an a-ketol group in the side chains of CZ1 steroids but the blue 
formazan is also produced by C19 steroids with a reducing group in ring 
D, and since substitution a t  position 16 (forming a-ketols with substitu- 
ents a t  position 17) is a feature of many steroids in infant urine, their 
presence complicates the detection of C,, steroids by blue tetrazolium. 
Figure 4 shows typical patterns formed from extracts of adult and infant 
urine and of urine from an infant with a form of the adrenogenital syn- 
drome. The lower polarity compounds in the case of the normal infant 
and that of the adrenogenital syndrome are almost certainly a-ketolic 
C,, steroids. The most polar compounds present in normal infant urine 
have not been identified and do not necessarily correspond to standards 
with similar Rf values. 

By means of the long paper chromatographic technique (B18), accu- 
rate Rf values for the bands have been determined, and these, together 
with the amounts excreted and the Rf values of standard steroids, are 
shown in Table 12. It is evident that although THF and THE are the 
most abundant reducing steroids in the urine of adults, in infants neither 
is the dominant reducing steroidlike compound. This finding is in accord 
with the studies of Bertrand et al. (B12), which showed that in infants 
only 10% of the radioactivity injected as ~or t i so l -4-~~C is recovered in 
urine as THE, THF, and allo-THE compared with 25% (F8) and 36% 
(F3) found in adults. An explanation could lie in the inadequacy of A- 
ring reduction in the newborn (see Section 7.3). 

I n  the blue tetrazolium-stained paper chromatograms, 21-OH-preg- 
nenolone has been identified as the major compound in the medium 
polarity fraction (B16). The unknown more polar compounds may be 
grouped approximately in three areas of concentration: one more polar 
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TABLE 12 

TETRAZOLIUM REDUCING COMPOUNDS IN INFANTS~.~ 
URINARY EXCRETION OF Crl STEROIDS AND OTHER UNKNOWN BLUE 

Infant urine 

Standard compound Rf rg/24 hours Rf 

Allo-dihydrocorticosterone 0.157 9.7 0.13 
8 0.16 
5 0.18 
6 0.22 
5 0.24 

28 0.31 
9 0.33 

10 0.34 
8 0.38 

6fl-OH-cortisol 0.0017 (4) 19 0,0019 (25) 
6p-OH-cortisone 0.016 (48) 44 0.016 (114) 
THF 0.067 (48) 63 0.064 (104) 

30 0.081 (32) 
79 0.103 (102) 

THE 0.113 (52) 56 0.113 (80) 
39 0.14 (84) 

Cortisol 0.156 (130) 26 0.156 (114) 
Cortisone 0.29 (107) 9 0.29 (34) 
Tetrahydrocorticosterone 0.39 (7) 25 0.36 (67) 
Dihydrocortisone 0.43 (17) 160 0.39-0.45 (44) 

106 0.50-0.58 (44) 
Corticosterone 0.61 (30) 36 0.61 (65) 

a After Cathro et al. (C6). 
b The first eight compounds were separated in Bush paper chromatography system 

LB 21/80 and the remainder in Bush system T/75. Identification was by Rf value only. 
Quantitation was by averaging the results from urine collected during the first 3 postnatal 
days from at  least 50 infants. Number of individual measurements from which each 
average Rf value was obtained is given in parentheses. 

than THF, one in the THF-THE area, and one between cortisone and 
corticosterone (C6). Eagle (El) was the first to  suggest that, in the in- 
fant, corticosterone is excreted in greater amount than cortisol (Sections 
7.1 and 7.3). Possible explanations have been discussed in Section 4.2.3. 

The highly polar fraction is difficult to investigate because the neces- 
sary use of ethyl acetate to attain complete extraction gives extracts that 
also contain large quantities of highly polar impurities. Ulstrom e t  al. 
(U3) ) however, have identified 6P-OH-cortisol and have indicated that 
this and other very polar metabolites are more important pathways of 
cortisol disposition in the newborn than later in life. This was confirmed 
by Reynolds e t  al. (R8). 
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The excretion of the Cz, 3/3-hydroxy-As steroids pregnenolone, 21-0.H- 
pregnenolone, and 16a-0H-pregnenolone will be dealt with in Section 8. 

7.3. BLOOD LEVELS, PRODUCTION RATES, AND METABOLISM OF 

CORTISOL, CORTISONE, AND CORTICOSTERONE 
Blood levels of 17-OHCS have been assayed by the method of Nelson 

and Samuels (N3) by two groups of workers (B12, K7), who found values 
of approximately 20 pg/lOO ml in cord blood, falling to 0.9 (14 assays, 
K7) and 8.5 (36 assays, B12) ,ug/lOo ml over the first 5 days of life, little 
change then taking place over the next 2.5 months (B12). The average 
levels found for adults were approximately 13 pg/loO ml. However, when 
cortisol is assayed by a specific double isotope derivative dilution tech- 
nique, the level in cord blood is similar to that found in the blood of 
normal nonpregnant women (Table 5 )  , and there is no marked fall during 
the first 5 months (H9, U4). The cortisone content of cord blood is con- 
siderably greater than that  found in nonpregnant women (Table 5). It 
falls rapidly after birth, but a low cortisol: cortisone ratio persists in the 
infant for a t  least the first 2 weeks after birth (B43). Possible explana- 
tions for this have been discussed in Section 4.2.3. 

Cortisol production rates have also been measured, and when corrected 
for surface area little change is shown during the first 2.5 months (B12, 
K l ) ,  though on average the levels are approximately 1.5 times those 
in adults. The corticosterone production rate during the first 2 months 
when corrected for surface area is more than three times that in the 
adult (L6). 

In  the newborn, the half-life of THE is comparable to that in adults 
(B32), but the half-life of cortisol is considerably prolonged (B32, C18, 
M10, R8). This can be caused in adults by estrogen therapy, but an ex- 
planation on this basis is unlikely for infants because the effect con- 
tinues after the fifth day of life, when estrogen received during uterine 
life has been eliminated (D10). An increase in protein-binding w,hich 
also might be an explanation, and which occurs in the mother in preg- 
nancy, does not take place in the fetus (Section 4.2.3) ; another discrep- 
ancy is that the half-life of the tetrahydro compounds is increased by 
estrogen therapy (Wl) .  The most probable explanation is that in the 
infant there is an inadequacy of A-ring reducing enzymes similar to that 
occurring during cirrhosis of the liver in adults (B32, M10, R8). In  the 
newborn, the activity of several hepatic enzymes is reduced (D17). 

7.4. CONCLUSIONS 
Early studies with the group assays of urinary and blood steroids 

indicated that the newborn infant may go through a period of adrenal 
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hypofunction (see Sections 6, 7.1, and 7.3), and certainly major changes 
were to be expected, considering the extensive morphological changes 
which take place in the adrenal a t  this time, and considering that steroid 
metabolism in general is changing dramatically from that required in 
utero to a very different system required for independent life. However, 
specific measurements of cortisol in blood, together with its production 
rate, have shown that there is no deficiency; indeed, the production 
relative to adults is somewhat higher. During the first fortnight after 
birth the conditions required for the application of the Allen correction 
formula, used in the group assay method of Nelson and Samuels (N3), 
are not fulfilled (U4) , and this could account for the low values obtained. 
Until more is known of the compounds assayed by group techniques in 
infant urine and blood, considerable caution must be exercised in the 
interpretation of any results obtained. 

8. 

In  the infant, unlike the adult, the major CIS steroids have the A5 con- 
figuration. Table 13 compares the excretion of the more important 3p- 
hydroxy-A5 steroids in day-old infants with that in adult males, and 
Fig. 6 shows the comparison in histogram form. One unknown A5 steroid- 
like compound is also included. The excretion of such a large quantity 
and variety of A5 steroids is undoubtedly related to the low activity of 
3p-HSD in the fetus (see Section 4) and must persist during early in- 
fancy. 

The results shown in Table 14 and Fig. 2 indicate that on the whole 

The Urinary Excretion and Blood levels of 30-Hydroxy-A5 Steroids 

TABLE 13 
URINARY EXCRETION OF 3b-HYDROXY-A6 STEROIDS" 

Day-old infant Adult male 
average of 4 average of 9 

Steroid (pg/m2/24 hours) C.g/m9/24 hours) 

DHA -b 1000 
Unknown 880 
Androstenediol (17a) 710 
Androstenediol (176) - 
16-0x0-androstenediol 1800 150 
16a-OH-DHA 2480 745 
168-OH-DHA 2400 - 
16a-OH-pregnenolone 2380 - 
Androstenetriol 2120 300 
3@,17~~,20a-trihydroxypregn-5-ene - 340 

- 

i 370 

Reproduced from Mitchell (M16). 
A dash denotes presence only in barely detectable or undetectable quantity. 



TABLE 14 
URINARY  EXCRETION^ OF 3B-HYDROXY-As STEROIDS I N  EARLY INFANCYb 

Age in days 

Unknown 483 555 616 683 429 450 

21-OH-pregnenolone 210 236 279 311 193 165 
(36-2357) (285-1608) (374-1221) (320-1690) (212-895) (150-675) 

(15-471) (40-492) (128-590) (104-690) (42435) (28-320) 

( <20-840) ( <20-800) ( <20-880) (<20-220) ( <20-120) ( <20-140) 
Androstenediol (1701 + 17p) 172 191 208 144 47 37 

16-0x0-androstenediol 903 1060 1502 1518 1031 899 

16a-OH-DHA 962 1026 1304 1057 770 855 

16B-OH-DHA 666 808 780 7 19 460 406 

16-OH-pregnenolone 827 900 1167 1298 1037 1114 

Androstenetriol 640 626 968 996 759 621 

Total 4863 5402 6824 6726 4726 4547 

(87-2420) (80-3000) (285-3260) (660-2080) (680-1680) (340-1480) 

(72-2240) (170-2560) (410-3180) (539-1565) (900-1140) (NO-1800) 

(94-1520) (200-1444) (200-1740) (350-1393) (176-878) (100-800) 

(52-1520) (80-2260) (200-3020) (910-2424) (264-2080) (280-2680) 

(84-1620) (112-1220) (250-1600) (820-1300) (383-1100) (404-820) 

Average excretion (with range) expressed as micrograms per 24 hours. 
a Reproduced from Shackleton and Mitchell (S9). 
6 The number of infants is given in parentheses. 
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the compounds measured are being synthesized by the infant in fairly 
constant, or even increasing, amounts during the first 6 days of life, 
though the variation in excretion of individual steroids by different in- 
dividuals is considerable (C11, S9). Reynolds (R5, R7) has shown that 
there is on average an increase in the excretion of 16a-0H-pregnenolone1 
16a-OH-DHA, and androstenetriol by premature infants for a t  least 40 
days. It is thus evident that the ~1~ compounds are not formed only in 
utero, as they would then be excreted in rapidly decreasing amount. 
Reynolds (R3) also measured 16a-OH-pregnenolone and 16a-OH-DHA 
in the urine of children up to 12 years of age and could detect none after 
the first 6 months of age. Urinary excretion rates for the major 3p- 
hydroxy-A5 steroids during the first 6 months are shown in Fig. 7. 

Evidence that the A5 steroids are of adrenal origin has been supplied by 
Reynolds (R2) , who showed that the urinary excretions of 16a-OH-DHA 
and 16-oxo-androstenediol were 0.3-1.4 mg/24 hours in a newborn female 
with the C-21 hydroxylase deficiency type of congenital adrenal hyper- 
plasia. These fell to  undetectable amounts with dexamethasone sup- 
pression therapy. A very low excretion of three 3p-hydroxy-A5 steroids 
was found by the authors in the case of a baby shown subsequently a t  
autopsy to have little adrenal tissue (see Section 11). Further circum- 
stantial evidence is given when abnormalities are considered in Section 
11 and also the effect of corticotropin in Section 12. 

Of the compounds measured, androstenediol, 16-oxo-androstenediol, 
lGa-OH-DHA, and androstenetriol may be considered to  be estrogen 
precursors (or the metabolites of estrogen precursors) produced initially 
by the fetus for aromatization in the placenta. l6a-0H-pregnenolone is 
not an immediate precursor of estrogen but is possibly simply a catabolic 
product of the quantitatively very important steroid, pregnenolone (Sec- 
tion 4.2.1). 

21-0H-pregnenolone is excreted in small quantity (150 pg/24 hours 
or less) by pregnant women (C7, P4, P5), but has been detected in adult 
urine only after the administration of corticotropin (D13). The signifi- 
cance of the presence of the compound in infant urine has been dis- 
cussed in Section 4.2.3. 

In  infant urine and also in umbilical cord blood, the 17a epimer of 
androstenediol predominates approximately 9 times over its 17p counter- 
part whereas in adults the 17p epimer is dominant (Sl l ) .  The reason for 
this is not readily apparent. One possibility is that both epimers are pro- 
duced and 16a-hydroxylase selectively acts on 17p-androstenediol pro- 
ducing androstenetriol. The authors have recently found that such a 
selective hydroxylation does take place during the in vitro incubation of 
fetal liver slices. The effect may be enhanced in ufero  by the placenta 
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selectively aromatizing the 17P epimer to  form estradiol. The conver- 
sion of DHA sulfate to androstenediol has been indicated in adults (R12) 
and in the fetus (B24), but it is not known what is the ratio of 17a- to 
17P-androstenediol produced. An important aspect of the relative 
amounts of circulating 17a and 17P epimers arises if androstenediol is an 
important intermediate in the synthesis of testosterone, as has been sug- 
gested may be the case (B5, Hl).  An excessive amount of 17a-andros- 
tenediol may conceivably lead to an excessive production of epitestos- 
terone relative to testosterone. 

The recent identification of 16P-OH-DHA as a major compound in in- 
fant urine (S13, Tables 13 and 14) plus the fact that under certain con- 
ditions it spontaneously isomerizes to the more stable 16-oxo-andros- 
tenediol, raises the question to what extent 16-oxo-androstenediol, also 
reported as a major component in infant urine (R2, S9, Tables 13 and 
14) and tentatively identified in umbilical cord blood (C12), has been 
produced as an artifact during extraction and purification. An explana- 
tion for the presence of 16p-OH-DHA in quantity is not immediately 
apparent. Similarly to the formation of estriol in the placenta from 16a- 
OH-DHA, it may form 16-epiestriol, 16/3-OH-estrone or its isomer 16- 
oxo-estradiol, though the urinary output of these compounds in preg- 
nancy is not great, being respectively 0.8, 0.7, and 1.1 mg/24 hours 
(B34). The unknown compound shown in Tables 13 and 14 has not been 
identified, but certain of its properties have been determined (S8).  

The 3P-hydroxy-~~ steroid content of infant blood has been found by 
Eberlein (E4) to rise rapidly after delivery and decline after the first 
week. A similar rise and fall was noted for the 17-05 (Section 6 ) -  Initially 
the .A5 content was highest, but the situation was reversed after 7 days. 
Eberlein suggested that the effect might be explained by involution of 
the fetal zone of the adrenal concomitant with a maturing liver function. 

The production of 3p-hydroxy-A5 steroids evidently proceeds in quan- 
tity for many weeks after birth, and it will be important to discover 
whether this is by design, the compounds being needed for some pur- 
pose, or whether they are produced incidentally by enzyme systems 
designed solely for use in utero and still functional after birth. 

The high activity of l6a-hydroxylase similarly could be a vestigial 
remnant of its necessary function in utero concerned with the production 
of estriol. It may be involved with the important problem of electrolyte 
balance at birth and in early independent life, since natriuretic properties 
have been attributed to 16a-hydroxylated C& steroids (H7), and a 
patient with congenital adrenal hyperplasia of the salt-losing type has 
been shown to produce excessive quantities of 16a-OH-progesterone (54). 
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9. The Urinary Excretion of Estrogens 

It has long been known that certain physiological and histological 
changes in the newborn are due to estrogenic stimulation or estrogen 
withdrawal, the hormones having been received from the placenta (H3). 
It is generally accepted that after birth until puberty estrogen produc- 
tion is very low, but during the first few days the infant has to clear 
from its system the considerable quantity of estrogen received from the 
placenta. It has been shown in Section 4.1.3 that the fetus and infant 
metabolize estrogen differently from the adult. Estradiol is rapidly hy- 
droxylated and estriol is also dealt with more completely. This type of 
metabolism is reflected in the urinary estrogen excretion pattern in in- 
fancy. In  an investigation on approximately 150 healthy boys, Diczfalusy 
e t  al. (D10) found that the average urinary content of estrone in micro- 
grams per liter decreased from 6.6 on the second day of life to zero or1 
the fifth day; estradiol was undetectable on all days. Estriol decreased 
from 7160 on the second day to 60 on the fifth day, and i t  was believed 
to have disappeared completely from the urine by 2 weeks. Thus the 
rate of fall in the concentration of estriol in infant urine roughly parallels 
that in the mother post partum but estrone and estradiol are still present 
in maternal urine when they are undetectable in the urine of infants. 

A new estrogen, estetrol, which is believed to be produced solely by 
the fetus and newborn infant, has recently been found to be a normal 
constituent of newborn urine (26) (Section 4.1.3). 

10. Steroid Conjugation 

Lathe and Walker (L3) have suggested that glucuronyl transferase 
(responsible for the formation of bilirubin glucosiduronate) is deficient 
in human newborn liver, leading to a limitation in the ability of the new- 
born to excrete bilirubin. Similarly there is a limitation in the formation 
of the glucosiduronates of THE and T H F  (the first stage in the major 
pathway of cortisol metabolism to identifiable compounds in the adult), 
and an inverse relationship has been demonstrated between the maximal 
serum bilirubin concentration attained in infants and the percentage of 
radioactivity injected as cortisol-4-*"C and excreted as the glucosidur- 
onate ( A l ) .  

Only 1-4% of cortisol administered to infants is recovered as urinary 
steroid glucosiduronate compared with 17% in an adult (PQ, R8), and 
only 15% of injected ~or t i so l -4-~~C is recovered as radioactivity in the 
glucosiduronate fraction compared with 46% in adults (B12). The effect 
is even more pronounced in premature infants ( A l ) .  These experiments 
all indicate a reduced glucosiduronate formation, and other methods of 
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steroid excretion must have increased importance. When the newborn in- 
fant is loaded with cortisol, more than 50% of the total urinary phenylhy- 
drazine-reacting steroids extractable after P-glucosiduronidase hydrolysis 
are unconjugated (R8) whereas the comparable figure for adults is 
only 5% (S19). This could be due either to saturation of the glucosidu- 
ronate-forming mechanisms or an increase in the conversion of cortisol 
to highly polar steroids which are normally excreted in the free form. 
Bertrand et a2. (B11) have provided evidence for a maturation of the 
glucosiduronate-forming mechanism over the first 40 days of life; in- 
itially the level of plasma 17-OHCS conjugated with glucuronic acid is 
very low and shows no increase with corticotropin even though the in- 
crease of free 17-OHCS is normal. By day 42 both the resting level of 
the glucosiduronate-conjugated fraction and the increase after corti- 
cotropin are normal. 

A deficiency in A-ring reduction is also evident in the newborn, since 
though THE has a normal half-life in infant blood (B32), that  of cortisol 
is considerably prolonged (C18, R8). This discrepancy cannot be ex- 
plained either by increased protein-binding (which does not occur in in- 
fancy) or by the effect of estrogen, since this increases the half-life of 
THF (Wl),  but may be due to an inadequacy of A-ring reducing en- 
zymes (B32, M10, R8) similar to that postulated as occurring during 
cirrhosis of the liver. It is thus likely that there is a deficiency both in 
the mechanism responsible for A-ring reduction of cortisol and in 
glucosiduronate conjugation. The latter is not a limiting factor in the 
rate of cortisol metabolism and excretion because sulfation probably 
takes its place (see below). Both deficiencies disappear with maturation. 

The production and excretion of highly polar steroidlike material (C6) , 
including 6/3-OH-cortisol (U3), mainly in the free form (R8) may ac- 
count to some extent for the low recoveries of glucosiduronate conjugated 
metabolites of administered cortisol. It could be due to the action of 
estrogen (R13, Wl)  , but there is no change in the ratio of highly polar to 
less polar Porter-Silber chromogens during the first 6 days of life (U3) 
and excess estrogens have largely been eliminated by day 5. 

Though the proportion of steroids excreted free is considerably in- 
creased in infants, sulfate conjugation is of even greater importance. Of 
the total urinary hydroxysteroids, the amount excreted sulfated is as 
great as, or greater than, the free or P-glucosiduronidase hydrolyzable 
fraction, and most of the urinary cortisol, cortisone, and corticosterone 
is excreted as ester sulfates (D16). In prematurity, the proportion may 
be even higher: Ducharme e t  al. (D18) found that 87, 69, and 88% re- 
spectively, were freed by solvolysis. The 3P-hydroxy-A5 steroids are 
quantitatively and qualitatively the most important group of steroids in 
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infant urine and cord blood (E4, R6, SS), and the majority are present 
as the 3P-sulfates (E4). It is possible that such sulfate conjugation is 
of importance for their biosynthetic role (L15). Certainly the distribu- 
tion of hydrolyzing enzymes can affect the utilization by tissues of 
steroid conjugates; for instance, the virtual absence of sulfatase in the 
fetus probably restricts its metabolism of the 3P-hydroxy-s15 steroids 
while the abundance of this enzyme in the placenta means that there 
they can be freely utilized. Similarly the transplacental passage of 
estrogen sulfate is twice that of the glucosiduronate, presumably due to 
the hydrolysis by the placenta of the sulfate but not of the glucosiduron- 
ate. Unconjugated estrogen is transferred very much more rapidly (L12). 
Steroid conjugation in the fetus could be of major importance by in- 
activating horomones which are present in high concentration in the 
fetoplacental circulation and impeding transfer to the mother. 

TABLE 15 

CORD PLASMA MONO- AND DICONJIJGATEDO 

Percent conjugated 

PROPORTION OF INDIVIDUAL 3j3-HYDROXY-A6 STEROIDS IN UMBILICAL 

Steroid Mono- Di- 

Pregnenolone 100 0 
DHA 100 0 
17a-OH-pregnenolone 100 0 
21-OH-pregnenolone 0 100 
16-0x0-androstenediol 50 50 
16a-OH-DHA 90 10 
16j3-OH-DHA 0 100 
16a-OH-pregnenolone 100 0 
Androstenediol (17a) 0 100 
Androstenetriol 60 40 

(I From Shackleton et al. (S12). Presented at the International Symposium on Feto- 
placental Unit, Milan, Italy, 1968. 

At least three, 3P-hydroxy-A5 steroids have been shown to be present 
in urine in diconjugated form; of these 16P-OH-DHA and 21-OH-preg- 
nenolone are hydrolyzed by the Helix pomatia enzyme, but androstenediol 
( 1 7 ~ ~ )  is freed only by solvolysis (Sll, Fig. 5 ) .  The proportions of the 
individual 3P-hydroxy-A5 steroids found in umbilical cord plasma mono- 
and diconjugated are shown in Table 15. Very little is free, but Simmer 
and co-workers (S21) have established a concentration of free 16a-OH- 
DHA of approximately 0.4 pg/lOO ml. 
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1 1. Abnormalities in Steroid Production 

The congenital abnormalities of steroid production have been exten- 
sively discussed in previous reviews (B30, B31, V7). Visser (V7) has 
also covered in infants and children other disorders which lead to ab- 
normal steroid production. 

Table 16 shows the major points of interest in patients with these 
abnormalities; they will be discussed in the order: congenital adrenal 
hyperplasia, congenital adrenal hypoplasia, and hypoaldosteronism. 
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showing the enzyme defects that may occur. 



TABLE 16 
FORMS OF ADRENAL MALFUNCTION IN INFANTS 

~~ 

Malfunction Deficiency 
Aldosterone Blood 

Urinary steroids Virilization production rate pressure 
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11.1. CONGENITAL ADRENAL HYPERPLASIA 
This can be due to defects in several enzyme systems required for 

the formation of cortisol (Fig. S ) ,  but in all cases the inadequate level 
of cortisol in the blood causes corticotropin to be secreted by the pituitary 
in increasing amount; this in turn causes hyperplasia of the adrenal 
glands with overproduction of those steroids not affected by the enzyme 
block. The most common deficiency is in 21-hydroxylase, but deficiencies 
have also been reported in infants and children of 3p-HSD, 1lp-hydroxy- 
lase, and cholesterol desmolase, and in older infants of 17a-hydroxylase 
W4) * 

11.1 .l. d l  -Hydroxylase Deficiency 

Deficiency in this enzyme is predominant in nine-tenths of all cases 
of congenital adrenal hyperplasia. Adrenal androgens are not affected 
by the block and though sometimes virilization becomes apparent in fe- 
males only later in life, generally infants are virilized a t  birth (V7). For 
this, testosterone production by the fetus early in pregnancy is probably 
responsible; it is excreted in large amounts by patients with a 21-hy- 
droxylase defect. Degenhart et al. (D5) reported testosterone produc- 
tion rates of 342-11,400 pg/24 hours by 11 infants and children with the 
defect, the normal production rate being less than 500 pg/24 hours. It 
is possible that some of this testosterone is produced by the peripheral 
metabolism of DHA and androstenedione and it may be excreted be- 
fore having passed into the circulation in biologically active form. It is 
likely, however, that some “active” testosterone is produced, and this 
may be sufficient to effect the virilization of fetuses with this disorder, 
since adrenocortical activity in the fetus begins as early as the third 
month of pregnancy, before the complete differentiation of the genitalia. 

17a-OH-progesterone is the compound immediately prior to  the enzyme 
block in the chain of synthesis of cortisol (Fig. 8 ) ,  and large quantities 
of i t  are produced. Before excretion it is largely reduced to pregnanetriol 
(B26, B42, F9, 52). Bongiovanni et al. (BS1) reported considerable 
amounts of 17a-OH-progesterone and no detectable 21-hydroxylase ac- 
tivity in the adrenal glands of affected individuals. The excretion of 17- 
0s is increased, probably because of excessive production of DHA and 
androstenedione rather than through the metabolism of C,, steroids (B36, 
F9). An elevated excretion of ll-deoxytetrahydrocortisol has been re- 
ported (B19, D4). 

In  approximately one-third of patients with a 21-hydroxylase defect, 
there is an excessive excretion of sodium chloride with abnormally high 
serum potassium and low serum sodium concentrations. After treatment 
with cort,isol and deoxycorticosterone acetate (or equivalent therapeutic 
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compounds) the serum electrolytes rapidly return to normal and the 
elevated excretion of the 17-05 is reduced. Since aldosterone is principally 
responsible for controlling the levels of serum electrolytes, Degenhart 
and co-workers (D4) have studied its secretion rate in 9 infants with 
21-hydroxylase deficiency, three with the “salt-losing” form of the 
disorder. They found it was normal (60-125 pg/24 hours), for the infants 
not displaying excessive salt loss, but extremely low for the salt losers 
(< 10 pg/24 hours). In  normal infants and children and in patients 
with simple virilizing adrenal hyperplasia, reduction of dietary sodium 
results in a 2-fold to 3-fold increase, both in the production rate of 
aldosterone (D4) , and the concentration of aldosterone metabolites in 
the urine (B31). Infants with 21-hydroxylase deficiency leading to salt 
loss however, show insignificant increases in aldosterone production on 
salt deprivation (B31, D4). These findings indicate that adrenal hyper- 
plasia with salt loss iz due to a deficiency in the production of aldosterone. 

It might be expected that the production of aldosterone (a 21-hydroxy- 
lated steroid) should always be reduced together with cortisol in cases 
of 21-hydroxylase deficiency. However, i t  is possible that different 21- 
hydroxylase enzymes are required for the production of the two com- 
pounds (D4) , and a deficiency of the cortisol-producing enzyme may not 
always be accompanied by a lack of that used in the synthesis of al- 
dosterone. The 21-hydroxylases acting on progesterone and 17a-OH- 
progesterone have been shown to have different physical constants (S15), 
and deficiency of a 21-hydroxylase acting on 17a-OH-progesterone may 
not affect the synthesis of 17-deoxy steroids, e.g., corticosterone and 
aldosterone. Alternatively, if only the one 21-hydroxylating system 
exists, deficiency may be more severe in cases showing salt loss. Evidence 
that the last theory may be correct has been supplied by Eberlein (E3) 
and Mattox e t  al. (M5), who showed that salt losers have Iower IeveIs 
of cortisol metabolites than do non salt losers. 

In  older children and adults with the disorder, pregnanetriol is the 
major urinary steroid metabolite, but several other 21-deoxy steroids 
have also been identified (B30) including 3a1l7a-dihydroxy-5p-pregnan- 
20-one (L16) , 11-oxo-pregnanetriol (Fl) , and 3a,l7a-dihydroxy-5/3-preg- 
nane-11,2Q-dione (D3). For infants, the situation is different; i t  is not 
always possible to detect pregnanetriol (E5), and the disorder must be 
identified against a steroid metabolism which is in any case very different 
from that normally found in the adult. Pregnanetriol, for instance, has 
not been detected in normal infant urine whereas i t  is a normal com- 
ponent for adults. 

Since the major steroids excreted by newborn infants have the 3p- 
hydroxy-A‘ structure (SS), and the excretion of these compounds is in- 
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creased when corticotropin is administered to infants (L7),  it may be 
expected that greatly increased amounts would be produced by infants 
with a 21-hydroxylase defect. Eberlein (E5) has reported large quanti- 
ties of DHA, pregnenolone, and 16a-OH-pregnenolone in plasma ob- 
tained from newborn infants with the disorder, and it has been shown 
by Reynolds (R4) that patients deficient in the enzyme excrete greater 
than normal amounts of 1h-OH-DHA and 16a-OH-pregnenolone; ad- 
ministration of corticotropin to  these infants resulted in increased excre- 
tion of these compounds. 

A 7-day-old male infant with 21-hydroxylase deficiency studied by the 
authors2 excreted 35 mg of 3P-hydroxy-A5 steroids, the average value for 
normal infants on the sixth day of life being 4.5 mg. The compounds 
measured were only those 3P-hydroxy-A5 steroids which have so far been 
identified in the urine; the absolute total excretion may therefore be 
considerably greater than the figure given. For this infant, the levels of 
plasma electrolytes did not show any abnormality until the eighth day 
of life, a finding not unusual in salt-losing adrenal hyperplasia, since 
cases have been reported where the aldosterone secretion rate was shown 
to be below normal but salt-losing symptoms did not develop until post- 
natal days 7-9 (BSl, K10). Such newborn infants are probably in nega- 
tive sodium balance for the first week of life, with an aldosterone se- 
cretion rate below normal yet sufficiently high to prevent symptoms 
becoming apparent earlier. 

Further investigation of the infant typifies difficulties which may be 
encountered in such cases. Urinary steroid assays were carried out by 
the method of Shackleton and Mitchell (S9) on the days shown in Fig. 9. 
Due to the deterioration of the condition of the infant, cortisone and 
fluorocortisol treatment was started on the ninth day of life. The con- 
siderable excretion of the 3P-hydroxy-A5 steroids on day 7 was largely 
made up of 16a-OH-DHA, 16-oxo-androstenediol, and l&-OH-pregneno- 
lone. It will be seen from Fig. 9 that  the excretion of 21-OH-pregnenolone 
was also considerable (average normal excretion on postnatal day 6, 
170 pg/24 hours), and it was considered from this finding that a deficiency 
of 21-hydroxylase was unlikely. The anomaly might be explained, as 
mentioned earlier, by there being different 21-hydroxylase enzymes, in 
this case for 17a-OH-progesterone and pregnenolone. However, on day 
8, the 21-OH-pregnenolone had decreased considerably and substantial 
amounts of pregnanetriol had appeared in the urine, suggesting a progres- 
sive deficiency of a 21-hydroxylating enzyme. 

It is possible that the ratio of 16n-OH-pregnenolone to 21-OH-preg- 
'The authors are grateful to Dr. J. W. Farquhar for permission to publish results 

which were obtaincd with his help and collaboration. 
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The urinary excretion of certain steroids in an infant with a deficiency of 
21-hydroxylase. The filled-in columns indicate the steroid excretion while the infant 
was receiving therapy with cortisone and fluorocortisol. 21-OH-pregnenolone and 
pregnanetriol were identified by masa spectrometry. The unidentified compound 
reacts with blue tetrazolium and has a polarity similar to 21-OH-pregnenolone. 

FIG. 9. 

nenolone may be a useful parameter for the diagnosis of 21-hydroxylase 
deficiency. This ratio was 11 : 1 on day 7 and increased to 30: 1 on day 8 
(normal average value for infants, 7 : l ) .  The value of this ratio will be 
very limited if 21-hydroxylase is a t  all substrate specific. 

T o  confirm the diagnosis, the infant was reinvestigated a t  the age of 
14 months when, after stimulation with corticotropin for 14 days while 
on maintenance therapy with dexamethasone and fI uorocortiso1, the 
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urinary excretion of pregnanetriol was 47 mg/24 hours with an excretion 
of THE and THF (for method of assay, see S10) of only 0.9 and 0.2 
mg/24 hours, respectively. Il-Oxo-pregnanetriol, 3Pl16a-dihydroxy-5P- 
pregnan-20-one and 3a,l7a-dihydroxy-5p-prcgnan-20-one were also 
identified in the urine by gas chromatography-mass spectroscopy. 

11.1.2. Sp-HSD Deficiency 

This deficiency is rare and was first described by Bongiovanni in 1961 
(B27) and later in greater detail (B31). It is always associated with salt 
loss, and, as treatment with corticosteroids has little beneficial effect, it 
is almost invariably fatal. Due to the severity of the enzyme block in 
the production of androgens by the testes in early embryonic life, in- 
complete function of the genital structures is frequent in male infants, 
whereas females may be slightly virilized, possibly due to excessive 
production of the weak androgen DHA. The enzyme 3p-HSD has been 
shown to be absent from adrenal and testicular tissues obtained from 
infants with this disorder (G3). 

A high excretion of 21-OH-pregnenolone has been reported by Cathro 
et al. ((37) in an infant with the disorder (450 pg/24 hours, normal 
average 50 pg). The presence of this compound in abnormal amount 
cannot, however, be used for diagnosis since the infant with a 21-hy- 
droxylase defect, previously described, excreted an even greater quantity 
on postnatal day 7 (Fig. 9).  

Bongiovanni et al. (B31) has isolated the following steroids from 
infants with the disorder: (1) DHA; (2) 16a-OH-DHA; (3) 16a-OH- 
pregnenolone; (4) 17a-OH-pregnenolone; (5) 3p,17a,20a-trihydroxy- 
pregn-5-ene; (6) 3p,17a,20P,21-tetrahydroxypregn-5-ene. Since very 
large amounts of 3p-hydroxy-As steroids are excreted by normal infants 
and infants with a 21-hydroxylase defect, the finding of large amounts 
of these steroids in urine obtained from an abnormal infant is insufficient 
evidence for a diagnosis of 3P-HSD deficiency. However, compounds 1, 
4, 5, and 6 mentioned above were not detected in elevated amount in 
urine excreted by the infant previously mentioned with 21-hydroxylase 
deficiency, and the measurement of these compounds may be useful in the 
diagnosis of 3P-HSD deficiency. 

11.1.3. l lp -Hydroxylase  Deficiency 

The first thorough investigation of the deficiency was made by Eber- 
kin and Bongiovanni (E6). It is associated with virilization and hyper- 
tension, and low levels of aldosterone production have been reported 
(K10). ll-Deoxycortisol is found in excess in plasma and its tetrahydro 
derivative is the major urinary steroid ; urinary tetrahydro-ll-deoxy- 
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corticosterone is elevated, but pregnanetriol only moderately so. The 
major urinary 17-05 is etiocholanolone. 

11.1.4. Lipoid Adrenal Hyperplasia 

The disorder is due to a deficiency in the cholesterol side chain-splitting 
enzyme responsible for converting cholesterol to pregnenolone (P14). The 
adrenal cortex is hyperplastic and yellow due to accumulated cholesterol. 
Adrenal insutliciency is indicated clinically and incomplete masculiniza- 
tion of male fetuses is due to the inadequacy of testosterone production 
by the testes in early fetal life. A mild form of the disorder has been 
described by Camacho e t  al. (C2). 

11.2. CONGENITAL ADRENAL HYPOPLASIA 

Acute adrenal insufficiency in infancy may be due to congenital adrenal 
hypoplasia. This may be in association with hypoplasia or absence of the 
pituitary gland (B20, B35, E7, M19, R1) or as isolated congenital adrenal 
hypoplasia (B33, C4, M17, R15). 

Cathro and Coyle (C4) have described the second pregnancy of a 
woman who had already given birth to an infant with adrenal hypo- 
plasia. The first infant died of respiratory failure 18 hours after birth and 
postmortem examination revealed very small adrenal glands but no other 
detectable endocrine abnormality. During the latter part of the second 
pregnancy, the maternal estriol excretion was low (1 mg/24 hours), an 
expected finding since l&-OH-DHA produced by the fetus is an im- 
portant precursor of estriol (D6, D9) (Section 4.1.1.). Evidence for 
adrenocortical insufficiency in the infant was obtained from the low 
level of cortisol in the umbilical cord blood. The infant was satisfactorily 
treated a t  birth with steroid therapy. 

The first indication of possible adrenal hypoplasia in an infant studied 
by the authors was the finding of an abnormally low level of estriol in 
plasma obtained from the mother prior to  delivery. The urinary excre- 
tion of lGa-OH-DHA, 16-0x0-androstenediol, and 1&-OH-pregnenolone 
was only about one-tenth that expected for normal newborn infants. This 
infant died of respiratory failure 30 hours after birth; postmortem ex- 
amination showed very small adrenal glands. 

Adrenal cortical hypoplasia in two male siblings, who both died in the 
neonatal period, has been reported by Boyd and McDonald (B33). 
Mitchell and Rhaney (M17) also observed two male siblings with 
adrenal hypoplasia, one died a t  the age of 2 months and the second was 
treated successfully with fluorocortisol. 
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11.3. DEFECTS IN THE PRODUCTION OF ALDOSTERONE 

Deficiency in the 18-oxidation of corticosterone was first described by 
Visser and Cost (V8) in three related infants with salt-losing syndrome. 
A defect in the conversion of corticosterone to aldosterone is not asso- 
ciated with adrenal hyperplasia since cortisol production is not affected 
a,nd no excess corticotropin is produced. The patients studied by Visser 
and Cost (V8) had low serum sodium concentrations with high serum 
potassium. The total excretion of 17-05 and cortisol metabolites was 
normal. However, no aldosterone was detected in the urine and abnor- 
mally large amounts of 17-deoxy CZ1 steroids were excreted (corticos- 
terone, 11-dehydrocorticosterone, tetrahydrocorticosterone, allotetrahy- 
drocorticosterone, and tetrahydro-11-dehydrocorticosterone). Ulick and 
co-workers (Ul )  have also studied an infant with the salt-losing syn- 
drome associated with defective production of aldosterone. These workers 
found increased production of corticosterone, 18-OH-corticosterone and 
11-deoxycorticosterone and postulated that the defect was in the oxida- 
tion of 18-OH-corticosterone to  aldosterone. 

The excess production of 11-deoxycorticosterone and corticosterone by 
infants with an 18-oxidation defect is probably due to an excess produc- 
tion of angiotensin, the stimulant for aldosterone production (M20). 
Renin, produced by the juxtaglomerular cells in the kidneys, initiates the 
formation of angiotensin, and a loss of salt causes this substance to  be 
produced in excessive amounts. Evidence for this has been obtained by 
Ulick et al. (Ul) ,  who found an increased amount of renin in the plasma 
of their patients during sodium depletion experiments. 

A defect in the synthesis of aldosterone in infancy may not be per- 
manent. Royer et al. (R18) reported two siblings with a salt-losing syn- 
drome who responded well to 11 -deoxycorticosterone acetate ; when one 
of the children was reinvestigated after 5 years, i t  was found that the 
aldosterone secretion rate was normal. Two infants studied by Russell 
and co-worker (R19) had salt loss in infancy and were treated with salt 
and 11-deoxycorticosterone acetate, but i t  was possible to discontinue 
the treatment of one infant a t  the age of 12 months and the other after 
3% years. 

It has been suggested by Visser (V7) that two types of hypoaldosteron- 
ism exist in infancy: permanent hypoaldosteronism due to a deficiency in 
the 18-oxidation of corticosterone, and transient hypoaldosteronism 
caused by delayed maturation of the zona glomerulosa after birth. 

12.  The Control of Steroid Production in Infancy 

There is little doubt that the infant adrenal responds to corticotropin 
stimulation and stress with an increased production of cortisol, though 
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Klein and Hanson (K6) found a reduced eosinophile cell count response 
in the first week of life compared with that found during the second week, 
and Colle and Ulstrom (C14) and Colle et  al. (C15) could demonstrate 
no increase in urinary Porter-Silber chromogens or cortisol in response 
to corticotropin or surgical stress. However, using the method of Nelson 
and Samuels (N3), Bertrand et al. (B12) showed a good response to 
corticotropin by newborn and older infants, and the blood cortisol level, 
measured by double isotope dilution has been found to rise markedly 
during the stress of exchange transfusion of infants (B43). The rise was 
not due to donor blood, as its cortisol and corticotropin content was low. 
Cathro e t  al. (C5) found an above normal level of cortisol metabolites 
in the urine of some stressed babies and of one infant subjected to ex- 
change blood transfusion. Hillman and Giroud (H9) obtained a good 
response in blood cortisol and cortisone levels (assayed by double isotope 
dilution techniques) in 9 babies aged 16-74 hours, after the injection of 
corticotropin, and the corticotropin stimulation of newborn infants has 
also been shown to cause an increase greater than 600% in the urinary 
excretion of cortisol (Table 17). 

The use of modern techniques has shown that soon after birth the 
infant adrenal is fully capable of responding to a stimulus of stress, 
presumably operating through a functional hypothalamic-pituitary-ad- 
renal axis, and during early life cortisol is produced a t  a rate relatively 
higher than that in normal adult life (Section 7.3). The inability of 

TABLE 17 
URINARY STEROID EXCRETION IN 5 NEWBORN INFANTS AVERAGED FOR THE FIRST 

3 POSTNATAL DAYS WITH No TREATMENT, AND FOR DAYS 4, 5, AND 6, 
DURING WHICH CORTICOTROPIN WAS ADMINISTERED" 

Average, days 
4, 5,  6, on Average, days 

1, 2, 3 corticotropin Percent 
Steroid ( d 2 4  hr) ( d 2 4  hr) increase 

2 1-OH-pregnenolone 
Androstenediol (1701) 
16-0x0-androstenediol 

16a-OH-pregnenolone 
Androstenetriol 
Cortisol 
Tetrahydro compounds* 

16a-OH-DHA 

280 
< 340 
1850 
1370 
1710 
1060 
< 170 
<I20 

510 
380 

2940 
3430 
4860 
1410 

> 1250 
> 1200 

82 
> 11 

59 
150 
185 
32 

> 600 
> 1000 

Lauritzen et al. (L7). 
A group of unidentified blue tetrazolium staining compounds with the chromato- 

graphic mobility of THE and THF. 
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earlier workers to demonstrate any response to stimuli may be due to 
the type of assay procedures used. 

Work mentioned in Section 4.2.3. has indicated that corticotropin is 
involved in cortisol production in the fetus, but three reasons are there 
given why the control of production may be complex. At birth two of the 
three conditions mentioned suffer dramatic change; i.e., cortisol can no 
longer be obtained across the placental barrier from the maternal circula- 
tion, and the abundant supply of progesterone from which cortisol might 
be synthesized is cut off. To maintain control in the face of changes such 
as these, the mechanism must surely be robust. 

The control of estrogen and progesterone production by the placenta 
in pregnancy is not understood but since the precursors of the estrogens 
at  least are found in the fetus, it is likely that the primary control of 
their production resides there. In  early independent life with the absence 
of the placenta these precursors are excreted in the urine either unchanged, 
16a-hydroxylated or otherwise metabolized, and it is reasonable to assume 
that their production proceeds by the same mechanisms as in utero. 
EIarly work with the administration of corticotropin to infants showed 
an increase in the excretion of DHA (L5, L6), and recently, with the 
same stimulation a range of urinary steroids has been measured (L7). 
The results, summarized in Table 17, show a relatively small increase 
(occasionally a decrease) in the 3P-hydr0~y-n~ steroids, with a very 
considerable increase in cortisol and its metabolites. Allowing for the 
peculiarities in the catabolism of cortisol by infants, and if urinary ex- 
cretion is taken as a measure of production, it is evident that to produce 
the normal pattern of steroids found in infant urine and also in utero 
(a large amount of A5 steroid with a much smaller quantity of cortisol 
metabolites), a different or more complex mechanism of control must 
obtain. 

It is of interest to compare the increases in the 3P-hydroxy-A5 steroids 
under corticotropin stimulation with those found by various workers for 
the major group of urinary steroids not emanating to any extent from 
cortisol, i.e., the 17-0s. The results found for this group vary considera- 
bly, the average increases being from 35 to 350%, but on the whole the 
rate of excretion of the 17-0s in later life seems to be about as sensitive 
to corticotropin stimulation as are the 3P-hydroxy-A5 steroids in infancy. 
It is thus possible that corticotropin has some influence on the production 
of estrogens and possibly progesterone in pregnancy. To support this, a 
considerable increase has been reported in the urinary excretion of estriol 
by women in late pregnancy after the infusion of corticotropin whereas 
no such increase was obtained in cases of intrauterine fetal death (Dl) .  
In  addition, when corticoids are given to the mother there is a marked 
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lowering in the level of DHA and 16a-OH-DHA in cord blood (S22), 
indicating (if the production of these steroids is under the control of 
corticotropin) that the administered steroids have crossed the placenta 
and have suppressed the production of corticotropin in the fetus. Cortico- 
tropin has been shown to stimulate steroidogenesis by third-trimester 
fetal adrenals (B21). 

It has been suggested (E4, S9) that the explanation for the large 
quantity of A5 steroids produced after birth lies in their incidental forma- 
tion by corticotropin stimulation, during a somewhat inefficient synthesis 
of cortisol via hydroxylated A5 intermediates (see Section 4.2.3). Some 
other explanation must be found, however, since under corticotropin 
stimulation the efficiency of cortisol, relative to A5 steroid production is 
apparently considerably improved. 

Chorionic gonadotropin (HCG) may be involved since i t  has recently 
been shown (Table 18) that its administration for therapeutic purposes 
to newborn male infants with undescended testicles produces a selective 
increase in the excretion of DHA with no apparent effect upon the excre- 
tion of other steroids. It is possible that the DHA is produced by stimula- 
tion of the testes. A total of 7 babies was studied, but stimulation was 
obained only in the 4 whose results are given in Table 18. 

13. Concluding Remarks 

During the early weeks and months of human life after birth, steroid 
metabolism and excretion are rapidly changing, and the results of assays 
on blood and urine obtained using techniques designed for work with 

TABLE 18 
URINARY STEROID EXCRETION IN 4 NEWBORN INFANTS, AVERAGED FOR POSTNATAL 

WHICH HUMAN CHORIONIC GONADOTROPIN WAS ~ M I N I S T E R E D ~  

DAYS 1-3 WITH N O  TREATMENT, AND FOR DAYS 4, 5, AND 6, DURlNG 

Average, days Average, days 
1, 2, 3 4, 5, 6, on HCG Percent 

Steroid (pg/24 hours) ( d 2 4  hours) increase 

Pregnenolone 
DHA 
21-OH-pregnenolone 
Androstenediol 
16-Oxc-androstenediol 
I&-OH-DHA 
166-OH-DHA 
16a-OH-pregnenolone 
Androstenetriol 

0 Lauritzen et al. (L8). 

< 24 
< 38 
156 
95 

545 
645 
380 
953 
378 

< 24 
74 1 
152 
105 
600 
730 
298 

1028 
325 

0 
> 1850 

-3 
11 
10 
13 

- 22 
8 

- 14 
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adults must be interpreted with considerable caution. Group assays such 
as those for 17-08 and 17-OHCS must be used only on the understand- 
ing that the contents of the groups are very different for infants. Special 
methodology is available and is especially valuable in the investigation 
of infants suspected of having a defect in steroid synthesis. 

Over the first 6 months of life, two patterns of change can be dis- 
tinguished: for 4 or 5 days the newborn infant is disposing of the large 
amounts of steroids received in utero from the placenta, then until the 
sixth month, enzyme systems are still functional for the production of 
steroids associated with uterine existence. After the sixth month the 
childhood pattern of steroid metabolism has emerged, though for the 
estrogens a t  least, the type of catabolism found in the newborn is still 
present. 

Knowledge of steroid metabolism during early life is far from com- 
plete, and i t  is highly probable that some of the steroids present have a 
definite role in infant survival, and are not produced solely by the vesti- 
gial remains of a system of metabolism designed for uterine life. It is 
likely that further research will indicate new clinical applications for the 
investigation of already identified steroids, unidentified compounds, or 
the profiles of both, in amniotic fluid, umbilical cord blood, and infant 
urine. 
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1. Introduction 

At the present time, gas chromatography (GC) has a rather limited 
function in its application to  clinical chemistry. There are two main 
reasons for this limitation. Many of the substances which are required to 
be determined in clinical chemistry are ionic in nature and are, therefore, 
not sufficiently volatile, a t  the temperatures a t  which present gas chro- 
matographs operate, to  allow of their analysis. by GC. In  certain cases 
i t  is, of course, possible to form volatile derivatives, e.g., in the case of 
amino acids. Furthermore, the volatility of nonionic compounds whose 
molecular weight is greater than about 500 is low enough to cause difficul- 
ties to be encountered, mainly because of the relatively high temperatures 
and carrier gas flow rates necessary for the compounds to elute in a 
reasonable time. However, it is interesting to note that Subbaram (515) 
claims to have separated the palmitic and stearic esters of cholesterol 
(molecular weights 624 and 652, respectively) using temperatures up to 
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340°C. Even metalloporphyrins have been separated in a high pressure 
(1830 psi) column by Klesper et al. (K7) using dichlorodifluoromethane 
as carrier gas, although, in this case, the compounds were not eluted but 
were located in the column after the “run.” Thus i t  may be that ulti- 
mately the limiting factor may be not the size of the molecule, but rather 
the stability (in the carrier gas) of the compounds to  be analyzed a t  very 
high pressures and high temperatures. 

Even so, gas-liquid chromatography (GLC) is proving to be an in- 
creasingly important analytical tool in clinical chemistry although it is 
probably true to say that many clinical chemistry laboratories are not a t  
present making as much use as they could of the technique. Perhaps one 
of the reasons for this stems from the fact that commercially prepared 
columns do not always perform adequately the function which their 
manufacturers claim. There is also a certain amount of ignorance on the 
part of some users who, for example, purchase a packed column, fit this 
into their apparatus, and find i t  not to function properly. They most 
probably have not realized that it is necessary to “optimize” the condi- 
tions of the detector to suit the carrier-gas flow rate. But they then 
condemn the use of GLC for that particular purpose, and this condemna- 
tion spreads by geometric progression to workers in other laboratories. 
In  other instances, many workers do not realize the paramount im- 
portance of the part which the forces of adsorption play in GLC. In the 
writer’s opinion, these workers are unfortunately retarding to quite a 
great extent the rate of development of the use of GLC in clinical chemis- 
try laboratories. 

The purpose of this chapter is to show how GLC can be used in the 
clinical chemistry laboratory and to mention some of the most recent 
work in this field. Several techniques are described in detail, and par- 
ticular attention is paid to column preparation. 

For a comprehensive review of recent developments (up to the begin- 
ning of 1968) in gas chromatography, the reader is referred to the publi- 
cations of Juvet and Dal Nogare (D2, D3, J9, JlO). 

2. Basic Requirements of Gas-Liquid Chromatography 

A schematic diagram of the basic requirements of gas chromatography 
is shown in Fig. 1, which is reproduced from the chapter by Goldbaum 
e t  at. (G5) .  

The mixture to be separated is introduced into a stream of carrier gas 
and is thereby swept into the column, where separation of the components 
of the mixture is effected. The emerging components are detected, and 
the results are presented graphically on a recorder as  detector response 
us. time. Ideally, Gaussian peaks are presented by the recorder. The area 
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FIG. 1. Schematic diagram of gas chromatography. Reproduced from Goldbaum 
e t  al. (G5) with permission. 

under these peaks is proportional to the amount of component in the 
detector over that time interval. Mechanical or electronic integrators are 
available to measure these areas. Alternatively, the peak height (which 
is proportional to the area of a symmetrical peak) may be used for 
quantitative evaluation, but significant errors may be introduced by this 
method if the peaks are not symmetrical. Unsymmetrical peaks may be 
encountered when attempting to  separate polar compounds. 

2.1. CARRIER GAS 

The type of detector to be employed determines the nature of the 
carrier gas which may be used. Argon is used with the argon ionization 
detector. Helium is used with flame-ionization, thermal conductivity, 
thermionic emission, and cross-section detectors. Hydrogen may be used 
in thermal conductivity detectors to give maximum sensitivity. Probably 
the commonest and cheapest carrier gas is nitrogen, which can be used 
with flame-ionization, electron capture, thermal conductivity, and cross- 
section detectors. Argon-methane mixtures may be used with electron 
capture detectors. 

The manufacturer’s instructions regarding flow rates of carrier gas 
and the “optimization” of gas flows to, say, the flame ionization detector, 
are usually satisfactory, but the following points, while seemingly rather 
obvious, are nevertheless very important if the apparatus is to function 
properly. 

a. The pressure of the carrier gas as indicated on the cylinder gauge 
must be sufficiently high to allow the flow controller to function properly. 

b. The flow rate of the carrier gas should be measured whenever a new 
carrier gas cylinder is fitted. 

C. The column must be tight enough not to allow any gas leaks. This is 
especially important a t  high input pressures with tightly packed metal 
columns. 



220 HAROLD V. STREBT 

d. The hydrogen and air flows to the flame-ionization detector must be 
“optimized” whenever the carrier gas flow rate is altered. 

2.2. SAMPLE INTRODUCTION 

For introduction into the gas chromatograph, the sample may be solid, 
liquid, or gas. Solids are introduced by the capsule or metal-grid tech- 
nique or by means of specially constructed syringes. Liquids are injected 
with microliter syringes through a septum in the apparatus. For gases, 
special airtight syringes or systems of sampling valves are used. Solids 
may be dissolved in a suitable solvent, which is then injected as a liquid. 

2.3. COLUMNS 

It is often stated that the column is the heart of the gas chromatograph. 
This is indeed true, and i t  is column preparation (which is discussed in 
greater detail in another section) that largely determines whether ‘‘good” 
or “bad” results are obtained-this is especially true in the gas chro- 
matographic analysis of polar compounds, The column, of glass or metal 
tubing, usually measures 6-12 feet in length and from 1/8 to 1/4 inch in 
diameter. Open tubular columns (capillary columns) and packed capil- 
lary columns have been described in a very useful publication by Ettre 
(E4). These types of columns will not be considered in this chapter. 

The “packed column” is filled with a support material which usually 
consists of a diatomaceous earth or glass beads. This support, which must 
have a large surface area, is coated with a liquid phase. The different 
types of supports and liquid phases are described in a subsequent section. 
The mixture of compounds to be separated is carried, after introduction 
into the gas chromatograph, by the carrier gas along the column. Here, 
the compounds (in the vapor phase) are “partitioned” between the liquid 
and vapor phases and, depending on their partition coefficients (and 
certain adsorption forces, e.g., van der Waals, hydrogen bonding) are 
resolved to a greater or lesser degree. These resolved (or separated) 
compounds are presented to the detector, which presents an electronic 
signal to the recorder (via an electrometer), which in turn displays the 
separated components of the original mixture as a series of (ideally) 
Gaussian curves. These are actually graphs of detector response versus 
time. The area under each of these Gaussian curves is proportional to 
the amount of substance passing through the detector over the time 
interval required for presentation of the particular curve. The time in- 
terval measured from the time of injection of the sample to  the time a t  
which the curve maximum occurs is called the retention time ( t , )  . These 
curves are referred to by workers in the field of gas chromatography as 
peaks. A useful note on the preliminary recommendations on nomencla- 
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ture and presentation of data in gas chromatography has been prepared 
by a special group of workers of the International Union of Pure and 
Applied Chemistry under the Chairmanship of Dr. D. Ambrose (A6) of 
the National Chemical Laboratory, Teddington, Middlesex, England. 

2.4. DETECTORS 
There are two main types of detectors in common use. These are the 

thermal conductors and the ionization detectors. In  general these detec- 
tors have been fully described in previous reports (B27, K1, L10, L11). 
Other types of detector have been described recently. An interesting 
development in this connection is the use of a flame photometric detector 
(J11, Zl) for the determination of transition metal halides, chelates, and 
organic compounds. Braman (B 18) has described flame emission and 
dual flame emission-flame ionization detectors for use in conjunction with 
gas chromatography. Detection sensitivity was in the microgram range. 
An improvement in the electron-capture detector was reported by Sim- 
monds e t  al. (S6), who replaced the usual tritium source by a nickel-63 
source. This modification permits safe operation up to 400°C and yet 
maintains the general performance features of the parallel plate detector. 
A microwave emission detector has been devised (M14) using argon- 
helium carrier gas which, it is claimed, has improved sensitivity and 
selectivity for several organophosphorus pesticides plus p,p’-DDT, lin- 
dane, and 2-iodobutane. A novel type of detector has been proposed, 
(V5a) which achieves chemical selectivity by making use of the principles 
involved in polarography. Very recently, an extensive study has been 
made by Price e t  al. (P10) of the application of a photoionization detec- 
tor in gas chromatographic systems. Possible applications of this type of 
detector suggested by these workers include studies of air pollution. 
Chromatograms are shown of air samples containing 5 ppm of petroleum 
ether using a sample size of only 1 ml. 

3. C o l u m n  P r e p a r a t i o n  in Gas-Liquid C h r o m a t o g r a p h y  

3.1. SOLID SUPPORTS 

In  1963, Ottenstein (03) produced a very useful paper dealing with 
most of the important aspects of column support materials for use in gas 
chromatography. A more recent review by Palframan and Walker (P l )  
covers the diatomaceous supports, fluorocarbon supports, and various 
“specialist” supports including the porous polymer beads such as  Porapak, 
Polypak, and Chromosorb 102. The Johns-Manville Products Corpora- 
tion, Celite Division (New York) issue very useful leaflets describing 
their various Chromosorb products, e.g., Chromosorbs A, G, P, T, W, and 
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102. These leaflets give details of relevant physical properties of the 
supports, coating procedures, mesh sizes, etc. 

3.1.1. White Diatomaceous Supports 

These are prepared from flux-calcined diatomaceous earth, also called 
diatomite, diatomaceous silica, or kieselguhr. This earth is composed of 
the skeletons of diatoms, which are single-celled algae. It is excavated 
from deposits found in various parts of the world. The calcining is carried 
out by mixing the earth with a little sodium carbonate (called the flux), 
and raising the temperature to above 900°C. Various white diatomaceous 
earths are available commercially. The more common of these are Anak- 
rom U, Celite 545, Chromosorb G (very robust material), Chromosorb W, 
Gas-Chrom CL, Gas-Chrom P,  and Gas-Chrom S. 

3.1.2. Pink Diatomaceous Supports 

These are prepared by crushing the diatomaceous earth, pressing i t  into 
brick form, and then calcining it above 900°C. The characteristic pink 
color is probably due to  the formation of an iron oxide from complete 
silicates. I n  the case of the white diatomite, the absence of pink color is 
probably due to the reaction of the sodium carbonate with iron oxide to 
form a colorless complex sodium iron silicate. A number of pink diato- 
maceous supports are commercially available; the more common of these 
are Anakrom P, Chromosorb P, Diatomite S, and Gas-Chrom R. 

3.1.3. Fluorocarbon Supports 

The most inert of all the support materials are the fluoroethylene 
polymers (Teflon-6, Fluoropak-80), and the chlorotrifluoroethylene poly- 
mer (Kel-F). 

I n  a comparison of various support materials, Sawyer and Barr (S3) 
found Teflon (Fluoropak-80) to be the least efficient. However, because 
of the inertness of fluorocarbon supports, they have proved useful in the 
analysis of aqueous samples (L2). 

3.1.4. Porous Polymer Beads 

These are the styrene-divinyl copolymer type (H10) and include 
Porapak, Polypak, and Chromosorb 10.2. Five different Porapaks are 
available: P, Q, R, S, and T, which differ in degree of cross-linking of 
styrene with ethylvinyl benzene. These polymers give sharp, symmetrical 
peaks and low retention volumes for water, alcohols and glycols, while 
less polar compounds are retarded (B28, H11). The beads are stable up 
to about 250°C. As they are generally used without liquid phase, there is 
no “bleed” from the column. Figure 2 shows the excellent results obtained 
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FIG. 2. Separation of organic compounds from water. Conditions: 115”C, 60 ml 
of HZ per minute, column 6 foot X K6 inch, ethylvinylbenzene-divinylbenzene 
polymer. Reproduced from Hollis (H10) with permission. 

by Hollis (H10) for the separation of a number of volatile organic com- 
pounds from water, using an ethylvinylbenzenedivinylbenzene polymer. 

Unfortunately, the capacity of the porous polymer columns is low, i.e., 
they are easily overloaded. Hollis (H10) found that the peak shape began 
to distort with about 0.2 pl per component (see example shown in Fig. 2 ) ,  
although the peak shape remained fairly good up to 1 p1. However, a 
rapid recovery occurs following “flooding” with water, due to the non- 
sorptive nature of the material. This is particularly useful in analysis of 
trace constituents. 

3.1.5. Other Solid Supports 

Among other solid supports which have been proposed are glass beads 
(C2, D9, G3, L9, OZ), modified glass beads (D9, G4, K4, K5), the nat- 
urally occurring sterrasters (from marine sponges) (W3), Tide detergent 
iD7, D8, P9), and graphitized carbon on glass beads (H2). Recently, 
Vidal-Madjar and Guiochon (V10, V11) have pointed out that the full 
potential of gas-solid chromatography has not yet been revealed. They 
have produced some very interesting results by what they call gas-solid 
chromatography on organic crystals. Good resolution of a mixture of 
polynuclear aromatic hydrocarbons was obtained with copper phthalo- 
cyanine coated on graphitized carbon black. 

Palframan and Walker (P1 ) feel that the technological development 
of diatomaceous earths is probably approaching a limit. They suggest 
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that, while there is room for further advances in the use of porous layer 
glass beads, the ideal support may ultimately be found in the develop- 
ment of solids of the cross-linked polystyrene type. At present, how- 
ever, it appears that the best support materials are the diatomaceous 
earths. 

3.2. LIQUID PHASES 

It is probable that no more than half a dozen different liquid phases 
are needed to undertake resolution of any mixture of substances by GLC. 
But the number of liquid phases which have been suggested, many of 
which are available commercially, is almost legion. Table 1 contains a 
list of liquid phases which are currently available from Perkin-Elmer 
Ltd., and Table 2 is a list of polyester liquid phases which are available 
from the same suppliers. It is claimed that the polyesters listed in Table 2 
have a thermal stability which is superior to that of the polyesters con- 
tained in Table 1. 

Probably the most widely used liquid phases are the silicones. These 
will be considered in more detail because many workers, even those who 
are “experienced” in the art of gas chromatography, seem to hold the 
idea that one and only one particular methyl silicone, for example, will 
effect resolution of the components of a particular mixture. While this 
may hold in a few isolated instances, i t  is certainly not a correct generali- 
zation. All methyl silicones have the following basic structure : 

The greater the value of n ,  the higher the molecular weight and the 
greater the viscosity. As n increases, the compounds change from oils to  
gums. Cross-linking produces silicone rubbers, but these are not used as 
liquid phases in GLC. When the chain length is such that the molecular 
weight is of the order of 10,000, the vapor pressure of the gum is negligi- 
ble a t  350°C, which is not far from the decomposition temperature. The 
“bleed” which is observed from columns containing these silicone liquid 
phases is generally due to  contamination of the gum with lower molecular 
weight silicones (i.e., molecular weight ca. 1000-2000). Furthermore, if 
the support material has not been deactivated properly, this may lead to 
decomposition of the gum, thus producing a “bleed” of lower molecular 
weight compounds. The commonest methyl silicones in use as liquid 
phases are DC-200, SE-30, SF-96, JXR, OV-1, and UCL-45. These phases 
should all give approximately equivalent GLC resolution of any particu- 
lar mixture of coinpounda. Yet i t  is often claimed that one 01’ other of 
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them is superior to the rest, in some particular respect. Horning (H13), 
for instance, states that  his samples of OV-1 were somewhat more 
thermostable than his SE-30 samples. The present writer would suggest 
that any such differences are due either to impurities in the SE-30 or to 
differences in the activity of the support material in the compared 
columns-a to a combination of both these factors. 

Other silicone liquid phases are available in which the methyl groups 
are replaced to  various extents by other groups. Enhanced selectivity 
may be obtained by chemical modification of the silicone polymer by 
the introduction of a polyester which, unfortunately, reduces the thermal 
breakdown temperature. Ethylene glycol succinate is commonly used as 
the polyester for these modifications. The silicone part may also be 
substituted by phenyl or cyanoethyl, etc. Table 3 shows some of these 
liquid phases which are available commercially. 

As regards the differences between the various liquid phases, these are 
largely due to differences in polarity of the liquids. The term “polarity” 
should be used only in a relative sense in comparing the various phases. 
The methyl silicones are less polar than the substituted phenyl silicones, 
which in turn are less polar than QF-1 and the Carbowax (polyethylene 
glycol) phases. It is often stated that the methyl silicones are nonpolar, 
but one has only to construct a molecular model of part of these types of 
polymer to see that they do not fit this description. Rohrschneider (Rl )  
has recently examined a t  length the relationship which exists between 
polarity as applied to gas-liquid chromatography, and solvent polarity. 
He considers the possibilities of defining polarity and using i t  to predict 
retention times. 

3.3. DEACTIVATION O F  DIATOMACEOUS SUPPORTS AND 

PREPARATION OF COLUMNS 

3.3.1. General Considerations 

The preparation, scope, and limitation of columns for GLC analysis, 
especially of submicrogram amounts of polar compounds, have been 
discussed by McMartin and Street (M10). These workers pointed out 
that the problem of adsorption of solute by the support material is much 
greater in the submicrogram region than when dealing with tens of 
micrograms of solute. The deactivation, by which is meant the reduction 
of the forces of adsorption between support and solute, is of extreme 
importance if one is to obtain reproducible chromatograms of compounds 
(however slight their polarity may be) when dealing with amounts of 
solute less than 1 pg. As an alternative to support deactivation, one may 
consider modifying the solute itself so that its polarity is reduced. Indeed, 
in some cases (e.g., the amino acids) the solute is too polar, without 
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TABLE 1 
LIQUID PHASESO 

~~ 

MRT" 
Material ("C) Solventc 

Acetonyl acetone (2,5-hexanedione) 
Antaxox CO-990 
Apiezon L 
Apiezon M 
Apiezon N 
Atpet 80 (sorbitan monooleate) 
'I,,&Benzoquinoline 
Benzyldiphenyl 
Bis-2-methoxyethyl adipate (BMEA) 
Bis[2-(2-methoxyethoxy)ethylJ ether (BMEEE) 
m-Bis(m-phenoxyphenoxy) benzene (MBM) 
1,4-Butanediol succinate polyester (BDS) 
Carbowax 200 (polyethylene glycol) 
Carbowax 400 (polyethylene glycol) 
Carbowax 400 dioleate 
Carbowax 600 (polyethylene glycol) 
Carbowax 750 (polyethylene glycol) 
Carbowax 1000 (polyethylene glycol) 
Carbowax 1000 monostearate 
Carbowax 1500 (polyethylene glycol) 
Carbowax 1540 (polyethylene glycol) 
Carbowax 4000 (polyethylene glycol) 
Carbowax 6000 (polyethylene glycol) 
Carbowax 20 M (polyethylene glycol) 
Castorwax (hydrogenated castor oil) 
Celanese C-9 ester 
2-Cyanoethyl methyl silicone (XE-60) 
Diisodecyl phthalate 
Di-n-decyl phthalate 
Diethylene glycol 
Diethylene glycol adipate polyester (LAC-IR-296) 
Diethylene glycol adipate cross-linked with pentaerythritol 

Diethylene glycol succinate polyester (LAC-3R-728) 
Di-2-ethylhexyl sebacate 
Digol (diethylene glycol) 
Diglycerol 
Dimer acid (Empol 1022) 
Dimethyl formamide 
Dimethyl sulfolane 
Dimethyl sulfoxide 
Dinonyl phthalate 
Dipropylene glycol 
Emulphor-0 (Mulgofen ON-870) 

(LAC-2R446) 

20 
225 
250 
250 
250 

150 
100 
100 
50 

220 
270 

70 
100 
100 
125 
125 
150 
150 
150 
150 
200 
200 
220 
200 
200 
230 
160 
125 
75 

200 
180 

190 
150 
75 

100 
150 
50 
50 
30 

150 
75 

175 

- 

A 
C 
H 
H 
H 
H 
A 
H 
H 
C 
B 
C 
DM 
DM 
D M 
DM 
DM 
D M  
DM 
DM 
D M  
DM 
DM 
C 
C 
4 
h 
H 
H 
M 
A 
A 

A 
H 
M 
M 
T 
M 
C 
C 
C 
C 
C 
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TABLE 1 (Continued) 

Material 

Kpikote 1001 (polyepoxy resin) 
Flexol8N8 
Fluorene 
Fluorolube 
Fluorosilicone oil FS-1265 (QF-1) 
Hallcomid &I-18 (dimethylstearamide) 
n.-Hexadecane 
1,2,3,4,5,6-Hexakis(2-cyanoethoxy) hexane 
Hexamethyldisilaaane (HMDS) 
Hexamethylphosphoramide (HMPA) 
2,5-Hexanedione 
Igepal CO-990 [nonylphenoxy poly (ethyleneoxy)ethanol] 
LAC-IR-296 (diethylene glycol adipate polyester) 
LAC-2R-440 (diethylene glycol adipate cross-linked with 

LAC-3R-728 (diethylene glycol succinate polyester) 
LAC-6R-860 ( lJ4-butanediol succinate) 
Marlophen 87 (heptaglycol monoisononylphenyl ether) 
Nonyl phenol 
p,p'-Oxydipropionitrile 
Polyethylene glycol-see Carbowax 
Polyethylene glycol succinate ester 
Polyoxyethylene sorbitan monostearate (Tween 60) 
Polyoxyethylene sorbitan monooleate (Tween 80) 
Polyphenyl ether OS124 
Polypropylene glycol--see Ucon fluid 
Propylene carbonate 
Reoplex 400, polypropylene glycol adipate 
Sebacic acid 
Silicone fluid FS-1265 (trifluoropropyl) 
Silicone fluid MS200/50cSt (methyl) 
Silicone fluid MS200/100cSt (methyl) 
Silicone fluid MS200/12500cSt (methyl) 
Silicone fluid MS550 (methyl phenyl) 
Silicone fluid MS710 (methyl phenyl) 
Silicone fluid SF-96 (methyl) 
Silicone OV-1 
Silicone OV-17 
Silicone grease 
Silicone gum rubber E-301 (equivalent to SE-30) 
Silicone gum rubber E-302 (equivalent to SE-31) 
Silicone gum rubber SE-52 (phenylmethyl) 
Silicone gum rubber XE-60 (cyanoethylmethyl) 
Squalene 
Tetraethylene glycol dimethyl ether 

pentaerythritol) 

Solvent' 

225 
175 
150 
75 

225 
180 
50 
50 

50 
20 

220 
200 
200 

- 

190 
200 
150 
125 
70 

190 
150 
160 
200 

50 
200 
200 
225 
200 
200 
200 
200 
220 
250 
350 
350 
250 
250 
250 
250 
230 
160 
60 

A 
A 
A 
A 
A 
C 
H 
T 
T 
C 
A 
C 
A 
A 

A 
C 
A 
DM 
DM 

A 
C 
C 
A 

A 
C 
M 
A 
H 
H 
H 
H 
H 
H 
H 
H 
C 
H 
H 
H 
A 
H 
A 

(Continued) 
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TABLE 1 (Continued) 

Material 
MRT6 
("C) So 1 vent 

Tetraisobutylene 
N,N,N',N'-Tetrakis(%hydroxypropyl)ethylenediamine 

Tricresyl phosphate 
Triethanolamine 
Trimer acid (Empol 1040) 
Trimethylol-propane tripelargonate 
1,2,3-Tris-(2-cyanoethoxy)propane 
Tritolyl phosphate 
Trixylenyl phosphate 
Tween 60 (polyoxyethylene sorbitan monostearate) 
Tween 80 (polyoxyethylene sorbitan monooleate) 
Ucon fluid 50-HB-2000 (polypropylene glycol) 
Ucon fluid LB-550-X (polypropylene glycol) 
Versamid 900 (polyamide resin) 
Versamid 930 (polyamide resin) 
Versamid 940 (polyamide resin) 

(Quadrol) 

20 
150 

125 
75 
200 
200 
175 
125 
125 
150 
160 
200 
150 
250 
250 
250 

DM 
C 

C 
C 
T 
C 
C 
C 
DM 
C 
C 
H 
H 
CB 
CB 
CB 

(I Available from Perkin-Elmer Ltd. 
* MRT = maximum recommended temperature ("C). 

dichloromethane; H, hexane; M, methanol; T, toluene. 
A, acetone; B, benzene; C, chloroform; CB, chloroform-n-butanol (2: 1); DM, 

modification, to be analyzed a t  all by GLC. A common example of solute 
modification of this type is seen in the formation of the alkyl esters of 
fatty acids prior to GLC analysis. However, even after modification, the 
compound in many cases may still be fairly polar. This leaves us then 
with our attention focused on the support material. 

An account of the surface properties of silica powders has been given 
by Hockey (H7). Basila (B3) has studied the surface chemistry of silicas. 
In  the diatomaceous earths, i t  is generally considered that the main 
forces responsible for adsorption of solutes are the weak van der Waals 
forces and the stronger forces due to  hydrogen bonding. The van der 
Waals forces are neutralized by all liquid phases and so need not be 
considered here. In  the diatomaceous support there will be both 

I I I 

I I I 
(1) (11) 

groups and, as Palframan and Walker (PI) have pointed out, these will 
give rise to two types of hydrogen bond, one where the Group (I) func- 
tions as the proton donor in the hydrogen bond and the other where the 
Group (11) functions as the proton acceptor. From this, i t  would seem 

-Si--OH and -Si+Si- 
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TABLE 2 
HIQH EFFICIENCY POLYESTERS USED AS LlQUlD PHASES“ 

MRTa 
Material (“C) Solvent” 

Hutane-1’,4-diol adipate 
Butane-1,Pdiol succinate (Craig) 
Cyclohexane dimethanol adipate 
Cyclohexane dimethanol succinate 
Diethylene glycol adipate 
Diethylene glycol succinate 
Ethylene glycol adipate 
Ethylene glycol isophthalate 
Ethylene glycol phthalate 
Ethylene glycol sebacate 
Ethylene glycol succinate 
Ethylene glycol terephthalate 
2-Ethylhexane-l,&diol adipate 
2-Ethylhexane-1,3-diol succinate 
Neopentyl glycol adipate 
Neopentyl glycol sebacate 
Neopentyl glycol succinate 
Pentane-1,5-diol adipate 
Pentan+1,54ol succinate 
Phenyldiethanolamine succinate 
Trimethylene glycol adipate 

200 
200 
250 
250 
200 
190 
190 
190 
190 
180 
180 
190 
180 
180 
200 
200 
200 
180 
180 
200 
180 

C 
C 
A 
C 
A 
A 
A 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
A 
A 

~~~~ 

0 Available from Perkin-Elmer Ltd. 
MRT = maximum recommended temperature (“C). 
A, acetone; C, chloroform. 

that even when the (I) groups have been “silanized,” there still remains 
the possibility of adsorption of certain types of compounds, i.e., those 
compounds which can denote a proton to  the (11) group, e.g., amines, 
alcohols, and water. According to Ottenstein (03) ,  the hydrogen bond 
formed from the Group (11) is much stronger than that formed from the 
Group (I). I n  a later paper, Ottenstein (04)  has pointed out that the 
tail of the peak in peak tailing is related to the second derivative of the 
adsorption isotherm, and as the amount of sample introduced into the 
gas chromatograph is gradually decreased, one sees successively lower 
portions of the isotherm. Figure 3, which is taken from Ottenstein’s (04)  
paper, illustrates beautifully the effect of adsorption on retention time as 
sample size is reduced. Obviously, i t  would be almost impossible to even 
start to attempt to identify a compound from its retention time under 
these circumstances. 

Various ways of reducing this adsorption effect have been proposed. 
Acid-washing of support material was described by James and Martin 
(53) in their original paper on gas chromatography. The function of 
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TABLE 3 
TYPES OF SILICONES USED AS LIQUID PHASES 

Substituent group 
Type of liquid 

phase In  silicone I n  polyester Percent of substituent group Name of liquid phase 

Methyl silicone - 

Substituted silicone Phenyl 
Phenyl 
Phenyl 
Chlorophenyl 
Vinyl 
Nitrile 
Nitrile 
Nitrile 
Trifluoro 

Silicone polyestern Methyl 
Methyl 
Phenyl 
Phenyl 
Nitrile 
Nitrile 

Methyl silicone 
Methyl silicone 
Phenyl silicone 
Phenyl silicone 
Nitrile silicone 
Nitrile silicone 

5% phew1 
25% phenyl 
50% phenyl 
10% p-chlorophenyl 
ca. 0.5% vinyl 
5% cyanoethyl 
25% cyanoethyl 
50% cyanoethyl 
50% trifluoropropyl 

5% methyl silicone 
30% methyl silicone 
5% phenyl silicone 
30% phenyl silicone 
5% cyanoethylmethyl silicone 
30% cyanoethylmethyl silicone 

SE-30, JXR, DC-200, SF-96, OV-1, 
ov-101, ucL-45 

P 
8 
5 

;3 
B 

SE-52 
DC-550 
DC-710, OV-17 
F-60 
UCW-96, UCW-98 
XF-1105 
XE-60 
XF-1150 e 
QF-1; LSX-34295 

EGSS-X 

-4 

m 

EGSS-Y 
EGSP-A 
EGSP-Z 
ECNSS-S 
ECNSS-M 

0 Ethylene glycol succinate. 
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A 

Time - 
FIG. 3. A family of peaks with increasing retention time is observed with decreas- 

ing sample size. The entire tailing edge of the peak (AB) is related to the second 
derivative of the adsorption isotherm. Reproduced from Ottenstein (04 )  with per- 
mission. 

acid-washing was stated to be the removal of metallic oxides. Acid- 
washing has often been used in conjunction with other procedures for 
improving support material, and this makes it difficult to assess the 
importance of acid-washing. Recently, however, Ottenstein (04)  has 
tackled this problem and has reached the conclusion that, using an alcohol 
test sample, acid washing, base washing, or a combination of both of 
these treatments are ineffective in themselves in reducing tailing. He  
found that, possibly, such treatments might increase tailing. However, he 
did find that silanized acid-washed supports showed less tailing than 
silanized nonacid-washed supports. This work confirms the findings of 
McMartin and Street (MlO), who used Chromosorb W and dichloro- 
diinethylsilane (DDS) . 

Treatment of supports with DDS was described by Homing et al. 
(H16), who exposed their support material, which had been washed with 
concentrated hydrochloric acid solution, to  DDS vapor. Holmes and 
Stack (H12) found the conditions for adequate treatment with DDS to 
be critical. They recommended a detailed procedure in which acid-washed 
support is treated with a very dilute solution of DDS. Hexamethyl- 
disilazane (HMDS) treatment of support materials was first described 
by Bohemen et al. (B16), who believed that acid-washing was unimportant 
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and that their treatment, which involved refluxing support material with 
HMDS in petroleum ether, was superior to that involving DDS. Broch- 
mann-Hanssen and Svendsen (B20, B21) used a column packed with 
acid-washed, HMDS-treated support for analysis of barbiturates and 
sympathomimetic amines. Improvement of columns by injection of 
HMDS has been described by Atkinson and Tuey (A9). HMDS and DDS 
are believed to react with the silanol (I) groups on the surface of the 
support material and thus remove adsorbing sites. It is assumed that the 
following reactions take place: 

With DDS: 

hc\s i /C% 
0’ ‘0 OH OH c1 c 1  

I I 
I I 

‘s/ L I 1 + 2HC1 
-Si-0-Si- -Si-0-Si- + 

SC’ ‘CH, I I  
7% 

OH c 1  c1 hC-Si-Cl  
‘s/ ___c + HC1 1 I 

I i / \  I I 
-Si-0-Si- + 

- Si-0-Si- 
I 

Hsc C h  
I 

Here the C1 attached to Si is removed subsequently by washing with 

The reaction is as follows: 
methanol. 

p 
H,C-Si- 0-CH, 

I 
0 4- HCl 

I 

7% 
H,c-Si-Cl 

I 
0 f CH,OH - 1 I I I 

I 1 
-Si-0-Si- -Si-0-Si- 

I 
(1) 

With HMDS: 

7% 
I 

I 

7% 
qC-Si-CH, C&--Si-C& 

b 0 0 f NH, I 
I 

&G /c& OH OH 
-ki- 0- Si- 

I 
H,C- Si-N- Si- CH, 

--Si-O-Si- ’ H,C’ ‘CH, I I 
I 

Using DDS, we are therefore left with a number of methoxy deriva- 
tives (formula I, above); and when HMDS is used, a number of un- 
reacted (I) groups will remain since, presumably, the distance between 
pairs of -OH groups (on the surface) which react with HMDS is critical. 
The presence of a variable number of methoxy groups and unreacted 
(I) groups may account for the variation in degree of adsorption which 
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is observed between one column and another, even though all the columns 
have, apparently, been prepared in exactly the same manner. The general 
unsatisfactory nature of columns prepared by these methods of “silaniza- 
tion” for use with submicrogram amounts of polar compounds stimulated 
McMartin and Street (M10) to investigate other ways of reducing adsorp- 
tion. Starting with acid-washing, they found that  Chromosorb W which 
was rapidly washed with concentrated hydrochloric acid and not allowed 
to stand with the acid gave results which indicated that the degree of 
adsorption was about the same as was obtained with Chromosorb W 
which had had prolonged contact with acid. Washing with aqua regia and 
with concentrated nitric acid gave results which showed no improvement 
over washing with concentrated hydrochloric acid. 

Injection of HMDS or DDS into columns containing these acid-washed 
Chromosorb W preparations caused a marked reduction in adsorption. 
Silanization of the acid-washed powder resulted in less tailing than when 
silanized nonacid washed diatomaceous earth was used. This finding has 
since been confirmed by Ottenstein (04) .  It was found (M10) that 
treatment with HMDS using a procedure similar to that described by 
Bohemen et al. (B16) reduced the amount of adsorption, but that this 
effect was lost when the column was heated t o  260”. When methanol 
rinsing was omitted after DDS treatment, i t  was found (M10) that the 
DDS treatment was not effective in reducing adsorption. This is pre- 
sumably due to  the production of (I) groups by hydrolysis of 

1 
-Si-CI 

I 
(111) 

groups. It was further discovered (M10) that DDS treatment was more 
effective with damp support than with dry support material. During these 
investigations, it was observed that  support material treated with DDS 
shows less adsorption after heating. This led to investigations into the 
effect of heat on acid-washed Chromosorb W which had been coated with 
methyl-substituted polysiloxane SE-30. These investigations showed that 
adsorption could be reduced by heating the coated diatomaceous earth to  
about 370” to 420” in the absence of oxygen, and have resulted in the 
types of columns described by McMartin and Street (MlO) and Street 
(S11). It should be noted that these columns are not silanieed by DDS, 
HMDS, or other “silanizing agent,’’ but are probably deactivated a t  
approximately 370” by breakdown products of the silicone gum rubber. 
We have also found that improved results are obtained by first heating 
the empty steel column in air to a temperature of about 800’ (in a 
furnace) for 18 hours. 
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FIG. 4. Preparation of column packing. Heat treatment-silanization a t  370°C. 
Reproduced from Street (512) with permission. 

3.3.2. Preparation of Column Packing 

3.3.2.1. Method of Street (S12) 
The first stage consists of washing and coating the earth. 
About 250 ml of Chromosorb G (100-120 mesh) is washed several times 

with about 1-liter portions of concentrated hydrochloric acid and the 
powder is then boiled in the acid in a large conical flask for 10 minutes. 
The powder is rinsed several times with concentrated hydrochloric acid 
and then with water until the supernatant liquid is neutral to a pH 
paper. The suspension of the powder in the water is then boiled for 10 
minutes, rinsed several times with about 10 liters of water, the ((fines" 
decanted after each rinsing and excess water removed by vacuum filtra- 
tion. The powder is placed in flat glass dishes and dried, with frequent 
stirring, on a boiling-water bath. 

Of this washed Chromosorb G, 60 ml is put into a 400-ml beaker, 200 
ml of toluene is added, and the suspension is stirred thoroughly with a 
glass rod. The powder is allowed to settle, and the ('fines" are decanted. 
The washing with toluene is then repeated, and as much toluene is re- 
moved as is possible by decantation. Then 50 ml of toluene is added, 
followed by 100 ml of 10% water-saturated SE-52 solution, and the 
mixture is thoroughly stirred. Excess toluene is removed by vacuum 
filtration and the coated powder is dried in four separate portions with 
stirring on a hot plate. The second stage consists of the heat treatment of 
the coated diatomaceous earth. 

The SE-52-coated Chromosorb G is placed in a Pyrex glass tube (see 
Fig. 4) 2.5 cm in diameter and 40 cm long and fitted a t  one end with a 
sintered glass disk. Oxygen-free nitrogen is passed (30 ml per minute) 
through the powder in the glass tube first a t  room temperature for 5 
minutes and then while the tube is heated in a furnace a t  370" for 1.5 
hour. At the end of this period, the tube is removed from the furnace and 
allowed to  cool down to room temperature with the nitrogen flowing. "he 



GAS-LIQUID CHROMATOGRAPHY IN CLINICAL CHEMISTRY 235 

powder is removed by suction in three separate fractions. These will be 
referred to as F1, F2, and F3 where fraction F1 is nearest to the nitrogen 
input. Fraction F1 is then packed into a stainless steel column and the 
column is heated a t  370” in a stream of oxygen-free nitrogen (50 ml per 
minute) for 18 hours. The column is then emptied, packed with fraction 
F3, fitted with a short precolumn, and heated a t  370” in oxygen-free 
nitrogen (30 ml per minute) for 1 hour. This packed column is then 
ready for use. 

A possible explanation of the results obtained with our procedure is 
that the water in the water-saturated SE-52 solution may be required 
for hydrolysis of the silicone polymer, and the breakdown products so 
produced, effectively “silanize” the Chromosorb G a t  370”. It is also 
possible that a similar process may account for the silicone polymer 
treatment of the oxidized steel column. Here again, a thermal breakdown 
product of SE-52 may react with the metal oxide on the inner surface of 
the metal column to produce a layer which is less polar than the oxide 
itself. This might then lead to  less adsorption and/or less destruction of 
the compounds being analyzed. Such a reaction might also account for 
the improvement in peak shape when stainless steel columns are heated 
in air prior to packing. The oxide or partial oxide so formed may facilitate 
subsequent reaction with the thermal decomposition product of the sili- 
cone polymer. It is important to note, however, that this thermal break- 
down product must be formed in the absence of free oxygen. 

We have also found that steel injector blocks can be treated in a similar 
manner by injecting a solution of SE-30 or SE-52 into the injector from 
which the column has been disconnected. The injector should be a t  about 
380” to  400”, and of course nitrogen should be flowing through the block. 

Metal systems prepared in this way have proved effective in reducing 
catalytic destruction of solute. For example, we have found it possible 
to chromatograph testosterone in amounts down to 5 X g in an all- 
metal system with a flame-ionization detector. 

Columns prepared in the above manner are stable up to a t  least 320”; 
they display relatively little “bleeding” even a t  this temperature ; and 
they are suitable for the analysis of relatively nonpolar compounds, such 
as the methyl esters of fatty acids, to more polar compounds of high 
molecular weight (which are generally regarded as being “difficult” to  
analyze by GLC), such as morphine, even in the submicrogram region. 

3.3.2.2. Method of Homing e t  al. (H16), as Described b y  Anders and 
Mannering (A7) 

Sieve the diatomaceous earth to  80/100 mesh. Suspend 50 g of the 
sieved support in 400 ml of concentrated hydrochloric acid and allow to 
stand overnight. Remove the acid by decantation, and gently suspend the 
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support in distilled water. After the support particles have settled, remove 
the water, containing finely divided particles, by decantation. Wash the 
support three times by decantation, transfer to a Buchner funnel, and 
wash with several liters of distilled water. Then dry the support in an 
oven a t  100-120". 

Suspend 25 g of dry support material in 100 ml of a 5% (v/v) solution 
of dimethyldichlorosilane (DDS) in toluene in a sidearm filter flask. 
Apply a vacuum (from an aspirator) for a few minutes with shaking, to 
dislodge bubbles. Allow the pressure to return to atmospheric, then 
transfer the support material to a Buchner funnel and wash with 100 ml 
of toluene followed by 1 liter of anhydrous methanol. Dry the silanized 
support in an oven a t  100-120°. 

Using an appropriate solvent, prepare a 2 4 %  (w/v) solution of liquid 
phase. Suspend 25 g of the dry silanized support material in 100 ml of 
the liquid phase solution and hold the flask under vacuum (from an 
aspirator) for 5 minutes with gentle shaking to dislodge bubbles. Release 
the vacuum and allow the suspension to stand a t  atmospheric pressure 
for 5 minutes. Transfer the slurry to a Buchner funnel and filter under 
vacuum. Discontinue filtration while the cake solid is still damp. Spread 
the coated support material in a baking dish and allow to dry in air for 
a few hours. Then dry the material in an oven at 100-120" and pack into 
the column tubing. It is recommended that, after the column has been 
packed, it should be 'Lconditioned" overnight at a temperature greater 
than its anticipated use, with carrier gas flowing. 

3.3.3. Procedure for Packing Columns 

In  the case of steel columns, a sintered steel disk is pressed tightly into 
one end of the tubing, which has previously been fitted with the appro- 
priate (usually swagelock) fittings to enable i t  to be fitted into the oven 
of the gas chromatograph. This disk-end of the column is connected to a 
water pump, and gentle suction is applied. The open end of the column 
is held uppermost, and the coated support material is poured into the 
tube through a small filter funnel attached by clean rubber tubing. The 
column is tapped gently until no more powder will enter. For a 6 foot by 
% inch, id., column this process takes about 5 minutes. The open end 
of the column is then plugged with glass wool which has previously been 
silanized by immersion in a 1% (v/v) solution of DDS in petroleum 
ether, and dried. 

The procedure for packing glass columns is similar to that for steel 
columns except that a glass wool plug is used a t  each end of the tube. 
Sintered Teflon plugs are also available commercially. 
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4. Applications of Gas-liquid Chromatography 

4.1. STEROID HORMONES 

This section includes the androgens, the estrogens, progesterone, the 
corticosteroids, and some of the metabolites of these hormones. 

4.1.1. General Considerations 

Kuksis (K13) has given an extensive account of the gas chromatog- 
raphy of bile acids and steroids covering the literature up to  1966. His 
section on the quantitative estimation of estrogens, 17-ketosteroids, tes- 
tosterone, progestogens, and corticosteroids is of particular interest to  
clinical chemists. More recently, Eik-Nes and Horning (E2) have pro- 
duced an excellent monograph on the gas-phase chromatography of 
steroids. 

As Brooks (B25) has pointed out, urinary steroid estimations may 
be classified according to the amount of purification necessary prior to  
GLC. For example, in the estimation of pregnanediol in pregnancy a 
fairly simple extraction and clean-up of the hydrolyzed urine is all that 
is needed before application of GLC, whereas the analysis of estrogens 
in nonpregnancy urine requires extensive purification procedures prior 
to GLC. Estimation of pregnanetriol in nonpregnancy urine provides 
a case which is intermediate between these two examples. 

In  the analysis of blood, the high sensitivity of the flame ionization 
and electron capture detectors has proved valuable for estimating steroids 
a t  the submicrogram level. The recent work of Exley (E5, E6) using 
heptafluorobutyrate derivatives has resulted in greatly increased sensi- 
tivity with the electron-capture detector. This worker has shown that 
by this method as  little as 40 ppg of peripheral plasma testosterone can 
be detected. With 10 ml of plasma the method is su5ciently sensitive 
to allow accurate determination of testosterone in human female plasma. 
It is claimed that the method is 20 times as sensitive as electron-capture 
techniques with the monochloroacetate derivative. The high order of 
accuracy is achieved by the use of a radioactive label and an internal 
standard for GLC, and by obtaining several gas chromatograms from the 
same plasma sample. 

The collection of carbon-14 and tritium-labeled steroids in GLC has 
been described by Kliman and Briefer (K8) with application to the 
analysis of testosterone in human plasma. Using the phenylmethylsiloxane 
polymer, OV-17, as liquid phase, Horning (H13) has achieved complete 
separation of testosterone and epitestosterone, both as free steroids and 
as trimethylsilyl derivatives. Figure 5 illustrates these separations. 
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FIQ. 5. Separation of testosterone (T), epitestosterone (E), testosterone TMSi 
ether (T-D), and epitestosterone TMSi ether (E-D) with an OV-17 column. Condi- 
tions: 12-foot, 1% OV-17 (on 100-120 mesh Gas-Chrom P) column; temperature 
programmed at 1" per minute from ZOO"; injector, 260"; detector, 300"; flame 
detector. The separation of the free steroids is due to a difference in selective reten- 
tion with an OV-17 phase. The secondary 17P-OH group of testosterone is less 
sterically hindered than the secondary 17a-OH group of epitestosterone, and this 
leads to selective retention of testosterone compared with epitestosterone. The TMSi 
ethers are eluted in the same order, but the separation is based on a difference in 
molecular shape, just as observed for OV-1. The derivatives (E-D, T-D) are eluted 
before the free steroids (E, T) as a consequence of the selective retention effect of 
the phase for hydroxyl groups. Reproduced from Horning (H13) with permission. 

Vanden Heuvel and Horning (V5) have discussed a t  length the con- 
ditions for the separation of steroids by GLC. Studies of analytical 
separations of human steroids and steroid glucuronides have been made 
by Horning et  al. (H14), who have investigated the formation of tri- 
methylsilyl derivatives of steroids with bistrimethylsilyl acetamide. This 
reagent has been found to be an effective silylating reagent when used 
alone, but it may also be used with trimethlychlorosilane as  a catalyst. 
The use of haloalkylsilyl ether steroid derivatives in GLC analysis has 
also been described by Thomas and Walton (Tl). They have shown that 
the chloromethyldimethylsilyl ethers of testosterone and dehydroepian- 
drosterone remain stable under conditions of thin-layer chromatography 
on silica gel, and that the chloromethyldimethylsilyl ether derivatives are 
suitable for GLC analysis of 11-deoxy-17-oxosteroids. 
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TABLE 4 
GAS CHROMATOGRAPH~C t, VALUES FOR SOME STEROID SILYL ETHERS”’) 

Steroid TMSEc CDMSEc BDMSEc 

Androsterone 0.88 2.75 4.10 
Etiocholanolone 1.00 3.13 4.80 
Dehydroepiandrosterone 1.19 3.75 5.80 
Epitestosterone 2.00 5.62 9.50 (1.65)d 
Testosterone 2.35 7.03 12.10 (1.95)d 
C holestane 1.00 

~ ~ ~~ 

a Reproduced from Eaborn, Walton, and Thomas (El) with permission. 
6 Column: 5 foot 1% XE-60 on Gaschrome Q (100-120 mesh) at  210”. Gas flow: Nz 

c TMSE, trimethylsilyl ethers; CDMSE, chlorodimethylsilyl ethers; BDMSE, 

dColumn: 5 foot 2% JXR on Gaschrome Q (100-120 mesh) at  220”. Gas flow: Nz 

at 50 ml min-l. 

bromodimethylsilyl ethers. 

at 50 ml min-l. 

Eaborn et al. (El) have prepared steroid bromomethyldimethylsilyl 
ethers and studied their gas chromatographic behavior. The ethers are 
prepared by mixing equal volumes of a 0.5 M solution (in hexane) of 
bromomethyl dimethylchlorosilane and a 0.5 M solution (in hexane) of 
diethylamine. The mixture is centrifuged, and 0.2 ml of supernatant 
liquid is allowed to react with 20 pg of steroid for 3 hours. Excess volatile 
reagents are removed by vacuum desiccation. The dry residue is dis- 
solved in hexane and injected into the gas chromatograph (Pye model 104 
fitted with 63Ni electron-capture detector). The results are shown in 
Table 4. 

It was found ( E l )  that  the steroid bromomethyldimethylsilyl ethers 
gave a marked increase in sensitivity, when compared with the corre- 
sponding monochloroacetates, approaching that  of heptafluorobutyrates. 

In a study of the gas-liquid chromatography of dimethylsilyl (DMS) , 
trimethylsilyl (TMS) , and chloromethyldimethysilyl (CMDMS) ethers 
of steroids, Vanden Heuvel (Vl)  has investigated the mechanism of silyl 
ether formation and the effect of trimethylsilation upon detector response. 
Two stationary phases of different partitioning properties were used to 
examine the GLC behavior of three pairs of epimeric hydroxysteroids and 
their DMS, TMS, and CMDMS ethers. In  general i t  was found that 
stereochemical differences a t  C-3 produced greater differences in reten- 
tion times than those a t  C-17, and that improved resolution was ob- 
tained with derivative formation. However, free hydroxyl groups a t  
C-20 lead to greater epimer differentiation than did the derivatives. 
CMDMS ethers showed increased retention times on both “polar” and 
“nonpolar” liquid phases. This was in contrast to DMS and TMS de- 
rivatives which gave shorter retention times on “polar” phases. It was 
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Minutes 

FIG. 6. Gas chromatographic patterns of pure standards; A = aldosterone y- 
lactone; B = ddadiene. Column 6 foot X 3 mm i.d., glass; Gas-Chrom Q (1W120 
mesh) coated with 3% SE-30; 240°C; helium 40 ml per minute. Reproduced from 
Bravo and Travis (B19) with permission. 

claimed (Vl)  that the ability to characterize polyhydroxy steroids is en- 
hanced by using mixtures of different silylating reagents, thereby giving 
rise to multiple derivatives. This technique is similar to  the “peak- 
shift” technique described by Anders and Mannering (A7), who used 
mixtures of acetic and propionic anhydrides to form homogeneous and 
heterogeneous derivatives of morphine. 

Darcey and Evenson (D4) have compared GLC and the Zimmerman 
reaction in the analysis of total 17-ketosteroids in urine. Urinary 17-keto- 
steroid GLC patterns have been studied by Cawley e t  al. (C5),  who 
noted the presence of several peaks with retention times shorter than 
those of 17-ketosteroids. A comparison of different methods of hydrolysis 
has been made by Curtius and Muller (ClS) in their study of the GLC of 
17-ketosteroids and progesterone metabolites of urine. The simultaneous 
determination by GLC of pregnanediol and pregnanolone in urinary ex- 
tracts has been reported by Guarnieri and Barry (G8). GLC was found 
to be the method of choice in a study by Barry et al. (B2) of four methods 
for the quantitative analysis of pregnanediol in urine. 

I n  GLC studies of acetylated corticosteroids and related 20-oxopreg- 
nane derivatives, Brooks (B23) has shown that complete acetylation of 
the side chain contributes to the stability of the compounds during 
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TABLE 5 
URINARY ALDOSTERONE EXCRETION VALUES IN CERTAIN CONDITIONS IN  MAN^ 

Urinary aldosterone excret~ion 1jig/24 hours) 

Double isotope 
Type of patient Gas chromatography derivative assay 

~ ~~ 

Uncomplicated essential 
hypertensives on high-salt 
diet for 4 days 

A.C. 4.70 - 
B.S. 6.00 - 
V.B. 4.00 - 
T.D. 5.75 - 
E.L. 4.50 - 

Low-salt diet 23.56 24.30 
High-salt diet 16.00 18.00 

Before surgery 97.10 96.00 
60.00 59.00 

After surgery 5.45 6.00 
8.69 8.00 

Malignant hypertensive on 

Primary aldosteronism 

Adrenalectomized 0.00 - 
- 

a Reproduced from Bravo and Travis (B19) with permission. 
b Subtotal adrenalectomy. 

chromatography. Patti et al. (P5) have shown that there are many ad- 
vantages in using GLC compared to paper chromatography for the de- 
termination of 17-hydroxycorticoids in urine and blood. 

Wotiz and Chattoraj ( W l l )  studied the specificity, accuracy, sensi- 
tivity, adaptability, and the sources of error in the analysis of estrogens 
using thin-layer and gas-liquid chromatography. Their method permits 
the determination of as little as 0.2 pg of estrogen per 24 hours. Free 
estrone in blood plasma has been determined by Attal, Hendeles, and 
Eik-Nes (A10) using GLC with electron-capture detection. GLC was used 
by Ruchelman (R3) in solubility studies of estrone in organic solvents. 

A procedure involving GLC for the quantitative estimation of aldoste- 
rone in urine has been described by Bravo and Travis (B19). After pre- 
lirninary purification and paper chromatography, the aldosterone is oxi- 
dized with periodic acid to aldosterone 7-lactone which is extracted and 
subjected to GLC, using aldadiene as an internal standard. Figure 6 shows 
the GLC peak characteristics obtained for aldosterone y-lactone and alda- 
diene. The results obtained by this procedure are compared (B19) in 
Table 5 with those obtained by a double isotope derivative assay (K9). 
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4.1.2. Analytical Procedures 

This section presents detailed procedures for the GLC analysis of 
selected steroids or groups of steroids. Of particular interest is the ap- 
proach to  the analysis of urinary steroids by van Kampen and Hoek 
(H8, V6) of The Netherlands, who have pointed out that a lot of time 
is taken up in the purification and preparation of derivatives. They have 
presented a simple method for obtaining information about the total 
steroid spectrum in urine. These spectra provide important information 
regarding the quantitative excretion of total 17-ketosteroids, 17-ketogenic 
steroids, etiocholanolone, and pregnanediol, and have made it possible 
to characterize several endocrine disorders. A more lengthy but more 
comprehensive procedure involving preparation of derivatives has been 
described by Dalgliesh et al. (Dl) ,  who studied the application of GLC 
to the separation and identification on the same chromatogram of a wide 
range of metabolites occurring in urine or tissue extract. 

4.1.2.1. Urinary Steroid GLC Spectra 

Method of van Kampen and Hoek (H8, V6) 

Apparatus: F. & M. 402 Bio-medical gas chromatograph equipped with 
a flame ionization detector. 

Column: 3.8% UC-W 98 on Chromosorb S, 80-100 mesh packed into 
two 4-foot U-shaped glass columns (0.4 cm diameter) used in parallel. 

Conditions: Nitrogen or helium, 48 ml/min ; injector and detector tem- 
perature 260"; column temperatures ZOO" for 2 minutes then 2"/minute 
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FIQ. 7. Urinary steroid spectrum in Cushing's syndrome. Upper curve: attenua- 
tion 10 X 4. Lower curve: attenuation 10 X 16; K = 17-ketosteroid excretion (mg/24 
hours) ; H = ketogenio steroid excretion (mg/24 hours) ; Peaks: 1, oxyandrostane; 
2, eticholanolone ; 3, androsterone and dehydroisoandrosterone ; 4, ll-oxy-17-keto- 
steroids; 6, p-cortol compounds; 6, cholesterol. Reproduced from Hoek and van 
%pen (HS) with permiasion. 
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FIQ. 8. Urinary steroid spectrum in a case of Cushing syndrome after bilateral 
adrenalectomy. Substitution therapy 20 mg of hydrocortisone daily. Letters and 
peak numbers as in Fig. 7. Reproduced from Hoek and van Kampen (HS) with per- 
mission. 

to 250" and kept a t  250' for 5 minutes. Attenuation usually 10 X 4 was 
adapted to the height of the signal output. 

Procedure: Urine 8 ml, is heated in a boiling-water bath with 3 ml 
of concentrated hydrochloric acid for 10 minutes. After rapid cooling, the 
sample is extracted with 10 ml of distilled 1,2-dichloroethane for 15 min- 
utes. The extract is washed once with 2.5 ml of water. Then 2.5 ml of 
the washed dichloroethane extract is evaporated to dryness on a water 
bath. The dry residue is dissolved in 0.2 ml of ether, and 5 pl of this 
solution is injected into the GLC apparatus using a 10-pl Hamilton 
syringe. 

Results obtained with this procedure have been described (H8) in the 
following cases : Cushing's syndrome, adrenogenital syndrome, hypopitu- 
itarism, mammary carcinoma, Stein-Levinthal syndrome, and phaeo- 
chromocytoma. Figures 7 and 8 show the urinary steroid spectra obtained 
in Cushing's syndrome before and after bilateral adrenalectomy. 

In  a personal communication to the writer, van Kampen and Hoek 
have emphasized the two great problems involved in the determination 
of steroid excretion in man. First, there is uncertainty about the fate 
of steroids in (pathological) body fluids, e.g., losses via the skin, or trans- 
formation of degradation products. Secondly, difficulties are encountered 
in the isolation of steroids from urinary conjugates. Even in enzyme hy- 
drolysis, losses of up to 50% can be found, e.g., in the determination of 
pregnanediol when the time of hydrolysis is prolonged from 30 to 180 
minutes. 

It is for these reasons that van Kampen and Hoek (H8) have chosen 
not a single steroid determination, but a whole spectrum with a multi- 



244 HAROLD V. STREET 

plicity of parameters to describe endocrine disorders. These steroid GLC 
spectra have proved to  be very useful. 

4.1.2.2. Urinary Estrogens 

Method of Wotiz and Chattoraj (W11) 

Apparatus: A commercial gas chromatograph equipped with a flame 
ionization detector. 

Column: 3% SE-30 on 80-100 mesh Diatoport S packed into 4-foot- 
long stainless steel tubes ( q g  inch i.d.). The columns are specially pre- 
pared as follows: The 80-100 mesh silanized Diatoport S is washed sev- 
eral times with 50% aqueous ethanol and dried in an oven a t  110°C for 
2 hours. To a 0.6% (w/v) solution of SE-30 in dichloromethane is added 
the prepared Diatoport S. This mixture is evaporated on a hot plate with 
stirring. After this preparation has been packed into the steel tube, the 
column is fitted into the gas chromatograph and “cured” by heating for 
not less than 2 hours (usually overnight) a t  300°C without any gas flow- 
ing. The temperature is then reduced to 260”C, and carrier gas (nitrogen) 
is passed for a t  least 24 hours. 

Conditions: Nitrogen, 60 ml/min ; column temperature 228°C; injector 
temperature 250°C. 

Procedure: Acid hydrolysis of the urine, extraction, and separation into 
phenolic and nonphenolic fractions is carried out according to the method 
of Brown (B26). The dried phenolic residue is subjected to preliminary 
thin-layer chromatography and areas corresponding to estrone, estradiol- 
17,8, and estriol are eluted with ethanol. The eluates are centrifuged and 
the supernatant ethanol is evaporated to dryness. The residue is dissolved 
in a mixture of 5 volumes of acetic anhydride and 1 volume of pyridine 
and is kept at 68°C for 1 hour. To the acetylated mixture, 5 ml of water 
is added while the mixture is stirred thoroughly with a glass rod. After 
transfer to a separating funnel, the sample is extracted once with 10 ml 
and then twice with 5 ml of light petroleum ether. The combined petro- 
leum extracts are washed with 5 ml of 8% sodium bicarbonate solution 
and then with 3-ml portions of water until the washings are neutral. 

The solvent is evaporated to dryness and the residue is transferred 
with petroleum ether to 2-ml tubes. The residue is dissolved in 50-100 
p1 of acetone and 2 5  pl of this solution is injected into the gas chromat- 
ograph. The procedure is made quantitative by comparing the peak 
height of the unknown to that obtained for a known concentration of 
its authentic standard. 

Further thin-layer chromatography was found necessary (W11) in 
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some instances. This was chiefly used to separate the ring D-a-ketols 
and estradiol from neutral 17-ketosteroids. The technique was found to 
be sensitive to a range of 0.1 to 0.2 pg of individual estrogens per 24-hour 
collection of urine. This resulted from a lower practical limit of detection 
of 0.02 pg of steroid. 

4.1.2.3. Urinary Pregnanediol and Pregnanolone 

4.1.2.3.1. Method of Guarnieri and Barry (G8) 
Apparatus: Barber-Coleman 5000 series chromatograph equipped with 

a flame ionization detector. 
Column: Mixture of 1% SE-30 plus 3% QF-1 on 100-110 mesh Ana- 

krom ABS previously washed with methanol and methylene chloride; 0.9 
meter X 6 mm glass column. 

Conditions: Nitrogen, 50-150 ml/minute ; column temperature 210'- 
220" ; injector and detector temperature 260'. Quantitative results were 
obtained by measuring peak areas (peak height times width a t  half- 
peak height). 

Procedure: A 100-ml aliquot part of a urine sample is adjusted to pH 
4.54.8 and treated with 6.0 ml of Ketodase (Warner-Chilcott; form of 
beef liver P-glucuronidase) and 10 rnl of acetate buffer (prepared from 
3 volumes of 1.66 M sodium acetate solution and 2 volumes of 1 M acetic 
acid, and adjusted to pH 4.5-4.8). The mixture is incubated a t  37OC for 
24 hours and then extracted with two 50-ml portions of chloroform. The 
combined extracts are washed successively with 50 ml of 0.1 N sodium 
hydroxide solution and 150 ml of water, and then dried over anhydrous 
sodium sulfate. The chloroform is removed in vacuo and the residue made 
up to a suitable volume (usually 0.50 or 1.00 ml) for GLC analysis using 
a (1 + 1) mixture of methylene chloride and methanol as solvent. When 
smaller urine volumes are used, the reagents are adjusted proportionally. 
Samples of 0.5-5.0 pl of standards containing 0.5-2.0 mg each of preg- 
nanediol and pregnanolone per milliliter of methanol-chloroform (1 : 1) 
solution are used to  relate the peak height to the amount injected. The 
detector is calibrated daily using fresh standards. 

Using this method, Guarnieri and Barry (G8) found approximately 
98 & 57% recovery of both steroids when 2.0 mg of pregnanediol and 2.0 
mg of pregnanolone were added to  blank specimens; 0.2 pg of either 
steroid could easily be detected. It was found that determinations in- 
volving hydrochloric acid hydrolysis and toluene extraction resulted in 
a 10-30% loss of both steroids. In  a personal communication, Dr. R. D. 
Barry states that he is of the opinion that one need not prepare a silyl 
ether, ester, or other derivative for these steroids. 
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4.1.2.3.2. Method of Hammond and Leach (H3) 

Apparatus: Pye Panchromatograph equipped with a flame ionization 
detector. 

CoZumn: 3% XE-60 on $0-100 or 100-120 mesh acid-washed and silan- 
ized Chromosorb W; glass columns 1.5 m x 4 mm i.d. silanized before 
being packed. 

Conditions: Argon, 45 ml/min; hydrogen, 50 ml/min; air 250 ml/ 
minute; column temperature 210" ; detector a t  oven temperature; on- 
column injection. 

Procedure: Of a 24-hour sample of urine, 25 ml is brought to boiling 
in a 100-ml flask fitted with a reflux condenser; 4 ml of concentrated 
hydrochloric acid and 20 ml of toluene are poured down the condenser 
into the flask. Boiling is continued for a €urther 15 minutes. After cool- 
ing, 20 ml of toluene is added and the lower aqueous layer is removed 
by suction, care being taken not to remove any emulsion a t  the interface. 
Then 5 ml of 1 N sodium hydroxide solution is added and the mixture 
is shaken vigorously. The aqueous layer is removed by suction, and the 
toluene is washed with 10 ml of water. The water is removed as com- 
pletely as  possible. A few "anti-bump" beads are added, and the toluene 
is boiled on a hot plate until its volume is reduced to about 10 ml. The 
toluene extract is transferred to a small beaker using two 2-ml portions 
of fresh toluene to rinse out the flask, and then evaporated carefully to 
dryness on a hot plate. 

Using three 2 ml portions of acetone, the extract is transferred to a 
small test tube. The acetone is evaporated on a boiling water bath. After 
the outside of the tube has been dried, the tube is placed in an oven a t  
100°-llOoC for a few minutes to remove the last traces of water. If de- 
rivatives are not to be prepared immediately, the tubes are stored in a 
desiccator. I t  is of paramount importance to exclude traces of water. 

The residue is dissolved in 0.7 ml of redistilled tetrahydrofuran 
(THF) . Hexamethyldisilazane, 0.2 ml, and trimethylchlorosilane, 0.1 ml, 
are added and the mixture is agitated vigorously. The tube is then capped 
with tinfoil and stored in a desiccator for 3 hours at room temperature or 
i t  may be left overnight. Then 2 pl of this mixture is injected (using a 
10 fil Hamilton syringe which has been rinsed out with THF)  into the 
gas chromatograph. If desired, an internal standard of cholesterol may 
be used. 

The average recoveries of pregnanediol by this method were greater 
than 90%; those of pregnanolone about 87%. 

It is interesting to note that Hammond and Leach (H3) found that 
for clinical purposes the extent of degradation of these steroids during 
the hydrolysis was insignificant. This is in contrast to the findings of 
Guarnieri and Barry (G&), q.v. 
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FIG. 9. Special reaction tube, with conical shape, permitting close extraction of 
aqueous layer by needle aspirator. Capacity 225 ml. Reproduced from Ruchelman 
and Cole (R4) with permission. 

The presence of androsterone may cause some interference with the 
determination of pregnanediol in nonpregnancy and early pregnancy 
urine, when XE-60 is used as the liquid phase. Leach and Hammond (L3) 
removed this source of interference by using borohydride reduction. These 
workers also found that this technique was useful in providing confirma- 
tory  evidence of identity of the other steroids which may be found in 
toluene extracts of acid-hydrolyzed urine. The reduction is effected by 
adding 200 mg of potassium borohydride to 25 ml of urine. After stand- 
ing a t  room temperature for 3 hours, the urine is hydrolyzed with HCl 
and after extraction and derivative formation is chromatographed as 
described above. 

4.1.2.4. Urinary 17-Ketosteroids 

Method of Ruchelman and Cole (R4) 
Apparatus: Barber-Coleman 5000 series chromatograph equipped with 

a flame ionization detector. 
Column: 2% neopentyl glycol succinate (NGS) on 80-100 mesh 

Chromosorb W, acid-washed DMCS; or 3.3% XE-60 on Anakrom ABS 
(90-100 mesh) ; 6 foot X 5 mm and 6 foot x 4 mm i.d. glass U-tubes. 

Conditions: Nitrogen, 100 ml/min; column temperatures 215°C (for 
(NGS) and 232°C (for XE-60) ; injector temperature 245'; detector 
temperature 260°C ; attenuation 5 and sensitivity 1OOO. 

Procedure: Ten milliliters of 40% (by volume) sulfuric acid is added 
to 50 ml of urine contained in a special glass tube (see Fig. 9) and the 
mixture is hydrolyzed for 1 hour a t  80°C in a water bath. 

Seventy milliliters of diethyl ether is added to the cooled mixture. 
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FIQ. 10. GLC of trimethylsilyl derivatives of synthetic steroid mixture. (A) Pro- 
cedure using 2% neopentyl glycol succinate on Chromosorb W, acid-washed, 
dimethyldichlorosilane treated, 80-100 mesh, in 0 foot X 5 mm i.d. glass column at  
215" with 10 psi nitrogen. (B) Procedure using 33% xE-60 on Anakrom ABS (90- 
100 mesh), in 6 foot X 5 mm i.d. glass column, at 232", with 5 psi nitrogen. Repro- 
duced from Ruchelman and Cole (R4) with permission. 

The reaction tubes are shaken for 15 minutes, and the lower layer is then 
aspirated and discarded. The ether extract is washed with 70 ml of N -  
NaOH by shaking for 15 minutes. The aqueous phase is removed and 
discarded. About 60 NaOH pellets are added to the ether extract, which 
is then shaken for 15 minutes. This, mixture is filtered through about 1 
inch of purified sea sand resting on a glass wool plug in a small funnel, 
rinsed with fresh ether, and evaporated to dryness in a 250-ml conical 
flask. 

The residue is dissolved in 2 ml of redistilled tetrahydrofuran (THF) 
containing 10 mg per 100 ml of coprostan-3a-01 (COP) as internal stand- 
ard. (Blowout pipettes must not be used because moisture is detrimental 
to the formation of trimethyl siIyI ethers.) The solution is transferred 
by capillary pipette to a 15-ml conical centrifuge tube, and the flask is 
rinsed out with 0.5 ml of fresh THF. Hexamethyldisilazane (0.3 ml) 
and trimethylchlorosilane (0.1 ml) are added. The tube is then stoppered, 
thoroughly mixed, and allowed to stand at  room temperature overnight. 

The mixture is taken just to dryness by placing the tube in a 56°C 
bath and using a stream of dry nitrogen. Immediately prior to injection, 
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0.1 ml of THF is added and thoroughly mixed with the residue. The tube 
is centrifuged for about 2 minutes to pack the NH,Cl precipitate. Two 
to 4 pl of the supernatant liquid are then injected into the gas chromato- 
graph. The COP internal standard compensates for any loss incurred dur- 
ing the procedure and during GLC. Results obtained by this procedure 
are illustrated in Fig. 10. 

4.2. CATECHOLAMINES, TRYPTAMINES, AND OTHER BIOLOGICAL AMINES 

4.2.1. General Considerations 

Catecholamines and amines of the histamine and tryptophan group 
are highly polar compounds and hence have low volatility. It is prefer- 
able, as is the case with amino acids, q.v., therefore, to form derivatives 
to obtain satisfactory gas-liquid chromatograms. The main problem in 
the analysis of urine for these amines lies not in the gas chromatographic 
aspect of the procedure, but rather in their isolation from the urine prior 
to GLC, where there may be as  little as 1 pg of amine per 100 ml of 
urine. It appears that this problem of extracting the amines into a sufE- 
ciently small volume of suitable solvent prior to GLC has not yet been 
solved satisfactorily. The fact that GLC can be used successfully to 
separate catecholamines through their derivatives, when starting with 
pure substances should provide a stimulus for increased research activity 
In this field. 

Horning and co-workers (B24, C3, H15, V3) have made a very exten- 
sive study of the application of gas-liquid chromatography to the analysis 
of catecholamines, tryptamine-related indole bases, and other amines. 
Prior to chromatography, derivatives of the amines were prepared. For- 
mation of these derivatives involved acylation, condensation with acetone, 
and silylation. Their data showed quantitative relationships using stand- 
ard mixtures containing 0.2 pg to 2 p g  of catecholamines and other amines 
of the phenylalkylamines, imidazole, and indole types. The quantitative 
determination of 3-methoxy-4-hydroxyphenylethylene glycol by gas- 
liquid chromatography has been discussed briefly by Wilk et al. (W6). 
The so-called VMA (3-methoxy-4-hydroxymandelic acid) has been as- 
sayed quantitatively by gas-liquid chromatography in a method de- 
scribed by Wilk et al. (W7). Horning et al. (H17) carried out a GLC 
study and estimation of several urinary aromatic acids including p-hy- 
clroxyphenylacetic acid, 5-hydroxyindoleacetic acid, and VMA. The de- 
rivatives used were the trimethylsilyl ether methyl ester and methyl ester 
of acids occurring in urine. Clarke et al. (C7, CS) have shown that 
dopamine (3-hydroxytyramine) can be determined a t  the nanogram 
level using trifluoroacetate derivatives and electron-capture detection. 
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In  a study of the gas chromatography of several indole derivatives, Brook 
et al. (B22) demonstrated that the N-trifluoroacetyl methyl esters could 
be used for analysis in the 50-nanogram region when flame ionization was 
used and in the 50-picogram region with an electron-capture detector. A 
new method for the separation of catecholamines by GLC has been 
presented by Horning et al. (H18), who reinvestigated the problem of 
derivative formation and separation using N-trimethylsilylimidazole and 
bistrimethylsilyl acetamide as silylating reagents on 5% OV-1 and 5% 
OV-17 columns. Very recently Vanden Heuvel (V2) has illustrated the 
value of combined GLC-mass spectrometry in complementing GLC 
techniques in establishing reaction conditions appropriate for the prepara- 
tion of derivatives suitable for the GLC of compounds of biological 
interest, with special reference to several “biological” amines. 

4.2.2. Analytical Procedures 

As mentioned above, extraction of many dihydroxyamines from aque- 
ous solutions is not entirely satisfactory. This should be borne in mind 
when attempting to adapt the following procedures to a particular 
problem . 

d 

4.2.2.1. Catecholamines and Related Compounds 

Method of Brooks and Horning (B24) 
Apparatus: Barber-Colman Model 10 or an E.I.R. instrument fitted 

with argon ionization detector. 
Column: Glass U-tubes, 6 foot x 4 mm. i.d. Gas Chrom P, 80-100 or 

100-120 mesh, acid-washed dichlorodimethyl-silane treated. Two types 
of packing used: 10% neopentyl glycol succinate (NGS) and a two- 
component phase consisting of 7% silicone oil F-60 with 1% ethylene 
glycol succinate-phenyl methylsiloxane copolymer (EGSS-Z) . Condition- 

Hydroxyphenylethylamine 

L L C  J 

FIG. 11. Separation of acetylated phenylethylamines at  198°C with an F-60-Z 
phase. Reproduced from Brooks and Horning (B24) with permission. 
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FIG. 12. Separation of acetylated amines at 216°C with an F-60-Z phase; PHO- 
PE = P-hydroxyphenylethylamine ; 3-MeO-TYR = 3-methoxyty- 
ramine ; OCTOP = octopamine ; DOP = dopamine; TRYPT = tryptamine ; M E T  = 
metanephrine; NORMET = normetanephrine; EPI = epinephrine; NOREPI = nor- 
epinephrine. Reproduced from Brooks and Horning (B24) with permission. 

ing was a t  210-225" in a stream of argon for a t  least 24 hours to give a 
satisfactory baseline. 

Conditions: Argon; column temperatures, 170", 198O, and 216'. In- 
jector and detector were 30"-50" above column temperature. 

Procedure: Amines, 1O-lOOO pug, were acetylated by treatment with 
10-20 pl of redistilled acetic anhydride and 10-20 p1 of pyridine (dis- 
tilled over potassium hydroxide). Excess reagents were removed in a 
vacuum desiccator. Methyl esters of amine acids were prepared by 
refluxing in methanolic hydrogen chloride. N-Acetylation of these esters 
was by treatment with acetic anhydride and pyridine. Esterification of 
other acids was carried out with diazomethane in ether. The products 
were dissolved in ethyl acetate, and volumes of 0.1 to 2 p1 were injected 
into the gas chromatograph. Amounts of sample injected were about 0.1 
pg for rapidly eluted compounds and 1 pg for those with long retention 
times. In  some cases, acetone condensation products of the primary 
amines were chromatographed. Catecholamines, however, underwent de- 
composition under these conditions. 

Figures 11-14 show some of the results obtained with this procedure. 

Tyr = tyramine ; 

4.2.2.2. Tryptamine-Related Amines 

4.2.2.2.1. 

Apparatus: Barber-Colman and E.I.R. (Models 10, 5000, and AU-8) 
Method of Horning et  al. (H15) 

gas chromatographs fitted with hydrogen flame ionization detector. 
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FIQ. 13. Separation of amines including histamine and N-dimethylhistamine as 
acetyl derivatives a t  198°C with m F-60-Z phase; PHO-PE = P-hydroxyphenyl- 
ethylamine ; ME-HIST = N-dimethylhistamine ; TYR = tyramine ; HIST = hista- 
mine; 3-MeO-TYR = 3-methoxytyramine; OCTOP = octopamine; TRYFT = 
tryptamine ; M E T  = metanephrine; NORMET = normetanephrine. Reproduced 
from Brooks and Horning (B24) with permission. 
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FIQ. 14. Separation of several aromatic acids as methyl esters (A) before and (B) 
after acetylation, with a 7% FdO/l% Z at  170°C. VAN = vanillic acid; VER = 
veratric acid; HOMOVAN = homovanillic acid; HIPP = hippuric acid; VMA = 4- 
hydroxy-3-methoxymandelic acid ; Ac = acetylated. Reproduced from Brooks and 
Horning (B24) with permidon. 
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Column: Glass-U-tubes, 6 foot X 4 mm i.d. Gas Chrom P; 80-100 or 
100-120 mesh, acid-washed, dichlorodimethylsilane treated. Liquid phases 
were (1) F-60-Z : a mixture of 7% F-60 (a  methyl-p-chlorophenylsiloxane 
polymer) and 1% EGSS-Z (a copolymer of ethylene glycol, succinic acid, 
and a methylphenylsiloxane monomer) ; and (2) 10% neopentyl glycol 
succinate polyester (NGS) ; (3) 1.25% SE-30; (4) 3% DC-710; (5) 0.6% 
JXR (methylsiloxane polymer) and 0.2% cyclohexanedimethanol suc- 
cinate polyester (CHDMS) . 

Conditions: Argon; column temperatures (see captions to figures) ; 
injector 30" above column temperature ; detector, 250O. 

Procedures: (i) Silylation. Hexamethyldisilazane was used to prepare 
trimethylsilyl derivatives of the amines according to  the method of 
Luukkainen et al. (L13). Horning et al. (H15) used acetone or tetra- 
hydrofuran (THF) as solvent. However, the present writer believes that 
acetone should be avoided here owing to the possibility of eneamine 
formation. 

(ii) Formation of Schiff bases. The amines were condensed with 
acetone by dissolving the amines in acetone and injecting the mixture, 
without isolation, into the gas chromatograph. 

(iii) Acyl derivatives. Ten milligrams of the amine (or hydrochloride) 
was added to 0.3 ml of acetonitrile; 0.1 ml of anhydride (acetic or pro- 
pionic) and 0.1 ml of pyridine were then added, followed by refluxing. 
The mixtures were injected directly into the gas chromatograph. In  the 
case of pentafluoropropionyl derivatives, direct injection of reaction 
mixtures gave erratic results. This was thought to be due to the presence 
of pentafluoropropionic acid. However, by adding sodium bicarbonate 
followed by extraction with ethyl acetate, washing of the extract, and 
drying with anhydrous magnesium sulfate, satisfactory results were 
obtained. 

Results obtained with these procedures are shown in Figs. 15 and 16. 

4.2.2.2.2. Method of Brook et al. (B22) 
Apparatus: F. & M. Model 400 fitted w,ith a hydrogen flame ionization 

detector (FID) and F. & M. Model 700 equipped with a pulsed voltage 
electron-capture detector (ECD) . 

Columns: Glass, 6 or 8 foot x 0.25 inch i.d., packed with acid-washed 
silane-treated Chromosorb W (60-80 mesh) coated with 15% SE-30. 

Conditions: For FID-Helium, 60 ml/minute; injector port, 240"; 
column 190" ; detector 240". For ECD-95% argon plus 5% methane, 60 
ml/minute; injector port, 230"; column, 180"; detector, 190". 

Procedures: (i) Esterification b y  diazomethane. Mix 1 ml of an ethe- 
real indole acid standard (1 mg/ml) with 3 ml of an ethereal-diazometh- 
ane solution. CAUTION! Diazomethane is explosive and poisonous. After 
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FIG. 15. Separation of tryptamine-related indole bases. The compounds are N,N- 
dimethyltryptamine (DMT), eneamine (acetone condensation product) from trypt- 
amine (TRYPTSB) , 7-trimethylsilyloxy-N,N-dimethyltryptamine (7-OH-DMT- 
TMSi), 4-trimethylsilyloxy-N,N-dimethyItryptamine (4-OH-DMT-TMSi), 5-tri- 
methylsilyloxy-N,N-dimethyltryptamine (5-OH-DMT-TMSi), &trimethylsilyloxy-N, 
N-dimethyltryptamine (6-OH-DMT-TMSi), and the eneamine (acetone condensation 
product) from 5-trimethylsilyloxytryptamine (5-OH-TRYPT-TMSi-SB) . Conditions : 
7% F40, 1% EGSS-8, on 100-120-mesh Gas Chrom P, 182"C, 18 psi; argon ioniza- 
tion detection system. Reproduced from Horning e t  al. (H15), with permission. 

15 minutes, evaporate the mixture to dryness with a stream of nitrogen (in 
a fume cupboard). Dissolve the residue in an appropriate volume of 
ethyl acetate and inject an aliquot part of this solution into the gas 
chromatograph. Results obtained by this procedure are shown in Fig. 17, 
using the flame-ionization detector. 

Norepinephrine 
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FIG. 16. Separation of acetyl derivatives of epinephrine, norepinephrine, meta- 
nephrine, and normetanephrine with JXR-CHDMS. Conditions: 0.6% JXR and 02% 
CHDMS on Gas-Chrom P (80-100 mesh) ; 18 psi nitrogen. Reproduced from Horning 
e t  al. (H15) with permission. 
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FIG. 17. GLC of a mixture of indole derivatives (1 pg of each derivative injected). 
For conditions see text. IAN = indole-3-acetonitrile; IAA-ME = methyl ester of in- 
dole3-acetic acid; IAA-EE = ethylindole %acetate; ICA-ME = methyl ester of in- 
dole-3-carboxylic acid ; IPA-ME = methyl ester of indole-3-propionic acid ; IBA-ME 
= methyl ester of indole-3-butyric acid ; 5-OH-IAA-ME = 5-hydroxyindole-3-acetic 
acid (methyl ester). Reproduced from Brook e t  al. (B22) with permission. 

(ii) Trifluoroacetylution of indoles. Place 1 ml of a 1 mg/ml indole 
solution in a 13-ml graduated tube and evaporate to dryness in vucuo. 
(Note: In the case of the indole acids, i t  is the methyl ester which is 
trifiuoroacetylated.) Dissolve the residue in 3 ml of anhydrous ethyl 
acetate. Add 0.5 ml of trifluoroacetic anhydride (TFA) and a small 
amount of sodium sulfate. Cap the tube. Agitate with magnetic stirrer 
for 1 hour a t  room temperature. Then remove excess TFA under reduced 
pressure. Dissolve the residue in 1 ml of ethyl acetate. Inject an appro- 
priate aliquot part of this solution into the gas chromatograph. Figure 18 
shows some results obtained with this procedure, using the electron- 
capture detector. 
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FIG. 18. GLC of a mixture of trifluoroacetylated indole derivatives (0.5 ng of 
each derivative injected). For conditions see text. F = trifluoroacetyl derivatives; 
other letters as in Fig. 17. Reproduced from Brook et al. (B22) with permission. 

4.3. AMINO ACIDS 

4.3.1. General Considerations 

An extensive review of the literature dealing with the GLC of amino 
acids up to the year 1966 has been presented by Weinstein (W4). The 
section presented here discusses some of the more important work on the 
GLC of amino acids which has appeared since Weinstein's review. 

Because of the extremely polar nature of their functional groups, 
amino acids cannot be successfully analyzed by GLC without carrying 
out some modification of one or both of these groups. As long ago as 
1956, Hunter et al. (H19) devised a gas chromatographic procedure for 
the determination of amino acids following oxidation. They made use of 
the fact that a-amino acids react quantitatively with ninhydrin (triketo- 
hydrindene hydrate) to form aldehydes containing one carbon atom less 
than the original acids. The resulting aldehydes were collected in a trap 
cooled with solid carbon dioxide-acetone or liquid nitrogen and subse- 
quently subjected to gas chromatography using a 10-foot column filled 
with a silicone-Celite mixture. Column temperature was 69", and the 
flow rate of the helium carrier gas was 23 ml/min. In this way, thew 
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workers were able to separate successfully a mixture consisting of 3- 
methylbutanal and 2-methylbutanal which had been prepared by the 
ninhydrin oxidation of equal weights of leucine and isoleucine, respec- 
tively. 

In  1960, Zlatkis et al. (22) described a direct gas chromatographic 
method for determining amino acids that yield volatile aldehydes on 
oxidation. The aldehydes were chromatographically separated, catalyti- 
cally cracked, and analyzed in a thermal conductivity cell. 

Conversions of the amino acids to methyl-a-hydroxy esters (L8, W l )  
and methyl a-chloro esters (M5) have been described, and Bier and 
Teitelbaum (B13) have chromatographed the volatile amines produced 
by decarboxylation of amino acids. More recently, attention has been 
focused on the use of the N-acylated esters of amino acids, e.g., n-amyl 
N-acetyl (57) , n-butyl N-trifluoroacetyl (23) , n-propyl N-acetyl (G6) , 
n-amyl N-trifluoroacetyl (B14) , and methyl N-trifluoroacetyl (C13, H1) . 
Silyl derivatives have also been prepared (R5). 

In  a study of the quantitative aspects of gas chromatography of amino 
acids, Lamkin and Gehrke (Ll) made a comparison of methyl N-tri- 
fluoroacetyl, methyl N-acetyl, n-butyl N-trifluoroacetyl, and n-butyl 
N-acetyl esters of each of valine, phenylalanine, glutamic acid, and 
lysine. These four amino acids were selected so that most of the functional 
groups present in protein amino acids were represented. The conclusion 
reached was that the n-butyl N-trifluoroacetyl derivatives had advan- 
tages over the others investigated. Lamkin and Gehrke obtained single 
chromatographic peaks for all the common protein amino acids except 
tryptophan and arginine, and also showed that these derivatives gave 
superior results from a quantitative aspect. Tryptophan gave two peaks 
but could be converted into a single derivative by longer acylation. It was 
felt that further investigation was needed in the case of arginine. 

4.3.1.1. Preparation of n-Butyl N-Trifluoroacetyl Esters (Ll). The 
amino acid mixture (60 mg) was placed in a 125-ml flat-bottom flask, 
and 10 ml of anhydrous methanol containing 1.20 + 0.10 mEq of anhy- 
drous HC1 per milliliter were added. The flask was then stoppered with 
a ground-glass stopper; the solution was stirred on a magnetic stirrer for 
30 minutes a t  room temperature; and the methanol was removed by 
vacuum distillation a t  60" +- 1°C. Ten milliliters of l-butanol contain- 
ing 1.20 -F- 0.10 mEq of anhydrous HCl per milliliter, were added; the 
solution was heated for 180 minutes with magnetic stirring in an oil 
bath a t  90" k 3"C, and the butanol was removed by vacuum distillation 
a t  60" + 1°C. The n-butyl ester hydrochlorides were then trifluoro- 
acetylated by adding 5.00 ml of methylene chloride and 0.50 ml of tri- 
fluoroacetic anhydride and stirring (magnetically) a t  room temperature 
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for 120 minutes. The trifluoroacetic anhydride and solvent were removed 
by vacuum distillation a t  room temperature, and the n-butyl N-trifluoro- 
acetyl esters were dissolved in anhydrous chloroform prior to gas chro- 
matography on 1% (w/w) neopentyl glycol succinate on 60- to 80-mesh 
Gas-Chrom A packed into a 100 cm x 0.3 cm i.d. borosilicate glass 
column. Flow rate was 38 ml of N, per minute. Column temperature was 
67°C for 6 minutes, then programmed a t  3.3"C per minute to 218°C. Five 
microliters of a 2-ml chloroform solution containing derivatives pre- 
pared from the amino acid mixture were injected directly onto the chro- 
matographic column without the use of a flash heater. In  the examples 
given by Lamkin and Gehrke (Ll ) ,  the 2 ml of chloroform contained 
derivatives prepared from 10 mg of an amino acid, i.e., an amount of 
derivative equivalent to 25 pg of amino acid was injected on to the 
column. 

Using this (Ll) preparation procedure, Stefanovic and Walker (SS) 
studied the effect of stationary phase-support ratio on the gas-chro- 
matographic separation of trifluoroacetylamino acid butyl esters using 
ethylene glycol adipate polyester columns. They found that, for certain 
amino acids, the elution pattern was a function of the amount of liquid 
phase on the column packing. When 0.5% ethylene glycol adipate was 
used, sharp well-defined peaks were obtained and all the amino acids 
listed in Table 6 except cysteine and methionine were completely sepa- 

TABLE 6 
RELATIVE RETENTION DATA FOR AMINO ACID DERIVATIVES" 

Amino acid 0.5% EGA 1.0% EGA Ab X 1000 

Alanine 
Valine 
Glycine 
Isoleucine 
Leucine 
Proline 
Threonine 
Serine 
Cysteine 
Methionine 
Phen ylalanine 
Aspartic acid 
Glutamic acid 
Tyrosine 
0 mi t h i n e 
Lysine 
Tryptophan 

0.285 
0.347 
0.379 
0.420 
0.470 
0.499 
0.548 
0.627 
0.733 
0.751 
0.814 
0.856 
1 .ooo 
1.102 
I. 191 
1.264 
1.316 

0.311 
0.359 
0.430 
0.430 
0.481 
0.539 
0.539 
0.621 
0.732 
0.787 
0.849 
0.849 
1.000 
1.088 
1.199 
1.268 
1.316 

26 
12 
51 
10 
11 
40 

-9 
-6 
-1  
36 
35 

-7 

- 14 
8 
4 
0 

- 

0 Reproduced from Stefanovic and Walker (S9) with permission. 
* Relative retention time on 1.0% EGA minus relative retention time on 0.5% EGA. 
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FIO. 19. GLC separation of trifluoroacetylamino acid butyl esters on 0.65% ethyl- 
ene glycol adipate. Reproduced from Stefanovic and Walker (S9) with permission. 

rated. These last two acids were completely resolved using 0.7% or 
higher levels of liquid phase. However, this increase in liquid phase 
resulted in a shift of the glycine peak toward the isoleucine peak. At  the 
level of 1% liquid phase, glycine and isoleucine were eluted together, as 
were the proline-threonine and phenylalanine-aspartic acid pairs, while 
a t  the 2% level the order of elution of the amino acids was altered. It was 
considered (S9) that changes in elution pattern were probably due to  
interaction of the polar liquid phase with polar groups on the amino acid 
derivatives, and that a similar effect would be observed with most other 
polar packings. These workers (S9) felt that the separation of the tri- 
fluoroacetylamino acid butyl esters on B single stationary phase was a 
feasible proposition. Figure 19 shows the results they obtained for a 
mixture of n-butyl N-trifluoroacetyl esters of 17 amino acids using a 
liquid phase of 0.65% ethylene glycol adipate. Low responses were ob- 
tained for arginine, histidine, and cystine, but this problem is still being 
investigated. 

Gee (Gl) considered that the many hours required for preparation of 
the butyl esters of amino acids made for too lengthy a procedure; ac- 
cordingly, she devised an improved method for making the methyl esters 
of amino acids in 30 minutes. This was followed by gas chromatography 
of the N-trifluoroacetates of these methyl esters using dimethyl dodec- 
anedioate as an internal standard. Five milligrams of each amino acid 
together with 5 mg of dodecanedioic acid were refluxed with 10 ml of HCl 
in methanol (prepared by bubbling anhydrous HCI into a chilled con- 
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tainer of methanol) and 0.1 ml of thionyl chloride for 30 minutes. Excess 
esterification reagents were removed by rotary evaporation using a water 
pump. The methyl esters were then refluxed with 2 ml of trifluoroacetic 
anhydride for 10 minutes. Any hydroxyl and amino groups present were 
thereby trifluoroacetylated. Aliquot portions (2-4 PI) of this mixture 
were injected directly into the gas chromatograph. A l-meter, %-inch 
o.d., 0.075-inch i.d. aluminum column was used packed with 5% neopentyl 
glycol succinate on Chromosorb W, HMDS, 100/200 mesh. Carrier gas 
(helium) flow was 50 ml per minute; injector and detector were held a t  
250' ; the column was programmed from 64 to 210" a t  4" per minute. 

The peak shapes shown in this paper (Gl)  display an appreciable 
amount of tailing and are not as symmetrical as those shown in the 
article by Stefanovic and Walker (SS). It would seem that if one 'were 
considering using a gas chromatographic method for the qualitative and 
quantitative estimation of amino acids in body fluids, a good starting 
point would be the n-butyl N-trifluoroacetyl ester procedure (S9) , al- 
though good results have been obtained very recently using the n-propyl 
N-acetyl esters ((211) and the alkylidine and alkyl amino acid esters 
(D5). 

4.3.2. Analytical Procedures 

The first of the procedures described below requires only about 1 hour 
for esterification and analysis, and amounts of amino acids down to 

mole can be estimated satisfactorily. The second procedure is taken 
from a comparative study of the use of bis (trimethylsilyl) acetamide and 
bis (trimethylsilyl) trifluoroacetamide as silylating reagents. 

4.3.2.1. 

Method of Coulter and Hann (C11) 

Apparatus: Perkin-Elmer 881 gas chromatograph, dual column, 
equipped with flame ionization detector. 

Column: All-glass 106 cm x 3 mm i.d. 80-100 mesh Chromosorb GHP. 
Equal amounts of coated Chromosorb were mixed together before pack- 
ing. Half was coated with 0.7% Carbowax 6000 and half with 0.7% 
Carbowax plus 0.05% tetracyanopentaerythritol. 

Conditions: Nitrogen, 30 ml/min column temperature programmed 
100-240° a t  G"/minute started immediately after the solvent front; 
detector temperature, 30" above column temperature ; injector tempera- 
ture, 240". 

Propnol-HCI: Propano] is dried by refluxing with calcium hydride, 
and is then distilled. Only the middle fraction is used. Dry hydrochloric 

Analysis Using Ohe n-Propyl N-Acetyl Esters 
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FIG. 20. Apparatus used for preparation of derivatives. Amino acid solution is 
placed in tube A and propanol-HC1 in the funnel. Dry nitrogen is passed through 
the apparatus as required. Reproduced from Coulter and Hann ((311) with 
permission. 

acid is bubbled into the propanol until its concentration is 8 M .  Imme- 
diately after preparation, the propanol-HC1 is transferred to the funnel 
shown in Fig. 20. HC1 gas may be prepared by the action of concentrated 
sulfuric acid on fused ammonium chloride. The HCI gas is then dried by 
passing through two washes of sulfuric acid made 103% with oleum. 

Procedure: The apparatus shown in Fig. 20 is used for esterification. 
About 0.1 ml of amino acid solution or protein hydrolysate is placed in 
tube A (Quickfit MF 24/0, capacity ca. 2 ml) and quickly dried in a 
vigorous stream of dry nitrogen (dried by passing through a molecular 
sieve grade 4A, Union Carbide). A convenient amount for preparation 
of standards is 10-8 mole of each amino acid but to mole is 
satisfactory for unknowns. After drying, the nitrogen is shut off; ca. 0.4 
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ml of propanol-HC1 is run in, incubated a t  100" for 10 minutes (using 
a steam jacket), and then evaporated with nitrogen. This propylation 
step is repeated. The tube containing the dry ester hydrochlorides is then 
attached to a similar apparatus not carrying a funnel, to remove residual 
HCl gas, and 0.4 ml of a freshly prepared mixture of purified pyridine 
and acetic anhydride (4: 1, v/v) is added to the tube. Acetylation is com- 
plete in 5 minutes a t  room temperature. Excess reagents are carefully 
evaporated in the apparatus used for removal of HC1. The oily esters are 
dissolved in dry ethyl acetate; 1 pl of solution containing about 5 
pmoles/ml (i.e., 5 X 

It is interesting to note that the authors of this procedure (C11) found 
that, when the syringe needle was retained in the injection port, destruc- 
tion of ornithine, lysine, and tryptophan occurred. The extent of the re- 
duction was proportional to the time the needle was retained. Retention 
for 8 seconds resulted in 90% destruction of these three amino acids, and 
under these circumstances tyrosine was also reduced, They recommended, 
therefore, that injections should be made as rapidly and in as standard a 
manner as possible. 

The present writer finds it difEcult to accept that more destruction of 
some amino acid derivatives occurs the longer the syringe needle is 
retained in the injection port. In  a well-designed injection port (and the 
injection port on most commercial instruments is well designed), the 

mole) is injected into the gas chromatograph. 

GI 

e 

ASP Leu 
Met I Thr I 

0 
, I 

Isothermal Programmed temperature 6'C/min 

FIG. 21. Gas-liquid chromatogram showing the elution of 17 amino acids as the 
n-propyl N-acetyl esters. 5 X lo-' mole of each in 1 pl was injected with an attenua- 
tion X 200. For conditions see text. Reproduced from Coulter and Ham (C11) with 
permission. 
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compounds being chromatographed are volatilized and swept out of the 
injection port very rapidly. If this were not so, there would be considera- 
ble peak broadening. So that 1 or 2 seconds after the syringe plunger has 
been pressed home, there should be little or no compound remaining in 
the injection port. And i t  is difficult to see how leaving a syringe needle 
in the injection port for several minutes causes destruction of a substance 
which has already left the port and is on its way along the column. 
Perhaps a more probable explanation is that there was a leak of carrier 
gas between needle and septum when the authors made their observations. 

Figure 21 shows the chromatogram obtained w,hen 17 amino acids are 
subjected to the above procedure. Retention times and relative responses 
of n-propyl N-acetyl amino acids are given in Table 7. 

For complete esterification of all amino acids, it is essential that 
absolutely dry reagents be used. Arginine and histidine also present some 
difficulties, but it is suggested that by conversion of arginine to ornithine 
(using arginase) and histidine to aspartic acid (by ozonolysis) , these two 
amino acids can be satisfactorily analyzed quantitatively by the above 
procedure. 

TABLE 7 
RETENTION TIMES AND RELATIVE RESPONSES OF 

n - h o p n  N-ACETYL AMINO ACIDS" 

Amino acid 
Retention time Relative molar response; 

(min-sec) serine = 1.00 

Alanine 
Valine 
Isoleuciiie 
Leucine 
Gly cine 
Proline 
Threonine 
Serine 
Aspartic acid 
Histidine (as aspartic acid) 
Methionine 
Cysteine 
Phenyldanine 
El y droxyproline 
Glutamic acid 
Tyrosine 
Ornithine 
Lysine 
Methionine sulfone 
Tryptophan 

4-48 
5-06 
6-12 
6-24 
6-51 
8 4 8  
9-36 

11-00 
12-06 
12-06 

1 3 4 8  
13-00 

14-12 
14-24 
14-36 
20-12 
21-06 
22-00 
23-00 
2&45 

0.89 
1.18 
1.33 
1.49 
0.78 
1.34 
1.43 
1 .oo 
1.69 
1.69 
1.50 
0.37 
2 .45  
1.54 
1.84 
1.85 
1.69 
1.76 
1.30 
1.30 

5Reproduced from Coulter and Hann (C11) with permission. 
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4.3.2.2. Analysis of Sulfur-Containing Amino Acids 

Method of Shahrokhi and Gehrke (54) 
This paper (54) compares the two silylating reagents bis (trimethyl- 

silyl) acetamide (BSA), first described by Klebe et al. (K6), and bis- 
(trimethylsilyl) trifluoroacetamide (BSTFA) , for the preparation of 
volatile trimethylsilyl (TMS) derivatives of 12 sulfur-containing amino 
acids. BSTFA was recommended as the reagent of choice for taurine, 
cysteic acid, homocystine, djenkolic acid, ethionine, methionine sulfone, 
~-2-thiolhistidine~ cysteine, and cystine. For S-methyl-L-cysteine, methi- 
onine sulfoxide, and methionine, BSA was used as silylating reagent. 

Apparatus: F. & M. model 300 gas chromatograph, attached to a 
column oven and detector module of an F. & M. model 400, fitted with an 
F. & M. model 1609 flame ionization attachment. 

Column: 0.5% SE-30 on 60-mesh acid-washed dimethylchlorosilane- 
treated Chromosorb G, packed into 1.0 meter x 3.5 mm borosilicate 
glass column. 

Conditions: Nitrogen, 40 ml/minute ; air, 450 ml/min ; hydrogen, 36 
ml/minute ; column temperature, 75"-20O0C a t  4.6"/minute; chart speed 
1/3 inch/min. 

Procedure: Place 10 mg (ca. 0.04-0.08 mmole) of sulfur-containing 
amino acid and 10 mg of phenanthrene (as internal standard) in a 16 X 
75 mm culture tube (screw cap with Teflon liner). Add 0.5 ml (ca. 2.5 
mmoles) of BSA (or 0.5 ml ca. 3 mmoles, of BSTFA) and 1.5 ml of 
acetonitrile. Screw the cap on the tube and immerse just to the top of the 
liquid level in an oil bath a t  150° for 5 minutes. Allow to cool and inject 
5 pl into the gas chromatograph. The chromatograms shown in Figs. 22 
and 23 illustrate the results obtained by this procedure. The authors claim 
that the minimum detectable limit a t  a 2: 1 signal-to-noise ratio with 
respect to  the flame ionization detector is about 5 ng of sulfur-containing 
amino acid injected on the column. 

4.3.2.3. Analysis of Thyroid Amino Acid Homones 

Method of Hansen (H4) 
Using bis (trimethylsilyl) acetamide (BSA) volatile trimethylsilyl 

(TMS) derivatives of the active components 3,5,3',5'-tetraiodothyronine 
(thyroxin, T4) and 3,5,3'-triiodothyronine (T,) have been prepared as 
well as TMS derivatives of the nonphysiologically active components 
3,3',5'-triiodothyronine (T3') , 3,5-diiodothyronine (T,) , and 3,5-diiodo- 
tyrosine (DIT) . Separation and quantitative estimation of these iodinated 
amino acids is achieved by gas-liquid chromatography. The method is 
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FIGS. 22 ( top )  and 23 (bottom). Gas-liquid chromatograms of the trimethylsilyl 
derivatives of sulfur-containing amino acids. Column: 05% w/w SE-30 on acid- 
washed, dichlorodimethylsilane-treated Chromosorb G (80-100 mesh) ; 1 meter X 3.5 
mm i.d. glass; initial temperature, 75", programmed a t  4.6" per minute; Nz flow 40 
ml per minute. Injected mixture contained ca. 5 pg of each amino acid. Reproduced 
from Shahrokhi and Gehrke (54) with permission. 

being used to investigate the iodinated amino acids in hydrolyzates 
resulting from hydrolysis of thyroid preparations. 

Apparatus: Barber-Colman Model 5000 fitted with both flame ioniza- 
tion and electron-capture detectors. 

Column: 2% SE-33 on 100/200 mesh Chrom Q packed into a 2 foot X 
3 mm i.d. glass column. 

Conditions: Nitrogen, 50 ml/min; splitting device used to channel 
95% column effluent to flame ionization detector and 5% to electron- 
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FIG. 24. GLC of a standard mixture of thyroid hormones. See text for conditions 
and abbreviations. Ty = tyrosine. Reproduced from Hansen (H4) with permission. 

capture detector. Injector temperature, 270" ; detector temperature, 275' ; 
column programmed from 150 to 280" a t  10" per minute. 

Procedure: Amino acid standards containing 6 pmoles per 5 ml in 5% 
(v/v) ammoniscal methanol are used. The internal standard (13.) is 25 
mg of squalene per 50 ml in methanol. 

A suitable aliquot part of amino acid solution is evaporated to dryness 
in a 2-dram vial. Then 100 pl of reagent mixture (prepared by mixing 
5 ml of tetrahydrofuran, 2 ml of BSA, and 5 drops of chlorotrimethyl- 
silane in a 2-dram vial with a foil-lined screw cap) is added. The vial is 
sealed with a foil-lined screw cap and warmed on the front edge of a 
water bath (in a fume cupboard) for 1 minute. Appropriate aliquot parts 
of this mixture are then injected into the gas chromatograph. 
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FIGS. 22 ( top )  and 23 (bottom). Gas-liquid chromatograms of the trimethylsilyl 
derivatives of sulfur-containing amino acids. Column: 0.5% w/w SE-30 on acid- 
washed, dichlorodimethylsilane-treated Chromosorb G (80-100 mesh) ; 1 meter X 3.5 
mm i.d. glass; initial temperature, 75", programmed a t  4.6" per minute; Nz flow 40 
ml per minute. Injected mixture contained ca. 5 pg of each amino acid. Reproduced 
from Shahrokhi and Gehrke (54) with permission. 

being used to investigate the iodinated amino acids in hydrolyzates 
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FIG. 25. Gas chromatograph of the urine (85 pg creatinine equivalent) of a 
patient with homocystinuria. Urine was treated as described in text. 5% QF-1 on 
Gas-Chrom P (80-100 mesh), a t  140" ; argon, 46 ml per minute. This peak corresponds 
to 150 pg of homocystine per milligram of creatinine. Reproduced from Creer and 
Williams (G7) with permission. 
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FIG. 26. Gas chromatograph of the urine of a “normal” control. Conditions aa in 
Fig. 25. Reproduced from Greer and Williams (G7) with permission. 

Procedure: Pass 10 ml of urine through a cation-exchange resin column 
(Dowex 50-W-X4, 20-50 mesh, in the hydrogen form) and wash the 
column with 30 ml of distilled water. Elute the amino acids with 20 ml 
of concentrated ammonia solution. Evaporate this eluate to dryness in 
vacuo. To the residue add 1 ml of trifluoroacetic anhydride and 0.5 ml 
of trifluoroacetic acid, and allow the mixture to stand a t  room tempera- 
ture for 20 minutes. Remove excess reagents with a stream of air and 
treat the oily residue with an ethereal solution of distilled diazomethane 
(DANGER! Poisonous-explosive) for 15 minutes. Remove excess diaeo- 
methane (CAUTION!) with a stream of air. Dissolve the residue in 
methanol and inject a suitable aliquot part into the gas chromatograph. 
Figures 25 and 26 show results obtained by this procedure. 

4.4. CARBOHYDRATES 

4.4.1. General Considerations 

The presence of the hydroxyl groups in carbohydrates confers to these 
molecules a polarity which is sufficiently high to render the vapor 
pressures of this class of compounds far too low for them to be analyzed 
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directly by GLC. Derivatives of the carbohydrates must be formed to 
provide sdicient volatility for GLC analysis. Some of the procedures 
described for this purpose include alkylation (usually methylation), 
acetylation, benzoylation, benaylation, and trimethylsilylation (A8, B5, 
F1, H6, 58, M4, S7, 517). 

In  1964, Bayer and Widder (B4) produced a very interesting paper 
in which they showed that GLC could be used to demonstrate the exist- 

TABLE 8 
RELATIVE RETENTIONS OF ISOMERIC SUGAR METHYL ETHERS"~~ 

Substance Relative retention 

Arabinose 
2,3,5-Trimethyl-~methyI-~-arabinoside 
2,3,5-Trimethyl-j3-methyl-~-arabinoside 
2,3,4,5-Tetramethyl-al-~-arabinose 
2,3,4-Trimethyl-j3-methyl-~-arabinoside 
2,3,4-Trimethyl-~methyl-~-arabinoside 

2,3,4,5,6-Pentamethyl-al-~-glucose 
2,3,4,6-Tetramethyl-j3-methyl-~-glucoside 
2,3,5-Trhethyl-~-glucosana (1,4) -6 (1,6) 
2,3,4,6-Tetramethyl-a-methyl-~-glucoside 
2,3,5,6-Tetramethyl-@-methyl-~-glucoside 
2,3,5,6-Tetramethyl-~-methyl-~-glucoside 
2,3,4-Trimethyl-~-glucosan-cu (I, 5) -j3 (1,6) 
2,3,4-Trimethyl-j3-methyl-~-glucopyranoside 
2,3,6- Trimethyl-j3-methyl-D-glucof uranoside 
2,3,6-Trimethyl-a-methyl-~-glucofuranoside 
2,3,4-Trimethyl-~~-methyl-~-glucopyranoside 
2,3,6-Trimethyl-@-methyl-~-glucopyranoside 
2,3,6-Trimethyl-a-methyI-~-glucopyranoside 

2,3,4,5, 6-pent amethyl-al-D-galactose 
2,3,4,5-Tetramethyl-@-methyl-~-galactoside 
2,3,5,6-Tetramethyl-j3-methyl-~-galactoside 
2,3,4,6-Tetramethyl-methyl-~-galactoside 
2,3,5,6-Tetramethyla-rnethyl-~-galactoside 
2,3,4,5-Tetramethyl-cu-methyl-~-galactoside 

I ,3,4,5,6-Pentamethyl-keto-~-fructose 
1,3,4,5-Tetramethyl-cu-methyl-~-f ructoside 
1,3,4,6-Tetramethyl-cu-methyl-~-fructoside 
1,3,4,6-Tetramethyl-@-rnethyl-~-f ructoside 
L,3,4,5-Tetramethyl-j3-methyl-~-fmctoside 

Glucose 

Galactose 

Fructose 

1.60 
2.04 
2.50 
3.05 
3.20 

2.32 
2.80 
3.41 
3.88 
4.25 
4.87 
5.25 
6.61 
7.01 
8.03 
9.87 
10.84 
14.42 

2.71 
3.02 
3.81 
4.58 
4.76 
5.30 

2.16 
2.75 
3.05 
3.83 
6.75 

~ ~ ~~~ ~ 

" Reproduced from Bayer and Widder (B4) with permission. 
* Retentions were measured relative to ethyl ether of succinic acid; for conditions see 

text. 
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ence of carbonyl forms of sugars in solution. Glycosidification was carried 
out with methanolic hydrochloric acid. The resulting glycosides were 
then methylated and subjected to  GLC. The chromatograms were com- 
pared with those obtained by direct methylation of the sugars, thus 
taking advantage of the fact that mutarotation of the methylglycosides 
is not possible. The sugars studied were fructose, galactose, glucose, and 
arabinose. Table 8 lists the relative retention times of the isomeric sugar 
methyl esters. For GLC, Bayer and Widder used a 2-meter column (0.4 
cm id.) filled with 20% polyethylene glycol 1500 on kieselguhr (0.2-0.3 
mm). They found that liquid phases of Apiezon or polyesters were not as 
satisfactory as the polyglycols. 

Sweeley and Walker (S16) carried out simultaneous GLC analyses of 
glucose, galactose, galactosamine, and sialic acid as found in neutral gly- 
colipides and gangliosides. Treatment with anhydrous dilute methanolic 
hydrochloric acid was used to form methyl glycosides from the hexoses. 
Under these conditions, N-acetylhexosamine was only partially converted 
to the free amino sugar; and the 2-0-methyl ketal of methyl neuraminate 
was formed from the neuraminic acid. These products were then silylated 
with a mixture of hexamethyldisilazane and trimethylchlorosilane in 
pyridine (2 : 1 : 10, v/v), and the resulting trimethylsilyl derivatives 
were subjected to GLC a t  160° on acid-washed, silaniaed Gas Chrom S 

IIIII I 3 

Time, minutes  
FIG. 27. Gas-liquid chromatogram of the separation of trimethylsilyl ethers of 

sugars on hexamethyldisilaeane-treated Chromosorb W (80-100 mesh) coated with 
15% (w/w) Carbowax 20M. Column: 12 foot X y4 inch copper coil; 170"; helium 
100 ml per minute ; 4 pl of 0.2% solution. Peaks : 1, ribose ; 2, ribose ; 3, a-mannose ; 
4, y-galactose; 6, a-galactose; 6, internal standard ; Y, a-glucose; 8, p-mannose; 
9, p-galactose; 10, p-glucose. Reproduced from Sawardeker and Sloneker (S2) with 
permission. 
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(100-120 mesh) coated with 2.5% (w/w) SE-30. This method, which 
includes details of the procedure for isolation of glycolipids and ganglio- 
sides from human brain, was used for both qualitative and quantitative 
determination of glucose, galactose, and neuraminic acid in glycolipids. 
These workers (S16) also have concluded that GLC is probably the most 
satisfactory method available for distinguishing qualitatively between 
glucosamine, galactosamine, and mannosamine. 

Trimethylsilylation was also used by Alexander and Garbutt (A5) 
for the determination of D-glucose by GLC. It was found that D-sorbitol 
provided a satisfactory internal standard. The retention times for the 
trimethylsilyl derivatives of these sugars were in the order a-D-glucose. 
D-sorbitol, P-D-glucose on a 3% SE-52 column. The support material was 
Chromosorb P (100-120 mesh) ; column temperature was 180". A carrier 
gas flow rate (argon or nitrogen) of 2S30  ml per minute gave the most 
efficient performance with a hydrogen flame ionization detector. 

In  1965, Sawardeker and Sloneker (S2) reported on the effectiveness 
of a liquid phase of Carbowax 20 M for the GLC resolution of tri- 
methylsilyl ethers of mixtures of monosaccharides. Figure 27 shows the 
chromatagram they obtained under these conditions. 

4.4.2. Analytical Procedures 

4.4.2.1. Plasma Galactose and Glucose 

Method of Copenhaver ((210) 
This method for the simultaneous quantitative and qualitative deter- 

mination of plasma or blood galactose and glucose eliminates the neces- 
sity to remove glucose if galactose is to be estimated. 

Apparatus: Perkin-Elmer model 801 gas chromatograph fitted with 
a hydrogen ionization detector. 

Column: Dual glass columns, 6 foot X 2 mm i.d. packed with hexa- 
methyldisilazane-treated Chromosorb W (80-100 mesh) and coated with 
25% (w/w) Carbowax 20 XI. Columns were conditioned overnight a t  
225" with carrier gas flowing. 

Conditions: Helium, 30 psi and 30 ml/min; injector temperature, 220" ; 
column temperature, 145O. 

Procedure: Starting with 0.2 ml of plasma, prepare a protein-free 
filtrate by the method of Somogyi (S8). Copenhaver (CIO) has pointed 
out that the choice of a method for deproteinization which yields an alka- 
line filtrate is important because of the finding of Wells et al. (W5) that 
acidic filtrates inhibit trimethylsilylation. 

Lyophilize 1 ml of protein-free filtrate (or 1 ml of galactose and glucose 
standard). Add 0.5 ml of anhydrous pyridine, 100 pl of hexamethyl- 
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FIG. 28. Gas chromatogram of trimethylsilyl derivatives of an equilibrated mix- 
ture of galactose, glucose, and methyl a-D-mannopyranoside (2:2: 1, w/w). The 
numbered peaks refer to (1) methyl a-n-mannopyranoside ; (2) a possible furanose 
form of galactose ; (3) a-D-galactopyranose ; ( 4 )  a-n-g]ucopyranose ; (6) /3-D-galacto- 
pyranose ; (6)  P-D-glucopyranose. For GLC conditions see text. Reproduced from 
Copenhaver (ClO) with permission. 

disilazane and 50 ,ul of trimethylchlorosilane. Shake and centrifuge the 
mixture. Inject an aliquot part of the clear supernatant liquid directly 
into the gas chromatograph. GLC results obtained with this procedure 
are illustrated in Fig. 28. 

For galactose (50 mg/100 ml) added to Somogyi filtrates, ten replicate 
analyses showed (C10) a mean recovery of 100.2 with a standard devia- 
tion of &1.2. For endogenous glucose, ten analyses gave a mean re- 
covery of 83.6 mg/100 ml (standard deviation, +1.3) compared w,ith 
the value of 86.6 mg/100 ml when determined by an automated ferri- 
cyanide method. Recoveries of added sugars are shown in Tables 9 and 10. 
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TABLE 9 
RECOVERY OF ADDED QUANTITIES OF GALACTOSE TO SOMOGYI FILTRATE 

OBTAINED FROM 1 ML OF  PLASMA^.) 

Galactose 
~ ~~~ 

Sample Added Found Recovery 
No. (Pg)  (PP) (%) 

1 1000.0 995.0 99.5 
2 750.0 720.0 96.0 
3 500.0 501.0 100.2 
4 250.0 253.0 101.2 
5 125.0 123.0 98.4 
6 50.0 56.5 113.0 
7 0.0 0.0 - 

0 Reproduced from Copenhaver (ClO) with permission. 
* Each value is the average of duplicate analyses. 

4.4.2.2. Neutral Sugars in Glycoproteins 

Method of Lehnhardt and Winzler (L5) 

This method involves hydrolysis of the protein sample with a cation 
exchange resin in the hydrogen form, reduction of the sugars to the 
corresponding alcohols, acetylation with acetic anhydride in pyridine, and 
gas chromatography of the acetylated alcohols. 

Apparatus: Microtek model 220 gas chromatograph equipped with 
flame ionization detectors. The injector port was modified by the use 
of a glass insert (8.4 cm x 1 cm 0.13. and x 0.2 cm i.d.) to reduce the 
dead volume of the vaporizing chamber. 

TABLE 10 
RECOVERY OF ADDED QUANTITIES OF GLUCOSE TO SOMOGYI FILTRATE 

OBTAINED FROM 1 ML OF PLASMAO.~ 

Glucose 

Sample Added Found Recovery 
No. Gcg) ( rg )  ( %) 

- 866 - 1 
2 200 1056 95.0 
3 400 1265 99.0 

- 
Reproduced from Copenhaver ((310) with permission. 

b Each value is the average of duplicate analysis. Endogenous glucose was determined 
to be 860 pg/ml  by an automated ferricyanide method. 
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Column: Glass U-tube 1.83 meters x 4 mm i.d. containing by weight 
0.75% HiEFF-lBP, 0.25% EGSS-X, and 0.1 % 144-B (phenyldiethanol- 
amine) on Gas Chrom Q (60-80 mesh). 

Conditions: Nitrogen, 40 ml/min; injector temperature, 225" ; detector 
temperature, 325" ; column temperature, initial 160" programmed at 1.3" 
per minute to 210'; hydrogen (to detector) 50 ml/min; air (to detector 
burner), 189 ml/min; air (to detector purge), 189 ml/min; chart speed, 
30 inches per hour. 

Procedure: Dry the glycoprotein sample, 0.1-3 mg, containing about 
0.1 &mole of neutral sugar, in a 6 x 50 mm culture tube under reduced 
pressure in a centrifuged biodryer (VirTis Research Equiment, Model 
10-310). Then store the sample in a desiccator until ready to proceed with 
hydrolysis. Dissolve the dried sample in 50 p1 of water and 50 pl of a 
40% w/v suspension of Dowex 50 X 2 (H') 200400 mesh resin in 0.02 N 
hydrochloric acid. Seal the sample tube with a silicone-rubber septum, 
mix the contents of the tube, and place in a steam bath for 40 hours. 

Remove the sample from the hydrolysis bath, allow to cool, and inject 
through the septum into the sample 50 pl of an internal standard solution 
containing 0.0277-0.2771 pmole of arabitol, depending on the carbo- 
hydrate content. Mix the sample thoroughly, and centrifuge for 2 minutes 
a t  2800 rpm to sediment the sample from the septum and the walls of 
the tube. 

Remove the septum, add 0.4 ml of water to the tube, and mix thor- 
oughly. Using a disposable pipette, transfer the mixture to a column 
containing Dowex 1-X8 (HC0,-) 200-400 mesh resin, and allow to elute 
into a 12-ml siliconized conical centrifuge tube. This column is prepared 
in a 6-inch disposable pipette with a glass wool plug by the addition of 
50 pl of a 20% w/v suspension of Dowex 1-XS (HC0,-) 200-400 mesh 
resin. A glass wool plug is used to separate the Dowex 1-X8 (HC0,-) resin 
from the Dowex 50-X2 (H+) resin used in the hydrolysis. 

Wash the hydrolysis tube twice with 0.3 ml of water, and pass the 
washings through the column. Then pass 1 ml of a 50% v/v aqueous 
solution of methanol through the column. Concentrate the combined 
eluates in the biodryer under reduced pressure. Add 100 pl of water to 
the conical centrifuge tube to dissolve the residue and then transfer the 
solution to a 5 x 50 mm polyethylene disposable centrifuge tube using 
a 100 pl Lang-Levy pipette. Wash the centrifuge tube with two 100 p1 
portions of water and transfer the washings to the 5 x 50 mm tube. Then 
take the sample to dryness in the biodryer under reduced pressure. 

Dissolve the sample in 50 pl of water and add 50 p1 of 0.22 M sodium 
borohydride (NaBH,). Allow the mixture to stand at room temperature 
for 1 hour. Add 50 pl of glacial acetic acid, to decompose excess NaBH4, 
and take the sample to dryness in the biodryer. 
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Remove the borate, as the volatile trimethylborate, by the addition 
of three 100 pl portions of a 1:lOOO v/v HC1-methanol solution with 
concentration to dryness in the biodryer under reduced pressure after each 
addition. At this stage keep the sample overnight in a desiccator to en- 
sure dryness. 

To acetylate the sample, add 50 pl of pyridine (purified by refluxing 
for 1 hour with ninhydrin, distilling with protection from moisture, and 
storing over potassium hydroxide until used) and 50 J.J of acetic an- 
hydride, and place the tube in a steam bath (at 100") for 15 minutes. 
Remove the tube; mix, and replace in the steam bath for an additional 
15 minutes. Cool the mixture and inject 1-10 pl aliquot parts directly 
into the gas chromatograph. Lehnhardt and Winzler (L5) state that, at 
this stage, the samples can be kept for a t  least 3 months without decom- 
position. Figure 29 shows the gas chromatogram of the alditol acetates 
produced by this procedure from a standard mixture of the parent carbo- 
hydrates. This standard mixture consisted of erythrose, 2-deoxyribose1 
rhamnose, fucose, ribose, arabinose, xylose, 2-deoxyglucose, 2-deoxy- 
galactose, mannose, galactose, and glucose. 

In  this system, 2-deoxyglucose and 2-deoxygalactose appear as a single 
peak, and glucose and galactose are not completely resolved. Single peaks 
will also be produced by those sugars which produce identical alcohols 
upon reduction, e.g., arabinose and lyxose. 

The authors have applied their procedure to a number of glycoproteins. 
Figure 30 shows the results they obtained with orosomucoid, canine 

Minutes 

FIQ. 29. Gasliquid chromatogram of the alditol acetates produced from a 
standard mixture of the parent carbohydrates. For GLC conditions see text. Re- 
produced from Lehnhardt and Winzler (L5) with permission. 
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FIQ. 30. Gas-liquid chromatograms of the alditol acetates of the neutral sugars 
released after hydrolysis of various glycoproteins. Arabitol was added as the internal 
standard. (A) Orosomucoid; (B) canine submaxillary m u c h ;  ( C )  a glycopeptide 
released by the action of trypsin from intact human erythrocytes. For GLC condi- 
tions see text. Reproduced from Lehnhardt and Winzler (L5) with permissiop. 
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submaxillary mucin, and a glycopeptide released by trypsin from intart 
human erythrocytes. 

The reproducibility of this method with three different mixed (known) 
standards was found to be 100 =k 3.8%. Reproducibility of the method 
when starting with ten separate orosomucoid solutions was within 3% 
for each of the sugars. 

4.4.2.3. Urine Sugars 

Method of Welk et al. (W5) 

With this method, glucose and other sugars (e.g., galactose, fructose, 
pentose, mannitol, inositol) are determined by GLC of their trimethylsilyl 
ethers. Urea interferes with the silylation step but is conveniently re- 
moved by prior incubation of the urine with urease. A mixed-bed ion- 
exchange resin is used to deionize the resulting solution. 

Apparatus: Barber-Colman Model 10 gas chromatograph equipped 
with an Argon ionization detector (A-4183). 

Column: 6 foot x y4 inch glass column packed with 15% ethylene- 
glycol succinate polyester (EGS) on Chromosorb W (80-100 mesh). 

Conditions: Argon, inlet pressure 15 psi; column temperature 158”. 
Procedure: Mix 1 ml of urine with 3 ml of water in a test tube and 

1 I 
10 20 

Minutes 
FIG. 31. Gas chromatogram of the trimethylsilyl ethers of sugars in “normal” 

human urine. Peaks: 1,  unknown; 2, fructose; 3, unknown; 4, a-n-glucose; 5, man- 
nitol; 6, unknown; 7 ,  P-n-glucose; 8, myoinositol. Urine from a “normal” patient 
undergoing a mannitol clearance test. GLC conditions as in text. Reproduced from 
Wells and Weber (W5) with permision. 
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place the tube in boiling-water bath for 5 minutes to destroy enzyme 
activity. Cool the tube to 45”, add 10-20 mg of urease powder, and in- 
cubate a t  45” for 30 minutes. Place the tube in boiling water for 5 
minutes to inactivate the urease, and pour the mixture through a 
column of 2 g of a mixed-bed ion-exchange resin packed in a suitable 
small glass tube. Collect the effluent in a 50-ml centrifuge tube. Remove 
the water, in vacuo, a t  50”. Immediately add to  the residue 1 ml of 
silylating reagent. (This reagent, which keeps 2-3 days if stored in a 
tightly stoppered container, is prepared by mixing together 17 ml of pyri- 
dine, 2 ml of hexamethyldisilazane, and 1 ml of trimethylchlorosilane.) 
Instant and complete reaction occurs a t  room temperature. Inject 1-3 
pl of the mixture directly into the gas chromatograph using a 10-pl 
syringe. 

To prepare a standard, evaporate 3 ml of standard sugar solution (con- 
taining 1 mg of sugar per milliliter of saturated aqueous benzoic acid 
solution) to dryness a t  50°, in vacuo. Immediately, add 3 ml of silylating 
reagent and inject a suitable aliquot part of the mixture into the gas 
chromatograph. By comparing the areas (area = height of peak multi- 
plied by width of the peak a t  half its height) of “test” and “standard” 
peaks the method is made quantitative. 

The chromatogram obtained from “normal” urine treated according 
to the above procedure is shown in Fig. 31. In  this figure, mannitol is 
present because the urine was collected from a patient tested for mannitol 
clearance. 

4.5. TOXICOLOGICAL ANALYSIS 

4.5.1. General Considerabions 

An excellent chapter on the application of gas chromatography to  
toxicology has been produced recently by Anders and Mannering (A7), 
which supplements the first chapter on this subject in this series (G5). 
Kazyak and Knoblock (K3) have also discussed the problems of applica- 
tion of gas chromatography to analytical toxicology. In  a study of the 
gas-liquid chromatography of submicrogram amounts of drugs, McMartin 
and Street (M10, M11) and Street (S11) have described the preparation, 
scope, and limitations of columns; the analysis of barbiturates and re- 
lated drugs; and the analysis of alkaloids, in biological media. More 
recently, Street (S12) has outlined some of the forensic problems associ- 
ated with the application of gas-liquid chromatography to the analysis of 
amines and alkaloids. 

I n  toxicological analysis, the main problem is one of identification, 
since the toxicologist may not know initially what the compound is that 
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he is required to estimate. It is in this connection that gas-liquid 
chromatography provides a very powerful weapon in the armory of the 
practicing toxicologist, and this is no less true in the case of the clinical 
chemist who is generally dealing with a more limited field of toxicological 
analysis. Theoretically, gas chromatography should be capable of being 
usred to screen biological material for the presence or absence of any 
“foreign” substance of a nonionic nature. Even in the case of ionic sub- 
stances, i t  should still be possible to use GLC provided that  the ionic 
nature can be modified (perhaps by derivative formation, decarboxyla- 
tion, etc.) to a compound which is less polar than the parent substance, 
and which in its modified form shows an increase in vapor pressure 
which is sufficiently high to enable a reasonable number of molecules 
to enter the vapor phase a t  a “reasonable” temperature. Having used 
GLC to  identify the toxic substance, i t  is not usually difficult to estimate 
the amount of such substance quantitatively, either by GLC or other 
means. However, there are, a t  present, certain problems, associated with 
the general use of GLC as a screening procedure in toxicological analysis. 
These problems include thermal instability of certain compounds, diffi- 
culty in forming derivatives in some cases, etc. But, in general, many of 
the problems are associated with the extraction procedures, not with the 
GLC itself. It is the writer’s belief that GLC, in association with mass 
spectrometry, and with derivative formation within and outside of the 
gas chromatograph, will ultimately provide the answer to the majority of 
toxicological analytical problems. 

4.5.2. Analytical Procedures 

In  choosing the following procedures, particularly in the case of the 
basic drugs, the general aim has been to select compounds which are 
“difficult” t o  analyze by means other than GLC or which might on first 
consideration be thought to be “difficult” to  analyze using GLC. This 
selection has been made within the general framework based on increas- 
ing molecular weight, i.e., from “volatile” compounds, such as ethanol, 
to so-called “nonvolatile” substances, such as morphine. In  the submicro- 
gram region, GLC may well provide the only suitable method of analysis. 
It is hoped that the following procedures will be of help to the clinical 
chemist who is starting to  use GLC for toxicological analysis. It is not 
intended to be a comprehensive coverage for forensic toxicologists. 
4.5.2.1. Ethanol. Numerous GLC methods have been devised for the 

analysis of ethanol in biological fluids. Four main types of procedure 
may be distinguished, namely, those preceded by distillation (F2, M7), 
those employing extraction (Cl, L14), those using direct injection of 
sample or diluted sample (B17, C16, D6, MI, M6, P4, S14), and those 
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in which an aliquot part of the gas phase in equilibrium with the sample 
(or treated sample) is injected into the gas chromatograph (C15, M2, 
W2). 

4.5.2.1.1. Method of Curry et al. (C16). 
Apparaks:  Pye 104 chromatograph equipped with a flame ionization 

detector, and fitted to a Kent Chromalog integrator (set a t  1 mV range 
on a “200” attenuator setting of detector amplifier; 0.5% cut o f f ) .  

Column: 10% PEG400 on 100-120-mesh Celite, 5-foot column. 
Conditions: Argon, 150 ml/min; injector, column and detector, all 

at  85”. 
Proceduye: In  a small stoppered vial, dilute 20 pl of blood or urine 

sample with 200 pl of aqueous n-propanol (0.25 ml of n-propanol per 
liter of water to  give ca. 20 mg of n-propanol per 100 ml) using a Griffin 
and George type 221 hemoglobin-type “Diluspence.” In  a separate vial, 
dilute 20 p1 of ethanol standard (containing 200 mg of ethanol per 100 ml) 
with 200 pl of the aqueous n-propanol solution. Make several injections 
of 1-pl aliquot parts of “test” and “standard” diluted solutions using 
a Hamilton 10-pl syringe. 

Calculation. 
R Blood ethanol = -t X 200 mg/100 ml 
R, 

area under ethanol curve of ‘(test” injection 
area under propanol curve of “test” injection 
area under ethanol curve of “standard” injection 

area under propanol curve of “standard” injection 

Rt = 

R, = 

With this method, chloroform is not separated from ethanol. However, 
the authors state that the detector response is such that 100 ml of chloro- 
form per 100 ml gives a response which is equivalent to only 15 mg of 
ethanol per 100 ml and that in ‘%urgical’’ anesthesia, blood chloroform 
levels are about 15 mg/lOO ml. 

Barbiturates. In  1960, Janak (54) attempted to identify bar- 
biturates by applying gas chromatography to the products of pyrolysis 
(at 800”) of the drugs. Nelson and Kirk (N3) described a similar pro- 
cedure and presented unique patterns for 22 barbiturates. Although such 
techniques may be suitable when only one barbiturate is present, i t  is 
difficult to see how the complicated pattern obtained when several bar- 
bituratcs are present could be correctly interpreted. Cook et al. (C9) 
mere unable to separate barbiturates as such, but, by reaction overnight 
with diazomethane, they obtained good separation of the resulting 
diinethyl derivatives. Such a method will not resolve barbiturates which 
are already N-methylated from their lower nonmethylated homolog. 

4.5.2.2. 
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Parker and Kirk (P2), in 1961, attempted the GLC separation of 
barbiturates as the free acids, using a solid support of acid-washed 
firebrick (apparently unsilanized) . They found that the retention time 
varied with sample size. In  a later article, Parker et al. (P3) described 
the use of acid-washed Chromosorb W coated with either 5% SE-30 
or 1% Carbowax 20 M in an attempt to provide a gas chromatographic 
screening procedure for barbiturates, alkaloids, sympathomimetic amines, 
and tranquilizers. Their conditions probably represent a compromise, 
with the result that their column was not necessarily the best that 
could have been prepared for resolution of mixtures containing only bar- 
biturates. 

An attempt to  prevent tailing of barbiturates has been made by 
Cieplinski (C6), who incorporated dimer acid (0.75%) with SE-30 
(1.5%) as the liquid phase. In  this paper (C6) he also reported results 
with a liquid phase of trimer acid (0.75%) and neopentylglycol adipate 
(3%). However, it has been found in my laboratory that  these columns 
may function satisfactorily a t  180°, but when they are heated a t  250" 
for 1 hour and then cooled a t  180" their performance a t  180" is quite in- 
ferior to that before the 250" treatment. Obviously, this would preclude 
continual temperature programming of such columns, up to 250" or so. 
Vanden Heuvel eb al. (V4) have briefly discussed the GLC detection of 
barbiturates in their more general article dealing with drugs and drug 
metabolites. They found that the barbiturates showed some tailing with 
a liquid phase of QF-1 and concluded that more than one column was 
necessary for satisfactory resolution of mixtures. 

The tristearin SE-30 column described by McMartin and Street (M11) 
for the analysis of barbiturates gives good results provided the column 
is not used above 245'. An improved column preparation has been 
described by Street (S12), which may be used not only for barbiturates, 
but for brucine and strychnine resolutions a t  temperatures up to 320". 

Method of Street1 

Apparatus: Perkin-Elmer model 800 gas chromatograph fitted with 
a flame ionization detector. 

Column: 6 foot X 1/8 inch i.d. stainless steel tube packed with SE-52 
on Chromosorb G. Column and support were prepared as described in 
Section 3.3 of this chapter. 

Conditions: Nitrogen, 30 ml/min. Injector temperature, 260" ; detector 
temperature 260" ; column temperature programmed at  5" per minute 
from 140" to 250". 

'This is an unpublished method which combines parts of methods described in 
various papers which have emanated from the author's laboratory from time to time 
(see M11, S12, 513). 
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Procedure: To 65 ml of water contained in a 40 mm X 240 mm test 
tube, add 5 ml of blood. Mix and allow to stand for a t  least 2 minutes 
for the cells to lake. Add 15 ml of 10% sodium tungstate (NaZWO4.2 
HzO) solution, mix, and then run in 15 ml of 2% sulfuric acid solution (20 
ml of conc. HzSO, per liter). Stopper the tube and shake the mixture until 
it changes from red to reddish-brown or brown. This takes about 1 min- 
ute. Remove the stopper and immerse the tube for 3 minutes in a bath 
containing vigorously boiling water. The contents of the tube must be 
beneath the water surface. Remove the tube and filter the hot mixture 
through a Whatman No. 1 paper into a 100-ml measuring cylinder. Cool 
the filtrate and measure its volume (usually about 90 ml). 

Extract the cooled filtrate by shaking with 100 ml of washed ether 
(“anesthetic ether” shaken with portions of 10% NaOH until no further 
color is extracted, then washed free of alkali). Allow the liquids to 
separate and run off the aqueous layer. Shake the ether phase with two 
10-ml portions of phosphate buffer (0.5 M ,  pH 7.3) and discard the 
aqueous layers. Extract the organic phase with two separate 3-ml por- 
tions of 2.5% sodium hydroxide solution. Run the alkaline extracts im- 
mediately into 5 ml of 10% sulfuric acid solution (100 ml conc. H,SO, 
per liter) contained in a clean separating funnel. Shake this acidified 
solution with 25 ml of washed ether. Discard the aqueous phase and dry 
the ether layer by shaking with about 2 g of anhydrous sodium sulfate. 
Pour the ether extract into a 25-ml measuring cylinder and divide into 
two separate portions in 50-ml glass-stoppered flasks. Into one of the 
flasks place 4/10, and into the other flask 6/10, of the ether extract. 
Evaporate the ether in each flask to dryness on a boiling-water bath. 
Remove the flasks from the bath immediately the ether has evaporated 
and place them on a cold slab of metal t o  cool. The flask containing 4/10 
of extract is used for ultraviolet spectrophotometric assay. 

To the residue in the flask containing 6/10 of extract, add 100 yl of 
ethanol. Stopper the flask and rotate it to ensure complete dissolution of 
the residue. Inject an aliquot part (usually 2 or 3 pl) of this solution into 
the gas chromatograph. Figure 32 shows the results obtained by this 
procedure using a postmortem sample of blood which was found to 
contain amobarbital and secobarbital. The chromatogram of a mixture 
of nine “common” barbiturates is illustrated in Fig. 33. 

4.5.2.3. Basic Drugs and Morphine 

4.5.2.3.1. 
Apparatus and Column: As described under barbiturates (Section 

Urine: Method of Street (S l l )  

4.5.2.2.). 
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Conditions: As described under barbiturates, but with column tem- 
peratures chosen according to Table 11. Detector a t  same temperature as 
column ; Injector about 50" above column temperature. 

Procedure: Acidify 5 ml of urine by adding 0.1 ml of 2 N sulfuric acid 
solution. Shake with 30 ml of washed ether (see below). Discard the 
separated organic phase. Add 0.2 ml of 2 N sodium hydroxide solution 

I I 
6 4 

Minutes 

FIG. 32. Gas chromatogram of an extract of blood from a case of suspected 
overdose of drugs. Total blood barbiturates (by ultraviolet spectrophotometry) = 
0.7 mg per 100 ml. Amount of amobarbital+secobarbital present in the injected 
aliquot part of the residual solution = 0.9 pg, in 5 p1 of ethanol. For column prepara- 
tion see text. Column temperature programmed from 150" a t  5" per minute, Atteeuq- 
tion X 100. Perkin-Elmer Model 800 gas chromatograph. 
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FIG. 33. Gas chromatogram of a standard mixture of nine barbiturates. Two 
micrograms of each barbiturate was injected in 4 p l  of CHCL. For column prepara- 
tion see text. Column temperature programmed from 160" at 4" per minute. Attenua- 
tion X 160. A = Barbital; B = diallylbarbituric acid; C = butethal; D = amobar- 
bital; E = pentobarbital; F = secobarbital; G = hexobarbital; H = cyclobarbital; 
I = heptabarbital. F. I% M. Model 810 gas chromatograph. 

(to give pH not less than 10) and extract with two separate 30-ml por- 
tions of washed ether. Keep aqueous phase (AP) for extraction of mor- 
phine (see below). 

Shake the combined ether extract with about 1 g of purified anhydrous 
sodium sulfate (purified by washing with ethanol, drying to remove 
ethanol, and then heating a t  600" for 20 hours). Carefully evaporate the 
dried ether extract to dryness in a 15-ml glass-stoppered conical centri- 
fuge tube a t  about 20" using a stream of dry nitrogen. If the analysis is 
not to  include the more volatile basic drugs, the ether may be carefully 
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Strychnine 

\ 

removed by holding the tube in the steam from a boiling-water bath. 
Cool the tube. Dissolve the residue in 100 p1 of ethanol and inject 5 pl of 
the resulting solution into the gas chromatograph. 

T o  the aqueous phase AP (see above) add 0.1 ml of 2 N sulfuric acid 
solution followed by 1 ml of a saturated solution of purified sodium 
hydrogen carbonate (purified by washing with liberal amounts of purified 
ether and then used when all ether has evaporated-CAUTION! Danger 
of fire from large volumes of ether). Then extract with two separate 
30-ml portions of washed ether. Dry the ether extract by shaking with 
about 1 g of purified anhydrous sodium sulfate, and evaporate carefully 
to dryness in a 15-ml glass-stoppered centrifuge tube held in the steam 
from a boiling-water bath. Dissolve the residue in 100 pl of ethanol and 
inject 5 pl of this solution into the gas chromatograph. Results obtained 
with this procedure are illustrated in Figs. 34-36. 

It was found that to obtain “peak-free” blanks it was essential to 
purify the Na,SO, and NaHCO, as described above. It was also found to 

Retention time (min) 

FIG. 34. A chromatogram of an ether extract (see text) of 5 ml of urine contain- 
ing 1 p g  each of strychnine and brucine per milliliter of urine. Residue was dissolved 
in 100 pl of ethanol; 5 p1 of this solution was injected into thr gas chromatograph. 
Column temperature 300” ; attenuation X 20. Reproduced from Street (Sll) with 
permission. 



TABLE 11 
RETENTION TIME (IN MINUTES) OF ALKALOIDS SUBJECTED TO GAS-LIQUID 

CHROMATOGRAPHY AT VARIOUS COLUMN TEMPERATURES"sb 

Column temperature ("C) 
Mol. E 

8 160" 180" 205" 215" 235" 270" 290" 310" i\llialoitl wt. 130" 140" 

Amphetamine 
Phentermine 
Methylamphetamine 
Mephentermine 
Chlorphentermine 
Ephedrined 
Phenmetrazine 
Hordenined 
Meclophenoxate 
Metaraminole 
Pheniramine 
Met yrapone 
Orphenadrine 
Aribine 
Chlorpheniramine 
Adiphenine 

135 
149 
149 
163 
184 
165 
177 
165 
242 
167 
240 
250 
269 
182 
275 
311 

b 
4 

1 . 5  
2.25 1.25 
2 .3  1 . 3  
2.65 1 . 7  
3.2 
4.4 2 .3  1 . 2  

1.6 
2.85 

- 3.5  2.65 
2.85 9 . 1  

- - 3.9 2 . 1  
- - 6.85 3 .5  

- - 
- - 
- 

- - 
- 10.0 4.25 3.2 
- 
- 



Nortriptylinec 
Chlorcyclizine 
Diazepam 
Chlorpromaeine 
Pentaquinec 
Acetylpromaeine 
Quinine 
Papaverine 
Proclorperaeined 
Oct averine 
Prolixinee 
Strychninec 
Brucinec 

263 
301 
285 
319 
30 1 
326 
324 
339 
374 
397 
42 1 
334 
394 

3 .7  
3 . 9  
6 . 6  
7 . 9  
9 . 3  

13.5 
16.4 
18.4 

33.2 
- 

- 
- 
- 

2 . 4  
2 .75  
2.95 
4 . 3  
5.05 
5.15 
7 . 6  
8 . 3  
8 . 8  - 
- 

4 . 5  0 
- 3 . 1  5 

G, 
L-d 

2 

- 5.7 3 
a Reproduced from Street (Sll)  with permission. 
m7ith the exceptions noted, the amount of alkaloid injected was 0.1 pg in 1 pl of solution at  attenuation X 20. This is not the minimum 

detectable amount (MDA) but represents the amount necessary to produce a peak height of a t  least 1 inch a t  attenuation X 20, which 
is a practical attenuation limit for the extraction procedures described (see text). 2 

E 
MDA at  attenuation X 20 = 0.2 pg. 
MDA at  attenuation X 20 = 0.3 pg. 

Q 

3 8 MDA at  attenuation X 20 = 0.5 pg. 
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FIG. 35. A chromatogram of an ether extract (see text) of 5 ml of urine con- 
taining 0.5 pg each of imipramine, promazine, chlorpromazine, and mepazine per 
milliliter of urine. Residue was dissolved in 100 p l  of ethanol; 5 p1 of this solution 
was injected into the gas chromatograph. Column temperature; 240” ; attenua- 
tion X 20. Reproduced from Street (S11) with permission. 

be necessary to  purify the ether in the following manner: Shake “anes- 
thetic” ether (diethyl ether) with 10% NaOH. Use this ether to wash a 
fresh solution of 10% NaOH. Use the purified alkali to wash a fresh batch 
of untreated “anesthetic” ether. Shake this washed ether with several 
portions of water until the washings are neutral. 

In  the following description of the analysis of blood, 
the procedure is given for basic alkaloids only. If the morphine fraction 
is required, a procedure similar to that described for urine (q.v.) may 
be applied after preliminary treatment. The first part of the extraction 
procedure for blood is based on Curry’s (C14) modification of the method 
described by Dubost and Pascal (D11) for analysis of phenothiaaine 
derivatives. The gas-chromatographic part of the method is taken from 
papers of Street (Sll ,  S12). As Curry has pointed out (C6), the treatment 
with hot hydrochloric acid also gives increased yields with alkaloids other 
than the phenothiazines. This is probably due to liberation of more 
protein-bound drug. It is suggested, therefore, that, provided the drug is 

4.5.2.3.2. Blood. 
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stable under such conditions, the hot HC1 treatment may be used for 
analysis of all alkaloids in protein-containing fluids and tissues. In  the 
following procedures, i t  may be advisable to use sodium carbonate in 
place of potassium hydroxide in those cases. where the drug may be 
sensitive to a high local concentration of hydroxyl ions. 

Procedure: To 5 ml of blood in a boiling tube add 1 ml of water and 
4 ml of concentrated hydrochloric acid solution. Place the tube in a 
boiling-water bath for 5 minutes and then cool in ice water. Add about 
6 ml of ether-washed 60% aqueous potassium hydroxide solution, making 
certain that the mixture is a t  least pH 10. Shake with two separate 30-ml 
portions of washed ether. Wash the combined ether extracts with 5 ml 
of 2.5% ether-washed sodium hydroxide solution and then with two 
separate 5-ml portions of water. Shake the separated, washed ether 
extract with 5 ml of 0.1 N sulfuric acid solution. At this stage, this acid 
extract may be subjected (after bubbling nitrogen through the solution 
to remove dissolved ether) to ultraviolet spectrophotometry. 

To the acid extract, add 60% ether-washed potassium hydroxide solu- 

7 Morphine 
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A chromatogram of an ether extract (see text) of 2.5 1111 of urine con- 

taining 7 5  pg each of morphine and nalorphine per milliliter of urine. Residue was 
dissolved in 100 p1 of ethanol; 5 p1 of this solution were injected into the gas chro- 
matograph. Column temperature ; 240" ; attenuation X 20. Reproduced from Yt i  eet 
(S11) with permission. 

FIG. 36. 
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21 

Retention time. minutes 

10 

FIG. 37. Gas chromatogram of a synthetic mixture of C2 to Clt fatty acids as the 
free acids. Aluminum column, 2 meters X y4 inch; 0.25% Carbowax and 0.4% 
isophthalic acid on 200-p glass microbeads (acid-washed) . Temperature-programmed 
from 90" to 175" at  3.3" per minute. Sample 02 pl; flow rate, 80 ml of helium per 
minute. Identification of peaks: 1, acetic; 2, propionic; 3, isobutyric; 4, butyric; 6, 
isopentanoic ; 6, pentanoic ; 7, hexanoic; 8, 2-ethylhexanoic ; 9, octanoic ; 10, non- 
anoic; 11, decanoic; 12, undecanoic ; 19, undecenoic. Reproduced from Nikelly (N4) 
with permission. 

tion drop by drop to give a pH of about 10 units. Then extract with 30 
ml of washed ether. Dry the ether phase with purified anhydrous sodium 
sulfate. Then proceed as described under urine (Section 4.5.2.3.1.), i.e., 
evaporate to dryness, dissolve the residue in ethanol, and inject a suitable 
aliquot part of the resulting solution into the gas chromatograph. For 
quantitative results an internal standard may be included in the ethanol. 

4.6. MISCELLANEOUS APPLICATIONS 

4.6.1. 
The classical example in this field is, of course, the original work of 

James and Martin (J3), who separated anhydrous volatile fatty acids on 
columns of Celite impregnated with a mixture of silicone oil and stearic 
acid. Separation by GLC of volatile organic acids in the presence of 
water, using a liquid phase of diethylene glycol adipate polymers, has 
been described (H20). Various derivatives and methods of preparing 
derivatives of the fatty acids have been suggested, such as formation of 
alkyl esters (E3, G2, L12, M9, M12, M13, S5, V7) and 2-chloroethanol 
esters (01). Achman and Burgher (Al)  found that in the GLC estima- 

F a t t y  Acids and Other Carboxylic Acids 
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tion of volatile fatty acids in aqueous media, the addition of formic acid 
vapor to the carrier gas produced improved results. 

The main problem in the GLC analysis of fatty acids stems from the 
presence of the polar COOH group. This leads to adsorption which is 
seen on the chromatogram as reduced peak height and as tailing. Although 
perhaps the most obvious way to overcome this problem is by ester 
formation, much attention has been focused on the modification of the 
columns to reduce adsorption, and so permit GLC of the free fatty acids. 
For example, Nikelly (N4) was able to separate free fatty acid homologs 
and isomers from C, to CI8 (inclusive) on columns made by coating 
dilute-acid-washed glass beads (200 p) with 0.25% Carbowax 20 M and 
0.4% isophthalic acid. The results obtained (N4) for synthetic mixtures 
of fatty acids are shown in Fig. 37 (for C, to Cll) and in Fig. 38 (for 
c,, to CIEd. 

Carbowax columns containing terephthalic acid (B29) have also been 
proposed. However, most promising results for the volatile fatty acids 
in aqueous solution have been obtained by Mahadevan and Stenroos 
(M3), who used Porapak Q coated with phosphoric acid. These workers 
were interested in the volatile fatty acids present in the breath and serum 
of patients with hepatic coma, and therefore required a rapid and reliable 
method for estimating these acids in aqueous solution. They found that, 
with untreated Porapak Q, the acids failed to emerge from the column 
but that symmetrical peaks were obtained by coating the Porapak Q 
with phosphoric acid. The amount of phosphoric acid needed to remove 
the binding sites from the Porapak Q was found to be dependent upon 
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FIG. 38. Gas chromatogram of a synthetic mixture of CIS to  CIS fatty acids as the 
free acids. Column as in Fig. 37. Flow rate of helium 70 ml per minute; temperature 
180"; sample 0.2 pl of 50% acetone solution. Identification of peaks: 1, palmitic; 
2, palmitoleic; 3, stearic; 4, linoleic; 6, linolenic. Reproduced from Nikelly (N4) 
with permission. 
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Mi nu tes 

FIG. 39. Gas chromatographic separation of short-chain fatty acids (as the free 
acids) in aqueous solution. Column: aluminum 8 foot X I/s inch; Porapak Q, (150- 
200 mesh) + 4% (w/w) phosphoric acid. Column temperature, 220"; flash heater, 
275" ; flame ionization detector, 280" ; flow rate, 35 ml helium per minute; sample 
volume, 1 pl. Identification of peaks: A, acetic; B, propionic; C, isobutyric; D, 
butyric; E,  isovaleric; F,  valeric. Reproduced from Mahadevan and Stenroos (M3) 
with permission. 

the mesh size of the material. For 80-100 mesh material, 2% phosphoric 
acid was sufEcient whereas for a mesh size of 150-200, it was necessary to 
use 4% phosphoric acid. Figure 39 shows the chromatogram obtained 
(M3) for several short-chain fatty acids in aqueous solution. 

4.6.2. Pyrolysis 

Pyrolysis of samples in conjunction with gas chromatography was 
originally used for examining nonvolatile material. In  1960 a micro- 
pyrolytic-gas chromatographic technique was devised (L4) for the 
characterization of organophosphorus compounds. Pyrolysis was effected 
in the inlet stream of a gas chromatograph, and the volatile pyrolytic 
products emerging from the column were collected individually and 
subjected to mass or infrared spectrometry. A hot-wire pyrolysis unit has 
been described by Vassallo (VS) for the "pyrolytic analysis" and charac- 
terization of organic polymers. The products were examined directly by 
gas chromatography or mass spectrometry. The application of pyrolysis 
to the identification of barbituric acid derivatives was studied by Nelson 
and Kirk (N3). Their pyrolysis unit is shown in Fig. 40. 

Cornparison was made of the free acids, the sodium salts, and mixtures 
of free acid with anhydrous potassium carbonate. The pyrolysis products 
of 27 substituted barbituric acids were studied using a Pye argon gas 
chromatograph. While this technique may have its uses when only a 
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single drug is present, it is difficult to see how the procedure could be 
used successfully to identify a mixture of say three or four barbituric 
acid derivatives. 

In  an interesting article on the pyrolysis-gas chromatography of a 
number of simple organic molecules, Wolf and Rosie (W10) have tabu- 
lated some of their results according to the functional group present in 
the original compound. The size of the pyrolysis tube which they used 
was large enough to bring almost the whole of the sample to the pyrolysis 
temperature. They conclude that when using pyrolysis as an analytical 
tool, best results may be obtained by using only partial breakdown in the 
700”-900”C range. These conditions would also minimize secondary 
reactions. 

The pyrolysis of tetraalkylammonium salts of aliphatic and aromatic 
acids has been investigated by Downing (D10) and Bailey (Bl ) .  It was 
found (Bl )  that in order to obtain complete conversion of the tetra- 
methylammonium salts of organic acids to  their methyl esters, it was 
necessary to pack loosely the injection port of the GLC apparatus with 
glass wool. It was also found (Bl)  that the injection port must be main- 
tained between 360’ and 400°C and that when the sample is being in- 
jected, minimum penetration of the septum by the needle is necessary. 
The salts were prepared from the organic acids by titration with a 
methanolic solution of the appropriate tetraalkylammonium hydroxide. 

In  a paper with the very modest title “Electrical discharge pyrolyzer 
for gas chromatography,” Sternberg and Litle (S10) have described, 
among other things, the pyrolysis of mesoporphyrin IX. Their electrical 
discharge technique, used a t  a temperature of about 600°C, provides 
valuable qualitative information because large characteristic fragments 
remain intact, and yet produces sufficient breakdown products to permit 
c,haracterization. 

C 
FIG. 40. Pyrolysis unit. A, Foil heating cup; B, wires to variable voltage emf; 

(7, ground joint connection to top of chromatographic column. Reproduced from 
Nelson and Kirk (N3) with permission. 
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During their studies of the biochemical role of peroxidation, Blondin 
et al. (B15) developed a method for distinguishing between steroidal 
peroxides and other sterols. By using a flash heater a t  350°C, it was found 
that steroidal 5,8-peroxides decomposed to give a number of peaks, 
whereas a single peak was obtained with most sterols under the same 
conditions. 

The use of pyrolysis in peak identification in gas chromatography has 
been reviewed recently by Beroza and Coad (B9) and by Perry (P7). 
Improvements in the design and pyrolysis units for gas chromatography 
have been discussed by Levy (L6). 

4.6.3. Catalytic Hydrogenation in Carbon-Skeleton Chromatography 

Carbon-skeleton chromatography was reported and subsequently de- 
veloped by Beroza and co-workers (BCB8, B10-B12). This technique 
involves catalytic hydrogenation of substances a t  elevated temperatures 
to produce hydrocarbons, which are then separated by GLC and identified 
by retention times and, sometimes, by other means (e.g., mass spec- 
trometry). Under certain conditions, the hydrocarbon produced is the 
carbon skeleton of the original substance. Such a process is obviously of 
great value in providing an additional parameter in the problem of 
determination of chemical structure. Beroza (B9) has reviewed the de- 
velopments in this field up to  1966. 

His procedure uses a precolumn containing a catalyst of 1% palladium 
on Gas Chrom P (60-80 mesh) which is maintained a t  an elevated tem- 
perature (300’). This precolumn is connected directly with a flame ioniza- 
tion detector. Ten to  20 micrograms of material were usually injected 
into the precolumn, but valid results were also obtained with as little as 
0.5 pg. 

An extension of Beroza’s work has been made by Adhikary and Hark- 
ness (A4) in their study of the carbon skeletons obtained by thermal 
catalytic hydrogenation of steroids and sterols. These workers found that 
each steroid gave rise to two peaks, corresponding to the 5a- and 5p- 
forms. As the temperature of the catalyst was raised, the proportion of 
the more stable 5a-form of the hydrocarbon increased. By keeping the 
catalyst temperature a t  17O0-20O0 the ratio of 5p- to 5a-forms was about 
unity, thus enabling more useful information about the structure of the 
original material to be obtained than when only the 5a-form is p r e s e n t  
as is the case with too high temperatures. It was also found (A4) that 
with diatomaceous earth supports, neither palladium nor platinum was 
a satisfactory catalyst for steroid work. This was presumably due to 
cracking of the hydrocarbons under the influence of the “active sites” on 
the support. Best results were obtained with a highly active catalyst 011 
“siliconized” glass beads (40 mesh). With this type of support, platinum 
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was found to be superior to palladium. The glass tube containing the 
catalyst was also found to require “siliconization.” The reduction prod- 
ucts were collected in chloroform contained in a tube cooled in ice, and 
were subsequently subjected to GLC. Figure 41 shows the construction 
of the apparatus used for the catalytic reduction. 

The catalyst was prepared as follows: Place 50 g of cleaned “sili- 
conized” glass beads (40 mesh) in 100 ml of 1% (w/v) ethanolic solution 
of chloroplatinic acid. Remove the solvent by evaporation on a boiling- 
water bath with the aid of a stream of air. Mix the beads and solution 
continuously during this evaporation process. Then dry the mixture in an 
oven a t  105’ overnight. This procedure gives about 1 3 %  platinum (w/w) 
coated on the glass beads. When kept in a desiccator, the catalyst remains 
active for a t  least 8 months. 

In  a personal communication to the present writer, Harkness (H5) 
pointed out that a number of steroid drugs with hydrocarbon skeletons 
which are not found in the naturally occurring steroids have been reduced 
and the products separated by GLC (A3). One application of such a 
technique in clinical chemistry is the detection of steroid drugs which 
in vivo are completely altered metabolically without changing their 
carbon skeletons. For example, after the administration to normal men 
of therapeutic doses of the anabolic steroid 17a-methyl-17p-hydroxyan- 
drosta-1,4-dien-3-one (Dianabol; Ciba) none of the unaltered drug could 
be detected in urine. A further difficulty in detecting their administration 

Asbestos tape 
Heating tape I 
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07 0 and 0 joint 

Thermometer 

Beaker contoining ice 
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T 
Gas purifying bottle On and off valve 

FIG. 41. Cross-sectional view of apparatus used for catalytic reduction to carbon 
skeleton. Catalyst tube measures 21.7 cm X 0.7 cm 0.d. Reproduced from Adhikary 
and Harkneas (A4) with permission. 
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is that blood levels of such drugs are likely to be low and to fall rapidly. 
Although a metabolite of Dianabol is excreted in urine (R2) , this metab- 
olite cannot be obtained commercially. This metabolite and others 
can be reduced by the above technique to  a product which has the same 
retention time as the product from the drug itself. Thus the drug and its 
metabolites are probably reduced to their carbon skeleton, which is a 
distinctive common feature of both the drug and its metabolites (A2). 
From the evidence at present available, the hydrocarbon skeletons of 
steroid drugs are rarely altered metabolically. Chromatographic evidence, 
however, provides tentative identification which may need to be supple- 
mented by information from other physical methods. Harkness (H5) has 
concluded that the carbon skeleton of a steroid drug can be used as a 
sensitive method of detecting its administration despite the alteration 
of that drug to unknown metabolites. 

4.6.4. Other Uses of Gas Chromatography 

Table 12 lists a number of miscellaneous applications of GLC which 
are of interest to  clinical chemists. 

TABLE 12 
MISCELLANEOUS GLC APPLICATIONS 

Substance or technique Reference 

Vitamin A 
Vitamins of B6 group 
Urinary methylmatonic acid (indicative of vitamin BI2 deficiency) 
Vitamin C 
Vitamins D1 and Dt 
Vitamin E and tocopherols showing vitamin E activity 
Vitamin K1 
Oxygen and carbon dioxide in blood 
Oxygen and carbon monoxide in blood 

Oxygen and nitrogen in blood 
Lactic acid in blood 
Acetylcholine 
Acetylsalicylic acid 
Automated GLC/infrared analysis 
Cardiac glycosidea 
Cholesterol in serum 
Glutethimide 
Pesticides 
Phenolic acids and alcohols in urine 
Urinary and tissue metabolites including phenols, alcohols, fatty acids, 

di- and tricarboxylic acids, keto acids, steroids, glucuronidw, etc. 
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1. Introduction 

The term cholephil has been proposed (H4) for endogenous and exog- 
enous substances which are removed from the circulation by the liver 
and concentrated in the bile. Among the cholephils are bromsulfophthalein 
(BSP) and other dyes which have been used in the study of liver function 
in patients and experimental animals for over half a century. The uptake 
of cholephilic dyes, indeed, is widely held to be the most sensitive index 
of hepatobiliary function. 

The purpose of this review is to provide an account of the clinical 
chemistry of the cholephilic dyes. Many different dyes are concentrated 
in bile but in clinical and laboratory studies the use of BSP has far 
exceeded that of other dyes. For this reason, much of this review is 
devoted to metabolism of BSP and to the various tests which involve 
this dye. 
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2. Historical 

The history of cholephilic dyes begins in 1866, ten years after Perkins 
had produced the first synthetic organic dye, aniline purple (P4). Chrzon- 
szczewsky (C20), investigating the ability of a number of vital stains to  
display the anatomical arrangement of bile canaliculi, found that aniline 
red (fuchsin) and indigo carmine were taken up by both liver and kidney 
tissue whereas carmine, Berlin blue, and aniline blue were taken up by 
kidney tissue only. Aniline red, however, was very toxic. Indigo carmine 
was not visible in the liver or kidney cells, but bile ducts, gallbladder, 
bile, and urine were brightly colored. 

In  1909 Abel and Rowntree (A2), studying the action of phenol tetra- 
chlorophthalein as a purgative, found that i t  was absorbed from the colon 
and excreted in bile, and from these studies the suggestion arose that 
dyes might be used to evaluate liver function (R25). Phenol tetrachloro- 
phthalein was administered intravenously (R25), and the amount excreted 
in feces was determined. Later, to avoid difficulties inherent in the 
analysis of feces, dye excretion was determined in duodenal aspirate (All 
M9). However, the use of the dye to assess liver function was not widely 
accepted until Rosenthal (R17) suggested measuring the rate of disap- 
pearance of the dye from plasma. Rosenthal (R18), using partial hepa- 
tectomy, showed that this measurement of disappearance rate was 
related to  liver mass. 

The demonstration (B29, R18) that the rate of disappearance of phenol 
tetrachlorophthalein from the circulation formed a convenient index of 
liver function led to the suitability of many other dyes being tested (A4). 
The main criteria of suitability were outlined by Delprat (D4), who 
suggested that the dye should be (a) nontoxic, (b) excreted mainly or 
exclusively by the liver, (c) crystalloid, presumably so that i t  would not 
be taken up by the reticuloendothelial cells, and (d) retained in the 
circulation long enough after injection to allow blood samples to be taken 
at  convenient intervals. Delprat (D4, D5) found that rose bengal, an 
iodinated fluorescein derivative, fitted these criteria. Using the same 
criteria, Rosenthal and White (R22) tested many halogenated phthaleins 
and demonstrated that phenol tetrabromophthalein disulfonate (BSP) 
was most suitable. Tests using either BSP (R23) or rose bengal (K6) 
were carried out, and patients with liver disease were found to retain the 
dye in the circulation longer than control patients. 

Clinical tests were also carried out with other dyes. The elimination of 
indigo carmine and azofuchsin S was markedly reduced in liver disease 
(A4, R16) but the converse was found with methylene blue (R21). 
Azorubin S was found to be removed from the plasma by the liver, but in 
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patients with liver disease some was excreted in the urine (T2). Congo 
red gave varied results in liver disease but its uptake from plasma 
appeared to be dependent also on the state of the reticuloendothelial 
system (W19). 

In  general, tests with these dyes were found to be less suitable than 
tests using BSP or rose bengal because of (a) toxicity (R15), (b) ap- 
parent insensitivity to liver dysfunction, or (c) extrahepatic uptake. 
Only indocyanine green (Cl6, H27), a tricarbocyanine dye used initially 
for blood flow studies (F5), has shown any promise as an alternative to 
BSP or rose bengal. 

For many years, the results of dye tests were expressed simply as the 
percentage of dye remaining in the circulation (percent retention) a t  a 
stated time after the injection or as the percentage removed between two 
stated times. About 1950, however, attempts to obtain more precise 
information on liver function led to the use of parameters, such as the 
fractional disappearance rate, the percentage disappearance rate, or the 
plasma dye half-time, for expression of dye-test results (see Table 1). 
Later still, parameters expressing discrete liver functions, such as maxi- 
mal uptake, liver storage capacity or biliary transport maximum were 
introduced (see Section 5.3). More recently, serial collection of blood 
samples has been made for complex mathematical analyses of plasma dye 
decay curves (see Section 5.2) to provide further information on the 
different processes involved in dye excretion. Availability of isotopically 
labeled dyes (T3, T10) has led to methods of measuring dye uptake by 
external counting techniques and to radioscanning procedures (see Sec- 
tion 5.9) for providing information on the size and shape of the liver and 
on the location of discrete pathological lesions. 

Another development has been the study of the conjugates formed 
when BSP is taken up by the parenchymal cells of the liver (B46, C5, C6, 
G23). A portion of these regurgitate back into the plasma, and measure- 
ment of the absolute or relative amounts of conjugates offers an alterna- 
tive approach to the clinical study of hepatobiliary function (see Section 
9.2). 

It is of historical interest that cholecystographic agents were developed 
from the findings (A2) that led to  the development of the BSP test. 
Knowing that many substances in bile are concentrated in the gall- 
bladder, Graham and Cole (G18) tested tetrachloro-, tetrabromo-, and 
tetraiodophenolphthalein as cholecystographic agents and obtained radio- 
logical visualization of the gallbladder. At the time the bromo compound 
was found to be the most satisfactory, but later investigators used tetra- 
iodophenolphthalein administered by mouth (G19, P2) or by intravenous 
injection (G19). Phenol tetraiodophthalein was also used (G19) but 
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both iodophthaleins have since been replaced by other contrast agents 
(S43) . 

3. Nature of Cholephilic Dyes 

3.1. INVESTIGATION OF DYES 

The term cholephilic is used in this review to describe dyes which are 
excreted mainly in the bile. Many different dyes have been examined in 
this respect (see reviews A4, C12). However, in spite of these studies, 
relatively little information is available on the factors which cause a dye 
to be excreted by the liver rather than by the kidney or by some other 
organ. Such information is potentially valuable because of the light it 
sheds on the mechanisms operating in the hepatobiliary system. None of 
the three dyes used in clinical studies-BSP, indocyanine green, or rose 
bengal-is ideal, and search for better alternatives also requires this 
information. 

3.1.1. Phthlein Dyes 

This is the group of dyes which has been most thoroughly investigated. 
Phenolphthalein itself is mainly excreted in the urine as a glucuronide 
(533) , but halogenated derivatives are rapidly removed from the plasma 
by the liver and excreted in the bile. Various phenol tetrahalogen phtha- 
leins (e.g., BSP) , tetrahalogen phenolphthaleins, and halogenated fluo- 
resceins (e.g., rose bengal) were tested (R22), and all were found to be 
excreted mainly in the bile; only traces appeared in the urine. The chemi- 
cal structures of some such dyes are given in Fig. 1. Other halogenated 
phthaleins, such as thymol blue and bromocresol purple, are likewise 
excreted mainly in the bile, with some excretion in the urine (C12). 

The presence of halogen atoms in these phthaleins is important because 
nonhalogenated phthaleins, such as phenol red, are excreted mainly in 
the urine (A4, S30a) though a little appears in the bile (R23, M6). 
Dyes of the fluorescein series with less than six halogen atoms per mole- 
cule are excreted approximately equally by the liver and kidney whereas 
those with six or more halogen atoms are excreted almost exclusively in 
the bile (K6). 

3.1.2. Other Dyes 

Dyes have many diverse structures since chromophore groups may be 
attached to  all aromatic molecules. A comprehensive review of hepatic 
dye uptake and biliary dye excretion has been published (C12). il simple 
classification, based on the anionic or cationic nature of the dye and its 
chromophore group, is applied, but such a classification may not be 
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FIG. 1. The structure of some phthalein dyes. (A) Phenol tetrachlorophthalein; 
(B) tetraiodophenolphthalein; (C) phenol tetrabromophthalein disulfonate (BSP) ; 
(D) phenol 3,6-dibromophthalein disulfonate ; (E) phenol sulfonephthalein (phenol 
red) ; (F) tetraiodotetrachlorofluorescein (rose bengal). 

valid in a biological system. Although a great many dyes have been 
studied in the whole animal and in the perfused frog liver (A4, C12), 
many types of dyes have not been tested. 

Nitro dyes (e.g., Martius yellow, naphthol yellow) are excreted in bile 
and urine whereas the nitroso dye, Alsatian green, is found in the urine 
only. Monoazo dyes are rapidly removed from the circulation but are 
eliminated in the urine rather than in bile (A4). Azorubine S and Ponceau 
3R, however, are excreted mainly in the bile. Diazo dyes tend to accu- 
mulate in tissues, but there is a slow excretion of these dyes in the bile 
(Tl) and in the urine (W20). However, Palatine black 4B and benzo- 
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I 

FIQ. 2. Structure of indocyanine green. 

purpurine lOB, two diazo dyes, are rapidly excreted in the bile (T2). 
Triazo dyes do not appear in either the bile or urine. Both basic and 
acidic triphenylmethane dyes are excreted in bile. 

A number of basic dyes, e.g., trypaflavine (H16) and aniline blue (T7), 
are not excreted in bile, and dyes with a great many sulfonic acid groups 
(e.g., Ponceau 6R, azofuchsine V, and azofuchsine N),  which are highly 
hydrophilic, are apparently not excreted by the liver or by the kidney 
(H18). 

Colloidal dyes, with the exception of Congo red, and strongly lipid- 
soluble dyes do not appear in bile (H17). 

Indocyanine green (see Fig. 2),  a tricarbocyanine dye, is rapidly and 
almost exclusively excreted by the liver and has been used in clinical 
studies (see Section 5.6.1). 

The uptake and concentration of 200 different dyes was tested using 
perfused frog livers (H18, H19) in an attempt to correlate chemical struc- 
ture with the ability of the liver to take up, excrete, and concentrate the 
dye. Although acidic dyes were concentrated to a higher level than basic 
dyes, no correlation with other chemical properties could be found. The 
speed of dye passage through the liver also could not be related to the 
chemical nature of the dye or to its diffusibility in gelatin or agar. 

3.2. PROTEIN BINDING 
Early workers showed that BSP and rose bengal were protein bound 

(R18a, R19). Subsequently, salting out, electrophoresis, and gel filtration 
techniques have indicated that this association is primarily with the “al- 
bumin” fraction (B3, B17). More recently it has been reported that a 
considerable proportion (30-60%) of BSP is bound to al-lipoprotein 
(B2). This protein fraction has an even higher affinity for indocyanine 
green, 90% of which is bound. However these studies on the binding of 
BSP to protein are not definitive because nonphysiological and non- 
equilibrium conditions were used. 
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A great many other dyes have also been found to be bound to protein. 
In particular, the binding of azorubin (B17, W5-W7) naphthol yellow 
(B17), phenol red (B27, M25), rose bengal (E4), and indocyanine green 
(C16) has been investigated. 

Whole serum does not bind phenol red below a critical albumin con- 
centration of 1.5 g%. Above this critical value, dye is bound in direct 
proportion to the amount of albumin in excess of the critical value. In  
jaundice the critical value is elevated. These results were taken to indi- 
cate that some binding sites in whole serum are occupied by, for example, 
bilirubin, bile acids, or fatty acids (B27). Bile salts reduce the binding 
of BSP (Al l ,  A14, R18a). This effect may be due to the detergent proper- 
ties of bile salts because Teepol has been found to  have a similar effect 
(A14). Binding of rose bengal was not affected by sodium dehydro- 
cholate or by BSP (E4). 

The rate a t  which dyes disappear from the blood may depend on the 
dissociation constants of dye-plasma protein and dye-cellular protein 
complexes. The excretion route also may be influenced by the affinity of 
a dye for plasma proteins. In  a study (G20) of four related diazo dyes- 
Evans blue (ditoluidine) , trypan blue (ditoluidine) , Niagara sky blue 
(dianisidine) , and Niagara sky blue 6B (dianisidine) Aianis idine dyes 
disappeared a t  a faster rate from the circulation than ditoluidine dyes. 
The position of the four sulfonic acid groups in these dyes is also im- 
portant: shifting the groups from the 2,4 to the 3,6 positions increases the 
disappearance rate. These relative disappearance rates could be related 
to the protein binding of the dyes; Evans blue, which disappears a t  a slow 
rate, is most firmly bound whereas Niagara sky blue, which disappears 
most quickly, is least firmly bound (R2). 

3.3. CHARACTERISTICS OF CHOLEPHILIC DYE~ 
From the available data, it appears that cholephilic dyes must be 

water soluble and noncolloidal. Anionic dyes, regardless of their chemical 
structure, are excreted by the liver more readily than cationic dyes (H19). 
Many dyes are bound to plasma albumin, and it has been suggested that 
those which are more strongly bound are secreted by the liver whereas 
those which are more loosely bound are excreted by the kidney (B17). 
Thus, a t  a concentration in plasma of 1 mg/100 ml, about 20% of phenol 
red is not protein bound whereas less than 1% of BSP is dialyzable. 

4. Transfer of BSP from Plasma to Bile 

The transfer of BSP from plasma to bile involves three distinct phases: 
(a) hepatic uptake of the dye from plasma by a membrane transport 
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system, (b) conjugation of BSP, (c) biliary excretion of conjugated and 
free BSP. 

4.1. CELLS INVOLVED IN HEPATIC UPTAKE OF BSP 
In a complex organ with a great variety of functions, it is often difficult 

to determine which cells are involved in any one function. 
Histological evidence has indicated that liver parenchymal cells are 

involved in the uptake of 35S-labeled BSP (K17), fluorescent rose bengal 
(M15), uranin (G17, H3),  and indocyanine green (H27), whereas earlier 
studies indirectly implicated Kupffer cells in the uptake of BSP. These 
earlier results of inhibition of BSP uptake were obtained by “blockade” 
of the reticuloendothelial system with India ink, with saccharated iron 
oxide, or by splenectomy (C3, H12, K11, M26, S6, S25). It is probable 
that the observed inhibition by India ink was not related to reticulo- 
endothelial blockade as this material has been found to contain a hepa- 
totoxic agent (V9) and to suppress carbohydrate metabolism as well as 
BSP uptake (A9). It has also been suggested that the effect of such 
blockade is to cause swelling of Kupffer cells, which then obstruct 
sinusoids and so reduce blood flow and BSP uptake (M17). Splenectomy 
may also reduce total blood flow through the liver and so inhibit BSP 
uptake. 

It has been suggested that the epithelial cells lining the small bile ducts 
may play an important, even exclusive role in the uptake and secretion of 
BSP (A10, A l l ,  A13). The small bile ducts are enmeshed by a vascular 
plexus which is largely supplied by the hepatic artery. In  testing the 
hypothesis that an excretory function is served by this peribiliary plexus, 
experiments were devised to measure separately, but simultaneously, the 
rates of secretion into bile of BSP taken up from either the portal vein 
or the hepatic artery (B51). Simultaneous injections of 35S-labeled BSP 
into one blood vessel and nonradioactive BSP into the other were made, 
and biliary excretion rates and hepatic extraction efficiency were deter- 
mined. The ratio of hepatic arterial to portal venous flow is somewhere 
between 1 : 3 and 1 : 5;  thus distribution differences would be large enough 
to reveal any real differences in excretory activity. The results obtained 
indicated that BSP excretion was not influenced by the route of injec- 
tion and that BSP extraction efficiency was insignificantly higher in the 
hepatic artery (53%) than in portal vein (47%). It was concluded (B51) 
that the peribiliary arterial plexus had no special role in BSP secretion 
into bile, and it was proposed that this plexus may have a function in the 
modification of bile composition by exchange of certain constituents 
among bile, blood, and lymph. 

Substances actively taken up from plasma by the cells pass through 
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an extracellular space. The nature of this space in the case of BSP uptake 
by hepatic parenchyma is not known. Andrews and del Rio Lozano (A15) 
have suggested that the sinusoidal endothelium can dissociate BSP from 
albumin and the dye diffuses into the perisinusoidal space, where i t  is 
either taken up by the parenchymal cells or diffuses into lymph. This 
conclusion was based on studies which involved simultaneous injection 
of BSP and I3lI-labeled albumin into anesthetized animals and measure- 
ment of BSP and radioactivity in plasma and lymph. Maximum dye 
concentration in lymph was attained after 15 minutes whereas maximum 
radioactivity in lymph occurred after 50 minutes. These results, however, 
do not eliminate the possibility that dissociation of the dye-albumin 
complex occurs rapidly a t  the parenchymal-cell surface or within the cell. 

4.2. BINDING OF BSP M TISSUE PROTEINS 

The movement of organic anions such as BSP from blood to bile in- 
volves transfer across the sinusoidal and bile canalicular regions of the 
membrane of hepatic parenchymal cells. The initial rate of removal of 
BSP from the blood is not related directly to the dose injected (G15) ; 
there is a systematic decrease in this rate with increasing doses of the dye. 
It was proposed (G15) that the transfer of the dye from blood into liver 
can be described in a manner similar to  that of Michaelis-Menten (M22) 
for enzyme kinetics, i.e., 

lh ka 

kr 
dy% + C*dye 9 C + dye* + C 

where C represents a carrier, dye, and dyel represent dye in plasma and 
in liver, respectively, and dye.C represents the carrier-bound dye. If p = 
concentration of dye in plasma, 1 = concentration of dye in liver, c = 
concentration of carrier, f = concentration of carrier-bound dye, k,, kz, 
k, = rate constants, Kd = dissociation constant for carrier complex 

If T = removal rate of dye from blood to cell 

r = k a .  f 

When all the dye is carrier bound, the maximal rate of removal (rmu) is 
attained 
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This proposal is substantiated by graphs of the reciprocal of the initial 
removal rate against the reciprocal of the injected dose which are linear 
(G15). It seems probable that tissue proteins are involved in this process 
in the specific binding of the dye. The excretion of the dye from liver to 
bile has a maximal excretion rate which is also consistent with a carrier- 
mediated process. 

Liver cell membranes isolated and incubated in buffered solutions of 
BSP (C36), bound 160 2 pg BSP per milligram of membrane protein. 
BSP binding was maximal a t  500 pg of BSP per milliliter of incubation 
mixture and a t  pH values below 7. Maximum binding was completed in 3 
minutes and unaffected by the addition of K+, Ca2+, Mg2+, or C1-. Tauro- 
cholate, bilirubin, and uranin had no effect on binding, but flavaspidic 
acid (see Section 7.3), iodipamide methylglucamine (see Section 7.1), 
and indocyanine green were inhibitory. 

Liver slices when incubated in buffered BSP solutions readily take up 
the dye (B48). BSP uptake was unaffected by temperature in the range 
of 22'49°C or by pH in the range 5-8.5. Addition of crystalline bovine 
serum albumin or whole human serum to the incubation medium reduced 
the percentage of BSP extracted by the liver. Metabolic inhibitors had 
no effect on the uptake of BSP by the liver. Since slices from other tissues 
(e.g., heart, kidney, muscle) also extracted BSP under these conditions, 
i t  was suggested that the reaction was the result of a physicochemical 
rather than that of a physiological phenomenon resulting from the rela- 
tive dissociation constants of the BSP-albumin and BSP-intracellular 
protein complexes (B48). The shape of the saturation curves obtained 
by repeated transfer of the slices through media with or without protein 
indicated that the dissociation constant for the BSP-intracellular protein 
complex was larger than that for the BSP-plasma albumin complex 
(B48), a conclusion also reached by others (A15, B7). 

It has been suggested (B3) that the albumin-bound dye may be directly 
involved in cellular uptake. Electron microscopy has shown that the 
sinusoidal epithelium may be permeable to plasma proteins (F2), and 
thus the BSP-plasma albumin may come into direct contact with the 
parenchymal cell membrane. Rapid transfer of the dye from albumin to 
the carrier protein is then fe:isihle. This eschaiigc may be facilitated or 
made unidirectiorial by the conjugation of the dye since it has becn 
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shown that the affinity of albumin for BSP is a t  least 100 times greater 
than for its glutathione conjugate (B3). Similarly albumin has a greater 
affinity for bilirubin than for its glucuronide (LlOa). 

4.3. METABOLISM OF BSP 

4.3.1. Nature of BSP Metabolites 

Chromatographic analysis (C5, D1, K18, M20, M29) of the dye excreted 
in rat bile after the administration of BSP revealed that a major propor- 
tion of this dye is different from the parent dye. Two or three metabolites 
were found (C5, K15, K18). Subsequently, on examination of the bile of 
different species, up to four different metabolites (W16) have been demon- 
strated. Treatment with P-glucuronidase had no effect on the metabo- 
lites; this indicated that they were not glucuronides of BSP. Thus, the 
metabolism of BSP is different from that of bilirubin (K18, M20). 

The composition of the major metabolite was investigated by Grodski 
and co-workers (C5, G23). Chromatography after hydrolysis with 6 M 
HCI or with 6 M  HBr a t  120°C for 18 hours revealed glycine, glutamic 
acid, and, possibly, cysteine. Hydrogenolysis with Raney nickel yielded 
alanine, which could have originated by the desulfuration of cysteine. 
Staining of chromatograms with a stain specific for mercaptide bonds 
was positive. Synthetic complexes of BSP with cysteine or glutathione 
corresponded chromatographically with the metabolites (G24). It was 
therefore concluded that BSP was conjugated with glutathione and 
cysteine. This was subsequently confirmed by administration of 35S- 
labeled cystine and glutathione (C34) and of I4C-labeled glutamic acid, 
glutamine, or glycine (C28) to rats and the detection of the radioactive 
label in all BSP metabolites. It was shown that the conjugation was 
effected by the formation of a thioether linkage (C31), but the exact 
point of attachment of the thiol group to BSP is still debatable. There 
is good evidence that neither sulfonate group is removed and, since 
the absorption spectra of parent dye and the metabolites are similar 
(M30), i t  is unlikely that the basic phenolphthalein structure is altered. 
It seems likely that the conjugation of BSP with glutathione involves the 
removal of one bromine atom from BSP. Several workers (C31, 55) have 
demonstrated the release of bromide during in vitro conjugation of BSP 
by liver homogenates; the bromide released was directly related to 
the number of moles of conjugate formed. However, others have been 
unable to find a change in the bromine content of the metabolites (K18). 

The other metabolites are also mercaptides (C32,55) and are probably 
conjugates of cysteine, cysteinylglycine, and cysteinylglutamate. The 
presence of a diglutathione conjugate has also been reported (55). 

The relative proportion of these metabolites and of the free dye in bile 
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appears to vary in different species (K18, W16) and under conditions of 
bile stasis (B46, H14, K19). 

4.3.2. Conjugation of BSP 

Conjugation of BSP is probably catalyzed by S-aryl glutathione trans- 
ferase, an enzyme which is present in high concentration in the liver 
(B35, B53). This enzyme is involved in the detoxification of mono- 
halogenobenzenes and related compounds and in their excretion in urine 
as mercapturic acids. The excretion of mercapturic acids was first noted 
in 1879 (B14, J2), but the involvement of glutathione in the process was 
suggested only in 1959 (B13) after it was found that the glutathione level 
in rat livers decreased on administration of compounds that form mer- 
capturic acids. Subsequently, glutathione conjugates of p-chlorobenzyl 
chloride (B53), 1,2-dihydro-2-hydroxy-l-naphthalene (B34) and 2-hy- 
droxy-l,2,3,4-tetrahydro-l-naphthalene (B36) were isolated after incu- 
bation of liver slices with p-chlorobenzyl chloride, naphthalene, and 1,2- 
dihydronaphthalene, respectively. Aromatic amines also form glutathione 
complexes and are excreted as mercapturic acids (B39). In  most cases 
activation of the molecule is necessary before conjugation is feasible; 
e.g., naphthalene is first converted to  trans-1,2,3,4-tetrahydro-l,2-dihy- 
droxy naphthalene before conjugation. Halogenobenzenes do not require 
activation, and conjugation usually results in the release of halide, eg., 
3,4-dichloronitrobenzene + glutathione + S- (2-chloro-4-nitrophenyl) glu- 
tathione + HCI (B53). The enzyme is highly specific for glutathione; 
cysteinylglycine can be substituted, in some cases, but conjugation pro- 
ceeds much more slowly. Oxidized glutathione, cysteine, cystine, N -  
acetylcysteine, taurine, methionine, glycine, glutamic acid, and alanine 
do not take part in conjugation (B57). 

Subcellular Site of Conjugation. Subcellular fractionation has 
indicated that the conjugation of BSP occurs in the soluble fraction 
((32) and that the S-aryl glutathione transferase is also localized in this 
fraction (B53). 

Chemical Conjugation of BSP. Many halogenated compounds 
undergo nonenzymatic conjugation with glutathione. Booth et al. (B35) 
showed that BSP, benzyl chloride, bromoethane, bromopropane, ethyl 
methanesulfonate and 1,2-epoxy-1,2,3,4-tetrahydronaphthalene could be 
conjugated chemically with glutathione in the pH range 7-8. However, 
the reaction could be accelerated by the addition of liver homogenate or 
a soluble fraction of it. In  this context, i t  is noteworthy that most of liver 
glutathione is localized in the soluble fraction (E2), and that this may 
influence studies of the distribution of conjugating activity. 

Formation of Other Metabolites. By injection of individual 

4.3.2.1. 

4.3.2.2. 

4.3.2.3. 
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metabolites, it was possible to establish the following chain of consecu- 
tive transformation (B46, K19) : 

BSP -+ glutathionyl-BSP -+ cysteinyl-BSP 

Thus, i t  is likely that the other metabolites are products of hydrolysis 
of the major conjugate. This hydrolysis may be catalyzed by gluta- 
thionase; this step is known to occur in liver (58, N5a). A transfer re- 
action is also possible, e.g. (B52) : 

Glutathionyl-BSP + cysteine -+ cysteinyl-BSP + glutathione 

Biliary stasis changes the excretory pattern of the metabolites (B46, 
H14, K19, W16). In  particular, the excretion of cysteinyl-BSP and that 
of the other metabolites is increased a t  the expense of the glutathione 
conjugate. This effect is related to the duration of stasis, and i t  has been 
suggested that it is due to hydrolysis of the glutathionyl compound in the 
biliary tree (K19). The longer the transit time through the biliary tree, 
the higher the proportion of hydrolyzed compounds in the bile. 

4.3.2.4. Factors Affecting Conjugation of BSP 

4.3.2.4.1. Level of glutathione in the liver. Reduction of the level of 
glutathione by feeding rats a protein-free diet for 2 days markedly re- 
duced conjugation and excretion of BSP (C29). The level of liver gluta- 
thione is low in neonatal animals, and this accounts in part for the 
reduced conjugation of the dye by the liver in these animals (C29). How- 
ever, the conjugation enzyme is also low in neonatal animals and matures 
slowly; in rats i t  takes 5-7 weeks to attain the adult level (C29, C33, 
G11). 

4.3.2.4.2. Level of ATP. When the nucleotide was depleted by ad- 
ministration of ethionine (or ethionine plus dinitrophenol) to 25% of the 
ATP level in the control, no effect was observed on BSP conjugation. 
This suggests either that 25% of ATP is enough or else that ATP is not 
involved (S7). The latter seems more likely since no requirement for ATP 
has been shown in experiments in vitro. 

4.4. METABOLISM OF OTHER D m  

The metabolism of other dyes has not been studied comprehensively. 

4.4.1. Dyes Related to BSP 

Phenol tetrabromophthalein is conjugated with glutathione to a small 
extent with a concomitant release of bromide (C32). Another conjugate 
is formed which, on hydrolysis with P-glucuronidase, yields the gluta- 
thione conjugate (54). Phenol tetrabromophthalein monosulfonate forms 
similar conjugates which suggests that the glucuronide is formed with 
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the phenolic hydroxyl group and that BSP does not form glucuronides 
because of sulfonate groups in positions ortho to this hydroxyl group. 
Phenol tetrabromophthalein tetrasulfonate is removed from plasma much 
more slowly than BSP, appearance in bile is delayed, and no conjugation 
is detectable (54). This compound is not conjugated by the enzyme in 
vitro (54). 

Phenol dibromodihydroxyphthalein sulfonate is excreted as both glu- 
curonide and glutathionyl complex. Phenol dibromophthalein disulfonate, 
however, is not conjugated (H20,53). 

A diiodo-substituted BSP is also metabolized; two or three metabolites 
can be detected as  well as free BSP (C28, 57, M7), indicating that de- 
iodination occurs as well as conjugation. 

There is some confusion in the literature over the exact nature of 
rose bengal used in liver function studies. The name rose bengal is gen- 
erally accepted to mean the sodium or potassium salt of tetraiodotetra- 
chlorofluorescein (M11, M19). However, other closely related compounds 
have been given the same name ( M l l j  : Kerr and co-workers (K6), who 
initially described the rose bengal test stated that they used diiodotetra- 
chlorofluorescein whereas others (S2, 530) use the term to refer to tetra- 
iodotetrabromofluorescein. McNalty (M8) defines rose bengal as tetra- 
iododichlorofluorescein. Evidence has been obtained that some of the 
preparations used in liver function studies were mixtures (B22, L14). 
No conjugation of rose bengal has been detected although some deiodina- 
tion occura (B15, Kn, R1) . It is probable that deiodination of aromatic 
iodocompounds is due to the high activity of the liver deiodinase, an en- 
zyme responsible for the deiodination of thyroxine and triiodothyronine 
(B14a). 

We have found that bromophenol blue is chemically unaltered by 
passage through the liver into bile whereas phenolphthalein is excreted 
as glucuronide (C32) and phenol sulfonephthalein is not conjugated 
(D6). 

4.4.2. Indocyanine Green 

Indocyanine green is excreted in bile unconjugated (L5 j . 

4.5. EFFECT OF OTHER DYES ON BSP TRANSFER 
Simultaneous injection of phenol dibromophthalein disulfonate and 

BSP resulted in a reduced excretion of both compounds, but the total 
excretion was approximately the same as after a dose of the dibromo 
derivative (H20). 
BSP is taken up preferentially by the liver (C23, F1, P9j when admin- 

istered together with rose bengal, but its excretion is slower (B49). 
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Others have noted that BSP has a far greater inhibitory effect on rose 
bengal removal (C24, Ml6)  than the converse effect of rose bengal on 
BSP removal. However, on a mole-to-mole basis, the BSP dose in all 
these experiments was two to four times higher than that of rose bengal. 

Indocyanine green also increased the retention of BSP (H28, W9). 
There is evidence of molecular competitive inhibition between indo- 

cyanine green, BSP, rose bengal, and bilirubin (H28). 

4.6. RELATION OF PLASMA, BILE, AND LYMPH TO DYE  TRANS^ 

There is a large production of hepatic lymph which appears to arise 
by passage of fluid from the perisinusoidal space, from bile duct area and 
in the portal tract area (A12). It has been suggested that blood, lymph, 
and bile enter into an equilibrium in the portal tract (Review article, 2). 
The lymphatics could also act as a transport system between the liver 
lobule and the biliary epithelium (Al l ) .  A detailed study of the relative 
concentrations of BSP and its metabolites in lymph, bile, and plasma in- 
dicated that the composition of lymph differs from that of bile and 
plasma (K20). Thus, it seems unlikely that lymphatics were the trans- 
port system for BSP from liver cells to bile. During biliary stasis there 
is a rapid rise in lymphatic BSP levels (B32, G12) and the relative con- 
centrations of BSP metabolites approach those found in bile (K20). On 
ligation of the bile duct the level of bilirubin and bile acids in lymph 
also rises (G12) as does the plasma level of BSP (B10) and rose bengal 
(B22). 

Micropuncture samples of portal venule blood a t  the very end of the 
portal canals during continuous infusion of BSP had higher concentra- 
tions of BSP than samples from the portal vein a t  the hilum of the liver. 
After biliary stasis this ratio continued to rise (K21, N3). These results, 
together with the indication that bile secretion continues during biliary 
stasis (B9), suggest that the biliary system acts as an open tube with 
pores along its length. Obstruction does not alter the excretion rate but 
causes leakage to occur all along this conduit into an extracellular, extra- 
vascular space. This leakage begins in the sinusoidal-bile canalicular 
region and extends along the biliary tree to  lymphatics and, thus, to the 
blood stream. This process may be selective, involving certain biliary 
constituents only. It is also possible that the peribiliary arterial plexus 
may be involved in the transfer of BSP from bile to plasma and lymph. 

In  contrast, indocyanine green concentration in lymph approximates 
that ir i  plasma (H28) indicating that this dye does not leak out of the 
biliary system or that equilibration occurs between plasma and lymph 
in the case of indocyanine green, possibly because i t  is not conjugated. 
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4.7. INTRACELLULAR RELATIONSHIPS 
The dye removed from the plasma by the hepatic cells may be metabo- 

lized before excretion into bile as in the case of BSP, or i t  may be excreted 
without metabolism, as in the case of rose bengal and indocyanine green. 
When BSP is injected intravenously there is a time lapse before it reaches 
maximum concentration in the bile (C2, C7, C8, C34, R10). This has 
been attributed to storage of BSP in the liver and possibly to its conjuga- 
tion, although some of the delay is due to the dead space of the biliary 
system in analogy to the delay time of the urinary tract (C18, M23). 

It is difficult to ascertain whether conjugation of BSP is essential for 
excretion because free BSP is present in bile. We have found that in- 
itially after a single injection, only a small percentage of the biliary dye 
is conjugated ; this percentage increases to almost 100%. However, 
when dye is continuously infused, the biliary level of unconjugated dye 
remains constant. These results indicate a relationship between the excre- 
tion of free dye and its level in the cells; under conditions where the free 
dye is not replenished there is a rapid depletion by conjugation and 
biliary excretion and, thus, the level of free dye in the bile continually 
diminishes. The maximum excretion rate of BSP (free plus conjugated) 
is not apparently affected by the percentage of free dye in the bile 
which may vary from 20 to 60%. It is, thus, possible that the carrier for 
biliary excretion of BSP does not discriminate between the different forms 
of the dye and that conjugation is not essential for this transfer. How- 
ever, the mechanism for the hepatic uptake of BSP from plasma is specific 
for the free dye; the conjugated dye is removed from plasma a t  a 
much slower rate than the free dye (K16). Conjugation may be important 
in the storage of the dye. In  general, the hepatic storage of BSP and 
other dyes may be considered to  be the result of the disproportionate 
capacities of the two transport mechanisms (G16), that is, the capacity 
for dye uptake exceeds the maximal capacity for dye excretion. However, 
the high capacity of the uptake mechanism may, in part, be due to a 
rapid conversion of B$P to its conjugate and the low affinity of the up- 
take carrier for this form of the dye. 

4.8. EXTRAHEPATIC UPTAKE OF DYE 
Data obtained from the study of dye distribution in hepatectomized 

dogs has indicated that about 50% of BSP leaves the plasma within 3 
hours (C26, H22). Bengmark et  al. (B16) estimated the half-life of indo- 
cyanine green in hepatectomized dogs to be 4 hours, although it is not 
clear whether this finding was from extrapolation or interpolation. Both 
dyes are bound to albumin and, as approximately 60% of body albumin 
is extravascular (S36), a fall in plasma dye concentration is to be ex- 
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pected from distribution of dye molecules among total body albumin. 
Passage of dye out of the plasma presumably involves unbound dye for 
plasma albumin mixes throughout its volume of distribution much more 
slowly, but binding will recur in the extravascular compartment. HOW- 
ever, this finding does not necessarily mean that extrahepatic disposal of 
dye significantly affects the plasma disappearance rate after a single dose, 
a t  least in normal persons, for removal of dye by the liver is so rapid (see 
Table 3) that there is relatively little time for extravascular diffusion 
compared with the time ( 3 4  hours) allowed in the studies with hepa- 
tectomized animals. 

5. Dye Tests Used in Clinical Investigations 

5.1. THE STANDARD BSP RETENTION TEST 
This is the test most frequently used: A dose of BSP is given by in- 

travenous injection, and the percentage of the dose remaining in the 
plasma a t  a given time after the injection is determined. The dose of 
dye originally proposed was 2 mg/kg of BSP as its sodium salt (Ft23). 
Later workers (H8, M1, M14,02) ,  however, found that a dose of 5 mg/kg 
was more useful in demonstrating mild liver dysfunction, and over the 
past 20 years this dose (5 mg/kg) has tended to become standard. A few 
investigators have recommended higher doses, such as 7.5 mg/kg (H14, 
T9) or even 20 mg/kg (ClO), but a return to  the smaller dose (2 mg/ 
kg) has also been advocated (L15) on the grounds that there is significant 
reabsorption from the gut of BSP excreted in the bile during the course 
of the test with a dose of 5 mg/kg. Others (05)  have concluded that even 
with the larger dose such enterohepatic circulation is negligible. 

The dose of BSP is generally determined on a basis of body weight in 
order to reduce the spread of results in any one category of persons. How- 
ever, dosage on the basis of lean body mass (B57) or of surface area (A7, 
A8, 11) appears to  be more advantageous. The plasma concentration at  
zero-time obtained by extrapolation had a coefficient of variation of 18% 
when the dose was based on body weight and only 8% when i t  was based 
on lean body mass (B57). In  one instance, a patient of 90 kg and a 
surface area of 1.82 m2 had an abnormal BSP result (26% retention) 
when given a dose of 5 mg/kg, but a normal result (3% retention) with 
a dose of 150 mg/m2 (A8). 

The results of the BSP retention test are expressed in terms of the 
percentage of BSP remaining in the circulation a t  a given time after the 
injection. Most investigators have taken a single sample a t  a given time 
in the period from 30 to 60 minutes after the injection, with 45 minutes 
the most popular choice. Robinson (R14), however, took blood samples 
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only at 2.5 and 7.25 minutes. Tests with multiple samples have been 
termed fractional BSP tests (D7). A slide rule for easy calculation of 
BSP retention values has been devised by Gindler (G6). 

The actual measurement made is the concentration of BSP in plasma, 
and it is usually assumed that the plasma volume is equal to 50 ml per 
kilogram of body weight. An initial dose of 5 mg/kg is taken to give a 
zero-time concentration of 10 mg/100 ml so that the percentage of BSP 
remaining in the plasma is obtained by multiplying the plasma concen- 
tration a t  the given time by 10. Some have preferred to take multiple 
blood samples and to determine zero-time plasma concentrations by ex- 
trapolation (Ll) .  

Some values obtained for the initial volume of distribution of BSP 
are listed in Table 2 along with similar data for other substances. Since 
the initial volume of distribution is, in effect, the plasma volume, it is 

TABLE 2 
INITIAL VOLUME OF DISTRIBUTION OF DYES AND OTHER 

SUBSTANCES IN HEALTHY ADULTS 

Initial volume of distribution 
Substance W/kd Ref ererices 

BSP Males 48.4 
Females 46.4 

40.0 f 8.7 
40.9 f 6 . 2  

40, go*" 
43.5,' 
4 7 . P  

Rose bengal Males 42.4 f 6 . 2  
Females 38.6 f 6 . 6  

Indocyanine green 53.6"eb 

Evans blue 44.1 f 5.9  
45.4 f 5 . 4  

47.5 
40.7 f 4.4 

Vital red 43.2 

1311-albumin 43.3 f 6 . 0  
41 .2  
42.0 
53. 6"sb 

a Result derived from reported data. 
b Assuming a mean body weight of 65 kg. 
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evident from the data presented in Table 2 that, in health a t  least, cal- 
culation of plasma volume on the basis of 50 ml per kilogram of body 
weight leads to an underestimate of the “zero-time” plasma concentra- 
tion and to an overestimate of BSP retention. 

In  disease, the ratio of plasma volume to body weight (ml/kg) is not 
always as it is in health. A mean plasma volume of 63 (56-71) ml/kg 
was found in 6 patients with chronic liver disease who had a mean BSP 
retention of 3.3 (0-6) %, after a dose of 5 mg/kg (M17). The mean zero- 
time plasma concentration was found by extrapolation to be 8.1 mg/100 
ml instead of 10.0 mg/100 ml as intended. When the BSP retention values 
were corrected for underestimation of plasma volume, a mean value of 15 
(8-25%) was obtained. However, the procedure used in this correction 
was not disclosed. Errors in estimating the initial volume of distribution 
are not removed by basing the dose on surface area. Thus, Ingelfinger 
e t  al. (11) gave doses based on surface area and obtained zero-time 
plasma values within 10% of those expected in only 45 out of 50 healthy 
persons and only 41 out of 58 patients. Other factors involved in predict- 
ing plasma volume have been reviewed elsewhere (12, 04).  

Normal values for BSP retention are given in Table 3. It should be 
noted that the normal range selected by different investigators has in- 
cluded a variable percentage (90-100%) of normal persons. 

TABLE 3 
BSP RETENTION IN NORMALS” 

Dose Time after injection BSP retention* 
References (mg/kg) (min) (%I 

2 

5 

~ 

20 
18 
15 
20 

25 
30 
30 
30 
4.5 
45 
45 

0 
0 
5 
0 

0 
10 
6 
0 
4 
5 

10 

20 120 2.5 ( C W  

It should be noted that different investigators have defined their normal ranges in 

Upper limit of normal range. 
terms of different percentages (90-100%) of normal persons. 
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mg/100 ml 
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mg/100 ml 

I 

FIG. 3. BSP disappearance curves after single injection (5 mg/kg) to a normal 
subject. Concentrations are expressed as milligrams per 100 ml of plasma. (A) 
Semilogarithmic graph. (B) Linear graph of the results of Winkler (W24). 

5.2.  PARAMETER^ DEFINING BSP DISAPPEARANCE FROM PLASMA 

5.2.1. Interpretation of BS? Disappearance Curves 

When BSP is injected intravenously in normal people, the curve ob- 
tained by plotting the plasma BSP concentration ( p )  against time can 
be represented by the sum of two exponential curves, as shown in Fig. 3. 
The equation p t  = p ,  (e-at + be+) is accepted as a description of these 
curves, where po is the concentration a t  zero time and p t  is the con- 
centration a t  time t ;  a, p ,  and b are constants. 

The plasma disappearance curves of rose bengal (B4, L4), and indo- 
cyanine green (L5, L8, 537, W9) are similar. 

Attempts have been made to explain the shape of the plasma disappear- 
ance curve of these dyes in terms of physiological processes. Evans (E7) 
considered a model system comprising three compartments, the plasma, 

Extrahepatic Plasma space Liver 
space 

FIG. 4. Kinetics of dye disappearance from plasma: Model proposed by Evans 
(E7). 
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TABLE 4 
DISAPPEARANCE RATES OF D m s  FROM PLASMA IN NORMALS‘ 

ff B References Dye 

BSP 0.168’’ 
0.119 f 0.012 

0. 154b 
0.188* 
0.131 

0.145 f 0.018 
0.140 

0.113 f 0.018 
0.138 f 0.04 

0.117 

0.115* 
- 

Rose bengal 0.15 

Indocyanine green 0.259 f 0.082 
0.185 f 0.031 
0.180 & 0.021 

0.232 
0.186 f 0.028 

- 
0.089 

0.048 f 0.006 
0.044‘‘ 

a is the exponential coefficient for the first phase of the plasma disappearance curve; 
B is the coefficient for the second phase (see Section 5.2.1). Data are expressed as means k 
standard deviation (where reported). 

’’ Data have been standardized for comparison. 

the extrahepatic compartment, and the liver (Fig. 4). Passage of dye 
from plasma to the extravascular compartment was considered to be 
reversible, but transfer from plasma to the liver was considered irreversi- 
ble. This model, though providing a satisfactory explanation of the shape 
of the curve, fails to account for the reduced slope of the first phase 
which occurs in liver disease (D7,I l ) .  

Alternative three-compartment models comprising plasma, liver, and 
bile have been proposed (B12, R10, T12, W25). These models involve 
reversible transfer of dye from plasma to liver but irreversible transfer 
from liver to bile (Fig. 5 )  ; the first phase of the curve is referable to the 
uptake of dye by the liver, and the second to the excretion of dye into 
bile (Fl, H25, H26). 

A more complex four-compartment system has been proposed by 
Brauer (B45) based on data obtained from experiments involving simul- 
taneous injection of radioactive BSP and unlabeled BSP and by others 
(M24). Some values for the exponential coefficients (a#) in normals are 
given in Table 4. The value (Y in individual patients has been found to 
vary with dose (N10, W24). 
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Plasma space Liver space Bile 

FIQ. 5. Kinetics of dye disappearance from plasma: Model proposed by Winkler 
(W24-W26), Richards (R9, RlO), and Barber-Riley (B12). 

In  persons with impaired hepatobiliary function, the plasma disappear- 
ance curve of dye may differ from that observed in normal persons. Some- 
times the initial fall of BSP is much slower, so that a plot of the plasma 
concentration against time is almost linear and the second phase cannot 
clearly be distinguished. More commonly the curve in the second phase 
is flattened or shows a temporary rise in BSP concentration which is 
believed to  be due to the passage of BSP or of its metabolites back into 
the plasma from the liver. 

5.2.2. Fractional Disappearance Rate (FDR) 

The use of kinetic parameters to define BSP disappearance from plasma 
has been subject to a serious nomenclature problem. The nomenclature 
used in this review along with some of the synonyms from the literature, 
has been listed in Table 1. The first exponential phase of the plasma curve 
can be represented. 

p ,  = pOe-at (1) 
where p ,  is the concentration a t  time zero and p ,  is the concentration 
a t  time t .  The same curve can be represented 

p t  = pol0-dt 

The parameter a represents the fraction of dye removed from the circula- 
tion in unit time, which we term the fractional disappearance rate (FDR) 
(see Table 1) ; 100 times (Y gives the percentage of circulating BSP leaving 
the plasma in unit time, that is, the percentage disappearance rate 
(PDR) . 

An estimate of fi can be obtained graphically by plotting p against 
time on semilog paper. However, this involves collection of several blood 
samples within minutes of the injection, and i t  is usually more convenient 
to calculate FDR (or PDR) without determining p o .  For example, if pl 
and p ,  are concentrations a t  time tl and t2, respectively, 

pl = p0ca t1  

p z  = pOe-atl 
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therefore 
p z  = ple-a(tY-tl) 

and 

111 pi - 111 pz - 2.3 (log pi - log pz)  - u =  
22 - tl t z  - tl 

similarly 

log pl - log pz 
( t z  - tl) 

= 

The equation p2 = p1dtst1 has been used to express the rate of fall of 
plasma BSP after a single injection. Comparison of this equation with 
Eq. (2) shows that d is identical with e-a. Paradoxically, Ingelfinger et al. 
(11) use the expression 1-d as an estimate of the FDR ( a ) .  However, 
ass-0 

1 - e-a + a! 

and so the approximation is valid. 

expression 
An alternative approximation of a was obtained (L11) by the 

a = (Pl - pz)/(p1pa)l’* 

where ( p l p z )  lI2 is used as an estimate of the mean plasma BSP in the time 
interval between p l  and pa.  

5.2.3. Plasma BSP Clearance 

The plasma clearance (C,) of a substance is the volume of plasma just 
containing the amount of substance removed in unit time. The plasma 
clearance of BSP (Fl, L11, L12) is the fractional disappearance rate (a )  

multiplied by the plasma volume (Vp), thus: 

CBSP = uvp 

Problems in measuring plasma volume or in its estimation have been 
discussed (see Section 5.1). The determination of V ,  may be avoided by 
infusing BSP a t  the rate, I ,  giving constant plasma concentration, peq. 
In  such circumstances, 

Z 
CHSP = - 

Pt 9 

The plasma clearance of BSP multiplied by the plasma concentration 
indicates the rate of loss of BSP (mg/minute) from the plasma. 

Some values for plasma clearance in normals are listed in Table 5.  The 
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TABLE 5 
PLASMA CLF,ARANCE OF DYES IN NORMALS 

References 

BSP 5.1  f 0.12 
5.0  

6.5 f 0 . 9 O  

Indocyanine green 7.5 f 2.0  (WW 

Assuming a body weight of 65 kg. 

half-life of BSP in plasma is also used as a parameter of BSP disappear- 
ance (V10, V12). 

5.2.4. 
A few investigators (T7, T8) have advocated use of the second ex- 

ponential coefficient (p )  as well as, or instead of, a parameter from the 
first phase. The ratio of the two exponential coefficients ( c Y / ~ )  has been 
found to provide additional information (T7, T8). A more detailed 
mathematical analysis of the plasma curve, in accordance with a three- 
compartment model system, has been carried out to obtain estimates of 
the rate of dye uptake by liver cells, the rate a t  which dye returns to the 
plasma from the liver, and the rate a t  which dye is transferred to the 
bile (C21, R10). 

Calloway and Merrill (Cl )  have expressed BSP disappearance rates 
as the slope of log plasma BSP plotted against log time. The validity of 
this approach remains to be established. 

Other Parameters of the Plasma Disappearance Curve 

5.3. PARAMETERS OF BSP UPTAKE BY THE LIVER 

5.3.1. Maximum Rate of Uptake of BSP by Liver (Lm) 

The rate of uptake of BSP by the liver depends on the plasma concen- 
tration, and measurement of the maximum rate therefore requires infu- 
sion of BSP at a sufficiently high rate to “saturate” the BSP transport 
carrier (see Section 4.2). 

If i t  is assumed that there is negligible uptake of BSP from the plasma 
except by the kidney and the liver, the amount taken up by the liver, L,, 
in unit time equals the rate of loss from the plasma, R,  less the rate of 
loss from the urine, U ,  i.e. 

L , = R - U  

The net amount lost from the plasma, R ,  equals the rate of infusion of 
BSP, I, less the rate a t  which BSP is accumulating in the plasma, i.e., 
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R = I - Ap/At  * V ,  
Thus 

L,  = I - U - A p / A t .  V ,  

5.3.2. BSP Storage Capacity of the Liver ( S )  and Maximum Rate of 
Transport to Bile (T,) 

The parameter L, equals the sum of the hepatic storage and the 
biliary excretion rates. More commonly the latter two parameters have 
been determined separately (W10, W13). 

The hepatic storage capacity, S, is a measure of the amount of BSP 
stored in the liver in relation to  the plasma concentration. The parameter 
S is usually expressed in terms of milligrams (in the liver) per milligram 
per 100 ml (in the plasma) and is determined by infusing BSP a t  two 
different rates, both greater than the maximum rate a t  which the liver 
can transport BSP from the plasma to the bile. Because the infusion rate 
exceeds the rate of biliary excretion, the plasma concentration rises as in 
the determination of L,. 

The calculation of the hepatic storage capacity, S,  requires the assump- 
tion that the rate of transfer of BSP from the liver to the bile has an upper 
limit, T, (W12). The rate a t  which BSP is stored is given by the expres- 
sion S.Ap/At. The rate a t  which BSP is lost from the plasma equals this 
rate of storage plus the maximum rate of biliary excretion, thus 

R = S ’ A p / A t  + T ,  (3) 

Thus, if I is the rate of infusion and U the rate of urinary excretion 

I = R + U + Ap/At  * V ,  

substituting for R,  I = (S + V,)Ap/At + T, + U. 
Measurements are made a t  two infusion rates giving two values for 

I ,  Ap/At and U .  V ,  is constant, and therefore S and T,,, can be determined. 
Reference to Eq. (3) shows that S is not a storage capacity in the 

ordinary sense. It has the dimension of volume and represents the volume 
of plasma which would contain the amount of BSP stored in the liver. In  
this light, the storage parameter S (milliliters of plasma) is analogous in 
a static sense to the classical clearance parameter C (ml/minute of 
plasma). 

Estimates of the rate of hepatic uptake and the rate of transfer to bile 
have also been obtained from detailed analysis of the plasma disappear- 
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TABLE 6 
HEPATIC UPTAKE PARAMETERS FOR BSP IN NORMALP 

a Data are expressed as means and standard deviations. 

ance curve, R (R10) (see Section 5.2.4). Values obtained for L,,, S, and 
T, in normals are listed in Table 6. 

In  determining S and T,, usually no allowance has been made for 
regurgitation of conjugated BSP. We have observed that up to 45% of 
BSP in the plasma of patients during such measurements is conjugated. 
Clearly regurgitation of this magnitude must affect interpretation of 
changes in these parameters in disease. 

5.4. MEASUREMENT OF BILIARY EXCRETION 

In  health, BSP appears in bile 5-20 minutes after injection and con- 
tinues to be excreted for 5-6 hours (C4). Measurement of the appearance 
time of BSP in the bile obtained by duodenal intubation (C7, C8, S14), or 
from a T-tube after choledochotomy (N130), has been suggested as a test 
of liver function. Normal persons and patients with hepatitis had ap- 
pearance times which never exceeded 20 minutes whereas longer times 
were characteristic of patients with biliary obstruction (C7). Measure- 
ment of the amount of BSP in bile coIlected by duodena1 intubation was 
found to be a more sensitive index of liver function in convalescent 
hepatitis patients than various other biochemical tests (W31). 

TABLE 7 
URINARY EXCRETION OF BSP IN N o R U L s "  

Urinary excretion 
Dose (% of dose) Time References 

0 Data are expressed as means and range (where reported). 
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5.5. URINARY EXCRETION TESTS 

A small proportion of BSP given to healthy persons as  a single injec- 
tion is excreted in the urine (Table 7) .  Larger proportions are excreted 
by persons who have increased BSP retention (e.g., from hepatobiliary 
dysfunction). At any given time after injection, the plasma BSP in such 
persons is higher than in normals and presumably allows more BSP to 
be excreted by the kidney (11, N7, R23, W22). The maximum rate of 
urinary excretion occurs 20 minutes after the injection. 

Assuming that the renal clearance of BSP is independent of the plasma 
concentration and that the plasma concentration after a standard dose 
falls exponentially over the period of excretion into the urine with a 
decay constant a, the amount of BSP ( U )  excreted by the kidney during 
the time t is given by equation 

where CK,B is the renal clearance. On integration 

u;= CR,B . po(l - p) 
a 

For large values of t 

For the standard dose, a = 0.15, po = 10 and 1% of the dose is excreted in 
the urine (Table 7).  Substituting these values, Eq. (4) gives a value of 
about 5 ml/minute for CK,,+ 

This figure reflects the protein-binding of BSP (see Section 4.2). There 
is evidence that less than 2% of the BSP in plasma after a standard dose 
is unbound (G15). Allowance for this gives a minimal clearance for BSP 
of 250 ml/min, which suggests that either free BSP or its conjugate or 
both are secreted by the renal tubules. Benemid, which is known to 
depress renal tubular activity (M5), reduces the renal excretion of BSP 
(B28) which supports this view. 

The percentage of conjugated BSP in urine is usually higher than in 
serum. This could reflect the reduced affinity of albumin for the conjugate 
(B3) or the conjugate could have a higher renal clearance. Alternatively, 
the conjugate may be synthesized in the kidney, which has some S-aryl 
glutathione transferase activity (B35, G25). 

C K . B  = a' U l p ,  (4) 

5.6. T m ~ s  USING OTHER CHOLEPHILIC DYE~ 

5.6.1. Indocyanine Green 

An indocyanine green retention test similar to the BSP retention test 
(C16) gave a mean retention value in health of 3.976, 20 minutes after a 
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dose of 0.5 mg/kg. The initial volume of distribution is similar to that 
of BSP (Table 2).  

Most investigators who have used indocyanine green to assess liver 
function have measured its FDR or PDR (Cl6, H28, M17). Some values 
for FDR in normals are listed in Table 4. 

After intravenous injection, the plasma decay curve of indocyanine 
green is more closely represented by a single exponentiaI curve than that 
of BSP (C16, H14). There is no detectable indocyanine green in the 
urine even in patients with hepatic disease, which may be due to the 
instability of the dye in the absence of protein (L5), and no demonstrable 
enterohepatic circulation (L5). 

5.6.2. Rose Bengal 

The use of rose bengal for the clinical evaluation of liver function was 
first proposed by Delprat (D4). Usually blood samples are collected a t  
2 minutes and 8 minutes. The amount of dye present a t  8 minutes 
expressed as a percentage of the dye a t  2 minutes is taken as an index of 
liver function. Normally not more than 50% of dye remains at 8 minutes 
(D5, K6, 531, 532). The use of multiple blood samples has been tested 
(S2), but this offers little advantage over collection of two samples. The 
FDR (a) of rose bengal has also been used as an index of dye uptake by 
the liver (52). 

More recent studies with 1311-labeled rose bengal have demonstrated a 
normal plasma decay curve similar to that of BSP with a mean FDR (a) 
of 0.15 (L4). 

5.6.3. Phenol 5,6-Dibromophthalein (Phenol Dibromophthalein 
Disulfona t e ) 

This close relative of BSP has been used in experimental studies only. 
Studies in animals (B38, H2, J3, K9) have shown that, unlike BSP, it is 
excreted by the liver without conjugation. The plasma disappearance 
curve of phenol 3,6-dibromophthalein was unaffected by benziodarone, a 
compound which reduces BSP clearance probably by inhibiting conjuga- 
tion (B38). 

I n  rats, the parameters S and T, for this compound have been found 
to be similar to those for BSP (K9). However, a protein-free diet reduced 
the T, of BSP only. The clinical value of tests using phenol 3,g-dibromo- 
phthalein is yet to be determined. 

5.7. ESTIMATION OF HEPATIC BLOOD FLOW 
The estimation of hepatic blood flow in man or in experimental animals 

has been based on the Fick principle (using either uptake of substances 
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such as dyes, ethanol, or galactose or release of substances such as urea), 
indicator dilution procedures, calorimetric techniques, and the direct 
collection of blood from the hepatic vein. Only those involving dyes are 
considered in this review. Information on other procedures is to be found 
elsewhere (H9, W l ) .  

5.7.1. Ficlc Principle 

Hepatic blood flow is obtained from the hepatic plasma flow and the 
packed cell volume. The hepatic plasma flow F ,  is obtained from the 
expression 

FL = L/(PHA - PHV) 

where p H A  is the mean dye concentration in hepatic arterial plasma and 
pHv is the mean dye concentration in hepatic venous plasma, and L is the 
rate of uptake of dye by the liver. 

In  practice, estimation of hepatic blood flow usually involves the 
infusion of dye, but measurements have also been made using a single 
injection of dye. In  the former method, a dye is infused a t  a constant rate 
after a priming dose until the plasma concentration is steady. Hepatic 
venous blood is obtained by catheterization. The rate of uptake of dye 
by the liver is usually taken to be the rate of infusion of dye without 
allowing for urinary excretion. BSP (B42, C9, S22, W27, W30), indocy- 
anine green (L9, R3, W18, W27, W28), and isotopically labeled rose 
bengal (L4, W27) have been used in this way. 

In  the single injection procedure (B5), the plasma clearance is deter- 
mined (see Section 5.2.3) and the rate of uptake by the liver ( A )  is 
obtained from the relation 

L = C e s ~ .  PHA 

where PHA is the mean plasma arterial BSP. This relation does not allow 
for urinary loss of dye. 

Plasma leaving the liver is not completely cleared of dye. The extent 
of clearance is expressed in the extraction ratio (Ex) where 

EX = (PHA - P A V ) / ~ H A  

The extraction ratio for a particular dye tends to vary inversely with 
the plasma concentration (C9). There is also a tendency for the extrac- 
tion ratio to vary inversely with the hepatic plasma flow. This has been 
reported after portacaval shunt operations in man (B43) and after 
hemorrhage or pyrogen administration in dogs (H7a). 

The validity of this method has been discussed a number of times 
(B42, S20, 522, Wl )  . An important source of error is the assumption that 
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the rate of uptake of dye by the liver equals the rate of infusion of dye 
in the infusion method or the rate of loss from the plasma in the injection 
method. This source of error is considered to be less a t  higher plasma 
concentrations than a t  lower plasma concentration and to be greater with 
BSP than with indocyanine green (L4, W27). Some values for hepatic 
blood flow in normals are given in Table 8. 

TABLE 8 
SOME ESTIMATES OF HEPATIC BLOOD FLOW IN NORMALS OBTAINED USING DYES 

~ ~~ 

Liters/ 1.73 
Dye Method Liters/min m2/min* References 

1.50 (B42) 

1.08 (L5) 

BSP Infusion - 
BSP lnfusion - 
BSP Infusion - 
BSP Infusion - 
BSP Injection 1.43 - 
IGa Injection - 
IG Infusion - 

1.45 (524) 

1 .50 ( ~ 3 0 )  
(W23) 

1.21 ( W W  
0.83  (L5) 

a Indocyanine green. 
b Calculated from original data. 

5.7.2. Indicator Dilution Method 

In  this procedure, which is primarily for use with experimental animals, 
hepatic blood flow is calculated from the dye dilution curves recorded 
from the hepatic vein after injection of dye into the portal vein near its 
entrance to the liver. Hepatic blood flow in dogs has been measured with 
this technique using indocyanine green and correcting for uptake of dye 
by the liver (M34). It would seem advantageous in this procedure to  use 
a dye that was not taken up by the liver. 

5.8. MEASUREMENT OF BODY FLUID SPACES 

5.8.1. Plasma Volume 

The possibility of measuring plasma volume using BSP has been 
described earlier (see Section 5.1). More commonly, *811-albumin (B44, 
C16, 12, Z6) or the dyes Evans blue (A7, B44, G22, SlO) or vital red 
(G22, R2, S44) have been employed, but rose bengal (B4, S30), and 
indocyanine green (Cl6) have also been used. 

5.8.2. Ascitic Fluid Volume 

BSP has been used to measure ascitic fluid volumes (B3a). A standard 
dose of BSP is injected intraperitoneally, and a sample of ascitic fluid is 
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collected after 2 hours to allow for mixing throughout the peritoneal 
space. The ascitic fluid volume (V,) is obtained as follows: 

dose of BSP injected (mg) 
concentration of RSP in ascitic fluid (mg/ml) v* = 

Values for ascitic fluid volume obtained by this means agree with those 
obtained using 1311-albumin (S22), 

5.9. USE OF RADIOACTIVE CHOLEPHILIC DYES 

BSP has been labeled with 35S in the sulfonic acid groups (B50). It 
has also been labeled with l3II (57, TlO), but the site of iodination is 
uncertain; by analogy with the iodination of (unlabeled) rose bengal it 
has been assumed to occur in positions ortho to the hydroxyl group (J7), 
but the possibility that some iodine is exchanged for bromine has not 
been excluded. 

35S-labeled BSP has been used for studying the distribution of BSP 
within tissues (B50, G15) and in investigating the maturation of liver 
function in chick embryos (B45). It has also been used, in conjuction 
with unlabeled dye to show that the rate of hepatic uptake of the dye 
injected into the hepatic artery is the same as that after an injection into 
the portal vein (B51) (see Section 4.1). Injection of ?t-labeled BSP 
with and without unlabeled dye has been used to study the effect of 
dosage on dye uptake (T10). 

Rose bengal has been labeled with 1311 by substitution for lZ7I ((27, 
T3). After injection the rate of decay measured by external counting over 
the head closely parallels the rate of decay in the blood (N8, N9). There 
is also good correlation between the retention of rose bengal (measured 
by external counting) and the retention of BSP measured by the standard 
procedure (N9). External counting over the liver gives curves which 
reflect uptake and excretion (T3) of dye. 

Although the use of isotopically labeled cholephilic dyes has provided 
information about the behavior of nonlabeled dye (E5) , i t  has been more 
used in radioscanning as  a means of determining the size, shape, and 
position of the liver and of localizing areas showing functional changes, 
e.g., tumor metastases. The principles and practice of radioscanning are 
outside the scope of this article, and the reader is referred to other sources 
of information (F3, L7). 

5.10. TOXIC EFFECTS OF DYE 
With doses up to  7.5 mg/kg given as a single injection, systemic re- 

actions to  BSP are rare. Transient headaches, feeling of faintness and 
chills 45-60 minutes after injection of BSP (5 mg/kg) have been reported 
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in a small percentage of individuals. However, doses of 20 mg/kg were 
followed by pain in the lumbar region 8-16 minutes after the dose in 
15% of healthy volunteers (B57). Thrombophlebitis has been observed 
after intravenous injection with an incidence of 0.6% (S21), although it 
seems doubtful that thrombophlebitis is related specifically to the use of 
BSP. Rosenthal and White (R23) found that doses of 100 mg/kg killed 
50% of dogs; one dog died with a dose of 50 mg/kg. However, others (L5) 
have found that BSP is well tolerated in man in doses of up to 50 mg/kg 
given over 3 hours. 

About 25 severe systemic reactions including 9 deaths to standard (5 
mg/kg) or smaller doses of BSP have been reported up to  1966 (C14, K3, 
P9). At least three of the fatalities occurred in patients who received BSP 
for the first time and had no previous history of allergy. Unfortunately, 
the irritant properties of BSP make intradermal testing impractical 
(M31). Cautious injection of BSP is widely recommended, but of un- 
established efficacy. 

Indocyanine green is less irritating on injection (L4) than BSP and 
has not apparently been found to cause severe systemic reaction. How- 
ever, the number of patients who have to date received indocyanine green 
is much smaller than the number who have received BSP. 

Rose bengal is not toxic to animals in doses of 5 mg/kg, which is 2-3 
times the usual dose. Severe reactions have not been reported. However, 
rose bengal, like other triphenylmethane dyes, exhibits photodynamic 
activity (S9), so that patients receiving it may show photosensitivity and 
blood containing i t  may undergo some hemolysis when exposed to sun- 
light. 

6. Effects of Physiological Factors on Dye Uptake and Secretion 

6.1. AGE 
Most investigators have found that the removal of BSP from plasma 

is slower in newborn infants than in adults (Hll ,  K4, M28, Y l ) ,  but one 
study failed to reveal a significant difference (Sl). The use of a smaller 
dose (2 mg/kg) may have been responsible for this. Ability to eliminate 
BSP increases with the age of the infant but is still less than in adults a t  
the end of the first year of life (K4). In  older children, the excretion of 
BSP is slightly less than in adults when computed in terms of body weight 
or surface area, but there is no difference when it is related to length or 
to the basal metabolic rate (V11). 

Studies in premature infants have demonstrated a slower removal of 
BSP than in adults (01) .  Tests made during the first 24 hours show a 
slow, almost linear, disappearance of dye from plasma; later the plasma 
disappearance curve shows two phases as found in adults. Age since birth 
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is more important than weight in determining the removal rate of BSP, 
so that a newborn full-term infant generally shows a slower removal of 
BSP than a premature infant of some days or weeks. 

Reduced BSP removal in neonates is probably due to  an insufficient 
rate of excretion into the bile because hepatic uptake and conjugation are 
adequate (V7, V8). However, changes in BSP handling with age in neo- 
nates has been attributed to circulatory changes ( 0 1 ) .  No correlation 
has been found between plasma bilirubin and BSP retention in the neo- 
natal period (M28, Y l ) .  

I n  the higher age groups (over 50 years), there is again increase in 
BSP retention ((31). A standard dose (5 mg/kg) in a person of this age 
tends to give higher initial plasma concentrations than in young adults. 
This has been attributed to circulatory differences (Cl)  although the 
mean plasma volume does not vary with age in adults (SlO). 

6.2. SEX 

No significant sex difference has .been found in the results of the 
standard BSP retention test (R14) or in plasma disappearance param- 
eters (T6) in spite of the greater plasma volume found in males (B4, 
R14). However, the liver parameters S and T, are higher in men than in 
women (P11). A tendency for higher BSP retention values to occur 
toward the end of the menstrual cycle in women taking oral contracep- 
tives has been noted (A6), but no such effect can be demonstrated in 
control subjects. The percentage disappearance rate of indocyanine green 
is slightly higher in normal males (H28). 

6.3. PREGNANCY 

BSP retention is increased in the latter half of normal pregnancy (B56, 
C19, T6). The storage parameter S is increased (C30, K1, S29), but the 
transport parameter T, has been found to be normal (Kl)  or reduced 
(C30). Detailed kinetic studies (T6) have shown (a) a slight increase in 
the rate of uptake of BSP from plasma; (b) a 2-fold increase in the 
return of dye to  the plasma; (c) a reduction by half to two-thirds in the 
rate of elimination into the bile, and (d) an alteration in the proportion 
of dye lost from the liver cells per minute to the plasma and bile, respec- 
tively. These changes disappear early in the puerperium and are proba- 
bly secondary to the raised estrogen level (T6) (see also Section 7.17). 

Except for elevation of plasma alkaline phosphatase by enzyme re- 
leased from the placenta (B24, W17), other biochemical indices of liver 
function are usually normal in pregnancy though very occasionally 
pregnancy may be associated with cholestatic jaundice (K2, 528, S47), 
possibly conditioned by a genetic factor (H21). 

BSP mas not detected in 27 specimens of cord blood collected 7-90 
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minutes after BSP was given to the mother or in 18 specimens of liquor 
amnii collected 3-96 minutes after BSP was given to the mother (T6). 

6.4. FEEDING, EXERCISE, AND POSTURE 

Although it is customary to carry out BSP tests on fasting patients, 
eating has no appreciable effect on the percentage disappearance rate 
(V6). Diet may influence the parameters of BSP removal in humans 
since protein-deficient diets in rats reduce BSP removal (C29, K9). 

Strenuous exercise reduces the percentage removal rate of BSP to a 
variable extent (M17). Assumption of the upright position after lying 
down reduces the hepatic blood flow (C37) ; although the latter change 
does not necessarily affect the excretion of BSP (see Section 5.7)) i t  seems 
sensible to perform the test with the patient in the supine position. 

Fainting reduces the rate of clearance of BSP from the plasma (R14), 
possibly by increasing the plasma volume. 

6.5. TEMPERATURE 

Hypothermia reduces plasma BSP removal rate in rats (B47, V2, V4) 
and in dogs (B58). The biliary transport maximum (T,) was found 
(R13) to be reduced by hypothermia induced by pentobarbital which on 
its own depresses BSP removal (see Section 7.11) so that the effect cannot 
be attributed unequivocally to  cold. However, direct cooling of dogs to 
27O-28'C by extracorporeal circulation through a cooling bath reduced 
bile flow and biliary excretion of BSP although the biliary BSP concen- 
tration was unchanged (S40). 

Schoenfield et al. (517) reported that fever induced by pyrogens does 
not influence the 60-minute BSP retention or the parameters S and T,. 
Others (B40, B41, H13) found that pyrogen reduces BSP uptake. Since 
pyrogens increase the hepatic blood flow (B40), they must presumably 
reduce the extraction ratio. Direct warming of dogs to  42°C had little 
or no effect on the bile flow or on the biliary excretion of BSP (540). 

7. Effects of Drugs on Dye Uptake and Excretion 

Drugs and other chemicals may affect the disposal of dyes a t  any of 

1. Competition for binding sites on plasma proteins; it is probable 

2. Competition for binding sites on intracellular proteins. 
3. Competitive or noncompetitive inhibition of uptake or excretory 

4. Alteration of cellular metabolism in general, leading to depletion of 

the steps involved in their transfer from plasma to  bile, by: 

that protein-bound dye is more readily taken up than free dye. 

systems. 
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necessary cofactors, e.g., glutathione. Alteration of the permeability of 
cellular membranes. 

5. Inhibition of conjugating enzyme to an extent that could influence 
storage and/or excretion of the dye. 

6. Morphological changes of the biliary system (e.g., intra- or extra- 
hepatic cholestasis) or of the cell (e.g., necrosis). 

Drugs could also influence dye transfer nonspecifically by: 
7. Changing the hepatic blood flow. 
8. Increasing the concentration of a compound (e.g., bilirubin, bile 

acids), which influences BSP retention. Such an effect could be obtained 
through an increased enterohepatic circulation of the compound (L15). 
These nonspecific effects are excluded in the following account of some 
drugs known to influence BSP retention. 

7.1. CHOLECYSTOGRAPHIC AGENTS 

Bunamiodyl (B19, S26) and iodopanoic acid (S17) cause an elevation 
of BSP retention. These compounds, and the related iodinated aryl com- 
pound iodipamide, competitively inhibit the enzyme S-aryl glutathione 
transferase (B38). However, these compounds also affect the excretion of 
bilirubin (B21, B33), which is excreted as a glucuronide, of indocyanine 
green (H4), which is not conjugated by the liver, and of conjugated 
bilirubin (B21). Bunamiodyl and iodipamide reduce the uptake of 
BSP by liver slices (B6, B7) and by the isolated perfused liver (B19). 

It has been suggested that these compounds compete with BSP, bili- 
rubin, and indocyanine green for cellular protein-binding sites (R9) and 
that their major site of action is an excretory mechanism (H4) which is 
common to all these structurally different compounds. 

It should be noted that some iodinated phthalein dyes, e.g., tetraiodo- 
phenolphthalein and phenol tetraiodophthalein have been used in cho- 
lecystography. These compounds are very similar to BSP structurally 
and probably competitively inhibit uptake and excretion of the dye. 

7.2. PROBENECID (di-n-propylsulfamylbenzoic acid, Benemid) 

Probenecid reduces the hepatic clearance of BSP (B23, B25) as well as 
inhibiting the renal clearance of penicillin, phenol red, and PAHI (M5). 
Probenecid is also a choleretic (G7) ; the concentration of both BSP and 
bilirubin in bile are reduced, but the excretion rate of BSP only is affected 
(S39). There is an increased reflux of dye from the liver to plasma (G7, 
S39). The effect of the drug as a choleretic and as  an inhibitor of BSP 

PAH = p-amino hippurate. 
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excretion is dose dependent (S39). Probenecid also lowers the uptake of 
BSP by rat liver slices (B6). 

7.3. FLAVASPIDIC ACID AND RELATED COMPOUNDS 
The use of an extract of male fern (Dryopteris felix-mas) for treat- 

ment of tapeworm infestation frequently leads to  an increased retention 
of BSP and a transient hyperbilirubinemia (N11). This extract contains 
a large number of phloroglucinol derivatives (S45), some of which inhibit 
BSP uptake, e.g., flavaspidic acid, flavaspidic acid-N-methyl glucaminate, 
p-aspidin, methylene-bis-norflavispidic acid, and filixic acid, whereas 
phloretin, phlorizin, or phloroglucinol itself have no effect (N12). Rose 
bengal and bilirubin retention are also elevated, but the effect on indo- 
cyanine green retention is less marked (N12). 

Flavaspidic acid and these related compounds may interfere with 
hepatic uptake of BSP, rose bengal, and bilirubin by competition for 
intracellular binding sites (H2, N12). However, flavaspidic acid inhibits 
S-aryl glutathione transferase (B38) and UDP-glucuronyl transferase 
(H5). Since these drugs also affect transfer of substances which are not 
conjugated, such as rose bengal (N12) and conjugated bilirubin (H2), 
i t  is unlikely that their primary action is due to inhibition of conjugating 
enzymes. It is probable that the effects in vitro on the conjugating 
enzymes were obtained at unphysiological levels of the drug. Since 
flavaspidic acid does not affect the excretion of BSP or of rose bengal 
(N12) into bile and there is no accumulation of conjugated BSP or 
bilirubin in the plasma ( N l l ) ,  the effect of these compounds is specifi- 
cally on the uptake mechanism. 

Phlorizin has been reported to have a marked effect on biliary excre- 
tion of BSP and bilirubin; it usually increases bile flow, but excretion of 
both compounds is reduced (J6, S40, V3). The action of this compound 
may be nonspecific, since it is believed that the drug inhibits the oxida- 
tion of all substrates of the tricarboxylic acid cycle (L16) by alteration 
of the permeability of cell membranes (K5). Phlorizin is also excreted in 
bile (S34), and its choleretic action is possibly due to the osmotic effect 
of excretion of this organic anion. 

7.4. ICTEROGENIN 
Icterogenin is a triterpenic acid, isolated from Lippia rehmanii, which 

causes jaundice in sheep (R12). This compound reduces excretion of 
bilirubin, conjugated bilirubin, BSP, and phylloerythrin in rabbits (H7) 
and, more specifically, the maximal transport rate of BSP and bilirubin 
in man (A16). On histological examination, livers from animals that have 
received icterogenin show changes in the number and location of lyso- 



BROMSULFOPHTHALEIN AND OTHER CHOLEPHILIC DYES 347 

somes and in the bile canaliculi (A16), the structures which are probably 
involved in bile secretion. Liver cell necrosis was not evident. 

These functional and morphological changes suggest that icterogenin 
interferes with the excretory mechanism. Since excretion of a great 
variety of compounds is affected, i t  is probable that t,he effect of the 
compound is nonspecific and possibly due to cholestasis. 

7.5. ANTIBIOTICS 

Novobiocin has been associated with hyperbilirubinemia in the new- 
born (S46), and it has been shown to depress the excretion of BSP (B21a) 
and indocyanine green (H4, H5) as well as the maximal excretion rate 
for bilirubin (A3).  Novobiocin also inhibits the excretion of bilirubin by 
liver slices (H5). Novobiocin was found to inhibit the glucuronyl trans- 
ferase (H4), but this could be secondary to  an accumulation of the con- 
jugated bilirubin after inhibition of the excretory mechanism. Novo- 
biocin, in contrast to other agents, also inhibits hepatic uptake of dyes 
and this may be its main effect (B21a). 

Rifamycin increases the retention of bilirubin by inhibiting its excre- 
tion rate. This antibiotic has no effect on conjugation ( A 3 ) .  It is probable 
that rifamycin would increase plasma retention of BSP, but this has not 
been tested. 

It has been postulated that only those compounds which are readily 
excreted in bile are inhibitory of the BSP and bilirubin excretory mecha- 
nisms (H4). Both antibiotics have high biliary excretion rates (B55) and 
both are concentrated to a considerable degree in bile. Erythromycin, 
another antibiotic with high biliary excretion (B55) has been implicated 
in a transient cholestasis (P10). It would be of interest therefore to test 
the effect of other antibiotics which have high biliary excretion rates, e.g., 
penicillin. 

7.6. PHENOTHIAZINES 

Chlorpromazine decreases BSP excretion in rats (C22) and in man 
(DS). However, in mice, the biliary excretion of BSP is not reduced 
by this drug (El). Chlorpromazine does not inhibit the clearance of 
either bilirubin or indocyanine green (H5), but its action and that of 
other phenothiazines (e.g., promazine, trifluoroperazine, prochlorperazine, 
and pecazine) is complex. These drugs, cause a cholestatic reaction with a 
transient cholestatic hepatitis (P10, W4, Z l ) ,  with an incidence of ap- 
proximately 1 %. Thus, the effect on BSP retention may be a reflection of 
the cholestasis induced by these drugs. Their action may also be due to 
increased membrane permeability (H5). 
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7.7. DINITROPHENOL AND RELATED COMPOUNDS 

2,4-Dinitrophenol produces a prolonged choleresis (S39), but the BSP 
excretion rate remains the same or is slightly elevated (540). This com- 
pound also causes a marked pyrexia, but choleresis is not due to hyper- 
thermia since no change in bile flow occurs when animals are warmed 
to 42OC (S40). A wide range of related compounds have been tested 
(P12) ; phenols and mononitrophenols had no effect; isomeric dinitro- 
phenols had less effect; picric acid and 2,4-dinitrophenetole were as 
effective. 2,4-Dinitrophenol is known to uncouple oxidative phosphoryla- 
tion, but it is difficult to correlate a decrease in ATP with an increased 
bile flow. Moreover, the 3,5 isomer which is a more potent uncoupler 
(B59) has a smaller choleretic effect. 

I n  the isolated rat liver 2,4-dinitrophenol causes a decrease in bile flow, 
the concentration of bilirubin and of BSP in the bile rises slightly (B25, 
B26), but total excretion rate is reduced. 

7.8. ETHIONINE 

Ethionine ingestion by rats resulted in an increased bile flow and a 
reduced excretion of BSP. After prolonged treatment, doses of BSP other- 
wise nontoxic were apparently lethal. Histological examination indicated 
proliferation of ductules (B11). The effect of ethionine on BSP excretion 
is possibly due to reduced levels of ATP. However, hepatic glutathione 
levels are also reduced (H23). 

7.9. BJKNZIODARONE 

Benaiodarone, a coronary vasodilator, causes in vitro inhibition of the 
BSP conjugating system. This drug increases the retention of BSP in 
plasma but has no effect on the retention of phenol dibromophthalein 
disulfonate, which is not conjugated. Benziodarone probably acts specifi- 
cally on the conjugating enzyme since i t  has' been shown to inhibit other 
conjugations with glutathione (B38). 

7.10. ETHANOL 

Increased retention of BSP is common in alcoholic patients (see Sec- 
tion 8.1.2). Generally this is considered to be due to histological changes 
in the liver. However the excretion of BSP, in particular as conjugated 
BSP, is reduced in rats treated with one dose of ethanol (L13). Uptake 
and storage are not affected. When conjugated BSP was administered no 
reduction of excretion occurred after ethanol injection. Thus, retention of 
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BSP in alcoholic patients may result, in part, from impairment of the 
conjugation process (L13). 

7.11. ANESTHETICS AND HYPNOTICS 
Anesthetics such as chloroform or ether cause increased BSP retention 

in dogs (R20) but a mixture of nitrous oxide and ethylene has no effect. 
Thiopental and cyclopropane cause a fall in hepatic blood flow but the 
BSP extraction ratio tends to increase (Hl ) .  Sodium amytal has been 
found to reduce BSP excretion in man (V6), and pentobarbital decreases 
indocyanine green excretion in dogs (H28). It should be noted that many 
investigators have used short-acting barbiturates for induction of anes- 
thesia but have not allowed for possible effects of these drugs in the 
interpretation of their findings. Chloral increases bile flow (G26) but 
both bilirubin and indocyanine green excretion are reduced (H4). The 
mode of action of these agents on dye excretion is not clear; it is possi- 
bly a nonspecific effect on the liver cell. 

7.12. DRUGS THAT AFFECT THE SPHINCTER OF ODDI 
Morphine and certain other central analgesics have a contractile action 

on the sphincter of Oddi (M18). Increased biliary pressure arrests the 
(‘secondary phase” of BSP disappearance from the circulation ; the initial 
rapid phase is unaffected. This effect is not demonstrable in patients with 
intact gallbladders since the gallbladder has some capacity to  regulate 
pressure. Codeine phosphate has a similar effect to morphine in cholecys- 
tectomized patients, causing biliary colic and elevated BSP retention. 
Pholcodine and 1- (2,12-benzylphenoxyl-1-methylethyl) piperidine has 
no such effect. Papaverine exerts a counter-effect, relieving colic and BSP 
stasis (H26). 

Pethidine and amidone have a similar effect to morphine (B60). 

7.13. ANTI-INFLAMMATORY DRUGS 
Ibufenac reduces hepatic clearance of both indocyanine green and bili- 

rubin (H5). This drug also inhibits glucuronyl transferase (H5) and 
X-aryl glutathione transferase (B38). In wivo, phenylbutazone depresses 
bilirubin excretion, but not that of BSP; in vitro, the enzymes conjugat- 
ing bilirubin and BSP, respectively, are both inhibited. There is no effect 
on the clearance of indocyanine green (H5). 

7.14. PHENINDIONE 
This anticoagulant drug causes inhibition of bilirubin clearance and 

conjugation (H5) as well as inhibition of S-aryl glutathione transferase 
(B38). The action of this drug on dye excretion has not been reported. 
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7.15. MISCELLANEOUS ENZYME INHIBITORS 

Potassium cyanide considerably reduces bile flow (B25). The concen- 
trations of BSP and bilirubin in bile are not diminished (B25), and total 
excretion of BSP and bilirubin is similar to that of controls (V3). 

Sodium fluoride reduces hepatic blood flow and increases BSP reten- 
tion. Excretion into bile is unaffected (B25). 

Monoiodoacetic acid initially produces a choleresis which is followed 
by an irreversible inhibition of bile flow with a reduced excretion of BSP 
and bilirubin (B25). 

Acetazolamide does not influence biliary output or excretion of BSP 
and bilirubin (B25). 

7.16. COMPOUNDS THAT CAUSE HEPATIC CELL INJURY 
Carbon tetrachloride administered 5 hours before BSP had no effect 

on biliary excretion, but the drug injected 25 hours before BSP caused a 
marked reduction in biliary excretion of the dye. There was also an im- 
paired hepatic blood flow and reduced extraction by the liver ((22, W32). 

Hepatic cell injury induced by CCl,, dimethyl nitrosamine, or thio- 
acetamide is accompanied by a reduced secretion of biliary components 
whereas ductular proliferation is observed after chronic administration 
of a-naphthoisothiocyanate which also exerts a hydrocholeretic effect 
(G8).  All these compounds tend to  increase plasma retention of BSP. 

7.17. STEROIDS 
Norethandrolone, methyltestosterone, and other 17a-alkyI substituted 

testosterone-like steroids increase the plasma retention of BSP in man 
(A16, H6, K14, L6) and sometimes cause hyperbilirubinemia (A16, A17) 
and elevation of alkaline phosphatase (H6). However, the retention of 
indocyanine green is not affected by norethandrolone (L6). Natural 
estrogens in very high dosage also increase the plasma retention of BSP 
in man (M33) and in rats (G2). Steroidal oral contraceptives in thera- 
peutic dosage have a similar effect in a proportion of women (A6, L l ) .  
In  the child-bearing age, these rarely produce other biochemical signs of 
liver dysfunction (R7, R8), but in postmenopausal women the effect of 
oral contraceptives on liver function tends to be more frequent and 
more severe (E3, P3). 

Detailed studies have shown that norethandrolone affects both the 
uptake and excretory phases of BSP disposal (L6) and the plasma con- 
tains more conjugated BSP (58). In  high dosage (100-150 mg daily), 
this drug reduces the storage capacity of the liver for BSP as  well as the 
maximal transport rate (L6) , but a t  lower dosage (20 mg daily) the stor- 
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age capacity is unaffected. Steroidal oral contraceptives also reduce the 
maximal transport rate, but hepatic storage capacity is unimpaired ; BSP 
is retained in the plasma largely as the conjugate (K12). The findings 
are similar to what is present in the last trimester of pregnancy (see 
Section 6.3). 

The precise mechanism of action of steroids on dye excretion is not 
defined. Biliary stasis can be demonstrated histologically after adminis- 
tration of norethandrolone (S3, S4, W2), methyltestosterone (W3), and 
other 17a-alkyl substituted testosterone-like steroids (S3). Atrophy of 
microvilli in the bile canaliculi has also been found (53) suggesting that 
some secretory dysfunction is probable, but the effect on microvilli is not 
a consistent finding (K12, S8). There is no effect on the conjugation of 
BSP (A16, B38) though the conjugation of bilirubin by liver slices is 
inhibited (H5). Another possible mechanism for the action of drugs is 
on protein-binding in plasma or in cells. Reduction of protein binding, 
for example, could reduce uptake of dye. 

The effect of steroids on dye excretion cannot be correlated with their 
anabolic, progestational, androgenic, or estrogenic properties (D3, G2, 
K14). There are conflicting findings on the relation between chemical 
structure and effect; these are possibly due to  species variation or to 
differences in dosage (G2, K14). Many investigators testing steroids have 
given doses much larger than those used in therapy. There has also been 
a suggestion (H21) that a genetic factor may be involved in the incidence 
of hepatic dysfunction with oral contraceptive therapy and in pregnancy. 
However, i t  appears that an alkyl substitution on C17 is usually a re- 
quirement and that a keto group on C3 is more effective than a hydroxyl 
group (D3). The presence of a phenolic A ring also enhances activity 
(G2) .  There is a suggestion that inactive steroids may potentiate the 
effect of others; thus progesterone which is without effect increases the 
activity of estrogens (Nl) .  

7.18. BILE SALTS 

Bile salt transport is important as a determinant of bile flow (W14, 
W15), and administration of bile salts causes a prompt increase in flow 
((3, M17, 534, W8). 

Administration of high doses of sodium dehydrocholate (B49, C3, M16, 
M27), or of sodium taurocholate (03, W15) decreases the clearance of 
BSP from plasma. Both uptake and excretion rates appear to be affected. 
The plasma retention of indocyanine green (H28), uranin (H3), and 
bilirubin (C3) were also elevated on administration of sodium dehydro- 
cholate. This inhibitory effect has been ascribed to competition for the 
uptake carrier (H28) and the carrier sites on the excretory membrane 
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(03). Bile salts can also displace BSP from plasma albumin and hepatic 
intracellular protein (A14), which may contribute to the reduced uptake 
of the dye. BSP can reduce the transport maximal rate for bile acids 
(03), an indication that the mechanism is competitive. 

On the other hand, administration of low doses of bile salts (<2  
pmole/kg/min) increased the maximal excretory rate of BSP as well 
as increasing the bile flow; biliary concentration of BSP was unaltered 
(03). It has been suggested that the limiting factor in the maximal 
transfer of BSP from the cell to  the bile canaliculus is the concentration 
of the dye in the canaliculus a t  the excretory membrane (03). Since bile 
salts are probably secreted a t  the same anatomical site as BSP (A14, 
C15) and produce an increased excretion of water a t  that site, the local 
concentration of BSP can be maintained only by an increase in the rate 
of BSP excretion. Choleretics, e.g., secretin, which initiate a secretion 
of water a t  some other site, do not effect the excretion of BSP, and 
biliary concentrations of the dye are reduced (03, W l l ) .  

8. Effect of Disease on Dye Uptake and Excretion 

The number of published reports of clinical investigations in which 
dye tests have been used is very large. This section is intended as a 
summary of the effect of disease on dye uptake and excretion rather 
than as an exhaustive list of clinical studies involving dyes. 

8.1. HEPATOBILIARY DISEASES 

8.1.1. Acute Hepatitis 
In  acute infective hepatitis, there is almost invariably a decreased 

rate of removal of BSP (B37, D7, M21, N5, W31, Z5), rose bengal (K6, 
S41), and indocyanine green (L5, L8, H27). The BSP plasma disappear- 
ance curve shows a reduced slope in the first phase and a flat second phase 
(D7, 11). Abnormal dye handling is one of the most consistent bio- 
chemical findings in acute hepatitis; it occurs, as a rule, before bilirubin 
can be detected in the urine, before the serum bilirubin is elevated or the 
flocculation reactions become abnormal (N5). 

There are conflicting reports, however, of the relative sensitivities 
of different tests in the recovery phase. One group of patients tended to 
retain abnormal flocculation reactions and elevated l-minute serum bili- 
rubin values longer than abnormal BSP values (N5). Other investiga- 
tors have found decreased BSP removal rates in patients who had had 
infective hepatitis but who no longer showed other clinical or biochemical 
evidence of the disease (11, D7, W32). Abnormal BSP retention persists 
for longer than abnormal indocyanine green disposal (115). 
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The BSP retention test has been used in studies on the factors in 
recovery from infective hepatitis. Thus the normal ability to handle 
BSP returns more quickly with cortisone therapy (H24). Ability to re- 
move BSP improves more rapidly on a high protein diet (C13). In  infec- 
tive hepatitis, a small percentage of patients relapse, with return of per- 
sistently abnormal biochemical values, but BSP retention values obtained 
early in convalescence are not helpful in predicting which of the patients 
will relapse (C13). 

In  acute hepatitis from toxic agents, such as carbon tetrachloride, 
there is likewise increased BSP retention (D7, D10). In  infectious mono- 
nucleosis, BSP retention is occasionally increased, but flocculation re- 
actions (B18) are abnormal more frequently. 

8.1.2. Chronic Hepatitis and Cirrhosis 

This is the group of patients in which dye metabolism has been most 
studied. There is variable impairment of dye handling in patients classi- 
fied as postnecrotic cirrhosis (K10) , chronic active hepatitis (M4), or 
simply as cirrhosis (D7, 25). Increased BSP retention commonly also 
occurs in bilharzial hepatic fibrosis (Bl ) .  

A positive correlation has been observed between the degree of BSP 
retention in cirrhosis and the degree of fibrosis revealed by biopsy (M32, 
S12), but not between the plasma albumin level and the degree of fibrosis 

The mean disappearance rate of BSP is slightly reduced in alcoholics 
without other evidence of liver dysfunction (G14) and is significantly 
reduced when there is other evidence of liver dysfunction. It has been 
found ((211, (217) that BSP values in alcoholics correlate better with the 
degree of histological change in the liver than any of the other bio- 
chemical tests studied. Alcohol has an acute depressant effect on BSP 
excretion in experimental animals (see Section 7.10). 

8.1.3. Portacaval Operations 

Portacaval anastomosis decreases BSP disposal (Bl ,  B42, L3). There 
was a fall in the hepatic blood flow in all 12 patients who underwent 
portacaval anastomoses for portal hypertension, but the BSP extraction 
ratio was increased (B42). Formation of Eck fistulae in dogs reduces 
BSP clearance (527). Portacaval transposition does not affect the hepatic 
blood flow or the extraction ratio (S35). 

8.1.4. Biliary Obstruction 

In  extrahepatic biliary obstruction with jaundice, reduced dye clear- 
ance is usual (D7, M20). However, there is frequently increased BSP 

(S12). 
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retention when partial biliary obstruction is insufficient to cause jaundice 
(B54, C38). 

In  obstetric cholestasis, there is reduced ability of the liver to take up 
and excrete BSP (K2), and similar dysfunction occurs to  a lesser extent 
in pruritus of pregnancy (K2). 

In  biliary cirrhosis there is reduced dye clearance which tends to fluc- 
tuate much less than the serum bilirubin level (A5). 

8.1.5. Carcinomatosis of the Liver 

This condition is often accompanied by increased BSP retention in 
the absence of jaundice (P5, 529). A similar finding was noted earlier 
with phenol tetrachlorophthalein (G20). 

In  patients with gastrointestinal carcinoma, there is a correlation be- 
tween the BSP retention values and the presence of metastases in the 
liver (P5, T4), 

8.1.6. Hereditary Hyperbilirubinemia 

In  Gilbert’s disease and in the Crigler-Najjar syndrome the disposal 
of BSP from plasma is usually normal (B20, MlO), but in the Rotor 
syndrome, there is BSP retention (R24). In  the Dubin-Johnson syndrome, 
BSP retention is usually increased (B61, D9, D11, S16). 

8.2. DYE TESTS IN JAUNDICE 
Retention of dyes, such as BSP, is increased in acute and chronic 

hepatitis and in intra- and extrahepatic biliary obstruction. Gross reten- 
tion (>60%) occurs more commonly in patients with hepatocellular 
jaundice than with obstructive jaundice (R5, S42), but there is consider- 
able overlap between the two groups and retention tests are consequently 
of little value in distinguishing between hepatocellular and obstructive 
jaundice or in assessing hepatocellular function in the presence of biliary 
obstruction. Measurements of the fractional disappearance rate (a), the 
hepatic storage capacity (8) , or the maximal biliary excretion ( Tm) have 
likewise not proved helpful in discriminating between the two conditions 
(S17). 

Attempts have been made to allow for the effect of biliary obstruction 
by the use of a correction factor based on the l-minute serum bilirubin 
concentration as a measure of the degree of obstruction (23). However 
BSP retention values corrected in this way were found to be less valuable 
in the differential diagnosis of jaundice than the results of the cephalin 
flocculation test or the thymol turbidity test (M21). 

Tura et al. (T11, T12), using indices derived from both phases of the 
plasma disappearance curve, have reported significant statistical differ- 
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ences between the two diagnostic groups, but there w,as again too much 
overlap for the procedure to be of practical use. On the other hand, a 
diagnostic chart, obtained by plotting values of the first exponential 
coefficient (a) against values of the second exponential coefficient (p )  , has 
been found to be of some value in distinguishing between several types 
of jaundiced patients (T7). 

Separate measurement of free and conjugated BSP has given statisti- 
cally different results in hepatocellular and obstructive jaundice. In  one 
series of results (H14), the percentage of conjugated BSP in the plasma 
4&60 minutes after an injection, was 77 (29-100)% in patients with 
extrahepatic biliary obstruction and 94 (76100) % in patients with 
hepatocellular jaundice. Although there was overlap, 8 out of 10 patients 
with biliary obstruction had values less than 88% whereas 8 out of 9 
patients with hepatocellular jaundice had values equal to or greater than 
88%. Similar trends have been noted by others (C6, S15), but all have 
found some overlap. 

Estimation of the amount of BSP, or its degree of conjugation, in the 
urine has not proved of practical value in the differential diagnosis of 
jaundice (C6, D7, H14). 

Studies with indocyanine green (C16) and rose bengal (C25, N8, N9) 
have similarly failed to reveal an index that would discriminate between 
hepatocellular and obstructive jaundice. 

8.3. ACUTE ABDOMINAL CONDITIONS 
BSP retention is usually increased in acute cholecystitis, but only 

occasionally is i t  increased in acute peritonitis and other acute abdominal 
conditions (B60, W21). The mechanism in these conditions is either 
partial biliary obstruction or alteration in hepatic blood flow. The effect 
of morphine in causing BSP retention by constriction of the sphincter of 
Oddi is relevant (see Section 7.12). Burnett (B60) found increased BSP 
retention ranging from 5 to 2076 in 5 out of 6 patients with minor ail- 
ments given morphine, all of whom had shown normal BSP retention on 
the previous day. 

8.4. SEPTICEMIA AND OTHER INFECTIONS 
BSP retention accompanied by other biochemical abnormalities but 

without jaundice is common in septicemia (N4). Findings in patients 
with intrahepatic infection are the same as in those with extrahepatic in- 
fection (B54). Reduced BSP handling is common also in malaria (F6, 
K13, M3). Injections of pyrogens such as typhoid-paratyphoid A and B 
vaccine (TAB) in man (M3) or bacterial endotoxin in rabbits (H15) 
cause increased BSP retention (see Section 6.5). 
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The reduced clearance of BSP in infective conditions may be an effect 
of pyrexia. However, the finding that a high proportion of patients with 
mild chronic ill-health secondary to chronic infection have reduced BSP 
disappearance rates (5%) and that direct warming of dogs to 42" has 
no effect (S40) suggests that toxins themselves may have an effect. 

8.5. CIRCULATORY DISORDERS 
Increased BSP retention is commonly present in congestive heart fail- 

ure (B30, E6, F4, 11, 531). Results correlate well with the clinical sever- 
ity of the condition, and abnormal retention may be present in the ab- 
sence of jaundice or any other biochemical abnormality. 

8.6. INJURY 

There is reduced BSP clearance for 10-20 days after major operations 
(C35). Eight patients rendered paraplegic by spinal cord injuries of 2 
week's duration had a mean BSP retention of 28 (0-40) % a t  60 minutes 
(C35) ; none were jaundiced. There was no correlation with the degree of 
catabolism assessed on nitrogen balance measurements (C35), The 
changes were considered to be due to a reduction in hepatic blood flow, 
but this does not necessarily cause a fall in BSP clearance (see Section 
5.7). 

8.7. METABOLIC AND ENDOCRINE DISORDERS 

8.7.1. Obesity 

Obesity is associated with increased BSP retention when the standard 
test is used; 20 patients who were grossly (50-910/0) overweight all had 
increased BSP retention, viz. 15 (6-33) % (22) .  Although biochemical 
and biopsy evidence of liver dysfunction was found in 50% of the group, 
it is likely that the dose of BSP (5 mg/kg) was an important contributing 
factor because it was almost certainly higher relative to liver mass than 
in normal persons (see Section 5.1). 

8.7.2. Nutritional Deficiencies 

An effect of diet on BSP excretion has been observed in rats given a 
protein-free diet for 2 days (C29). Reduction in BSP excretion was ac- 
companied by a decrease in glutathione content of the liver and a fall 
in conjugating enzyme activity which was restored by supplementing the 
protein-free diet with cystine. 

Patients with kwashiorkor have increased BSP retention (K7, K8) ; 



BROMSULFOPHTHALEIN AND OTHER CHOLEPHILIC DYES 357 

those whose BSP values remain abnormal a few days after treatment 
starts have a poor prognosis. 

8.7.3. Diabetes Mellitus 

quent in this condition (B3, L10). 

8.7.4. Hemochromatosis 

a reduced BSP clearance is present in some patients (M17). 

8.7.5. Toxemia of Pregnancy 

BSP retention commonly increased in toxemia of pregnancy (B56, C19). 
In  a group of 15 patients, the BSP retention had a mean value (excluding 
a result of 2%) of 20 (10-37)%. The conjugated BSP in plasma a t  45 
minutes comprised 48 (24-80) ”/. of the total (B56). 

8.7.6. Hypopituitarism 

parenchymal cells to excrete BSP into bile was reduced (Sll) .  

BSP retention and other evidence of hepatic dysfunction is not infre- 

Biochemical evidence of liver dysfunction is usually absent (S22), but 

I n  8 pstients with growth hormone deficiency the capacity of the liver 

8.8. RENAL DISEASE 

The effect of renal disease on dye removal rates has been little studied. 
BSP bound to  albumin escapes into the urine in patients with proteinuria 
and, where this is gross, the rate of disappearance of dye from plasma is 
slightly increased (V10). 

Further investigations in this field would seem worthwhile since liver 
disease, particularly severe liver disease, is often associated with renal 
dysfunction. 

9. Analytical Methods 

9.1. BSP 
Methods for estimating BSP in plasma (or serum), bile or urine are 

based on the purple color which develops when solutions containing BSP 
are made alkaline. This change results from ionization, with internal 
molecular rearrangements, to form a quininoid structure. The pK of 
the reaction is about 8.5, and peak absorbance in protein-free solutions 
is a t  580-585 mp (S18). In  the presence of plasma or serum, however, the 
peak is shifted to a higher wavelength (SlS). This is due to absorption of 
dye on protein molecules. The position of the absorption peak in protein 
solution varies with the pH of the solution (T3a). It has been reported 
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that the addition of heparin to  blood containing BSP does not affect the 
absorption spectrum but administration of heparin to patients affects the 
spectrum in plasma samples obtained later (T3a). 

The main problems in determining BSP in biological fluids are back- 
ground absorbance due to other pigments, such as bilirubin or hemo- 
globin, or to lipemic turbidity, and the effect of protein-binding on the 
absorption spectrum. 

9.1.1. Colorimetry at One Wavelength 

A simple method which has widely been used is to  dilute the plasma, 
or serum, in 0.1 M NaOH and measure the color produced (V5). To allow 
for background absorbance, a blank reading is obtained after diluting 
the material with 0.1 M HC1 to convert the BSP into the colorless form. 

An alternative procedure, which has been used (S28) to allow for back- 
ground absorbance, consists of analyzing a sample taken before adminis- 
tration of BSP as a blank, but this will not allow for a variable amount 
of hemolysis in collecting blood specimens. It may, however, be necessary 
to analyze a preinjection sample if a dye test is being carried out a short 
time after a previous dye test to allow for any BSP remaining in the 
plasma. This is particularly important in the study of patients with 
marked BSP retention for, in such patients, measurable amounts of dye 
may remain in the plasma for days (G5, J l ) .  

Addition of NaOH to plasma usually gives a pH high enough to cause 
conversion of any hemoglobin in plasma to alkaline hematin which ab- 
sorbs a t  580 m p  so that the blank reading obtained after acidification is 
no longer a true blank. For this reason, Seligson et at. (S19) used an alka- 
line buffer giving a pH 10.5 to produce color without affecting any hemo- 
globin present and an acid buffer giving a final pH 7.0 which likewise does 
not affect hemoglobin for blank readings. p-Toluenesulfonate, which is 
competitively bound to albumin, was added to the buffers so that protein- 
binding of the dye was minimized by a high p-toluenesu1fonate:BSP 
molar ratio. With Seligson’s method, plasma bilirubin in concentrations 
of up to 20 mg/100 ml does not interfere, but the method is unreliable if 
hemolysis is anything more than slight or if the sample is appreciably 
lipemic (H10). 

9.1.2. 
Gaebler (Gl)  suggested measuring absorbance a t  two wavelengths 

(580 mp and 620 q p )  to correct for background without the need of 
measuring a blank after acidification. However, Gaebler’s method was 
found to be invalid in the presence of hemoglobin (W29). Reinhold (R6) 
suggested reading a t  three wavelengths (420 mp, 580 mp, and 660 mp). 

Colorimetry at Two or More Wavelengths 
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9.1.3. Protein Precipitation Methods 

Precipitation of plasma or serum proteins has been tried as a means 
of removing interference due to hemoglobin or turbidity. Various protein 
precipitants have been tried, such as acetone, ethanol, trichloroacetic acid 
( I l ) ,  or ethyl phosphate (Z5) ,  but recovery of added BSP has generally 
been found to be poor. How,ever, an acetone extraction procedure devised 
by Henry et al. (H10) gives good recoveries although i t  requires standard 
solutions made up in acetone because the latter depresses the absorbance 
of the dye. 

9.1.4. Automatic Analysis 

The method of Seligson et al. (Sl8) has been adapted for use with the 
AutoAnalyser (Vl)  . Samples are first analyzed using an alkaline buffer, 
and blank values are then obtained by rerunning the sample using an acid 
buffer. 

An alternative method using an AutoAnalyser employs a dialyzer to 
eliminate hemoglobin and turbidity so that only a single run is required 
(G3). Use of a dialyzer also allows continuous sampling from patients, 
but a correction factor is required because of an effect of whole blood on 
dialysis. 

9.2. BSP CONJUGATES 

The absorption spectrum of conjugated BSP in the visible region 
is closely similar to that of BSP, with an absorbance peak a t  580 mp in 
protein-free solution shifting to  a higher wavelength on the addition of 
protein (S18). The ultraviolet absorption spectrum for the conjugates 
differs from that of parent dye in that there is an absorption peak a t  340 
mp. This is the basis of measurement of the rate of formation of con- 
jugate from free BSP in vitro (G10). 

The methods which have been used for the measurement of unconju- 
gated BSP are in general applicable to the measurement of conjugated 
BSP. However biological fluids containing BSP conjugates nearly always 
also contain unconjugated BSP so that a separation process has to be 
applied before colorimetry. The various procedures which have been 
used to detect and measure conjugated BSP are listed in Table 9. Detec- 
tion has been mainly by means of paper or thin-layer chromatography 
whereas measurement has involved these procedures and also column 
chromatography on alumina or molecular separation on Sephadex. How- 
ever, one method (P7) is based on the differential solubility of BSP and 
its conjugates. 
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TABLE 9 
METHODS FOR DETECTINQ AND DETERMININQ BSP METABOLITES 

Method References 

Paper chromatography 

Thin-layer chromatography 
Alumina chromatography 

Sephadex chromatography 
Solvent extraction 

Studies in normals using these methods have shown that only traces 
of conjugated BSP appear in plasma after a standard dose (C5, P7, 515) ; 
in urine the percentage of conjugated BSP is relatively high (C6, D1, 
H14). In  bile, obtained by T-tube drainage from patients showing no 
evidence of liver dysfunction, BSP is mainly conjugated (M30). 

9.3. INDOCYANINE GREEN 

Indocyanine green in plasma is measured colorirnetrically a t  800-850 
mp. The absorbance peak of indocyanine green solution in water is a t  780 
mp; the shift in plasma is due to albumin binding. Indocyanine green in 
aqueous solutions is not stable in the absence of protein (L5), and for 
this reason plasma or albumin solution should be added to bile (W9) or 
urine (C16) before measurements are carried out. 

Hemoglobin and bilirubin interfere minimally with the estimation 
(H27). With turbid samples, the procedure devised by Gaebler (Gl )  for 
use with BSP has been used. This involves measurement a t  680 and 800 
mp. In  analyzing intestinal lymph, ethanol has been used to precipitate 
protein and dissolve fat. The dye was then measured a t  780 mp (H28). 

9.4. ROSE BENGAL 

Rose bengal is colored a t  the pH of plasma with an absorption peak 
a t  545 mp (530). However, the absorption spectrum is affected by absorp- 
tion of dye on albumin so that, in diluted plasma, the absorption peak 
is a t  560 mp (S2). 

Hemolysis, which rose bengal tends itself to produce (S9), interferes. 
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Allowance for mild hemolysis can be made by subtracting a fraction 
of the absorbance a t  400 mp, a t  which wavelength rose bengal has negligi- 
ble absorption (S2). 

9.5. PHENOL DIBROMOPHTHALEIN DISULFONATE 

This dye, like BSP, is purple in alkaline solution. Concentrations 
in plasma have been measured by an adaptation of Gaebler’s method 
(GI)  for BSP (H20). 

10. The Future of Dye Tests in Clinical Medicine 

The wealth of reports in the literature describing the use of BSP and 
other dyes is testimony to the value of dye tests in clinical and physiologi- 
cal investigations. Comparative studies in clinical situations have shown 
that dye tests are almost invariably more sensitive to liver damage than 
are other biochemical tests and that there is good correlation between 
the results of dye tests and histological findings in patients who have 
minimal clinical evidence of liver dysfunction. 

There are a number of factors to be considered in using the result of 
a dye test as a measure of parenchymal liver cell function. The rate of 
disappearance of cholephilic dyes from plasma depends on the plasma flow 
to the liver and on the patency of the biliary system as well as  on the 
efficiency of parenchymal cells, and the influence of these factors must 
be considered in interpreting the results of dye tests. 

In  a patient or in an experimental animal, the plasma flow to the 
liver has to be considered in relation to the plasma volume, because only 
a portion of the plasma circulates through the liver in a single cycle. 
Thus, increase in plasma volume without change in hepatic plasma flow 
or in the extraction ratio will on its own slow down the removal of BSP 
from the circulation. This has been suggested (G4) as  a factor operating 
in late pregnancy, which is characterized by increased dye retention, and 
possibly i t  acts also in fainting which reduces BSP uptake (R14). The 
tendency for the efficiency of parenchymal cells (as reflected in the ex- 
traction ratio) to vary inversely with the hepatic plasma flow has been 
described earlier. 

The patency of the biliary tract influences the regurgitation of BSP 
(conjugated and/or free) into the circulation. There is also the effect of 
reabsorption of dye which has reached the gut via a patent biliary tract, 
although this appears to be of smaller magnitude. 

As we have noted throughout this review, BSP has been used far more 
frequently than any of the other cholephilic dyes. However, during the 
last 10 years or so, indocyanine green has been used in liver function 
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studies in a number of investigations, and i t  is pertinent to consider 
whether this dye has any advantages over BSP. 

Early work suggested that  the plasma disappearance curve of indo- 
cyanine green was essentially linear, but more recent studies have shown 
that the slope of the curve becomes progressively less as time elapses. 
There were also early claims that extrahepatic disposal of indocyanine 
green is less than that of BSP. However, studies on hepatectomized dogs 
have shown that indocyanine green disappears from the circulation about 
as rapidly as BSP. Chemically, indocyanine green is much less stable 
than BSP; i t  is also less soluble in aqueous media, which makes large 
doses cumbersome, and i t  is more expensive. However, indocyanine green 
is less irritating when injected into tissues, and severe systemic reactions 
have not been reported. In  clinical medicine the real issue is whether tests 
using indocyanine green give more information about patients than tests 
using BSP, and there are insufficient data to answer this question. For 
no clearly defined reason, more investigators currently use BSP than 
indocyanine green. 

The majority of investigations in patients have involved measurement 
of dye retention only. The retention test, a t  least with BSP, fails to take 
into account the shape of the plasma decay curve. Thus, in some patients 
the plasma dye concentration falls more slowly than normal during the 
initial phase but still reaches a normal level a t  45 minutes. The plasma 
disappearance curve of indocyanine green more closely approximates a 
single-phase exponential curve during the period of the test, and if it 
was considered desirable to collect only one sample i t  would be prefer- 
able to use indocyanine green. The optimal dose of dye to be administered 
in a retention test cannot be defined until further comparative studies 
have been done. It would be sensible meanwhile to use the standard dose 
(5 mg/kg) if only to obtain results comparable with the majority of those 
obtained during the past 20 years. 

As yet the advantages of kinetic parameters, such as the fractional dis- 
appearance rate, over dye retention values in the investigation of in- 
dividual patients has not been clearly demonstrated. Such tests require 
a t  least two blood samples taken during the first phase of the disappear- 
ance curve, and a further two samples if the second phase is to be de- 
fined also, but we would predict that the advantages of such tests will 
become evident as experience with the interpretation of multiple param- 
eters accrues. There is also a problem in defining the second phase of 
the dye disappearance curve in some patients because of the low plasma 
dye concentrations a t  this stage, but this could be overcome by the de- 
velopment of more sensitive analytical methods. 

The measurement of hepatic parameters such as the liver cell dye 
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storage capacity or the maximal biliary transfer capacity have mostly 
been carried out in studies using the infusion of dye a t  two different 
rates. It is unlikely that procedures involving infusion will gain a place 
among tests used daily, but if it proves possible to derive by mathematical 
analysis hepatic parameters from single injections of dye, the use of such 
parameters would be more acceptable. However, the use of such param- 
eters in clinical practice requires demonstration (S23) that they provide 
useful information about individual patients not otherwise obtainable. 

The relative merits of tests using radioactive dyes and tests using un- 
labeled dye have also to be evaluated. In  many fields of clinical investiga- 
tion the use of isotopes has proved to  be advantageous to  both the 
patient and the investigator. The use of radioactive dye, for example, 
with simultaneous external counting over the head and over the liver, 
offers the possibility of differentiating between removal of the dye from 
the blood by liver cells and it5 flow into the intestine via the biliary 
passages. The use of radioactive dye would make i t  possible to follow 
plasma disappearance curves for much longer than with chemical analy- 
sis. Further, injection of minute quantities of radioactive dye in place 
of the normal amounts of unlabeled dye would reduce the toxic hazards 
from dye although severe reactions to dye are very rare. We would ven- 
ture to suggest that technical improvement in the use of isotopes in every- 
day medicine will eventually cause the standard dye test to be replaced 
by tests using radioactive substances. 

The place of dye tests in the investigation of the jaundiced patient is 
another aspect on which further studies are required. Biliary obstruction 
itself causes dye to be retained in plasma so that in a jaundiced patient 
it is not known to what extent a high dye retention value is due to  
biliary obstruction or to hepatocellular impairment. It is possible, how- 
ever, that mathematical analysis of plasma dye disappearance curves may 
allow the two components to be separately assessed. With BSP, measure- 
ment of dye conjugates in plasma offer another means of separating the 
effects of biliary obstruction from those of hepatocellular failure, al- 
though results to date have not been promising in the assessment of in- 
dividual patients. 
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1 . Introduction 

Advances in the knowledge of thyroid physiology and biochemistry 
have been ao rapid and numerous in the past half decade that no single 
chapter could cover the field . The author must therefore apologize for 
obvious gaps in the discussion which follows . The topics to be discussed 

387 
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are arbitrary selections, since an attempt to cover all areas of thyroid 
research would constitute an injustice to each of the areas. 

In  the short span of six years, a new hormone has been identified in 
the thyroid gland, its structure elucidated, and a successful synthesis 
has been performed. The rapid identification and synthesis of the 
calcium-lowering principle (thyrocalcitonin) is only an example of the 
advances being made on several fronts in the thyroid field. Other ad- 
vances, to  name a few, have been the partial purification and character- 
ization of a hypothalamic thyrotropin-releasing factor (TRF) and the 
further purification of thyroid-stimulating hormone (TSH) . Very early 
effects of TSH have been measured. The immunoglobulin nature of the 
long-acting thyroid stimulator (LATS), thought by many to be the 
principle which maintains hyperfunction in Graves’ disease, has been 
established. Rapid advances have been made in establishing the homeo- 
static role which various thyroid binding proteins in the blood play in 
maintaining free thyroxine levels. The development of methods to meas- 
ure free thyroxine in the blood has been an important advance since it 
is likely that free thyroxine is the active moiety of blood thyroxine. 
The following pages will include discussion of various aspects of thyroid 
regulatory processes and a discussion of thyrocalcitonin. 

1.1. OUTLINE OF THE FEEDBACK Loop IN THYROID 
HORMONE REGULATION 

In order to provide a framework for subsequent discussion, a brief 
outline of the currently accepted concept of the control of thyroid func- 
tion is presented a t  this point. The evidence to justify this brief synopsis 
will be presented in the subsequent sections. Figure 1 presents this con- 
cept graphically. 

Thyrotropin-releasing factor (TRF) is produced in the hypothalamus 
and arrives a t  the pituitary via the hypophyseal portal blood system. 
TRF mediates the release of thyrotropin from the anterior hypophysis. 
The thyrotropin release is inhibited by thyroxine, presumably free 
thyroxine, and the inhibition is dose dependent. Thus excessive levels of 
thyroxine depress thyrotropin release, and lower thyroxine levels result 
in increased thyrotropin release from the anterior pituitary. TSH, in 
turn, stimulates thyroid hormone synthesis and secretion by the thyroid 
gland. Thyroxine and triiodothyronine are bound to specific binding pro- 
teins in the blood. The amounts and binding constants of the specific 
thyroid-binding proteins, together with the rate of thyroid hormone re- 
lease from the thyroid, determine the amount of free thyroxine in the 
blood. Free thyroxine levels are determined not only by the rate of 
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FIQ. 1. Schematic outline of factors controlling thyroid hormone levels in blood 
and tissue. 

hormone release from the gland, but also by the rate of removal of free 
thyroxine from the blood compartment by binding proteins and processes 
in tissues. Rapid alterations in the level of the specific thyroxine-binding 
proteins also affect free thyroxine levels. Total thyroid hormone levels 
in the blood are thus a function of the binding capacity of thyroid bind- 
ing proteins in the blood, and total thyroid hormone levels do not 
necessarily reflect the true metabolic state. Compounds or conditions 
which alter the amount or binding affinity of the specific thyroid-binding 
proteins may alter the total thyroid hormone content of the blood with- 
out necessarily changing free thyroxine levels. To complete the loop 
then, free thyroxine controls the rate of release of thyrotropin. The pro- 
portionate influence which each of the above control points has in over- 
all thyroid hormone hemostasis is of course still controversial, but the 
above system serves well as  a point of departure for subsequent dis- 
cussion. 
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1.2. FORMAT 

A brief background will be given and pertinent reviews quoted in each 
of the succeeding sections. Methods of isolation and extraction of var- 
ious hormonal substances, will not be described, but references to such 
procedures will be given. An attempt will be made to confine the dis- 
cussion to human and clinical studies, but, gaps will be filled with animal 
data where necessary. Assays will be discussed in principle and evalu- 
ated as they apply to clinical situations or investigation. Three general 
references are listed (C2, G4, G5). 

2. Thyrotropin-Releasing Factor 

2.1. INTBODUCTION 

Experiments reported by Harris (H6) in 1955 clearly foretold that 
the function of the pituitary gland was regulated by the hypothalamus. 
Harris and other investigators showed that if the ventromedian nuclei 
and the paraventricular nuclei in the hypothalamus were destroyed, 
thyroid function was depressed. Greer (G3) described experiments in 
which rats, maintained on propylthiouracil (a goitrogen) , did not de- 
velop goiters if specific hypothalamic areas were destroyed. These studies 
indicated that the pituitary could not respond normally to decreased 
thyroid hormone levels in the absence of certain hypothalamic stimuli. 
Subsequent studies have shown that substances can be isolated from 
the hypothalamus of man as well as many other species, which release 
TSH from the pituitary both in vitro and in vivo. Although the hypo- 
thalamus is required for normal thyroid gland function, little is known 
of the factors that control the formation and release of TRF. The scar- 
city of TRF has precluded many investigations in man, and most of the 
following discussion refers to animal experiments except where indicated. 
Guillemin has recently reviewed this subject (G7). 

2.2. ISOLATION AND CHARACTEBIZATION 

Guillemin et al. (G9) reported that  they had extracted and purified 
a substance from the hypothalamus of sheep which stimulated thyroid 
function in the rat. Others showed that crude hypothalamic extracts 
would stimulate thyroid function in mice and rabbits, and Schreiber (SS) 
reported that a crude extract of bovine hypothalamus would release 
TSH from rat  pituitaries in vitro. Schally et al. (53) obtained a more 
purified TRF factor from 100,OOO porcine hypothalami. TRF is appar- 
ently a small molecular weight substance and, although originally 
thought to  be a protein (G8, S2), more recent evidence suggests that 
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it may not be a simple polypeptide (G7). The material is inactivated by 
incubation in serum but is not destroyed by proteolytic enzymes (G7, 
S3). TRF has not been found in the peripheral blood of man. It has 
been identified in hypophyseal portal blood of rats after electrical stimu- 
lation of the hypothalamus (Al l ) .  

2.3. ASSAY 
All assays require hypothalamic extracts; these can be crude or puri- 

fied. Tests can be performed either in viva or in vitro. Assays depend 
upon the ability of T R F  to release TSH from the pituitary, and the TSH 
is measured by in vivo or in vitro methods. 

2.3.1. In Vivo Assay (R4) 
Mice are pretreated with l3II to  label the thyroid, 1 pg thyroxine, and 

codeine prior to injection of the material to be tested. The test material 
must be free of TSH, vasopressin, and MSH, which exert effects directly 
on the thyroid (R4). Codeine is given to “sensitize” (R4) the pituitary, 
and the small dose of thyroxine is given to partially suppress endogenous 
TSH secretion and establish basal conditions. Blood I3lI levels obtained 
2 hours after injection are proportional to the amount of T R F  injected 
(R4). Plasma TSH can be measured directly by use of the McKenzie 
assay (Mll ) ,  but this requires another group of animals. Pituitary TSH 
depletion can be measured directly by biossay of TSH in the pituitary of 
treated mice (S3). TSH assays will be discussed in Section 3.4. 

2.3.2. In Vztro Assays (B14, G10, S6, Sll, S15) 
Pituitary glands are incubated in tissue culture medium and TSH 

measured in the medium after introduction of the TRF. The presence of 
calcium in the medium is necessary (V1). TSH is measured either by 
bioassay or more recently by radioimmunoassay (W2). In vitro methods 
require only a few rat pituitary glands, and incubation times are short. 
TSH release into the medium is a linear function of the log dose (G10). 
Crude hypothalamic extracts can be assayed in this way, since con- 
taminating vasopressin does not stimulate TSH release from the pitui- 
tary (R2). This latter point has been recently questioned, however, by 
Krass e t  al. (K5). Vasopressin may stimulate TSH release in vitro. 

2.4. PHYSIOLOGY AND BIOCHEMISTRY OF T R F  
TRF is formed in the hypothalamus and reaches the pituitary via 

the hypophyseal portal system. The mechanisms whereby T R F  secre- 
tion or release is controlled are not known. Electrical stimulation of the 
hypothalamus causes increased amounts of TaF to appear in the hy- 
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pophyseal portal system ( A l l ) .  Although increased aniouiits of TRF are 
found in the hypothalamus of hypothyroid rats (S l l ) ,  TRF levels in 
the hypothalamus are not depressed by thyroid hormone administration. 

Studies using both in vivo and in vitro TRF assay systems indicate 
that thyroxine exerts its regulatory effect on TSH a t  the level of the 
pituitary. In  vitro, low concentrations of thyroxine will partially inhibit 
the effect of TRF (W2), and higher concentrations (in the order of 10 
&mi) will completely inhibit the TRF effect (W2). Such concentra- 
tions are extremely high when i t  is considered that free thyroxine con- 
centration in blood cannot be much higher than 1 X mole. This dis- 
crepancy between in vitro concentrations and in vivo doses is usually 
seen in in vitro studies using thyroxine. As more TRF is added to in vitro 
or in vivo assay systems, more thyroxine is required to block TSH re- 
lease, thus suggesting a competitive effect. In vivo administration of 
thyroid hormone requires lesser amounts of hormone to inhibit TSH 
release (B15, R2, V2). 

Actinomycin D and puromycin (B12, B13, R3) block thyroxine 
inhibition of TSH release after TRF stimulation but do not block the 
release phenomenon. This observation suggesb that the ability of thy- 
roxine to block TRF depends on protein synthesis. There are conflict- 
ing reports about the ability of cycloheximide to block the T4 effect 
(B13, W2). Ouabain had no effect in one study, and oligomycin and 
2,4-DNP had partial effects (W2). Injection of mammalian TRF into 
tadpoles did not elicit a metamorphic response (E7). Since thyroid hor- 
mone causes metamorphosis in the tadpole, this study indicates species 
specificity or a different neurophypophyseal relationship in the tadpole. 

Sakiz and Guillemin (Sl)  reported that TRF increased TSH secre- 
tion and decreased blood cortisol, suggesting inverse relationships be- 
tween ACTH and TSH production. It will be of interest to study this 
inverse relationship between ACTH and TSH production in man, and it 
is now more feasible with the newer radioimmunoassays. 

2.5. TRF IN MAN 

The scarcity of TRF has precluded many studies in man. TRF has 
not been found in blood. Bowers et al. (B16) reported that the adminis- 
tration of 300 pg of purified porcine TRF to man increased TSH in blood 
within 3 minutes. Maximum response was reached a t  30 minutes, and 
the response lasted 2 hours. TSH was measured by bioassay and a radio- 
immunoassay. Cretins were used as  subjects to eliminate nonspecific 
thyroid responses. 

Specific thyroid syndromes involving the hypothalamus in man have 
not been established as yet, but such syndromes will undoubtedly be 
described in the future. 
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3. Thyroid-Stimulating Hormones 

3.1. INTRODUCTION 

In  1922, Smith and Smith (S12) found a substance in bovine pituitary 
glands which activated the thyroid of hypophysectomized tadpoles. For 
many years this finding was the basis for the assay of what has come 
to be called thyroid-stimulating hormone (TSH) . The mechanism by 
which TSH stimulates the thyroid to organify iodine and secrete thy- 
roxine has received much attention in recent years. 

Since the initial discovery of TSH, other thyrotropic substances have 
been described. Some thyrotropin-like substances do not originate in the 
thyroid. One such substance, long-acting thyroid stimulator (LATS) , 
a thyrotropin found in the serum of patients with Graves’ disease, has 
been the object of intense investigation. LATS, first described by Adams 
and Purves (All  A2), apparently does not arise in the pituitary. The 
immune globulin nature of LATS and the ability of anti-immune globulin 
antibody to inhibit its activity have prompted many workers to suggest 
that the hyperthyroidism of Graves’ disease is an autoimmune 
phenomenon. 

The isolation of highly purified human TSH by Condliffe ((36) stimu- 
lated comparative studies of the properties and antigenicity of human 
TSH (h-TSH) and bovine TSH (b-TSH) . The isolation of h-TSH made 
possible the development of sensitive radioimmunoassays. Radioimmuno- 
assays have been useful in studying TSH levels in human blood in 
health and disease. 

The findings that TSH stimulated the conversion of g l ~ c o s e - l - ~ ~ C  to 
14C0, in the thyroid and the incorporation of 32P into thyroidal phospho- 
lipids have become valuable tools in studying the mechanism of action of 
TSH. Even more recently, studies by Pastan (P4) and others indicate 
that the earliest effects of TSH may occur a t  the level of the cell mem- 
brane. The initial effects of TSH occur in the presence of inhibitors of 
protein synthesis, suggesting that such effects are not dependent on new 
protein formation. 

McKenzie (M8) and Condliffe and Robbins (C7) have recently re- 
viewed the subject of TSH. Additional recent and valuable information 
is contained in the Proceedings of the Third International Congress of 
Endocrinology (G4) and the Proceedings of the 5th International 
Thyroid Conference in Rome (1965) (C2). 

3.2. PROPERTIES OF TSH 
Human TSH has been assigned a molecular weight of approximately 

28,000 (C7), which is similar to the molecular weight of bovine TSH (F4). 
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Highly purified material gives a single line of identity by Ouchterlony 
gel diffusion (U2). Unabsorbed h-TSH antibody contains binding sites 
for gonadotropins and luteinizing hormone (02). Purified h-TSH is 
separated into several bands by gel electrophoresis (C7), some of which 
have activity. Human TSH is found just behind albumin when blood is 
filtered on a Sephadex G-200 column (Ul).  Human TSH can also be 
separated from LATS by gel filtration (M5). 

The assays to be discussed in the following sections are based on 
bovine TSH (standards), and most studies of the biochemical effects of 
TSH have involved the use of b-TSH. International standards are avail- 
able for both b-TSH and h-TSH assays, and these may be obtained from 
the British Medical Research Council. The response to a particular TSH 
varies with the type of assay (Bl)  . Therefore, when TSH is assayed, dose 
response curves must be based on a reference standard. Species variation 
is valuable in identifying differences between TSH and other TSH-like 
material. LATS, for example, does not stimulate thyroid function in the 
chick (L3). 

Immunological cross reactivity between TSH’s from different species 
is of some importance since several reports are based on the ability of 
antibodies to the TSH of one species to inhibit the biological or bio- 
chemical effect of TSH from another species. Cross reactivity also has 
pertinence in the development of immunoassays. 

Highly purified h-TSH and b-TSH showed no cross reactivity by gel 
diffusion methods and radioimmunological precipitation techniques (U2) . 
However, in several bioassay procedures limited cross reactivity has 
been shown between anti-b-TSH antibodies (L4, M9, U2) and human 
TSH. A radioimmune assay described by Lemarchand-Beraud (L2) is 
based on the use of anti-b-TSH antibodies developed in rabbits. Recently 
cross reactivity has been reported between h-TSH and antibodies to 
porcine TSH (F9). Radioimmunoassay procedures were used in these 
studies. It would appear that there may be two groups of antigenic sites 
on human TSH, one specific and one shared in common with b-TSH 
and p-TSH. 

3.3. CONTROL OF TSH SYNTHESIS AND SECRETION 
The mechanism by which TRF controls the release of TSH from the 

pituitary is discussed in Section 2.4. It has been known for several years 
that the administration of thyroxine (TJ or triiodothyronine (T3) would 
inhibit the uptake of radioiodine by the thyroids of normal individuals. 
The administered hormone presumably acted by decreasing the secre- 
tion of TSH by the pituitary. This action is the basis of the T, sup- 
pression test described by Werner (Wl) .  T, is given to the patient for 
7 days. In  the normal individual, l S 1 I  uptake by the thyroid will be 
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decreased by 50% or more, as compared to pre-T, uptake. The uptake 
of l3II by the thyroids of patients with Graves’ disease is not inhibited 
by the same amount of T,. This is important evidence that Graves’ 
disease is not caused by excess suppressible TSH secretion. 

Little is known about the synthesis of TSH. Direct measurement 
of serum TSH by radioimmunoassay techniques (R6, Ul)  or in Gtro or 
in vivo bioassays (A3, K3) showed that TSH in blood decreased when 
thyroid hormone was given to hypothyroid persons. Free thyroxine levels 
were more directly related to the changes in TSH concentration (R6). 
The half-life of TSH in blood as measured by the use of I3lI-labeled 
h-TSH is about 30-60 minutes (02, 03). 

3.4. ASSAY 

With each report of a new biochemical effect of TSH on the thyroid 
gland, a new assay for TSH has been developed. Many of the assays 
have withstood the test of time. It is not within the scope of this chapter 
to discuss all the assays which have been developed over the years. 
Rather we will discuss recent progress in this field and describe those 
methods that are particularly useful in clinical situations. Kirkham’s 
review (K3) is helpful on the subject of TSH assays. 

Methods currently in use involve either bioassay procedures or im- 
munological techniques. The bioassay methods can be classified as gravi- 
metric, biochemical, or histiometric, depending on which end point is 
measured. Bioassays are performed either in vivo or in witro. Table 1 
shows the characteristics and sensitivity of some of these assays and 
the amount of TSH found in blood by each method. It is important in 
any assay that the dose response curve of the unknown be similar to the 
response curve of the TSH control. As in most bioassays, there are a 
number of problems that interfere with sensitivity and specificity. Among 
these problems are the amount of material that can be used, nonspecific 
substances in blood that interfere with the parameter being measured, 
species differences, and toxic substances (A4). Biological variability re- 
quires complex mathematical analysis in evaluating data derived from 
some of the in vivo tests. Despite these drawbacks, much of our informa- 
tion on the biological effects of TSH has been gained from data derived 
from these assays. The radioimmunoassays developed in the past few 
years will undoubtedly give more precision to the measurement of TSH 
in body fluids. A brief description of some assays follows. Units will 
be expressed in terms of the b-TSH International Standard. 

3.4.1. Bwassays in Vivo 

3.4.1.1. Increase in Protein-Bound Radiowdine in Plasma. The gen- 
eral method is undoubtedly the most widely used TSH assay a t  this 



TABLE 1 
SOME CHARACTERISTICS OF TSH ASSAY AND TSH LEVELS IN  BLOOD^ 

Lower 
limit of 

sensitivity Normal HYPO Hyper 
Method Reference Animal (mu) (mU/ml) (mU/ml) (mU/ml) Comment 

Bioassay in vivo 
Colloid droplet D2 Guinea pig 0.02 0.25-0.5 50 Low in 4 cases Concentrated sera 
1311 release in mouse M4 Mouse 0.025 0.166 0.12-0.64 Delayed - 
l*lI depletion B3 Chick 0.5 - - - Concentrated serum 

Weight change B2 Bovine 0.008 

T1 

E 
W 
M 

Bioassay in vitro 
- - - - 

P thyroid slice 

thyroid slice 0.068 females 

thyroid slice 

r 
n m 

13'1 depletion K3 Guinea pig 0.007 0.13 Males, 0.01-0.17 <0.01-0.68 - 

i - - - - lalI discharge E l  Guineapig 0.05 

Immunoassay 02  - 0,002 < O .  01-0.05 0.06-2.3 Not detected h-TSH values changed 
to b-TSH on basis 
of 10U/mg h-TSH 

Immunoassay L2 - - 0.38 1.0-8.8 0.26 Assay based on cross 
reaction of h-TSH 
and b-TSH antibody. 
Note higher values 

~~~~ ~~~~~ ~ 

(I Sensitivity and blood levels are expressed as milliunita compared to bovine TSH standard. 
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time. As first described by Adams and Purves (A2), 1311 was given to 
guinea pigs to label the thyroid gland. The pituitary was then blocked 
by injecting the animal with thyroxine, and 1 day later TSH or serum 
was injected into the ear vein. The rise in serum protein-bound lSII was 
measured after discharge of lSII from the thyroid. The method was used 
in the discovery of LATS (see below). 

McKenzie (M4) modified the method for use in mice, which were 
easier to maintain and handle. In  the current version (M11) of the Mc- 
Kenzie assay, mice are fed a low-iodine Remington diet for 10 days. The 
mice are then injected with 15 pCi of lZ5I and 10 pg of sodium thyroxine. 
Four days later solutions of the sample to  be tested are given by intra- 
venous injection. Volumes of 0.5 ml can be given. At 2 and 9 hours 
after sample injection, retroorbital blood specimens are taken with a 
capillary pipette and radioactivity is counted in a well-type scintillation 
counter. The TSH response occurs in 2 hours, and the LATS effect is 
measured a t  9 hours. Low levels of activity give poor discrimination in 
this assay and data are subjected to covariance analysis after logarithmic 
transformation of the raw radioactive counts (M11). The McKenzie 
method is widely used and, although subject to variability from labora- 
tory to  laboratory, results obtained in each laboratory are usually in- 
ternally consistent (Bl) .  The advantage of the McKenzie method is 
its simplicity, and of course its ability to detect LATS. Adams et al. 
(A4) have described some of the nonspecific responses in the use of 
this assay for TSH and LATS. They emphasize the necessity for selec- 
tion of proper control solutions. 

Depletion of Iodine in Chick Thyroid. The Bates (B3) assay 
is useful in that it can discriminate between LATS and TSH. Radio- 
iodine is given to label the thyroid gland, and the pituitary is blocked 
with thyroxine. Twenty- four hours later propylthiouracil is administered 
to prevent uptake of 1311 recirculating after thyroxine degradation. TSH 
or test material is given in graded doses, and the depletion of 1311 is 
measured by external counting as compared to control uptakes. Serum 
must be concentrated in this method to assay normal levels of TSH. It 
is important to use chicks whose thyroids take up more than 15% of the 
I3lI dose (B3). 

3.4.1.2. 

3.4.2. Bwassays in Vitro 

3.4.2.1. Gravimetric Assay. I n  vitro methods are more sensitive than 
in vivo methods, but the dose response curves are not as steep, and thus 
they are less precise. Baake et  al. (B2) measured the weight of beef 
thyroid slices incubated for 24 hours in Krebs-Ringer phosphate buffer. 
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The method is based on the fact that TSH prevents the weight loss 
which normally occurs if TSH is left out of the medium. 

3.4.2.2. Biochemical Assays. I n  vitro biochemical methods are based 
on the fact that TSH will release 1311 from thyroids previously labeled 
with I3lI by incubation of guinea pig thyroid slices with the labeled iodine 
(B11). El  Kabir (El) improved the method by treating the guinea pigs 
with a goitrogen prior to removal of the thyroids. 

Kirkham (K2) described a very sensitive bioassay. Guinea pigs are 
maintained on a goitrogenic regime for 100 days; the thyroids are then 
removed, diced, and incubated in a culture medium with 1311. TSH is 
added and another incubation is performed. After the second incuba- 
tion an aliquot of the medium is removed and counted for radioactivity. 
The aliquot is replaced by KSCN and incubation continues for 4 hours, 
after which a second aliquot is counted. TSH increases the organification 
of iodine in this system, and thus the amount of nonorganic iodine dis- 
charged by KSCN into the medium is inversely proportional to the 
amount of TSH in the medium. 

3.4.2.3. Histimetric Assay. TSH rapidly causes the formation of 
colloid droplets within the thyroid follicle, and this is the basis of one 
of the earlier TSH assays (D2). The method is not as precise as  others 
listed, but is useful to confirm the presence of TSH. 

3.4.3. Radioimmunoassay 

The fundamental studies of Berson and Yalow (B8) have permitted 
the establishment of methods which measure minute amounts of several 
hormones. TSH is no exception. When highly purified preparations of 
h-TSH became available for use as antigens, methods were rapidly de- 
veloped for the radioimmunoassay of TSH in human sera and other 
fluids. 

Radioimmunomethods depend on the ability of unlabeled antigen to 
displace antigen labeled with 1311 from specific antibody. Reaction mix- 
tures are set up containing constant amounts of specific anti-TSH 
antibody and various concentrations of TSH of known potency or sam- 
ples containing unknown amounts of TSH. A tracer amount of purified 
1311 labeled h-TSH is added and the degree of dispIacement of labeled 
TSH from the specific antibody is quantitated by counting radioactivity 
after separation of free and bound label. The amount of radioactivity 
displaced from antibody by unlabeled TSH is proportional to the con- 
centration of TSH in the sample or standard. Methods vary in the way 
unbound or free labeled TSH is separated from IabeIed TSH bound to 
antibody. Radioimmunoelectrophoretic techniques separate the bound and 
unbound label by chromatoelectrophoresis (Ul )  , Unbound label remains 
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a t  the origin and bound label migrates with antibody. Ode11 et al. (02) 
precipitate antibody-bound TSH with antirabbit y-globulin antibody. 
Bound label can also be precipitated with ethanol-saline (01). All 
methods give approximately equal results and are sensitive down to 
about 2 x 10-6 units (02) (bovine) based on chick assay of the starting 
purified human TSH. Radioimmunoassays are undoubtedly a great ad- 
vance in the measurement of TSH. An assay based on the use of anti- 
bodies to the TSH of some other species would be most helpful, but 
a t  this time there is still considerable confusion about the degree of 
cross reactivity which may exist between TSH preparations obtained 
from various species. After proper adsorption, antibodies to relatively 
crude preparations of human TSH can be used, but greater quantities 
of purified h-TSH must be available for labeling before these methods 
can be introduced into general use. Unfortunately, purified h-TSH is not 
completely stable and loses activity on storage (C7). 

3.5. MECHANISM OF ACTION OF TSH 
The fact that TSH stimulates the trapping and organification of iodine 

was well known for many years, but the mechanisms by which this oc- 
curs have been difficult to elucidate. Several recent findings promise to 
increase our knowledge. 

Field et al. (Fl) made the important observation that the addition 
of TSH to incubating dog thyroid slices caused an increase in the rate 
of oxidation of glu~ose-l-~"C to 14C02. Dumont (D8) stimulated this 
pathway with iodotyrosines. Recent studies suggest that this stimulation 
of the hexose monophosphate shunt is mediated through increased levels 
of cyclic 3',5'-AMP. Sutherland (S25) has postulated that many if not 
all of the hormones exert their effects by altering cyclic 3',5'-AMP levels 
within the cell. The cyclic AMP effect may occur a t  the level of the cell 
membrane. It is not the purpose of this chapter to discuss the possible 
role of cyclic AMP in hormone action, and for more details the reader 
is referred to reviews by Sutherland (52.5). Suffice i t  to say that one of 
the earliest effects seen with TSH is a stimulation of the cyclic AMP 
system. 

In  1962 Klainer et al. (K4) reported that TSH increased the amount of 
cyclic AMP in incubated sheep thyroid particulate fractions by 25- 
35%. Gilman and Rall (Gl) reported that TSH increased the level of 
cyclic AMP in incubated bovine thyroid slices. Cyclic AMP itself is 
not a good stimulator of COz production from glucose in some thyroid 
preparations. This may be due to inactivation of cyclic AMP by phos- 
phodiesterase (P6). However, an analog of cyclic AMP, dibutyryl cyclic 
AMP, will enhance the conversion glucose-l-14C to l4COz (Pl )  . The dibu- 
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tyryl analog resists hydrolysis by phosphodiesterase (P6). Pastan (P2) re- 
ported that TSH activated adenyl cyclase in thyroid homogenates within 
30 seconds. Adenyl cyclase converts ATP to cyclic AMP. There is some 
question (B19) as to  whether the dibutyryl analog will augment the 
effect of suboptimal concentrations of TSH. Augmentation should occur 
if the same pathway is involved. Ensor and Munro (E5) have reported 
that cyclic AMP itself will mimic the effect of TSH on iodine release 
from a cultured mouse thyroid preparation. 

Another important finding which bears on the mechanism of action of 
TSH was that of Bore11 (BlO), who observed that TSH increased the 
turnover of phosphorus by the thyroid. This observation was pursued, 
and i t  was found that 32P incorporation into phospholipids was increased 
by TSH (F8, S9). Dibutyryl cyclic AMP also stimulates the incorpora- 
tion of 32P into phospholipid (Pl). Since phospholipids are in part a 
constituent of cell membranes, the findings suggested that TSH might act 
on thyroid cell membranes. Pastan (P4) showed that TSH was quickly 
bound to thyroid cell membranes. Antibody to TSH inhibited the subse- 
quent effects of TSH on glucose oxidation if given early, but if added 
later did not abolish the chain of events which had been initiated. TSH 
could not be removed from the membranes by repeated washing. The 
results suggested that the site of action of TSH was a t  or near the cell 
membrane. Phospholipase C (Ml) also inhibited the increased glucose 
oxidation caused by TSH, again suggesting that an intact membrane is 
a requirement for TSH action. It was thought that phospholipid C was 
too large to enter the cells and therefore must have acted on the mem- 
brane. Whether or not the effects of TSH on phospholipid metabolism 
and on glucose oxidation are linked is open to question, since some 
evidence suggests that the two effects may be dissociated (A8, B18). 

Epinephrine stimulated glucose oxidation while inhibiting 32P uptake 
into phospholipids in incubating dog thyroid slices (A8). Recently Pastan 
(P3) reported that fluoride, which stimulates the formation of cyclic 
AMP, increased the rate of glucose oxidation and phospholipid turnover 
in thyroid slices. However, i t  did not increase colloid droplet formation 
in the follicles. Colloid droplet formation is a characteristic action of 
TSH (D2). Although TSH may indeed stimulate the hexose monophos- 
phate shunt, its specificity must involve other pathways as well. 

TSH also increased pyrimidine nucleotide synthesis in the bovine 
thyroid (H2, L6). Hall and Tubman postulated that increases in nucleo- 
tide synthesis may be mediated by increased ribose generated from the 
hexose monophosphate shunt. Incorporation of labeled formate and 
adenine into nuclear, cytoplasmic, or whole RNA was not inhibited by 
puromycin a t  a time when protein synthesis was inhibited as measured 
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by leucine-I4C incorporation into protein (H3, L7). Thus protein syn- 
thesis was not necessary for TSH to stimulate RNA synthesis. RNA 
synthesis also occurs in the presence of actinomycin D and cyclohexemide. 
McKenzie e t  al. (M12) have shown that these agents do not inhibit 1311 
release from the mouse thyroid in vivo unless given 6-8 hours before 
TSH. Protein synthesis was decreased by 2 hours, indicating that the 
release of I3lI was not dependent on new protein formation. 

Whether or not the primary TSH effect is a t  the cell membrane is still 
a question which requires further study. However, if the fundamental 
effect of TSH is related to its earliest known actions, then we are much 
closer to finding the main site of action. 

3.6. TSH IN THYROID DISEASE 
If the feedback hypothesis of thyroid hormone regulation is correct, 

TSH levels in the blood of hypothyroid people should be increased. 
Several reports (Table 1) confirm this, including reports based on studies 
using radioimmunoassay techniques. TSH levels decline when patients 
are treated by thyroid hormone replacement (02).  This does not apply 
when the hypothyroidism is secondary to  pituitary dysfunction. 

The feedback hypothesis would suggest that TSH levels would be 
decreased or absent in hyperthyroidism unless hyperthyroidism is caused 
by excess TSH secretion. Reports conflict as to whether or not TSH blood 
levels are increased in Graves’ disease. Much of the conflict arises from 
the fact that the earlier reports may not have taken LATS into account. 
Most recent studies suggest that TSH levels are not elevated in hyper- 
thyroidism (Table 1 ) .  Since no assay to date is sensitive enough to estab- 
lish a lower limit of normal for TSH in blood, i t  has not been possible 
to determine whether TSH was absent in the blood of patients with 
hyperthyroidism. The finding that TSH levels are a t  least normal in 
hyperthyroidism is important evidence that TSH itself is not the cause 
of thyroid overactivity. 

TSH-like activity has been found in the blood or tissues in some 
patients with choriocarcinomas (02, 04 ) ,  and hyperthyroidism has been 
reported in this disease. The TSH-like activity found in choriocarcinomas 
does not cross react immunologically with purified h-TSH (02). 

3.7. LONG-ACTING THYROID STIMULATOR (LATS) 
The finding by Adams and Purves (Al, A2) that there was a substance 

in the blood of some hyperthyroid patients which gave a delayed maxi- 
mal response in the guinea pig TSH assay was important, since it sug- 
gested that an abnormal thyroid stimulator was present. The finding was 
confirmed by McKenzie (M4) and by others. Subsequent investigation 
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has shown that LATS cannot be found in the pituitary gland (D3, M7), 
and that it probably is not TSH, but rather an IgG globulin. These 
latter reports have prompted the speculation that Graves’ disease may be 
some form of autoimmune phenomenon. 

3.7.1. Characteristics of LATS 

As defined by McKende ( M l l ) ,  LATS is a substance found in blood 
which causes a maximal 1311 response a t  9 hours instead of a t  2 hours 
when serum is injected into appropriately prepared mice. At present 
LATS can be measured only by this delayed response. TSH causes a 
peak response a t  2 hours. 

It has not been possible to demonstrate LATS in human pituitaries 
(D3, M7). LATS persisted in a few patients with Graves’ disease after 
hypophysectomy (B4). Some patients remain hyperthyroid after hypoph- 
ysectomy. This is indirect evidence of a nonpituitary source of LATS. 
Persistent thyroid function following hypophysectomy is also evidence 
that Graves’ disease is not caused by excess TSH. 

Much evidence indicates that LATS is a 7 S y-globulin. Kriss et al. 
(K6) were able to isolate LATS activity from the 7 S y-globulin fraction 
and to inhibit this activity with IgG antibody. Meek et al. (M13) showed 
that the H chain of the 7 S globulin contained the long-acting activity, 
and that papain treatment of the LATS-containing chain rendered the 
LATS short acting. Dorrington et al. (D4) also confirmed the 7 S char- 
acter of LATS and showed that the short-acting fragment derived from 
proteolysis was not inhibited by anti-TSH antibody. The fragment was 
inhibited by anti-IgG antibody. Lymphocytes (M7) taken from appro- 
priate LATS donors can be stimulated to produce LATS by phytohemag- 
glutinin. 

The immunoglobulin nature of LATS would suggest that i t  might 
have a higher molecular weight than h-TSH, and therefore might have 
a longer half-life in blood. This is in fact the case. In  neonatal Graves’ 
disease, a self-limiting disease which apparently is transmitted by LATS 
from mother to fetus, LATS is found in the newborn’s blood for up to 
2 months (M6). Two months is the usual duration of the disease. Sun- 
shine et al. (S23) showed that the half-life of long-acting thyroid stimu- 
lator in neonatal Grave’s disease is about 6 days, compared to  a half- 
life for h-TSH of about 60 minutes (03). 

The origin of LATS is obscure. As stated above, i t  has not been 
possible to  detect LATS-like material in the pituitary. Studies have 
been done which showed that LATS is inactivated by thyroid fractions 
(D5, E2, K6). Other studies have shown that rabbits immunized with 
thyroid fractions develop LATS-like activity in the blood and increased 
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PBI’s (M7, S14). The rabbits develop a thyroiditis, which might explain 
some of the increased PBI, but does not explain the presence of LATS- 
like material. Recently it was reported that an abnormal TSH was 
found in the pituitary glands of patients who had died with active 
Graves’ disease (K7). The TSH found in these patients gave a typical 
early response by bioassay, but the response was not inhibited by anti-h- 
TSH or anti-b-TSH antibodies. The report must be confirmed and the 
finding pursued, for it indicates that an abnormal TSH occurs in the 
pituitaries of patients with Graves’ disease, which in the blood might be 
bound to IgG globulin. The dose response curve for the abnormal TSH 
in mouse assay was similar to the curve produced by normal TSH. How- 
ever, P-MSH or vasopressin effects were not excluded in the study. 
Neither were anti-IgG antibodies tested against the thyroid stimulator. 

Mechanism of Action. TSH and LATS cause similar effects on glucose 
oxidation, 32P uptake (F2) , and iodine release (E6). The time cowse is 
delayed, presumably due to the molecular size of the LATS. Antihuman 
TSH antibody did not inhibit the effect of LATS on 32P uptake into 
phospholipids or on glucose oxidation. As stated above (M13) proteolytic 
digestion of LATS makes i t  a short-acting thyroid stimulator. 

3.7.2. LATS in Disease 

LATS has not been found in patients with hyperthyroidism caused 
by autonomous toxic nodules (M&) . Not all patients with Graves’ disease 
have LATS in their blood (D3, M8), but the failure to  find i t  may be 
the fault of the bioassay used to detect LATS. Serum rich in LATS gives 
a long-lasting LATS-like response when given to individuals with no 
long-acting substance in the blood (A10). Although it was originally 
thought that LATS was associated with the ophthalmopathy of Graves’ 
disease, i t  is now felt that there is no causal relationship (M10). Whereas 
thyroid tissue will inactivate LATS, retroorbital tissue does not have 
this property ( S 5 ) .  

The relationship of LATS to other autoimmune disease, including 
Hashimoto’s thyroiditis, is also unclear. LATS (W5) has been demon- 
strated in the blood of a few patients with Hashimoto’s thyroiditis and 
ophthalmopathy. Some of the patients did not respond normally to the 
T, suppression test. These findings are suggestive of, but do not prove, 
relationship between autoimmune thyroiditis and Graves’ disease. 

Whether or not Graves’ disease is autoimmune in nature remains for 
the future to tell. If such is the case, however, the finding will have im- 
plications in other diseases characterized by endocrine gland overactivity. 

The blood and pituitary gland of some patients with Graves’ disease 
contains a substance called exophthalmic producing substance (EPS) 
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which causes proptosis in the fundulus. There have been conflicting re- 
ports as to  whether or not this factor can be separated from LATS 
and/or TSH. Dobyns et al. has recently discussed these findings (D2a). 

4. Thyroid-Binding Proteins 

4.1. INTRODUCTION 
The form in which thyroid hormone circulated in the blood was not 

well understood until the discovery of a specific thyroid-binding globulin 
was reported by Gordon e t  al. (G2) and two other groups (LI, R8). In  
1958, Ingbar (12) reported that a protein which migrated ahead of 
albumin on electrophoresis also bound thyroxine. There was considerable 
controversy about the significance of the prealbumin as a physiological 
thyroid-binding protein until it was realized that the binding of the 
hormone was inhibited by the then commonly used barbital buffer. 

On the basis of theoretical considerations, Robbins and Rall (R9) 
postulated that a small free thyroxine fraction would be the governing 
influence on thyroid hormone turnover and metabolic action. Earlier 
Recant and Riggs (Rl) had suggested that free thyroxine might be im- 
portant; they based this on their studies of the discrepancy between the 
thyroid status and the PBI in patients with nephrosis. Sterling and 
Hegedus (SlS) first reported the actual measurement of free thyroxine 
in human serum, and several improved methods have since been re- 
ported. The availability of methods to  measure free thyroxine levels 
made i t  possible to  test the role that thyroxine binding and free thyroxine 
play in regulating the thyroxine availability to the tissues. The later 
studies have shown that tissue binding sites, especially in the liver, must 
play an additional important role in the turnover of thyroid hormones 
and presumably in their metabolic effects. Oppenheimer (05) ,  Robbins 
and Rall (RIO), and Ingbar (14) have recently reviewed the thyroid- 
binding globulins. 

4.2. CHARACTERISTICS OF THYROID-BINDING PROTEINS 
Two specific proteins are responsible for binding most of the thyroid 

hormones in blood. Thyroid-binding globulin, the first reported, migrates 
in the interalpha area on electrophoresis. Seal and Doe ( N O )  reported 
the isolation and purification of TBG in 1964. It is an acidic glycoprotcin 
with a molecular weight of between 50,000 and 60,000. These workers 
reported an amino acid composition for their preparation. Preliminary 
studies in a more recent report assigned a molecular weight of 80,OOO 
to TBG (S16). The binding of thyroxine to  TBG is specific, and some 
related analogs of thyroxine are bound much less strongly (16). Of 
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TABLE 2 
SOMB VALUES FOR BINDING PROTEINS AND FREE THYROXINE IN NORMAL SERUM 

TBG TBPA Albumin Reference 

Percent total thyroxine 57.4 f 6 . 7  32.0 f 5 .4  10.6 * 1 . 3  011 
each protein - 15.0 - w 3  

Binding capacity 20 k 3 - 
(pg/thyroxine 100 ml 24.5 f 2 . 6  256 f 38 - 011 

Protein concentration - 27.7 - 010 
(mg/100 

- R9 

serum) 

Free thyroxine 

Nanograms per Percent total 
100 d thyroxine 

4.21 f 0.76 0.046 & 0.005 S17 
2.34 k 0.29 0.0277 f 0.0029 011 
4.03 f 1.08 0.050 3 ~ 0 . 0 0 9  I6 

particular importance is the fact that triiodothyronine (Ta), the other 
naturally occurring hormone secreted by the thyroid, is bound much 
less strongly by TBG (I6), and not at all by TBPA (13). TBG concen- 
tration in blood is probably about 1.5 mg/100 ml (05). 

Thyroid-binding prealbumin (TBPA) has been easier to isolate and 
purify because it can be separated from other proteins by electrophoretic 
methods and because i t  is present in greater quantities (Table 2).  Puri- 
fied TBPA is immunologically pure as well as homogeneous on ultra- 
centrifugation and electrophoresis (013). The molecular weight is about 
73,000 (03, S10). TBPA has been crystallized (P8). The binding prop- 
erties of TBPA for thyroxine are specific, but different from those of 
TBG. TBPA does not bind T a  (13) but binds the propionic and acetic 
acid analogs of thyroxine much more strongly than i t  does thyroxine 
(R11). TBPA also binds vitamin A (A9). 

Albumin also binds thyroxine (RlO), but its binding affinity is con- 
siderably less than is that of TBG, and therefore albumin plays less of 
a role in thyroxine transport. 

4.3. MEASUREMENT OF THYROXINE-BINDING PROTEINS 
Serum TBPA can be measured directly since i t  is present in sufficient 

amounts and can be separated from other proteins by electrophoretic 
methods (010). It is not practical to measure serum TBG directly be- 
cause of the small quantities involved and because separation from 
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albumin is difficult. A pure preparation of TBG would make the develop- 
ment of a radioimmune assay possible. 

An indirect measure of the concentration of a specific binding protein 
can be obtained by adding increasing amounts of thyroxine to serum 
which has been partitioned by electrophoretic means. Saturation, or the 
maximal binding capacity is a function of the number and capacity of 
binding sites available [l/mole (013) in the case of TBPA]. The con- 
centration of binding sites is proportional to the amount of thyroxine 
necessary to  saturate the protein. Such methods have been described 
( 0 1 0 ) .  Reverse-flow techniques can be used to eliminate trailing albumin 
from the TBG (E3). 

The distribution of thyroxine among the various binding proteins is 
also of importance, and the percentage of total thyroxine attached to 
each species of binding protein can be obtained by paper electrophoresis 
of serum to which 1311 thyroxine has been added (011 ,  S19). Both the 
maximal binding capacity and the distribution of thyroxine among the 
binding proteins are a function of the composition and the pH of the 
buffers used (13). A useful buffer is glycine-acetate, pH 8.6. 

Because of the artificial nature of the buffer and pH used in the 
determination, the distribution of thyroxine in vivo may not be accu- 
rately reflected by the electrophoretic data. In  particular, the physio- 
logical role of TBPA (C4) in binding thyroxine in vivo has been ques- 
tioned, but changes in the concentration of TBPA have been associated 
with alterations in free thyroxine ( O l l ) ,  thus suggesting that TBPA 
does bind some thyroxine in vivo. Some normal values for thyroxine- 
binding proteins are shown in Table 2. Woeber et at. (W3) have recently 
questioned the values listed in Table 2 for TBPA thyroxine binding. 
They used specific antibody for TBPA and reported that approximately 
15% of labeled thyroxine was precipitable by antibody. This value is 
about one-half the previously reported values of approximately 30%. 

An indirect assessment of the number of free binding sites can be 
made by adding a competing adsorbing substance to the serum in ques- 
tion. The distribution of tracer amounts of I3lI-labeled thyroxine or tri- 
iodothyronine between serum TBG and the adsorbant can then be meas- 
ured. This is the basis of the so-called T, resin uptake or red cell uptake 
tests. The most widely used methods employ triiodothyronine, since it 
is more weakly bound to TBG and is not bound a t  all to TBPA. A resin 
is used (M17, S20) as the competing binding agent in many tests. 
Historically, red cells (H4) were first used as the competing binding 
agent. Both of these tests are dependent on pH and temperature, both 
in the test system and in the individual from whom the serum was taken 
Resin tests are probably to be preferred because red cell ability to adsorb 
Ts is dependent upon COz concentration (H5) , the presence of immature 
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erythrocytes (SS), and other variables. The number of free binding sites 
is inversely proportional to the amount of T, bound to the adsorbant. 

4.4. FREE THYROXINE 
Until recently i t  was not always possible to measure unbound thyrox- 

ine in serum directly because of the minute quantities involved. There- 
fore a free thyroxine index calculation was often made, since this 
value is proportional to the free thyroxine concentration. This index 
can be arrived a t  by multiplying a measure of thyroxine in the blood 
(usually the PBI) by a value derived from the measurement of thyrox- 
ine-unoccupied binding sites of thyroxine-binding proteins. This was 
possible since the uptake of thyroxine or triiodothyronine by red cells 
or resin is inversely proportional to the number of unoccupied binding 
sites. As thyroxine-binding sites become increasingly saturated, the free 
thyroxine levels increase. An example of this method of arriving a t  a 
free thyroxine index is the work of Clark and Horn ((3). Calculation 
of the free thyroxine index is valuable since the PBI determination and 
the resin uptake of T, are determinations that are routinely made in 
many clinical laboratories. 

The direct measurement of free thyroxine was first reported by Sterling 
and Hegedus in 1962 (S18). Several methods are now available. The 
general method involves the addition of tracer amounts of lSII-labeled 
thyroxine to serum and then the use of equilibrium dialysis or ultrafiltra- 
tion to separate unbound thyroxine. The methods vary primarily in their 
approach to the problem of separating 1311-labeled contaminants from 
labeled thyroxine. Magnesium precipitation of the dialyzed thyroxine 
fraction has been one approach (517). Other approaches include the use 
of Sephadex as the precipitating agent, or the use of indifferent serum 
in the dialysis fraction as a binding agent with subsequent dialysis 
against Amberlite IRA-400 to remove the contaminating iodine (L5). 
In  a fourth method, serum is diluted, thus increasing the dialyzable frac- 
tion of thyroxine which can be precipitated with TCA (06). All these 
methods appear to be internally consistent although they may not be 
comparable to each other. The results depend on temperature, and the 
temperature of the reaction may not be comparable to the in vivo situa- 
tion. Free thyroxine concentration is obtained by multiplication of some 
measure of serum thyroxine (usually PBI) by the dialyzable fraction. 

4.5. THE ROLE OF THYROXINE-BINDING PROTEINS IN 
THYROXINE TRANSPORT AND TURNOVER 

TBG and TBPA can be considered as a buffer system which main- 
tains a steady-state equilibrium in the concentration of free thyroxine. 
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In  the absence of all binding proteins, large variations might be expected 
in the concentration of thyroid hormone available to tissue when changes 
in thyroid hormone output occurred. Robbins and Rall (R9) postulated 
that the absolute turnover of thyroxine would be proportional to the 
free thyroxine concentration. According to this hypothesis, a decrease 
in thyroxine-binding proteins would cause a decrease in the total extra- 
thyroidal pool of iodine, an increased free thyroxine fraction, and an 
increase in fractional turnover rate of thyroxine a5 related to total body 
pool. Absolute thyroxine turnover, and absolute free thyroxine concen- 
tration would be normal. The converse would be true if thyroxine-bind- 
ing capacity were increased. The total extrathyroidal pool of iodine 
would be increased, the dialyzable fraction of thyroxine would be de- 
creased, and the fractional thyroxine turnover rate would decrease. 
The absolute thyroxine turnover rate and free thyroxine would remain 
constant. Adjustment of TSH secretion would not be necessary to main- 
tain free thyroxine concentration since changes in binding capacity would 
also regulate free thyroxine levels. The delivery of thyroxine to the 
tissues and its metabolism and effects would be more directly reIated to 
the free thyroxine concentration than i t  would be to total serum thyrox- 
ine content. The PBI (or total serum thyroxine if measured directly) 
would not necessarily reflect the metabolic state of the patients in the 
presence of increased or decreased amounts of binding proteins. Since 
binding proteins are normally unsaturated, a modest increase in thyrox- 
ine would not alter free thyroxine concentrations significantly. 

TBG is the main binding protein in that two-thirds or more of blood 
thyroxine is bound to this protein because of its higher binding affinity. 
The amount of TBG is limited, however (1.5 mg/100 ml) ( 0 5 ) ,  and an 
additional fraction of thyroxine is bound to TBPA. TBPA binds thyrox- 
ine less firmly than does TBG, and, in addition, TBPA has a short half- 
life in the serum (012, 513). Rapid alterations can occur in the bind- 
ing capacity of TBPA, thus causing relatively rapid changes in free 
thyroxine Concentration. The rapid fluctuations might be considered as 
a fine-tuning mechanism which can alter the levels of free thyroxine 
temporarily. As the free thyroxine concentration increases, thyroxine 
turnover increases and a new steady state ensues with normal free 
thyroxine levels. 

In  general, the above hypothesis is supported by experimental studies, 
but recent studies indicate that tissue-binding factors also modify thy- 
roxine turnover and free thyroxine levels. Therefore the regulatory func- 
tion theory of serum thyroxine binding has to be broadened to include 
tissue binding or degradation factors. 

The liver in particular concentrates thyroxine (C3, 08), and as milch 
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as 30% of total body thyroxine may be concentrated in that organ. 
Changes in the ability of liver to bind thyroxine may result in an altered 
free thyroxine level in the absence of TBG binding capacity changes. 
The other natural hormone, T,, may also alter the rate of thyroxine 
turnover. T,, which is metabolically 4-5 times as potent as T,, is bound 
poorly, if a t  all, to TBG in Wivo ( Z l ) .  T,, however, has been reported to 
increase the turnover rate of thyroxine in man and the ratio of turnover 
to free thyroxine increased, indicating that T, stimulated the binding of 
thyroxine by extravascular sites (57). Phenobarbital increased thyroxine 
levels in the liver and increased thyroxine turnover and thyroidal func- 
tion in the rat in the absence of binding changes (09). Such reports 
point out the role of tissue binding in regulating thyroid hormone dis- 
tribution. 

4.6. CAUSES OF ABNORMALITIE~ IN THYROXINE-BINDING CAPACITY 

4.6.1. Genetic 

Inherited decreases in TBG have been reported (R5, Tl). The serum 
of these patients was characterized by a low protein-bound iodine in 
the absence of demonstrable hypothyroidism. Tracer studies revealed de- 
creased extrathyroidal thyroxine pools and normal absolute thyroxine 
turnover (C3, T2). The condition is probably transmitted as a dominant 
X chromosome-linked trait (N3, R5). No abnormalities in TBPA have 
been reported in these conditions. 

Several subjects have also been studied whose serum had an elevated 
thyroxine-binding capacity (B5, F3, 15, 52). Although high PBI levels 
were present, patients were euthyroid. Free thyroxine concentration was 
normal in these patients (I5), pool sizes were increased, and absolute 
thyroxine turnover was normal. 

4.6.2. Estrogens 

Estrogens increase the binding capacity of TBG (D6, E4), and this 
is the reason for the increased PBI’s found during the administration of 
these hormones. Pregnancy is also associated with increased PBI’s. Abso- 
lute thyroxine turnover is normal in these circumstances (D7, S17), and 
free thyroxine is normal or slightly decreased. Testosterone has, opposite 
effects (E4). 

4.6.3. Drugs 

Diphenylhydantoin, salicylates (07, W4) , among other drugs, displace 
thyroxine from binding proteins in vitro and lower the PBI in vivo. This 
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mechanism has been invoked to explain the low PBI found in patients 
receiving this drug. However, effects on extravascular binding of thyrox- 
ine or its degradation have not been excluded. 

4.6.4. Thyroid Disease 

In hyperthyroidism with the attendant large increase in thyroxine 
output, the PBI increases. There is an associated increase in free thyrox- 
ine concentration (16, 011, 517) and an increase in the thyroxine turn- 
over rate. Total thyroxine binding capacity is reduced as a result of a 
combination of factors (I1,16, 011, R9). The number of available bind- 
ing sites is decreased by additional thyroxine, TBPA is decreased, and 
in some patients the binding capacity of TBG is decreased. The converse 
is true in hypothyroidism (16, 011, R9). 

Persistent decreases in the binding of thyroxine to TBPA (B17) in 
patients with treated hyperthyroidism suggest extravascular factors in 
regulating net binding of thyroxine in blood. 

4.6.5. Nonthyroidal Disease 

A number of nonthyroidal illnesses may be associated with diminished 
protein binding (16, 011, SlS). An increased free thyroxine fraction is 
often seen, and the absolute concentration of TBPA may be decreased. 
TBPA-binding capacity is decreased. Weight loss, fever, and general 
debilitation are characteristic of these diseases, and decreases in TBPA 
(011) have been attributed to decreased synthesis and the unusually 
rapid (2-3 days) turnover of this protein (012,513). In  chronic diseases, 
thyroxine turnover is generally increased, thus maintaining a normal 
free thyroxine level. In some patients, however, the free thyroxine con- 
centration as well as the dialyzable fraction remain elevated. Elevated 
free thyroxine levels are found most often after surgical stress (S24), 
pyrogen administration (012)) and the like. Increased free thyroxine 
levels have also been found a t  the onset of acute cardiac arrhythmias 
(S4). Fever itself will elevate free thyroxine values (B7). The persistent 
free thyroxine values implicate extravascular factors in the regulation of 
free thyroid hormone levels. 

Hollander e t  al. (H9) have recently reported that free fatty acids in- 
crease free thyroxine levels both in vitro and after infusion of fatty acids 
in man. Whether or not the increased free thyroxine levels caused by 
fatty acids have physiological importance is not clear a t  this time. The 
study does show that thyroxine binding may be regulated by other 
substances in the blood compartment. 

Although it seems clear that free thyroxine concentration does vary 
with metaboh changes, i t  is by no means certain that altered free 
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thyroxine levels are a necessary homeostatic adjustment to physiological 
and biochemical changes. It is certain that the gross basal metabolic 
rate measurement must be replaced by a more precise and sensitive 
method of measuring peripheral thyroxine effects. Neither is i t  clear 
just what role triiodothyronine (TJ plays in the human metabolic 
economy. Newly described methods for measuring T3 (Nl ,  521) in blood 
will aid in elucidating that role. 

5. Calcitonin 

5.1. INTRODUCTION 

Prior to 1962 i t  was generally accepted that the parathyroid gland 
exerted the only specific hormonal control over calcium hemostasis. It 
was thought that high blood calcium levels acted to inhibit the secretion 
of parathormone and that low blood calcium levels acted to increase 
hormone secretion. Copp ((310) first showed that another substance was 
responsible for lowering serum calcium in the rat, and named it cal- 
citonin. Copp ((210) initially thought that this hormone came from the 
parathyroid after a series of experiments in which he perfused isolated 
rat thyroid and parathyroid glands with hypercalcemic blood and noted 
a fall in serum calcium. These findings were confirmed in 1963 by two 
other groups (H7, K8).  Hirsch et al. (H7) suggested that the source of the 
calcium-lowering principle might be the thyroid, based on the observa- 
tion that hot wire cautery caused a more rapid loss of calcium than did 
parathyroidectomy by surgery alone. The cautery, of course, also 
destroyed thyroid tissue. Foster (F6) confirmed the presence of calcitonin 
in the thyroid by perfusion experiments in the goat. Perfusion of the 
parathyroid alone had no hypocalcemic effect, whereas perfusion of the 
thyroid and parathyroid glands together with hypercalcemic blood did 
cause a fall in serum calcium. Autogenous extracts of the thyroid had 
calcium lowering properties and hypercalcemia caused increased secre- 
tion of calcitonin from the thyroid. 

Progress in the field has been rapid. Calcitonin has been isolated from 
the thyroid or the ultimobranchial body in more than twenty species 
(F5) including man. Calcitonin was purified, and the amino acid se- 
quence was determined (N2, P7). The molecular weight is approximately 
3600. The synthesis of calcitonin was reported within the past year (B6, 
R7). Recent reviews on calcitonin are available (F5, M2). 

5.2. ASSAY 

The current bioassay of calcitonin depends on the ability of the ma- 
terial in question to  lower the blood calcium in a fasted rat or in rats on 
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a low calcium intake. A typical assay as modified from the original was 
described by Cooper et al. (C8). Five-week Holteman rats are placed 
on a special low-calcium, normal-phosphorus diet for 1 day. The test 
substance is injected subcutaneously in 3 concentrations, 1- to 3-f0ld, 
and blood is taken by cardiac puncture a t  70 minutes. Calcium levels 
in the blood are measured by the EDTA method of Copp (C9) or a 
semiautomated autoanalyzer method ((38). Activity is compared to a 
British Medical Research Council (MRC) standard. The data are treated 
by analysis of variance, the slope of the curve being a straight-line func- 
tion of the log dose within limits. Response differences were noted among 
various strains of rat (C8). Sensitivity variations were seen and depended 
on the age of the rat and the method of administration of the test sub- 
stance. Continuous infusion or intravenous infusion gave more sensitivity 
a t  low dose ranges (C8). 

A radioimmune assay for calcitonin has recently been developed (Dl) , 
and this should give more precision in measuring calcitonin in blood. 

The radioimmunoassay was used in preliminary studies (Dl) of 
normal human serum; no activity was found, although the assay is 
sensitive to  1 x mole. 

Hypocalcemic activity was found in human blood after acetone ether 
precipitation of protein, extraction of the precipitate with an acetic 
acid-ethanol-water mixture, and lyophilieation (S22). Assay in fasted 
rats gave levels of hypocalcemic activity of 100 microunits (MRC) of 
calcitonin per liter. Gel filtration (G6) was also used to concentrate 
human plasma hypocalcemic factor. 

5.3. PHYSIOLOGY OF CALCITONIN 

At least two types of cells are present in the mammalian thyroid-the 
follicular cell, and the parafollicular cell. The parafollicular cell has 
been referred to  as the “C” cell by Pearse (P5) and others, because this 
cell is thought to secrete calcitonin. Evidence that these cells contained 
calcitonin was provided by immunofluorescent studies (B20). The thy- 
roid of the bat, a hibernating species, contains large numbers of the 
granular parafollicular cells during activity (N4). These cells become 
totally degranulated during hibernation a t  a time when the bat is hypo- 
calcemic. The bat would seem to represent a good experimental animal 
in the study of calcitonin physiology. 

Regulation of calcitonin secretion is controlled by calcium levels in 
the blood. The early studies are in accord with this concept. Care (C l )  
showed by direct assay of venous effluent from perfused pig thyroid that 
calcitonin release is a function of the calcium level in the perfusate. 
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Hypophysectomy (M15) did not alter extractable levels of thyrocal- 
citonin levels in the thyroid of treated rats as compared to controls. 

The known effects of thyrocalcitonin are primarily in bone. Removal 
of the gut had no effect on the hypocalcemic effect of calcitonin (A6), 
and neither did nephrectomy (HS). No change in soft tissue calcium 
content was seen in soft tissues to explain the hypocalcemia ( K l ) .  Cal- 
citonin apparently inhibits bone resorption and thereby decreases cal- 
cium entry into the blood. Calcitonin prevents the release of calcium 
from cultured bone (A5, F10). In vivo, the release of 45Ca from pre- 
labeled bone is decreased by calcitonin (J l ) .  The bone arteriovenous 
difference in calcium levels is increased by calcitonin (M3). The mode 
of action of calcitonin is unknown. Calcitonin does not inhibit parathor- 
mone (A6, H7, T3), nor is its effect apparently mediated through RNA 
synthesis (T3). 

5.4. CALCITONIN IN MAN 

Calcitonin can be isolated from the thyroid of man (A7). The con- 
centration of calcitonin in human thyroids is normally lower than found 
in the rat. Medullary carcinoma of the thyroid is thought to arise from 
the parafollicular cell in man. Increased calcium-lowering activity was 
reported in the tumor tissue or blood in several patients with this cancer 
(C11, M14, MlS). Increased amounts of calcitonin were found in the 
thyroids of two patients with pseudo-hypoparathyroidism (A7, T5), 
and low levels as compared to normal were reported (T4) in patients 
with parathyroid adenomas. These latter studies are difficult to evaluate, 
since one does not know whether the changed calcitonin levels are a 
cause or an effect of the serum calcium abnormalities. Thyroidectomized 
patients have normal calcium levels as a rule, and this fact is an argu- 
ment against a major homeostatic role for thyrocalcitonin in man. Other 
tissues may secrete calcitonin, however, and the thyroid gland may 
not be the only organ which can secrete hypocalcemic principle. Mac- 
Intyre (M2) recently reported the finding of calcitonin in thymus and 
parathyroid glands. Thus we have come full circle in six years, and 
Copp’s original theory (C10) that parathyroid glands contained calcitonin 
may yet be proved correct. Glucagon also has hypocalcemic effects (M18). 

When thyrocalcitonin was given to patients with hypercalcemia due 
to a variety of causes, serum calcium levels fell (B9, F7, HI).  The 
magnitude of the effect was related to the degree of calcium elevation 
(Hl) .  It would appear that the use of calcitonin for treatment of acute 
hypercalcemia is not warranted a t  this time. Studies of the long-term 
use of thyrocalcitonin in diseases such as osteoporosis have not yet been 
reported. 
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