


Tracer studies with isotopically iabelled hormone con-
firm that turnover is generally proportional to free hormone
concentration.” It is also usually assumed that only free
hormone is available to celiular sites for hormonal effect,
including the feedback inhibition of pituitary TSH secre-
tion. However, this assumption is not necessary o under-
stand the relationship between secretory raie and free
hormone concentration,

Figure 1 illustrates the continuous transfer of T4 be-
tween TBG and the free hormone pool, as well as iis net
entry into that pool by secretion, and exit by metabolic
ctearance. Concurrent transfers, not illustrated, occur be-
tween T4 in free solution and binding sites on thyroxine
binding prealbumin (TBPA) and albumin. Simiiarly, triicdo-
thyronine (T3} equilibrates between free solution and
binding sites on TBG and albumin. In whole serum, TBPA
binding of T3 is negligible. The way in which the system is
thought to function can be illustrated by a hypothetical
perturbation. Suppose the concentration of TBG is de-
creased. Then, as can be seen in Figure 1, there would be
fewer TBG sites available to bind T4, and net transfers from
the free hormone pool 1o T4~TBG would decrease. This
would have the effect of decreasing T4~TBG and tem-
porarily increasing the free T4 concentration. The rate at
which T4 is removed from the free hormone pool is the
product of the free T4 clearance rate and the concentration
of free T4. Therefore, an increase in free T4 concentration
will result in increased T4 disposal independently of any
change in the clearance of free T4. The increased disposal
would continue until the free T4 concentration returned
to its original level. If, as is generally assumed, free T4
participates with free T3 in the inhibition of pituitary TSH
secretion, the decline of free T4 would be accelerated be-
cause of diminished T4 secretion, but the end point would
be the same. =
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Figure 1

Thyroxine equilibrium. Té=free T4; TBG = thyroxine binding globutin not
bound to T4; T4 —TBG = thyroxine—thyroxine binding giobulin complex.
Thyroxine clearance includes metabolism {o trilodothyronine which ac-
counts for much of the hormonal action.

To summarize, according to the free thyroxine hypothesis:
1. Net hormonal disposal, and in the steady state, net hor-
monal production are proportional to the free hormone
concentration. 2. The free hormone concentration is inde-
pendent of the absclute concentration of binding proteins.
Since T4 is secreted by the thyroid while T3 is targely pro-
duced by the extrathyroidal metabolism of T4, it is T4 pro-
duction rate and, indirectly, free T4 concentration that are
the best measures of thyroidal secretory rate.

The relative effects on bound hormone of changes in
the capacity of the several binding proteins can be esti-
mated from the equilibrium distribution. As can be seen in
Figure 1, the free T4 and unoccupied TBG binding sites are
derived from the dissociation of the T4~TBG complex
which occurs at a constant rate, k,, and the complex is the
product of free T4 binding to TBG at rate k,. At equilibrium
the flux in both directions must be equal. Thus

k} BG x T4 x TBG = k2 BG xT4~TBG

An association constant K can be substituted for ki/ko so
that

_  T4~TBG

Since all the binding sites are in eguilibrium with the same
free hormone pool

T4— _T4~TBG  _ _T4~TBPA T4~ Alb
Krgg . TBG Kigpa«TBPA — Kapp o Ab
021% 75% 15% 10%
13— _T8~TBG  _ _T8~Ab
Krgg » TBG Kajp » Alb
21%  80% 20%

The percentage of serum thyroid hormone that is nermally
carried by each binding site and in free solution is shown.
it can be seen that the distribution of hormone among the
several binding sites must be in exact proporiion to the
product of the association constant and the concentration
of free binding sites. | shall refer to this product as the net
affinity of the site. If the free T4 concentration is to remain
constant, any change in the net affinity of a site (denomina-
tor) must be accompanied by a proportional change in the
concentration of T4 bound to that site (numerator). Thus for
a constant free T4 a 50% decrease of TBG would have to
be accompanied by a 50% decrease of T4~TBG. Since
T4~TBG normally constitutes about 75% of the total T4
bound to serum proteins, total bound T4 would decrease
by 0.5 x .75 to 62.5% of its original value. Complete loss



of TBG binding capacity should reduce total T4 to about
25% of normal. This is about the range found in complete
TBG deficiency. On the other hand, complete loss of TBPA
binding could decrease bound T4 by cnly about 15%.
Therefore, a marked decrease in serum T4 due to a primary
change in the concentration of a binding protein must re-
flect a decrease in TBG. Also, since TBG is the only one of
the three binding proteins that is chronically elevated to
any considerable degree (estrogen, hepatitis), an in-
creased total T4 in the presence of a normal free T4 is
likely to be due to increased TBG.

Measurement of Free Hormone Concentration

Since the interpretation of serum thyroid hormone
tevels in nonthyroidal iliness depends on the assessment
of free T4 concentration, it is worth reviewing briefly the
available methodology and its limitations. Free T4 has usu-
ally been measured by equilibrating serum with isotopically
labelled thyrexine and then dialyzing against a buffer at
physiological pH and temperature to determine the ratio of
free dialyzable hormone to total hormone. The product of
this ratic and the total T4 concentration is the free T4 con-
centration. The method is difficult, time consuming and
sensitive to differences in methodology. Nevertheless, and
despite differences in absolute values for free T4 concen-
tration, there has been general agreement that with primary
changes of hormonal secretion in hypothyroidism and
hyperthyroidism free hormone concentrations are more
markedly affected than total T4 concentration. This is ex-
pected since the free hormone concentration reflects both
the change in T4 concentration and the change in the num-
ber of unoccupied serum binding sites. it is aiso consistent
with the observation that changes in secretion rate are
likely to be much greater than changes in serum hormone
concentration. With primary changes in binding protein
concentration the free T4 concentration remains normal or
near normal as predicted from the free hormone hypoth-
esis. In severe nonthyroidai illness, the free T4 concentra-
tion is likely to be elevated.

Because of the difficulty in carrying out the dialysis
technique for measuring free thyroxine, an estimate of rela-
tive free hormone concentration is often obiained as the
product of the total T4 and the T3 resin uptake. The prin-
ciple of the T3 resin uptake is that the distribution of T3
between serum and a nonspecific acceptor of high capac-
ity such as the resin will be determined by the relative net
binding affinities of serum and resin for tracer 73. The
fower the serum binding affinity is, the higher the T3 resin
uptake should be. if the resin uptake were in fact propor-
tional to the ratio of free/total T4, the free T4 index would
be a useful index of free T4 concentration. There are a num-
ber of reascns why this is uniikely to be so. It is the binding
of T3 rather than T4 that is assessed. Moreover, the uptake
is not carried out to equilibrium and is not done at physio-
logical temperature. Thus, even as a measure of relative
binding affinity for T4, the T3 resin uptake is at best a quali-

tative rather than a quantitative assessmeni. In addition to
these limitations, the resin uptake is usually calculated as a
percent of the total T3 rather than as the ratio of resin to
serum binding. This method underestimates changes in
free/total hormone.®® As a result reciprocal changes in
free/total T4 which compensate for the changes in total
T4 in nonthyroidal iliness are not fully appreciated and the
calculated free T4 index may be low despite a normal free
T4 concentration. The failure of the T3 resin uptake to
adeguately reflect changes in free/bound T4 can be partly
corrected for by using the resin/serum ratio or appropriate
equations that will relate the T3 uptake to free/bound ratios
determined by equilibrium dialysis. A similar method is
used in the Corning free T4 assay in which standards re-
late the rate of uptake of tracer T4 on a soilid phase anti-
body to free/total T4 ratios determined by dialysis. All the
available free T4 methods are done with dilute serum. As a
result the effects of weak competitive binders such as sali-
cylate are diluted out, and, in their presence, falsely low
free T4 concentrations may be obtained.

Effects of Nonthyroidal lliness, Starvation and Surgery

in all of these conditions there is characteristically a
marked decrease in the concentration of TBPA, both as
measured directly by immunoassay and indirectly in terms
of its thyroxine binding capacity.'- '3 The effects on TBPA
are probably due to decreased hepatic secretion and are
manifest very rapidly because of the rapid turnover of pre-
albumin which has a hali-life of only 2 days as compared
to half-lives of 5 days for TBG and 13 days for albumin.'*

During nonthyroidal iliness there is a shift of the bound
T4 from TBPA binding sites to TBG and albumin. This can
be shown by electrophoresis of serum containing tracer
thyroxine.'®:'" Since TBPA coniributes only about 15% of
the total binding affinity of serum, the marked increase in
free/bound ratio which may occur in these conditions can-
not be due to a decrease in TBPA alone. It is probably due
to associated decreases in TBG capacity and albumin.
However, in several studies TBG capacity has not been de-
creased sufficiently to account for the increased free/
bound ratio and the presence of a binding inhibitor has
been postulated.'>-'® We have not been able tc confirm the
presence of such an inhibitor in the serums that we have
studied. Some patients with very weak serum binding wili
have a low normal or actually a low total T4 concentration.
With the dialysis method for estimating free/bound ratios
there is general agreement that the free T4 concentration
in nonthyroidal iliness is normal to high, and that the aver-
age free T4 is significantly higher than the average free T4
in normal controls. The T3 resin uptake will be high in these
patients, but because this method does not fully reflect
changes in free/total T4 the calculated free T4 index may
be low.? Caution should be used in making a diagnosis of
hypothyroidism when the free T4 index is low but the T3
resin uptake is high.



The effects of illness, fasting and surgery on T3 are
quite different from their effects on T4. Not only total but
free T3 concentrations are decreased, implying a de-
creased production of T3. In each of these conditions the
decreased T3 (3,5,3-triiodothyronine) is associated with
an increased reverse T3 (RT3, 3,3',5-triiodothyronine),
Figure 2.77:'® On the basis of kinetic studies with isotopic-
ally labelled tracers that have been carried out in the
starved state and in cirrhosis, it seems that T3 production
is decreased because of decreased monodeiodination of
T4 and that the increased concentration of RT3 is mainly
due to decreased deijodination of RT3 to 3,3'-diiodothyro-
nine.*-'? Thus a decrease in the rate of iodothyronine
deiodination in the 5’ position explains both the decreased
T3 and the increased RT3, Figure 2. Inevitably, severe ili-
ness and major surgery involve some nutritional deficiency;
however, it is not at all clear that this is sufficient to explain
the decreased T3 production. The ability of the thyroid to
secrete thyroxine remains intact since T4 production rate,
as measured by isctopic clearance, is normal. Despite the
low T3, serum TSH is not significantiy elevated in the eu-
thyroid sick patients. The normal TSH may be the resuli of
countervalent inhibitory effects of iliness and stimulatory
offects of a low free T3 concentration on the thyrotroph
secretory apparatus. The injection of bacterial pyrogen,
which is a model for the stress of iiiness, does acutely in-
hibit the increased TSH secretion of hypothyroid patients.*°
An additional explanation for the lack of an elevated TSH
is based on the observation that more than half the T3 con-
tent of the pituitary nuclear T3 receptor is derived from in-
trapituitary metabeolism of T4 rather than from circulating
T3.2' Thus the increase in free T4 could compensate for a
decrease in circulating free T3 concentration. This expla-
nation assumes that nonthyroidai iliness does not inhibit
the production of T3 from T4 in the pituitary as it does in
other tissues. During a fast there is an early decline of
serum TSH levels; later (after prolonged exposure to fow
T3), the serum TSH is normal although the TSH response
to TRH may be blunted.*??
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Thyroxine metabolism.
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Recently a number of studies in patients and in ex-
perimental animals have shown that diabetes mellitus is
associated with decreased serum T4 binding, decreased
serum T3, increased reverse T3, decreased T3 production
from T4 and normal to low TSH levels with diminished
response to TRH.! The studies in man did not require
severe hyperglycemia or ketoacidosis to be present and
the abnormal serum T3 and RT3 concentrations could be
corrected with insulin. It seems likely that the general
adaptation of thyroid function in diabetes as in starvation
is due to intracellular caloric deprivation. it is difficult to
avoid at least considering that the changes in thyroid func-
tion that occur in iliness, fasting, postoperatively and in
diabetes meliitus may have developed as concerted adap-
tations for the conservation and allocation of energy when
the organism is deprived of food. These patients do not
have the usual manifestations of hypothyroidism. Whether-
the decreased resting metabolic rate associated with star-
vation is due to the decrease in circuiating T3 remains to
be determined. It is possible that adaptations developed
tc be of survival value in nature are not entirely beneficial
when an adequate food supply is available.

Thyroid Function in Specific llinesses

Liver Disease. The liver is the principal site of extra-
vascular T4 uptake and probably accounts for much of the
extrathyroidal production of T3. It is also the source of the
serum thyroxine binding proteins. As is to be expected,
disease of the liver has marked effects on serum thyroid
hormone concentration and binding.

Alcoholic Cirrhosis. Patients with afcoholic cirrhosis
are often included in the general group of euthyroid sick
patients. However, the direct participation of the liver in the
secretion of binding proteins and thyreid hormone metabo-
lism suggests that the effects of cirrhosis may be direct
rather than part of a general adaptation to iliness. Sera
from patients with severe Laennec’s cirrhosis have de-
creased binding of thyroid hormones which is manifested
by a high T3 resin uptake and increased ratios of free to
bound T4 and T3 as measured by dialysis.?? It is not clear
why these patients have such markedly decreased binding.
TBPA binding capacity is greatly reduced and there is often
a decrease in albumin concentration. However, the binding
capacity of TBG is variable and the average falls within
the normal range. Total T4 is usually normal or only slightly
decreased and the free T4 concentration is elevated. Occa-
sional patients do have quite low total T4 concentrations.
The free T4 index may be misleadingly low when total T4
is decreased.?* In general, the combination of a low T4
and an elevated T3 resin uptake should be sufficient to
indicate that the patient has a low T4 associated with ill-
ness rather than hypothyroidism. If there is, nevertheless,
a real consideration of hypothyroidism, a free T4 by the
dialysis method should be done and shouid be supple-
mented by TSH determination. As in the euthyroid sick



patients in general, 73 is decreased and RT3 is increased.
Tracer hormone studies indicate that T4 to T3 conversion
is decreased.'”?° In some of the patients the total T3 is
sufficiently low so that despite decreased serum binding
the free T3 is in the hypothyroid range. Both total and free
T3 concentrations are inversely correlated with the severity
of the liver disease, and a very low T3 concentration sug-
gests a poor prognosis.?® There is no objective evidence
of hypothyroidism in the patienis with a low free T3. One
respect in which patients with alcoholic cirrhosis differ
from the other euthyroid sick patients and from patients
who are fasted is that the serum TSH level is ofien in-
creased. The response to TRH is either norma! or in-
creased.?’

Hepatitis. One of the first abnormalities of serum
thyroxine concentiration to be atiributed to nonthyroidal
illness was the increased serum T4 concentration mea-
sured at that time as the serum precipitable iodine.?® it was
shown that the increased serum concentration is due to
an increased binding capacity of TBG which results in a
secondary increase in serum T4.2” Because of the in-
creased TBG, the T3 resin uptake is decreased and free
T4 concentration should be normal. The patients have nor-
mal thyroids and both the TBG and T4 concentrations
return to normal with recovery from the hepatitis.

in chronic active hepatitis and in primary biliary cir-
rhosis serum TBG is often increased and total T4 concen-
tration may be high. As in acute hepatitis, the T3 resin
uptake will be low. However, many of these patients have
an associated autoimmune thyroiditis probably as part of a
general abnormality of the immune response. Some pa-
tients will be hypothyroid despite a normal total T4. in these
cases, free T4 will be low and TSH and the response to
TRH will be increased.® Because the T3 resin upiake is
relatively insensitive to changes in serum binding, a free
T4 index, as usually carried out, may not demonstraie the
decreased free T4 concentration. We find that basing the
free T4 index on the serum/resin T3 ratio gives a satisfac-
tory estimate of free T4 concentration in these patients;
however, a free T4 determination is preferable. The inci-
dence of mild hypothyroidism in such patients is consider-
able, and it is well worthwhile to obtain a serum T4 and T3
resin uptake in every patient with chronic active hepatitis
or primary biliary cirrhosis. lf the results are equivocal,
free T4 and TSH determinations should be done. Narcotic
addicts are known to have increased serum T4 concentra-
tions that are due to a high serum TBG.*° We find that the
change in thyroid hormone binding is clearly correlated
with liver disease. TBG is increased in the chronic hepatitis
commontly found in addicts. Unlike patients with hepatitis
on an autoimmune basis, the addicts do not have an asso-
ciated autoimmune thyroiditis and are unlikely to be hypo-
thyroid. The T3 resin uptake will be low, but the decrease
will not necessarily be proportional to the increase in
serum binding. Although in these patients a normal free

T4 index indicates a euthyroid state, a high free T4 index
does not necessarily imply hyperthyroidism. Symptoms of
thyrotoxicosis are not uncommon among addicts. If the
diagnosis is suspected and is not ruied out by a normal
free T4 index, it is useful to obtain free T4 and, if possible,
free T3 determinations. Because free T4 and free T3 are
less readily available than TSH assays, it may be more
convenient to do a TRH test. A normal response effectively
rules out hyperthyroidism.

Renal Disease

Chronic Renal Failure. The kidney and the thyroid are
the principal competitors for iodide circulating in the
plasma. As the glomerular filtration rate falls in renal fail-
ure, the clearance of iodide into the urine decreases, ele-
vating the iodide concentration of the plasma. There is a
compensatory decrease in thyroidal iodide clearance that
is not quite proportional to the decrease in renal iodide
clearance or the increase in plasma iodide. Therefore, the
absolute iodide uptake of the thyroid is increased. Radio-
active iodine uptake by the thyroid (RAIU) depends on rela-
tive rather than absolute iodide clearances by the thyroid
and kidney so that, disregarding short term loss of iodide
from the thyroid,

Cr

RAIU =
Cr +Cg

CT = thyroid iodide clearance
CR = renal iodide clearance

Since Ct decreases less than Cr the maximal RAIU
is likely to be increased. The decreased thyroidal clearance
is evident in low values of uptake at early time points such
as 1 or 2 hours. Because of the relatively slow clearance
of tracer from the blood, active uptake continues longer
than usual and maximal uptake is delayed. It is rare that
the delay in achieving maximal uptake causes any diag-
nostic problem in the interpretation of the 24 hour RAIU.3'
Goiter is relatively common in renal failure and the ability
of the thyroid to respond to TSH with increased T4 secre-
tion is diminished.3? Some patients have been reported to
have increased serum TSH levels and this is probably evi-
dence of true hypothyroidism in these cases. The reason
for thyroid disease in chronic renal failure is unknown. it
may be related to the increased absolute iodine uptake or to
renal retention of other potentially goitrogenic substances.

Serum hormone levels in renal failure have been
studied extensively. The most consistent ocbservation is that
both the total and free T3 concentration is decreased. As
in other diseases with a low free T3, the T3 production rate
from the peripheral deiodination of T4 is decreased. The
response to TRH is blunted. Unlike alcoholic cirrhosis and
other nonthyroidal ilinesses, renal failure is not associated
with decreased serum thyroid hormone binding. Total T4
concentrations are usually normal or slightly decreased



and the free T4 is also normal or slightly decreased.? 3
Objective signs of hypothyroidism have not been demon-
strated. The average basal metabolic rate and Achilles
tendon half relaxation times are well within the normal
range in renal failure.34

Nephrosis. Nephrosis has been considered the classic
example of a disease in which decreased TBG capacity
lowers serum T4. However, a recent study has indicated
that most patients with nephrosis have a normal serum
TBG concentration despite TBG loss into the urine. The
total T4 is usually normal. Although TBG is normal, the
ratio of free/bound T4 is increased as is the free T4 con-
centration which has led to the suggestion that there may
be a binding inhibitor in the serum of nephrotic patients.'®
However, the two patients who had low serum T4 in the
study referred to, had borderline or low serum TBG values.
! suspect that nephrotic patients with low serum T4 will be
found to have low TBG. An additional possible reason for
decreased serum T4 is the considerable loss of T4 into the
urine. The total T3 concentration is decreased. Although
some of the patients studied have had a decreased free T3
concentration, the average free T3 was not significantly
lower than normal in the nephrotic patients. It seems likely
that the serum free T3 concentration in nephrotic patients
will depend on the severity of the disease and the general
nutritional status.

Malinutrition. Protein calorie malnutrition is associated
with a marked decrease of TBPA and a smaller decrease
of TBG. The free/bound T4 and T3 resin uptake are in-
creased.®’ Total and free T3 values will be variable depend-
ing on the severity of caloric restriction. A relatively smali
quantity of carbohydrate suffices to maintain a normal T3
during calorie deprivation.* If severe iodine deficiency is
associated with protein calorie malnutrition, the typical
findings include iow total and free serum T4 with increased
total and free T3, and goiter. The increased T3 is due to
increased thyroidal T3 synthesis and secretion. In the pres-
ence of both a decreased free T4 and an increased free T3
concentration, the effect of the low free T4 on TSH secre-
tion appears to predominate since the average TSH con-
centration is elevated.?>
Table 1
Patterns of thyroid function tests found in hyperthyreidism, hypothyroid-

ism and some nonthyroidal illnesses.
T4 T3RU FreeT4 T3

Hyperthyroidism ) 1 1 T
Hypothyroidism 1 1 l !
Euthyroid sick, cirrhosis ~ Nor] 7 NorT |
Hyperthyroidism modified
by nonthyroidal iliness r1 1 Nor]
Protein calorie malnutri-

U 1 T

tion with iodine deficiency
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