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Peripheral Serum Thyroxine, Triiodothyronine and
Reverse Triiodothyronine Kinetics in the Low Thyroxine
State of Acute Nonthyroidal Illnesses

A NONCOMPARTMENTALANALYSIS

ELAINE M. KAPTEIN, WILLIAM J. ROBINSON, DEBORAHA. GRIEB, and
JOHN T. NICOLOFF, Division of Endocrinology, Department of Medicine,
University of Southern California School of Medicine, Los Angeles,
California 90033

A B S T R A C T The low thyroxine (T4) state of acute
critical nonthyroidal illnesses is characterized by
marked decreases in serum total T4 and triiodothyro-
nine (T3) with elevated reverse T3 (rT3) values. To
better define the mechanisms responsible for these
alterations, serum kinetic disappearance studies of la-
beled T4, T3, or rT3 were determined in 16 patients
with the low T4 state and compared with 27 euthyroid
controls and a single subject with near absence of thy-
roxine-binding globulin. Marked increases in the serum
free fractions of T4 (0.070±0.007%, normal [nl]
0.0315±0.0014, P <0.001), T3 (0.696±0.065%, nl
0.310±0.034, P <0.001), and rT3 (0.404±0.051%, nl
0.133±0.007, P < 0.001) by equilibrium dialysis were
observed indicating impaired serum binding. Non-
compartmental analysis of the kinetic data revealed
an increased metabolic clearance rate (MCR) of T4
(1.69±0.22 liter/d per m2, nl 0.73±0.05, P < 0.001)
and fractional catabolic rate (FCR) (32.8±2.6%, nl
12.0±0.8, P < 0.001), analogous to the euthyroid sub-
ject with low thyroxine-binding globulin. However,
the reduced rate of T4 exit from the serum (Kii)
(15.2±4.6 d-1, nl 28.4±3.9, P < 0.001) indicated an
impairment of extravascular T4 binding that exceeded
the serum binding defect. This defect did not appar-
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ently reduce the availability of T4 to sites of disposal
as reflected by the increased fractional disposal rate
of T4 (0.101±0.018 d-1, nl 0.021±0.003, P <0.001).
The decreased serum T3 binding was associated with
the expected increases in MCR(18.80±2.22 liter/d
per m2, nl 13.74±1.30, P <0.05) and total volume
of distribution (26.55±4.80 liter/rM2, nl 13.10±2.54,
P < 0.01). However, the unaltered Kii suggested an
extravascular binding impairment comparable to that
found in serum. The decreased T3 production rate
(6.34±0.53 gg/d per m2, nl 23.47+2.12, P < 0.005)
appeared to result from reduced peripheral T4 to T3
conversion because of decreased 5'-deiodination rather
than from a decreased T4 availability. This view was
supported by the normality of the rT3 production rate.
The normal Kii values for rT3 indicated a comparable
defect in serum and extravascular rT3 binding. The
reduced MCR (25.05±6.03 liter/d per m2, nl
59.96±8.56, P < 0.005) and FCR (191.0±41.19%, nl
628.0±199.0, P < 0.02) for rT3 are compatible with
an impairment of the rT3 deiodination rate.

These alterations in thyroid hormones indices and
kinetic parameters for T4, T3, and rT3 in the low T4
state of acute nonthyroidal illnesses can be accounted
for by: (a) decreased binding of T4, T3, and rT3 to
vascular and extravascular sites with a proportionately
greater impairment of extravascular T4 binding, and
(b) impaired 5'-deiodination activity affecting both T4
and rT3 metabolism.

INTRODUCTION

Patients with severe nonthyroidal illnesses frequently
display decreased serum concentrations of total thy-
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roxine (TT4)' in association with normal serum thy-
rotropin (TSH) levels (1-5). In addition, total serum
triiodothyronine (TT3) levels are decreased, and total
reverse T3 (TrT3) values are usually increased (1, 3-
5), as in other nonthyroidal illnesses (6-9).

Despite the reduced circulating levels of TT4 in
these patients, free T4 concentrations by equilibrium
dialysis (FT4D) (1, 5) and T4 production rates (5) are
usually normal. The low TT4 values have been attrib-
uted to an acquired defect of serum T4 binding (1, 5),
possibly secondary to a nondialyzable serum inhibitor
(10). Such a defect is compatible with the shortened
residence time (t) and accelerated metabolic clearance
rates (MCR) for labeled T4 observed in these patients
(5). Other kinetic parameters of T4, as well as those
for T3, and rT3 have not been described in patients
with the low T4 state of nonthyroidal illnesses.

The present study was undertaken to examine, by
noncompartmental analysis, the pattern of alterations
occurring in binding, distribution, production, and
disposal of T4, T3, and rT3 during the low T4 state of
acute nonthyroidal illnesses.

METHODS

The study population consisted of 16 critically ill patients
admitted to the Los Angeles County/University of Southern
California Medical Intensive Care Unit for the treatment of
acute nonthyroidal illnesses (Table I). There were seven fe-
males and nine males. Their ages ranged between 23 and
80 (mean 54±4 [SE]) yr. The severity of their illnesses was
evidenced by the high mortality (94%) during their hospi-
talization. The median time from completion of study to
death was 10 d, with a range of 5-52 d (Table I). The se-
lection criteria included a serum TT4 concentration of 3
Mg/dl or less throughout the study period and a normal serum
TSH level. Patients receiving pharmacological agents known
to alter peripheral thyroid hormone metabolism, such as
aspirin (11, 12), dilantin (13), or heparin (14, 15) were ex-
cluded as were patients with known or suspected hypotha-
lamic or pituitary disease, head trauma (16), thyroid disease,
or recent thyroid (17) or glucocorticoid hormone therapies
(18, 19). Data are presented only from patients' with stable
concentrations of TT4, TT3, and TrT3 during the entire pe-
riod of the kinetic study. The control data were derived from
studies in 27 healthy euthyroid male individuals. Their ages
ranged between 21 and 51 (36±2) yr. None received med-
ications other than multivitamins. One healthy euthyroid

1 Abbreviations used in this paper: C°, tracer concentra-
tion; FCR, fractional catabolic rate: FDR, fractional disposal
rate; FF, free fraction (of T3, rT3, and T4); FT4D, free T4
concentration by equilibrium dialysis; IVD, initial volume
of distribution; Kii, rate of hormone exit from serum; MCR,
metabolic clearance rate; PR, production rate; i, residence
time T2, diiodothyronine; T3, triiodothyronine; rT3, reverse
T3; T4, thyroxine; TBG, thyroxine-binding globulin; TT3,
total serum T3; TSH, thyrotropin; TrT3, total serum rT3; TT4,
total serum thyroxine; TVD, total volume of distribution.

male (age 72 yr) with near absence of serum thyroxine-bind-
ing globulin (TBG) levels (0.016 mg/dl) was included for
purposes of comparison to previously reported data in similar
subjects. The protocols were approved by the Institutional
Review Board of the Medical Center and written informed
consents were obtained from the patient or responsible rel-
ative.

Serum T4 clearance studies were performed for 11 patients
and 19 normal subjects, T3 clearance studies for 5 patients
and 12 normal subjects, and rT3 clearance studies for 7 pa-
tients and 8 normal subjects. Tracer T4 labeled with 25I, T3
labeled with 'llI (Amersham Corp., Arlington Heights, Ill.,
50 and 1,200 MCi/,gg sp act, respectively), or rT3 labeled
with 13'I in our laboratory (300 jCi/ug sp act) (20) was di-
luted in sterile 1% albumin-saline solution and dialyzed
against anion exchange resin (Amberlite RIA 400, Rohmand
Haas Co., Philadelphia, Pa.) to remove free iodide. The iso-
tope solution was then sterilized by passing it through a 0.22-
Ammillipore filter (Millipore Corp., Bedford, Mass.) before
injection. The thyroid gland uptake of radioiodine was min-
imized by the administration of either a saturated solution
of potassium iodide (5 drops twice daily orally) or sodium
iodide (0.5 g/d i.v.), with the first dose given at least 1 h
before tracer injection. All subjects received a single intra-
venous bolus containing 50-100 uCi of labeled T4, T3, or rT3.
Blood samples were obtained at 0, 0.08, 0.25, 0.5, 1, 2, 3,
8, 24, 48, 72, and 96 h after tracer injection for the deter-
mination of labeled T4 or T3. For the rT3 studies, samples
were drawn at 0, 0.08, 0.16, 0.25, 0.33, 0.5, 1, 2, 3, 4, 6, 8,
12, 16, and 24 h after tracer injection. An aliquot of labeled
tracer diluted in pooled human serum served as the reference
standard.

The 125I_ or 31I-labeled hormone activity in the serum
samples and standards was obtained by acidification (pH 4.0)
and extraction of 2-ml aliquots of serum with 4 vol of ethyl
acetate/butanol (9:1). 2 ml of the solvent phase was then
placed in counting tubes and 125I and 131I activity determined
by a dual-channeled automated gamma counter (Nuclear
Chicago, Chicago, Ill.). Pooled serum containing 1251-labeled
albumin, Na'25I, and '251-labeled T4, T3, and rT3 served as
controls for each extraction procedure. This method ex-
tracted 57.0±1.3% of the labeled T4, 54.7±1.2% of the T3,
52.3±1.0% of the rT3, 43.1±1.7% of the 3,3' diiodothyronine
(T2), and 47.3±1.6% of the 3',5' T2 into the solvent phase.
The aqueous phase contained 99.7±0.1% of the iodoproteins
and 98.1±0.3% of the free iodides. The mean serum data
expressed as the percent injected dose per liter for T4, T3,
and rT3 in the normal subjects and sick patients are presented
in Table II.

The kinetic parameters were calculated using noncom-
partmental analysis (21, 22). This assumes that the initial
rapid distribution of labeled compound occurs in a central
compartment that includes, but may also be identical to the
plasma pool. The tracer then reversibly exchanges with an
undetermined number of compartments that together rep-
resent the extravascular pool. Our analysis assumes that lin-
earity and steady-state conditions prevail throughout the
study.

All serum isotope concentrations, expressed as the percent
injected dose per liter, were fitted to the sums of 1, 2, 3, and
4 exponentials. The tracer concentration (C°) is described
by the sum of exponentials and expressed by C° = 2;Ae-"
where A is the coefficient, a is the exponent and t is time.
The largest number of exponentials that significantly lowers
the residual sum of squares (RSS) compared with the next
simplest model defines the best fit. This is determined by
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TABLE I
Patient Information

Time to demise
Case or recovery after

no. Sex Age Total T4 Disease state study

d

7Sepsis, respiratory failure

Sepsis, respiratory failure, diabetic
ketoacidosis

Sepsis, respiratory failure

Sepsis, respiratory failure, acute
renal insufficiency,j sickle cell
crisis

5

10

Recovered

Sepsis, hepatic failure, acute renal
insufficiency t

Sepsis, respiratory failure

Sepsis, dehydration

Sepsis, hepatic failure, acute renal
insufficiency t

Trauma, sepsis, hypotension, acute
renal insufficiencyt

Respiratory failure, congestive
heart failure

5

Recovered

14

17

7

52

Sepsis, hepatic failure, acute renal
insufficiency,I hypotension,
cardiopulmonary arrest

Sepsis, hepatic failure, acute renal
insufficiency,j hypotension

Sepsis, respiratory failure, hepatic
failure, acute renal insufficiencyt

Respiratory failure, diabetic
ketoacidosis, hypotension

Sepsis, carcinoma

Sepsis, respiratory failure,
hypotension

12

10

25

5

Recovered

14

Patients receiving dopamine therapy throughout the kinetic study.
t All patients with acute renal insufficiency were nonoliguric and did not require dialysis.

using an F test (23) where

F=Rssk - Rss. dfk
Rssj d.f.k - d.f.j

The k and j identify the number of exponentials of the two
models being compared where Rssk is by definition larger
than Rssj. The d.f. is the degrees of freedom and equals the
number of observation points minus two, less the number
of parameters to be identified. The minimum number of

exponentials required to obtain a significance level of <0.05
is chosen to define the serum disappearance curve. The ki-
netic parameters are related to the total curve of the isotope
concentration from the time of injection of the labeled com-

pound to the time when the isotope levels are negligible.
The following parameters were calculated:
Initial volume of distribution (IVD) in liters per square

meter. This represents the volume in which the tracer is
distributed immediately and assumes that the tracer distrib-
utes uniformly in serum. It is expressed by the inverse of the
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TABLE II
Serum Disappearance of T4, T3, and rTs in the Low T4 State of Nonthyroidal Illness

Time (houn) 0.08 0.25 0.5 1 2 3 8 24 48 72 96

Serum T4
Sick Mean 31.65 25.72 24.35 19.47 16.85 14.73 11.46 7.71 5.39 4.13 3.13

(n = 11) ±SE 1.85 1.43 1.49 1.07 0.91 0.81 0.93 0.78 0.47 0.42 0.37

Normal Mean 30.77 25.95 21.79 16.59 13.13 11.42 9.02 7.42 6.31 5.70 5.06
(n = 19) ±SE 1.78 1.50 1.26 0.93 0.82 0.66 0.50 0.47 0.40 0.41 0.32

P NS NS NS NS <0.01 <0.005 <0.02 NS NS <0.02 <0.001

Serum Ts
Sick Mean 19.96 10.45 7.71 6.11 4.48 3.62 1.62 0.62 0.35 0.24 0.17

(n = 5) ±SE 2.81 2.23 1.95 1.42 0.91 0.77 0.14 0.072 0.077 0.054 0.059

Normal Mean 17.12 13.24 11.20 9.08 6.09 5.27 2.57 1.12 0.48 0.20 0.11
(n = 12) ±SE 1.12 1.04 1.09 0.80 0.46 0.52 0.21 0.12 0.062 0.023 0.017

P NS NS NS NS NS NS <0.02 <0.005 NS NS NS

Time (hours) 0.08 0.16 0.25 0.33 0.5 1 2 3 4 6 8 12 16 24

Serum rTs
Sick Mean 29.30 23.66 20.06 17.41 14.28 9.64 6.12 4.42 3.33 2.35 1.81 1.20 0.99 0.61

(n = 7) ±SE 1.29 1.58 1.97 1.99 2.31 2.44 1.84 1.35 1.12 0.90 0.71 0.47 0.43 0.21

Normal Mean 24.79 19.03 15.12 11.49 7.30 3.45 1.45 1.10 0.83 0.66 0.53 0.35
(n = 8) ±SE 0.92 0.82 0.68 0.60 0.61 0.39 0.18 0.13 0.11 0.11 0.093 0.079

P <0.05 <0.05 =0.05 <0.05 <0.01 =0.01 <0.01 <0.01 <0.01 <0.05 NS =0.05

All data are expressed as the percent injected dose per liter. The T4 and T3 data for the normal and sick subjects were compared by
unpaired t tests for equal or unequal variance. The rTs data were compared using the unpaired ranked sum test.

concentration at time zero. Therefore,
1

IVD= * 100%Z,A

MCRin liters per square meter per day. This is the vol-
ume of serum cleared of tracer per day and is calculated
from the total area under the curve of the serum concen-
tration of labeled hormones (21, 22) as

1 1
MCR= r 100%= -100%

|,Ae-. dt A-
a

t, in days. This represents the time interval from entry
of the labeled hormone into the vascular compartment to its
irreversible loss from the circulation and is estimated by:

t * ZAe-c. dt ZA

t=-r = A
Jo ZAe-Gt. dt A-

a

Total volume of distribution (TVD) in liters per square
meter. This is the volume of the exchangeable hormone
pool and is calculated from the MCR and 1. TVD
= MCR-t.

Pool size in micrograms per square meter. This quantity
describes the total body content of exchangeable hormone
and is calculated from the TVDand the serum concentration
of hormone in micrograms per liter. The values of the serum
concentration used in the calculation represent the mean
TT4 and TT3 values from 0, 48, and 96 h and the mean TrT3
values from times 0, 12, and 24 h of the kinetic study. Pool
size = TVD * serum concentration.

Fractional catabolic rate (FCR) in percent per day. This
is the fraction of the total hormone pool renewed (removed
and replaced) each day. It is calculated from either the i or
the MCRand TVD using one of the following equations:
FCR = 1/t 100% = MCR/TVD 100%.

Production rate (PR) in micrograms per square meter per
day. The PR equals the disposal rate (DR) under steady-
state conditions. The PR is estimated by calculating the DR:
DR = PR = 1/t 1pool size.

Rate of hormone exit from serum (Kii) per day. This is
the rate at which the labeled hormone moves from the vas-
cular to the extravascular space. It is defined as Kii = (dC°/
dt)o 1/CoG. Since C° = ZAe-t, then C0 = LA and (dC°/dt)o
= d (ZAea')/dt = -ZAa. Therefore, Kii = -2Aa/ZA.

Fractional disposal rate (FDR) per day. This is the frac-
tion of the total amount of labeled hormone leaving the
circulation irreversibly and hence, no longer exchanging
with the vascular compartment. It is calculated as follows:
FDR = MCR/(Kii * IVD).
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All serum samples were assayed in duplicate for TT4, TT3,
and TrT3 concentrations by standard double-antibody ra-
dioimmunoassay techniques (24, 25). The serum TSH con-
centrations were measured by a commercial method (Abbott
Diagnostics, Diagnostic Products, North Chicago, Ill.). Free
T4 levels were determined by equilibrium dialysis (FT4D)
(26) courtesy of Nichols Institute, San Pedro, Calif. Free T3
and rT3 were also measured by equilibrium dialysis (26, 27)
with purification of the tracer by polyacrylamide gel filtra-
tion before dialysis (28), and of the dialysate by resin after
dialysis (29). All free hormone levels were determined on
0 time samples. Serum TBG levels were measured by ra-
dioimmunoassay (30) courtesy of Nichols Institute.

All results are expressed as a mean±1 SEM. The data were
analyzed for significance using unpaired Student's t test for
unpaired data with equal and unequal variances or unpaired
ranked sum test (31). Correlation matrices were calculated
using programs from the Biomedical Data Processing pack-
age (32).
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RESULTS

The mean serum disappearance curves for labeled T4,
T3 and rT3 of the study patients and the normal sub-
jects are shown in Fig. 1 and Table II and the non-
compartmental parameters are summarized in Tables
III-V. The pattern of serum disappearance of T4 dur-
ing the first 24 h in the patients was similar or slower
than in the normal subjects, while the subsequent dis-
appearance rate was greater in the patients. The dis-
appearance patterns of T3 were similar in both groups
during the early and late phases. In contrast, the mean
rT3 disappearance curve in the patients was retarded
throughout the study period relative to the control
group.

It is evident from Fig. 1 that the serum disappear-
ance curves for both the normal subjects and the pa-
tients did not fit 1 exp. and 4 exp were not required
to describe the curves for any of the individuals stud-
ied. Indeed, these curves were best described by the
sum of 3 exp in 20 of 30 subjects for T4, in 14 of 17
for T3, and in 12 of 15 for rT3. The disappearance
curves in the remaining subjects best fit the sum of 2
exp. The numbers of curves fitting 2 or 3 exp in the
two groups were not significantly different when com-
pared by Fisher's exact test (33).

During the time of the T4 tracer studies in the pa-
tients, the serum TT4 concentrations remained stable
with a mean of 1.7±0.2 yg/dl at time 0, 1.8±0.2 gg/
dl at 48 h, and 1.8±0.3 tg/dl at 96 h of the study.
Despite the markedly decreased serum TT4 values, the
FT4D were within the normal range in 8 of 11 patients
(Table III). This was secondary to an increased percent
free fraction of T4 (FFT4). There were no significant
correlations among these parameters. In comparison,
a markedly decreased serum level of TT4 with an in-
creased FFT4 was also noted in the one healthy eu-
thyroid subject with near absence of TBG.

0.05 L
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SERU r T3

DOSE/liter
4

0

0

24

24 46
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72

I

- 0 6 -1 o 2
TIME ImOURSI

FIGURE 1 The serum disappearance curves of T4, T3, and
rT3 in patients with the low TT4 state of nonthyroidal ill-
nesses (A) and in normal subjects (-). Each data point rep-
resents the mean±1 SEM. The serum rT3 counts after 12 h
in the normal subjects were too low to be accurately assessed.

The mean PR of T4 in the patients (27.9±3.7 jug/d
per M2) was significantly lower than the normal mean

(50.3±3.4 gg/d per m2, P < 0.001) but within the nor-

mal 95% confidence limits in eight of the patients. It
should be noted that three patients receiving dopamine
therapy had lower values of T4 PR (14.0±2.4 Ag/d per
m2) than the other eight patients (33.1±3.4 ,ug/d per
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TABLE III
T4 Kinetics in the Low T4 State of Nonthyroidal Illness

Case no. TT4 FFT, Free T4 t IVD TVD MCR FCR PR T, pool Kii FDR

;&g/di % ng/dl d liter/m' literldl %/d ig/d/m' pg/mr d-' d-1
ms

Sick patients
1 2.7 0.076 2.05 3.85 2.04 4.54 1.18 26.0 32.4 122.5 6.6 0.088
2 3.0 0.041 1.23 2.56 1.88 4.22 1.65 39.1 51.1 130.6 11.4 0.077
3 1.2 0.040 0.48 2.25 1.59 7.58 3.37 44.4 39.0 88.0 36.2 0.059
4 1.4 0.074 1.04 3.70 2.39 6.09 1.65 27.0 23.7 87.8 4.7 0.148
5 1.3 0.058 0.75 3.77 2.30 6.70 1.78 26.5 22.2 83.8 5.6 0.139
6 3.0 0.045 1.35 5.22 1.56 5.84 1.12 19.2 34.6 180.9 38.9 0.019
7 1.9 0.070 1.33 2.14 2.00 4.12 1.92 46.8 36.6 78.2 9.2 0.104
8 2.0 0.094 1.88 2.66 2.44 3.35 1.26 37.7 25.3 67.0 2.5 0.209
9' 0.4 0.069 0.28 2.84 2.43 7.47 2.63 35.4 10.0 28.4 41.3 0.026

10°, 1.5 0.100 1.50 3.69 1.72 3.35 0.91 27.1 13.7 50.3 7.2 0.074
11' 1.6 0.107 1.70 3.18 2.00 3.73 1.17 31.5 18.4 59.5 3.5 0.168
Mean 1.8 0.070 1.24 3.26 2.03 5.18 1.69 32.8 27.9 88.8 15.2 0.101
±SE 0.2 0.0070 0.17 0.27 0.10 0.48 0.22 2.6 3.7 12.8 4.6 0.018
Pt <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Normal subjects
(n = 19)

Mean 7.1 0.0315 2.21 8.98 1.55 6.31 0.73 12.0 50.3 433.3 28.4 0.021
±SE 0.4 0.0014 0.13 0.56 0.076 0.44 0.05 0.8 3.4 26.4 3.9 0.003

Low TBG
subject 1.7 0.055 0.94 4.12 1.13 12.20 2.96 24.3 50.4 207.4 192.0 0.014

'Patients receiving dopamine.
I All P values are for unpaired t tests.

m2, P < 0.01) and had the only PR values below the
95% confidence limits of normal. In addition, the T4
pool size was reduced in the dopamine-treated com-
pared with the untreated patients (46.1±9.2 vs.
104.9±13.3 ;tg/m2, P < 0.05) and in both groups com-
pared to normal. The serum disappearance curves and
all other parameters were similar in the dopamine-
treated and untreated patients.

The mean i of T4 in the patients was shortened to
36% of normal and the MCR(232%), FCR (273%), and
FDR(481%) were significantly accelerated. Except for
a normal FDR, the same pattern was noted in the one
subject with near absent TBG. Despite these findings
of accelerated peripheral metabolism, the Kii was sig-
nificantly retarded in the patients to 54% of normal.
This is in contrast to the markedly increased Kii ob-
served in the subject with near absent TBG. It should
be noted that the IVD was increased (131%) and the
TVD was reduced (82%) in the patients.

The serum concentrations of TT3 in the patients
were markedly decreased and remained stable
throughout the T3 study with a mean value of 34±4
ng/dl at time 0, 34±3 ng/dl at 24 h, and 37±4 ng/dl
at 48 h. Although the serum FFT3 values were in-

creased, the free T3 values were decreased in all pa-
tients because of the marked reduction in TT3 levels,
as shown in Table IV. The mean T3 PR was markedly
decreased (27%) as was the T3 pool size (47%). Al-
though the magnitude of the decrements in mean T3
PR (27%) and mean serum TT3 (22%) were compa-
rable, there was no significant correlation between
these two parameters. The mean T3 MCR(137%) and
TVD (203%) were increased while the mean Kii value
was not significantly different from normal. The one
dopamine-treated patient had values similar to those
of the other patients.

During the serum rT3 kinetic studies, the serum con-
centrations of TrT3 were significantly elevated and
remained stable in the patients with a mean value of
89±22 ng/dl at time 0, 89+24 ng/dl at 12 h, and 95±26
ng/dl at 24 h of the study. The mean FFrT3 value was
increased (304%) as was the mean free rT3 level
(777%). Despite the increased FFrT3, the mean t was
prolonged (362%) while the MCR (42%) and FCR
(30%) values were significantly reduced. Furthermore,
the Kii values were normal or decreased, and the mean
rT3 PRand FDRvalues were not significantly different
from normal. There were no significant differences
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TABLE IV
T8 Kinetics in the Low T4 State of Nonthyroidal Illness

Case no. Total Ts FFTs Free Ts t IVD TVD MCR FCR PR Ts pool Kii FDR

ng/dl % pg/dl d liter/m0 liter/d/ %Id sg/d/m' ;&g/m' d-I d-1
m2

Sick patients
3 30 0.906 272 0.64 2.10 13.21 20.73 157.0 6.18 3.9 63.6 0.155
5 42 0.588 247 3.15 0.85 43.02 13.65 31.7 5.67 17.9 277.2 0.058
6 25 0.605 151 1.07 2.17 23.24 21.65 93.2 5.41 5.8 126.6 0.079
7 34 0.783 266 1.09 4.19 26.67 24.47 91.7 8.39 9.1 37.4 0.156

12° 45 0.626 282 1.97 2.28 26.62 13.50 50.7 6.07 12.0 87.4 0.068
Mean 35 0.696 244 1.59 2.32 26.55 18.80 84.9 6.34 9.7 118.4 0.203
±SE 4 0.065 24 0.45 0.54 4.80 2.22 21.6 0.53 2.5 42.3 0.022
P <0.001 <0.001 <0.001 NS NS <0.01 <0.05t NS <0.005 <0.02 NS NS

Normal subjects
(n = 12)

Mean 162 0.310 503 0.96 2.56 13.10 13.74 116.8 23.47 20.7 124.1 0.135
±SE 5 0.034 46 0.08 0.25 2.54 1.30 15.6 2.12 2.5 48.5 0.035

Patient receiving dopamine.
I Unpaired ranked sum test; all other P values are for unpaired t tests.

noted between the dopamine-treated and untreated tabolism of T4, T3, and rT3 during the low T4 state of
patients (Table V). acute critical nonthyroidal illnesses. These alterations

are presumably responsible for the decreased serum
DISCUSSION levels of TT4 and TT3 and for the elevated levels of

TrT3 observed in these patients. It should be empha-
The results of the present study demonstrate that mul- sized that the magnitude of the changes in the serum
tiple alterations occur in the peripheral hormone me- levels and the kinetic parameters were similar within

TABLE V
rT3 Kinetics in the Low T4 State of Nonthyroidal Illness

rT8
Case no. Total rTs FFrTs FrTs t IVD TVD MCR FCR PR pool Kii FDR

ng/dI % pg/dl d liter/m3 liter/d/ %/d pg/d/ pig/mr d-' d-I
ml mS

Sick patients
1 60 0.410 246 1.74 1.24 24.24 13.93 57.5 8.4 14.6 96.0 0.117
8 166 0.500 870 0.92 1.83 6.33 6.86 108.4 11.4 10.5 8.9 0.424

10°, 61 0.329 201 0.31 1.44 9.29 30.27 325.7 18.5 5.7 64.3 0.327
ill 175 0.359 628 1.09 1.55 9.91 9.10 92.2 15.9 17.3 13.8 0.427
14° 107 0.639 684 0.40 2.30 10.21 25.36 248.4 27.0 10.9 26.2 0.422
15 24 0.213 51 0.54 1.96 23.75 43.66 183.8 10.4 5.7 77.0 0.289
16° 51 0.374 191 0.31 1.30 14.26 46.18 324.1 23.4 7.2 87.4 0.406
Mean 92 0.404 404 0.76 1.66 14.00 25.05 191.0 16.4 10.3 53.4 0.345
±SE 22 0.051 114 0.02 0.15 2.65 6.03 41.9 2.64 1.7 13.7 0.043
P <0.051 <0.001 <0.025 <0.05 NS NS <0.005 <0.02 NS <0.02 NS NS

Normal subjects
(n = 8)

Mean 40 0.133 52 0.21 1.59 10.56 59.96 628.0 24.8 4.2 84.0 0.460
±SE 1.6 0.007 3.0 0.04 0.095 1.37 8.56 199.0 3.5 0.6 8.0 0.053

Patients receiving dopamine therapy.
I Unpaired ranked sum test; all other P values are for unpaired t test.
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this patient group, despite a marked variation in the
underlying diagnoses. This included the dopamine-
treated patients in whom the only difference was a
lower T4 PR and pool size. This uniformity suggests
that the factors responsible for these alterations may
be similar. The disturbances in thyroid hormone ki-
netic parameters could, theoretically, result from ab-
normalities of intravascular and extravascular binding
and distribution, as well as of hormone production and
disposal.

The marked reduction of T4, T3, and rT3 binding
to serum carrier proteins in the low T4 state was one
of the most consistent findings of the present study.
This alteration was principally manifested by the two-
to fourfold increase in the percent free fraction (FF)
values for T4, T3, and rT3 as determined by equilibrium
dialysis. This finding has been previously reported in
a variety of acute and chronic nonthyroidal illnesses
(27). The reduced serum binding could be due to de-
creased serum concentration and/or affinity of TBG.
Serum TBG levels by radioimmunoassay were avail-
able in patients 4, 5, and 6 of the present study and
the values were 2.7, 1.3 and 2.9 mg/dl (normal range:
1.7-5.1 mg/dl). Similar TBG levels were observed in
two other comparable groups of critically ill patients
with nonthyroidal illnesses who had serum TT4 levels
below 3 ,tg/dl (5, 34). Serum TBGvalues determined
by radioimmunoassay (5) were within the normal
range in 9 of 12 patients (mean 2.5±0.3 mg/dl, normal:
3.4±0.1), and those measured by antibody binding (34)
(Corning Immunophase, Corning Medical, Medfield,
Mass.) were normal in 8 of 10 patients (mean 10.9±1.8
,gg/ml, normal: 16.2± 1.1). These findings indicate that
serum TBG levels are minimally reduced in patients
with the low T4 state of nonthyroidal illness and would
only partially account for the observed increase in the
FF of T4, T3, and rT3. This suggests the presence of
an additional defect in the binding affinity of TBGfor
these thyroid hormones (1, 5, 10). Theoretically, a de-
crease in TBG affinity or concentration should result
in similar alterations in serum thyroid hormone ki-
netics. This reduction of hormone binding to serum
carrier proteins could contribute to the observed al-
terations in distribution and metabolism of these hor-
mones.

The kinetic consequences of reduced serum T4 bind-
ing to carrier proteins should mimic the alterations
observed in healthy euthyroid individuals with re-
duced serum levels of TBG. Indeed, the findings in
our patients of accelerated MCRand FCRvalues and
reduced t and T4 pool size are similar to the abnor-
malities reported in healthy euthyroid individuals with
reduced TBG concentrations (35), as well as the low
TBGpatient whose kinetic parameters were evaluated
as part of this study (Table III). In addition, the de-

creased serum binding of T4 should permit an accel-
erated Kii as seen in our one patient with a low TBG
concentration, and as previously reported (36, 37).
However, our data show that Kii was significantly re-
tarded in patients with the low T4 state suggesting
impaired egress of T4 from serum.

The decrease in the rate of T4 egress from serum
could result from (a) reduced activity of a specific
transport system for T4, (b) impaired extravascular T4
binding or (c), an increased serum concentration of a
compound(s) that competes with T4 for either trans-
port or tissue binding sites. Impaired transport of T4
out of serum should result in a reduced MCR, FCR,
and FDR. The finding of an increased MCRand FDR
for T4 in our patients probably negates this possibility.
There is considerable evidence that extravascular T4
uptake is influenced by the quantity and affinity of
T4 binding proteins on each side of the plasma mem-
brane (36-39). Therefore, a decrease in extravascular
binding of T4, of a greater magnitude than the im-
pairment in serum binding could account for a re-
duced Kii in these patients. Furthermore, this type of
defect would be compatible with the increased MCR,
FCR, and FDR values and the decreased i and TVD
observed during the low T4 state. The nature of the
factor(s) responsible for the reduced binding of T4 are
not elucidated by our studies; however, the extravas-
cular and serum protein binding defect may be the
result of a common factor. This concept is supported
by the observation that heparin administration is ca-
pable of reducing T4 binding both in serum and ex-
travascular sites (15).

The metabolic consequences of decreased extravas-
cular T4 binding are not defined. However, Jennings
et al. (40) have suggested that the impaired hepatic
uptake of T4 into the perfused rat liver after fasting
is caused by decreased tissue binding and may, in turn,
be responsible for the decreased T3 production. In ad-
dition, Felicetta et al. (41) have shown that ipodate,
a potent inhibitor of T4 to T3 conversion (42, 43) dis-
places T4 from liver. If the decreased tissue binding
of T4 were responsible for reduced T3 production in
our patients, one would expect a comparably impaired
conversion of T4 to rT3. However, the normal rT3 PR
in our patients provides indirect evidence to suggest
that no impairment of free T4 availability to sites of
deiodination and disposal exists. Furthermore, there
is evidence to suggest that factors other than reduced
uptake of T4 into tissues could be responsible for the
decreased T3 PR. Reduced 5'-deiodination of T4 to T3
in nonthyroidal disorders has been suggested by in
vitro studies (44) to be responsible for the decreased
T3 production. A plausible assumption would be that
reduced extravascular binding of T4 does not result in
decreased tissue availability of free T4. Hence, de-
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creased tissue binding of thyroid hormones may be
analogous to reduced serum binding, which results in
reduced total levels, but normal free hormone avail-
ability (35, 37).

The increased FFT3 observed in our patients and in
other nonthyroidal illnesses (27) suggests a decreased
binding of T3 to serum proteins. This abnormality
could account for the accelerated MCRand increased
TVD, which are also seen in healthy euthyroid indi-
viduals with low concentrations of TBG (35, 45). Be-
cause one would expect Kii to be enhanced in the pres-
ence of decreased serum T3 binding (45), the normal
Kii values in our patients suggest a comparable defect
in serum and extravascular binding.

The T3 PR was markedly reduced in our patients,
which is a feature common to other nonthyroidal ill-
nesses (6-8). T3 production could be reduced as a result
of decreased free T4 availability or to impaired en-
zymatic deiodination of T4. Because both, the T4 PR
and free T4 levels were in the low normal range in
these patients, reduced T4 availability would not ap-
pear to be a major factor. Furthermore, the reduction
in the T3 PR to 27±2% of the normal mean was sig-
nificantly (P < 0.01) greater than the decrease in T4
PR of 56±7% suggesting that impaired deiodination
of T4 to T3 was involved. In vitro data indicate that
the 5'-deiodinase activity may be reduced in nonthy-
roidal disorders (44); however, the extent to which
these factors contribute to the decreased T3 PR in vivo
is not defined.

The binding of rT3 to serum carrier proteins also
appeared to be impaired since the FFrT3 in our pa-
tients was increased as has been reported in other non-
thyroidal illnesses (27). The finding that Kii was nor-
mal in the face of decreased serum binding is
compatible with a comparable decrease in serum and
tissue rT3 binding. An alternate explanation for these
changes might be an impaired transport of rT3 into
tissues. This should result in reduced MCR, FCR, and
FDR values for rT3. Indeed, MCRand FCR are re-
duced but FDR values are essentially normal, making
this possibility unlikely. Similar kinetic alterations for
rT3 have been reported in nonthyroidal illnesses by
Chopra et al. (9) and in fasting (46) and have been
attributed to impaired 5'-deiodination of rT3. An ab-
normality in this enzyme step could account for the
reduced production of T3 from T4 as well as the im-
paired MCRand FCR of rT3 in our patients.

The results of the present study indicate that two
major abnormalities could account for the disturbances
in T4, T3, and rT3 metabolism present in patients with
the low T4 state of nonthyroidal illnesses. These include
decreased binding of T4, T3, and rT3 to both vascular
and extravascular sites, and impaired 5'-deiodination
of T4 to T3.
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