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(From the Weizmann Institute of Science, Rehovoth, and the Hadassah Municipal Hospital

Tel Aviv, Israel)

The importance of the peripheral degradation of
thyroxine as a parameter of thyroid function has
been emphasized in a number of investigations
during the last decade (1-4). A correlation has
been found between the rate of turnover of the
hormone and the thyroid state, as determined by
prevailing diagnostic methods. In these studies
the rate of plasma disappearance was followed for
about 2 weeks, and the biological half-life of thy-
roxine was determined by extrapolation tech-
niques. The half-life of thyroxine--1"I in the
plasma of normal subjects ranged between 6 and 8
days, whereas in hyperthyroidism it was as short
as 3 days. In hypothyroidism half-lives of about
10 days were observed. In a series of studies of
the age dependent changes in thyroid function, a
significant decrease of the rate of thyroxine turn-
over with age was observed in euthyroid subjects
(4).

It is inherent in the methods of investigation
employed in the studies cited that the rate of
plasma disappearance of radiothyroxine is the
combined result of all the degradative and excre-
tory processes. Since deiodination is the major
catabolic pathway of thyroxine, it was the purpose
of this study to follow the kinetics of this process
directly and solely.

The process of deiodination might be followed
by determining the buildup of inorganic iodine
originating from thyroxine. However, the great
number of parameters that determine iodide me-
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tabolism in humans (thyroid and kidney removal,
pool phenomena, and so on) (5) makes it impos-
sible to estimate directly the rate of deiodination of
thyroxine without far-reaching assumptions (6).
To cope with this problem a double tracer method
was devised, by which the rate of buildup of iodide
that originates from labeled thyroxine is followed
simultaneously with the aid of a different radioiso-
tope of iodine. In an earlier attempt thyrox-
ine-'11I and iodide-132I were used (7), but the
short physical half-life (2.3 hours) of 132I was a
major drawback that limited the usefulness of this
method. In the present study 125I-labeled thyrox-
ine and iodide-131I were used, and a group of eu-
thyroid subjects was examined.

Methods

Materials. L-Thyroxine- 1251 labeled in the 3' and 5'
positions was prepared by isotopic exchange (8) between
purified i-thyroxine and carrier-free iodine125.1 The specific
activity of the labeled thyroxine ranged between 30 and 40
mc per mg. The radioactive thyroxine was tested before
use by paper chromatography (solvent system, n-butanol:
acetic acid:H20 = 78:10:50; butanol:ethanol:ammonia
= 5:1:2), and 95 to 98% of the radioactivity was that of
thyroxine, the major impurity being iodide.

The iodide-1311 used was carrier-free sterilized solution in
normal saline.2

Method of examination. L-Thyroxine labeled with io-
dine125 (50 ,uc in 50% propylene glycol solution) was in-
jected intravenously into the subjects examined, 48 hours
before an injection of iodide131. During this period com-
plete equilibration of the thyroxine within its space of dis-
tribution was attained, whereas any labeled impurities were
excreted. On the day of the test 10 ,.c of carrier-free io-
dide131 was injected intravenously, and urine and blood
samples were collected simultaneously at 4, 6, and 8 hours
after the injection. During the test, subjects continued
their daily routines.

1 Obtained from Nuclear Science and Engineering Co.,
Pittsburgh, Pa.

2 Obtained from the Radiochemical Centre, Amersham,
England.
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To portions of the urine samples a few grains of an anion
exchange resin3 were added to absorb the iodide and thereby
to attain better geometrical conditions for counting. The
presence of ion exchange resin at the bottom of the tube
permitted more efficient and reproducible counting in the
well counter. The radioactivity of the samples was deter-
mined in thin walled cellulose nitrate test tubes to minimize
the adsorption of the low energy gamma radiation of
iodine'25

The radioactivities of 125J and 1311 were determined simul-
taneously in a well-type Nal scintillation detector equipped
with two single channel pulse height analyzers and two
scalers. One analyzer was set with a channel between
20 and 40 Kev (channel A to count 1251), and the other was
set between 100 and 400 Kev (channel B to count 1311 only).
To determine the contribution in channel A due to 131I a
standard sample of 1311 was measured, and the ratio (R) of
count rates of 1311 was calculated,

R (1311 counts per minute) in channel A
(1311 counts per minute) in channel B- [1]

The instruments were set to obtain a ratio of 0.05 or less.
From the count rates in both channels the corresponding
net count rates of 1311 and 1251 were calculated. The count
rate of 1311 (CB) was obtained directly from channel B.
The count rate of 12mj was calculated by subtracting the
fractional contribution of 1311 (CBR) from the total count
rate in channel A (CA),

counts per minute 1251 = CA - CBR. [2]
Calculation of the rate of deiodination. The composite

rate of degradation of thyroxine may be expressed by

-dT4/dt = kdT4 + kaT4, [3]

where T4 is the labeled thyroxine, kd is the velocity constant
of deiodination of thyroxine, and ka is the corresponding
constant for other degradative and excretory processes.
The constant kd may be calculated by measuring the iodide
(I-) originating from the labeled thyroxine in the organism,
whose concentration in the plasma depends on the rate of
deiodination of thyroxine and the rate of iodide removal.
This may be expressed by

dI-/dt = kdT4 -kc-, [4]

where k, is the velocity constant of iodide removal from the
plasma (renal, thyroidal, and other). In humans iodide is
removed 70 times faster than it is formed (5), and the rate
of change of iodide in the plasma, therefore, is close to zero.
Hence, Equation 4 can be written as,

kd = k.(I-/T4)- [5]
The rate of deiodination can thus be evaluated from the
rate of iodide removal (k0) and the steady state concentra-
tion of iodide originating from the labeled thyroxine (I-/T4).
Owing to the fact that the labeled iodide originating from
thyroxine is of the order of 1 to 2% of the total labeled
iodine content in the plasma, it is impossible to determine
its value with sufficient accuracy. On the other hand,

3 Dowex l-X 10, Dow Chemical Co., Midland, Mich.

iodide is selectively excreted by the kidneys, and under
conditions of normal renal function no protein-bound
iodine is excreted in the urine. When iodide-'311 is ad-
ministered and is allowed to equilibrate with iodide-1251,
which originates from the deiodination of thyroxine-1251,
both radioisotopes will be excreted in the urine at a rate,
proportional to their relative concentrations in the plasma.
This makes it possible to calculate the concentrations of
iodide-126I in the plasma (121Ip),

131IU 131IP 13l3l1 p X 121U
12 =-16 or 126IP= - 3l [6]

where Iu and Ip are the concentrations of iodide radioiso-
topes in urine and plasma, respectively. The radioactivity
in urine, '311U and 125Iu, represents inorganic iodide only,
except in proteinuria, where the protein-bound fraction
may be separated.

The plasma radioactivity of 125I is at least 98% that of
thyroxine; thus, at first approximation, it is equal to that
of protein-bound iodine (PBIU2r).

The activity of iodide-1311 in the plasma, 131Ip, is deter-
mined after separation of the plasma protein-bound iodine
(PBI) by the usual techniques. In eu- and hypothyroid
subjects the 1311 plasma radioactivity is at least 95% iodide
during the period of examination (8 hours). It is thus a
measure of 131Ip and does not necessitate PBI separation.
Subjects with a high conversion ratio obviously require
PBI separation.

If we substitute into Equation 5,

1311p X 126Iu
kd = ke,131 X PBI25I [7]

The value of k, (the rate of plasma disappearance of io-
dide) is calculated from Equation 8,

[8]d('311p)/dt = kt,

which on integration yields,
ln (131IP)ti/(131Ip)t2 = k.(t2 - t[,

where the indices refer to the beginning and the end of a
time interval.

The above equation may also be written,

kO = (2.303/At) [log (131IP)t1/(l3lIP)t2], [10]

with t2 - tI = At, expressed in hours.
The final formula for kd nhay then be derived from Equa-

tions 5, 6, and 10,

kd = (1/At) X I X [(125Iu/'31lu X 131Ip/PBI125)t1
+ (126IU/l3lIu X 1311p/PBI"25)t2]

X 2.3 [log (131Ip)t1/(131IP)t,]. [11]

The specific rate constant of deiodination, kd, for an
interval At is then calculated by substituting the mean
values of plasma and urine radioactivities at the beginning
and the end of the time interval.

The half-time of deiodination in days may be then
calculated,

tj(days) = k06324

1987
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FIG. 1. THE EFFECT OF AGE ON THE RATE OF DEIODI-
NATION AND TURNOVER OF THYROXINE IN EUTHYROID
SUBJECTS.

Results

The rate of deiodination of thyroxine was deter-
mined in 165 euthyroid subjects, male and female,
who were in good health. The age range was be-
tween 18 and 86. The rates of deiodination in
male and female subjects of the same age group
were comparable; the results are therefore pre-
sented without specifying sex.

The analysis of the data obtained reveals an age-
dependent change in the rate of deiodination.
Figure 1 and Table I demonstrate the relationship
of thyroxine deiodination to age. The change in
the half-time of deiodination with age is linear and
highly significant between the ages 18 and 60 (r =
+ 0.71, p < 0.01). Somewhat lower significance
in the coefficient of correlations is obtained when
the age group over 60 is also included (r =
+ 0.60, p < 0.01). From the mean values of the
different age groups presented in Table I, it can

TABLE I

Mean half-time values of the rate of deiodination
of thyroxine

Number
Mean age Age range of subjects Deiodination, tj

years days 4 SD
24.7 18-33 60 8.5 ± 3.1
41.7 34-50 58 10.5 i 2.4
54 51-57 36 13.1 i 2.7
74.6 62-85 11 13.1 ± 2.2

be seen that there is an increase in the half-time of
deiodination from 8.5 days in the third decade to
13.1 days in the sixth decade, beyond which no sig-
nificant increase is observed. Such an age de-
pendence was already demonstrated by Gregerman,
Gaffney, and Shock (4), when the total turnover
of thyroxine was studied. On the other hand, no
significant differences in the 24-hour 131J uptake
in the thyroid gland were observed over the whole
age range, in agreement with the results of previ-
ous studies (9).

To estimate the share of deiodination in the total
thyroxine turnover, a comparison was made be-
tween the results of Gregerman and co-workers
(4) and ours. From the calculated values of rates
of deiodination and the over-all turnover (Table
II), it may be seen that the excretory pathways

TABLE II

Calculated values of the rate of thyroxine
excretion in different ages*

Rate of
Rate of Rate of excretion

deiodination turnover (kt -kd
Decade (kd day-')t (kg day-') =kexeretion)

2 0.083 0.105 0.022
3 0.071 0.096 0.025
4 0.062 0.091 0.029
5 0.053 0.085 0.032
6 and above 0.053 0.075 0.022

* Calculated from Table I and from the results of Gregerman and
co-workers in Reference 4.

t kd =velocity constant for deiodination of thyroxine.

of thyroxine, which are mainly fecal, increase
slightly with age. It may also be shown that the
contribution of deiodination to the over-all turn-
over decreases somewhat with age (Figure 1).
In the low and medium age groups deiodination
accounts for about 80%o of the over-all rate, and it
decreases to about 70% in the advanced ages.
It may be concluded that the major parameter in
the degradation of thyroxine that changes with age
is its deiodination.

The rate of deiodination in different cases of
thyroid disorders has been determined in order to
evaluate the potential diagnostic use of the double
tracer method. The results presented in Table
III show conspicuous differences between hypo-
and hyperthyroid cases, which differ in their rate
of deiodination by a factor of 5. Propylthiouracil
(PTU) was shown to decrease the rate of deiodi-
nation by a factor of 2, in agreement with results

_-

f Meon±stondord error

{ + Delodnotion
§ Turnover( Gregermon et ol,ref 4)
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TABLE III

The half-time of deiodination of thyroxine in thyroidal disorders

24-hour 131I
No. Patient Age uptake tj Notes

years % days
1 S.A. 75 86 6.1 Hyperthyroidism
2 K.R. 50 50 4.2 Hyperthyroidism

3 F.H. 50 47 6.0 Hyperthyroidism
4 F.A. 54 2.0 18.5 Hypothyroidism

5 P.S. 40 7.2 21.2 Hypothyroidism
6 Z.B. 75 94 28.6 Toxic adenomatous goiter

6 weeks under PTU* treatment

7 J.C. 47 2.1 16.2 Normal subject receiving
PTU 7 days

8 H.A. 58 < 1 9.2 Postthyroidectomy with
thyroidin (100 mg per day)
replacement

* PTU = propylthiouracil.

obtained in humans and experimental animals
(10, 11).

Discussion

It is well known that the major catabolism of
thyroxine is its deiodination; however, the direct
in vivo determination of this process in humans
has not yet been carried out. In the investigations
that dealt with the in vivo metabolism of thyroxine,
the disappearance of radioactive thyroxine from
the plasma was followed, and the values of half-
lives obtained represent both the degradation and
the excretion patterns of the hormone. The rou-
tine determination of thyroxine turnover (3, 4,
12) applies the extrapolation of plasma radioac-
tivity to zero time. Ingbar and Freinkel (2) at-
tempted to estimate the rate of peripheral or "cel-
lular" metabolization of thyroxine by collecting
data over a period of 10 to 16 days from daily
plasma and urine and fecal samples, as well as thy-
roidal iodine uptake determinations. The double
tracer method employed in the present study de-
termines the rate of deiodination solely without
using extrapolation techniques.

Considering the slow turnover of thyroxine, the
examination by the present method is a short term
determination. The method is independent of
pool size estimates by dilution analysis, which are
a well known source of inaccuracy in tracer method-
ology. The assay of the stable protein-bound

iodine in the serum, which has been used as a
parameter in the calculations of previous degrada-
tion studies, is another possible source of error.
In the present method, the calculation of the rate
of deiodination does not require the value of serum
PBI. The difficulties and errors in excreta col-
lection are also omitted, as all calculations are
based on the ratios between the two iodide radio-
active isotopes. This ratio can be determined in
any volume, assuming that the metabolic fate of
all iodine isotopes is identical.

The optimal period of the examination is about
8 hours. The first 4 hours are required for equili-
bration of iodide-131I with the circulating iodide-
125I. The following 4-hour period allows an
accurate estimate of the rate of iodide plasma disap-
pearance. When the rate of thyroidal iodine con-
version is high or in proteinuria, or both, the half-
life of deiodination appears shortened; however,
these conditions are easily detected, and errors re-
sulting from them are readily avoided.

By using this method of examination in a group
of euthyroid subjects (female and male), the half-
life of deiodination of thyroxine was found to in-
crease with age from 8 to 13 days. This small
variability observed (Table I) is due to the fact
that the present method is free of concentration
parameters that are affected by nutritional factors.
An analogous age dependence has been previously
demonstrated by Gregerman and co-workers when
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they examined the over-all turnover of thyroxine.
A quantitative comparison between the data of
these authors and our data reveals, however, that
the half-life of thyroxine deiodination increases
with age to a greater extent than the over-all
turnover.

The correlation between thyroidal states and
rates of deiodination of thyroxine (Table III)
suggests that the changes in the rate of deiodina-
tion are another manifestation of thyroidal dis-
order. This may perhaps be correlated with the
availability of "free" thyroxine to the deiodinating
sites. Such a correlation has been previously sug-
gested by Gregerman and co-workers (4) to ex-
plain the age dependence of thyroxine turnover.
The age dependence in the uptake of triiodothyro-
nine by erythrocytes (13) supports this suggestion.
The availability of a direct method for the deter-
mination of the rate of deiodination of thyroxine
described in this study and the possibility of an
estimate of the free hormone may facilitate a
quantitative investigation of this correlation.

Summary

1) A method has been elaborated that deter-
mines the rate of deiodination of thyroxine in hu-
mans. The procedure is based on a double tracer
technique, in which l-thyroxine-125I and iodide-"1'I
are used simultaneously to determine the metabolic
fate of the hormone. The examination takes 8
hours.

2) The rate of deiodination of thyroxine was de-
termined in 165 euthyroid subjects, female and
male.

3) A correlation between the half-time of the
deiodination of thyroxine and age was found; the
t1 increases from 8 days in the third decade to 13
days in the sixth.

4) The half-time of thyroxine deiodination is
affected by the thyroidal status. It is increased by
a factor of 3 to 4 in hypothyroidism, whereas in
hyperthyroidism it is decreased.
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Appendix
Sample calculations

1) The following data were obtained and are expressed as
the mean counts per minute of duplicate determinations
and corrected for 1311 contribution to 1251 counts.

TABLE Al

Net counts per minute

1251 1811

Plasma Urine Plasma Urine

ti 980 3,088 461 57,100
t2 1,040 2,300 339 32,600
t3. 955 2,842 245 29,000

(t2 - t) = (At)1 = 2.75 hours; (t3 - t2) = (At)2
= 2.80 hours.

2). Substitution into Equation 11 (see text) yields the
following:

kdl = 75 [( 57,00 X 980)

+ 32,000 X ,040) X 2.3 log 43_9
= 2.78 X 10-3 hour-',

Id x L 2,300 339)kd2 = 2 80 X 2 [( 32,000 X 1,040

+(29,000 X955)] X23 log 4

= 2.65 X 10-3 hour-'.

Hence, the specific rate constant of deiodination, kd,
= 2.71 X 10-3 hour-', and

t 693 255.7 hours or 10.6 days.=0.00271
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