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INTRODUCTION

Since the early investigations of Hertz, Roberts
and Evans (1) and Hamilton (2-4), various meth-
ods of estimating the radioiodine accumulating ca-
pacity of the thyroid gland have been employed as
diagnostic clinical tests as well as in physiological
studies. The most common procedures have in-
volved the determination of the 24 hour thyroid
uptake (5-7) or the total 24, 48, or 72 hour urinary
excretion (8-10) of radioiodine following its oral
administration. While these methods have pro-
vided an additional diagnostic tool for the evalua-
tion of thyroid function, equivocal results have
been obtained in about 10% of the cases in most
series. Furthermore, where renal function is im-
paired, values characteristic of hyperthyroidism
have been observed in the presence of normal thy-
roid function (10).

Measurements of the rate of disappearance from
the blood (11) or the rate of urinary excretion
(12, 13) or uptake by the thyroid (13-15) of
radioiodine have proved to be involved procedures
and have not satisfactorily eliminated overlapping,
. although the frequency of borderline cases has been
reduced.

The relative and indirect nature of all these
methods has been emphasized in a recent review
(16) and in other reports (14) by the group at
the Mayo Clinic. They have concluded (16), in
agreement with Myant, Pochin and Goldie (17),
that the clearance of I**' from the blood by the
thyroid is probably the most reliable index of the
iodine accumulating function of the gland. Present

1 Reviewed in the Veterans Administration and pub-
lished with the approval of the Chief Medical Director.
The statements and conclusions published by the authors
are the results of their own study and do not necessarily
reflect the opinion or policy of the Veterans Administra-
tion. .

2 Presented, in part, at the Clinical Research Meeting,
New York Academy of Medicine, April 5, 1951.

techniques, however, have made this determina-
tion a complicated procedure, precluding its more
widespread use.

It is the purpose of this paper to present a sim-
ple, expedient method of obtaining the thyroidal
and renal plasma iodide clearances without the
necessity of performing analyses of blood samples.

Studies of the clearance rates in 87 euthyroid, 18
hyperthyroid and five hypothyroid subjects and a
comparison with the 24 hour thyroid uptake and

renal excretion values are presented. The sig-

nificance of these studies in relation to the results
obtained by other methods of measurement of the
iodine accumulating capacity of the thyroid is
discussed.

METHODS

Subjects of the study were patients of the Veterans
Administration Hospital, Bronx, New York. All cases in
which there was a history of recent iodine administration
in any form were excluded from the study.

For routine diagnostic testing, doses of 25-50 uc carrier
free I3 as KI in 2-8 ml of sterile isotonic saline solution
were administered intravenously over a 10-25 second
period. Calibration of the syringes revealed an accuracy
of +39% or better. For the special time-concentration
studies, doses of 100-750 uc were administered. Doses of
more than 150 uc were restricted to patients with carci-
noma or with hyperthyroidism for whom the therapeutic
use of 1'% was planned.

The Geiger counters were standardized for '3 against a
Braestrup type ionization chamber which was initially
calibrated in terms of the “New York millicurie” which
at the present time is equal to 0.85 Oak Ridge millicurie.

In vivo counting over the thyroid was performed with an
RCL bismuth gamma counter, which at nine inches from
the thyroid, had a sensitivity of 105 C/M/uc I'3 over a
background of approximately 60 C/M, as determined by
calibration against a dummy source of known activity
immersed in a paraffin filled phantom neck. The counter
tube was attached to a scaling circuit whose output fed
into a Streeter-Amet register, which automatically printed
the cumulative counts at one minute intervals. The
arrangement and shielding of the apparatus is shown in
Figure 1. Because of the wide window in the counter
shield and long sensitive region of the tube (five inches),
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the variation of counting rate with distance from the neck
followed more closely an inverse linear rather than an
inverse square relation and approximated 1/r'?. There-
fore, an error of 1 to } inch in the estimation of the depth
of the thyroid within the neck produced an error of only
34% to 7% in the counting rate due to activity in the
thyroid at the standard nine inch distance.

Radioactivity of the administered doses and in the urine
and blood samples was assayed in Marinelli beakers placed
around 1 inch lead shielded RCL bismuth walled or tetra-
methyl lead silver walled glass Geiger counters with sensi-
tivities of 4500 and 479 C/M /uc 1'%, respectively.

Determination of clearance rates

Since the thyroidal plasma 1" clearance is defined as the
volume of plasma cleared of I!* per minute by the thyroid
gland, its evaluation requires the measurement of the
uptake of I and a knowledge of the average plasma
concentration over the same time period. Similar consid-
erations obtain for the renal clearance. The first half hour
following intravenous injection of the isotope has been
selected for the clearance determination. Thus

Plasma 1! clearanceyroid
4 hour thyroid uptake '3

= - - (la
average plasma concentration I3 X 30 (a)
Plasma 113! clearancerenat
% hour renal excretion 1'%
. (1)

= average plasma concentration 13! X 30

In the following sections discussion of the measurement
of the half hour thyroid uptake and renal excretion is

APPARATUS FOR MEASURING THYROID UPTAKE

followed by a consideration of the plasma '3 concentration
determinations.

A. Determination of thyroid uptake and renal
excretion

Because of a number of objections to the common use of
thigh measurements in correcting for changing extra-
thyroidal activity in the neck, the following method for
determining the thyroid uptake was introduced.

Prior to the injection a background reading is obtained
with the counter over the patient’s neck. The counting
rate at one minute intervals is then recorded for 33 minutes
from the time of injection, following which the patient
empties his bladder into a bottle free of radioactivity.
A five minute delay time in urinary formation and passage
is assumed. For example, a urine specimen passed at 35
minutes is considered to represent the 30 minute excretion.
Since the accuracy of the renal clearance is only of second-
ary interest, catheterization is considered unnecessary.

The counting rate obtained over the neck during the first
minute or two following injection is a measure of the
activity of radioiodine in the blood and extravascular
spaces, since, at this time, only a fraction of the radioiodine
can have been removed by the thyroid except in cases of
marked hyperthyroidism. This activity has been termed
the initial extrathyroidal level. In hyperthyroidism the
activity obtained during the first minute has been accepted
as the initial extrathyroidal level because of the rapid
increase in counting rate during the first few minutes in
these cases. Any error in the tissue level estimation in
the hyperthyroid cases is of little consequence compared to
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the total half hour thyroid uptake. In non-hyperthyroid
cases the activity of the second minute has been taken as
the initial extrathyroidal level since at this time mixing in
the blood stream is virtually complete. Although com-
monly equal to.the counting rate of the first minute, the
counting rate during the second minute is not infrequently
slightly lower than that during the first minute. The
reason for this can be appreciated when it is realized that a
large number of counts may be recorded during the first
few seconds due to the high activity of the concentrated
injected material as it first enters the base of the neck
through the great veins draining the site of injection.

The counting rate over the neck after any significant
period of time is a measure of the activity within the
thyroid gland as well as that still remaining in the blood
and extrathyroidal tissues of the neck. Thyroid uptake
of 1% may be calculated as follows:

Let Th = uc I¥! collected by the thyroid during the first

30 minutes

U = uc D! excreted in the urine during the first
30 minutes

D = dose injected in uc I .

O = observed increase in activity over the neck in
uc I during the first 30 minutes

E = initial extrathyroidal activity in the neck in
pc 113 less background value prior to injection.

E thus represents the activity of I3 in the extrathyroidal
tissues of the neck before any significant removal by the
thyroid and kidneys has occurred.

The thyroid uptake must have increased at the end of
the measurement period by the sum of the observed
increase in the activity of the neck and the fall in the level
of activity of extrathyroidal I' in that part of the neck
“seen” by the counter. The extrathyroidal changes in-
clude the changes in concentration in the blood and extra-
cellular spaces of the thyroid gland itself. At the end of
the measuring period, the dose still circulating and in the
tissue spaces throughout the body will have decreased by
the amount picked up in the thyroid and excreted in the
urine since minute amounts that may be concentrated
above the general tissue level in other organs are negligible.
The fractional fall in the general tissue level may then be

expressed as &g—q . The fall in the extrathyroidal
activity of the neck is therefore M E.
Then
Th =0 + Q‘_];'_U) E.
Solving for Th,
OD + EU
Th = —D—_——E— . (2)

The value of E is usually less than 109, of the activity of
the dose and the urinary excretion usually not more than
three times the increase in activity over the neck except
in cases of hypothyroidism. It may be noted, then, that
any error in urinary collection or measurement produces
only a fraction of that error in the determination of the
thyroid uptake. In hyperthyroidism, where the thyroid
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uptake is two to ten times the urinary excretion, the latter
may be neglected entirely for practical purposes.

The total 30 minute urinary excretion is measured and
the activity assayed as described above.

B. Determination of the average plasma I con-
centration during the 30 minute period follow-
ing injection

Ideally, the plasma concentration should be kept at a
constant level during the period of clearance determination.
Owing to long continued change of space of iodide dilution
as discussed below, maintenance of an unchanging concen-
tration by constant intravenous drip would not only be
difficult, but also undesirable, because of the larger dose
required.? It is, however, equally valid to determine the
average plasma concentration of I over the period of
time of measurement of thyroid uptake and renal excretion,
even though the concentration is changing.

The plasma concentration of I at any time following
its administration is dependent upon the space into which
it has been distributed and the extent to which it has been
removed from circulation by the thyroid and kidneys.
(Amounts fixed in other organs are negligible.) These two
variables are discussed independently below. At the out-
set, however, a general consideration of the problem is
pertinent.

The plasma concentration at any time, t, may be ex-
pressed as follows:

(Plasma I conc.); = Dy-Cy, &)
where

D, = dose retained at any time, t,

C, = fraction of dose retained
¢ ml plasma

at the same time.

The dose retained at any time is the administered dose
less that removed by the thyroid and kidneys up to that
time.

The average plasma I3 concentration over any time
interval following administration of the isotope can then
be formulated: .

_ f (D¢-Cy) dt
(Average plasma I'® conc.)o_1 = —°——T—— . @

The integral of the product of the two factors D and C.
approximates the product of the integrals of each factor as
one or both approach a constant. Thus:

T T T
j; (Dvct)dth; D,dtj;c,dt ]
T S 6)

3 In hyperthyroidism, this procedure would require sep-
arate determination of hormonal and inorganic iodide in
the plasma, since, by the time complete mixing of I'* in
the body has occurred (usually three or more hours) a
significant amount of I’ may have re-entered the circu-
lation in the form of hormonal iodide after having been
taken up by the thyroid. Furthermore, for the same
reason, determination of thyroid uptake would be in error
because of the I'® leaving the gland after being incor-
porated into hormone.
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The first integral term on the right hand side of equa- 1. Evaluation of average dose retained. A close approxi-
tion 5 is the average dose retained while the second ex- mation to the value of the integrated average dose retained
presses the average plasma concentration in terms of the is given by the following:¢
fraction of the dose retained. The change in C; with time

is therefore dependent only on the change of space of _ j; T D.dt Do (1 — e\T)
dilution. These two terms have been evaluated separately Dot = =——F—= T ’ (0)
and the error involved in the approximation considered ——mo+——
subsequently. 4 See Appendix A.
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Points during the first three minutes were obtained from arterial
sample assays.
where Do_r = Average dose retained over time interval subjects and to have the value of S X102 in units of
O-T body weightg

Do = Dose I administered
T = Time in minutes
\ = Average fraction of the dose removed per
unit time. The evaluation of this term is
discussed in Appendix A.

While this expression can be evaluated in a number of
ways, it may be desirable for the sake of mathematical
expediency to approximate the average dose retained by
taking the arithmetic mean of the dose administered and
the dose retained at the end of the period of measurement.®

Dori2 224 Pla Dy — (The + U, ()

where Dy = Dose retained at time T = Do — (Thr + Ur)
Thr = Thyroid uptake at time T
Ur = Total renal excretion at time T.

2. Evaluation of average C.. As shown subsequently

SHcuat

— when T = 30 minutes, has been found to be

quite constantly related to body weight in non-edematous
$ See Appendix B.

fraction of dose retained
ml plasma
3. Derivation of final clearance formulae. Both integrals
on the right hand side of equation 5 have now been sepa-
rately evaluated. Substituting these values in equation 5§
for T = 30 minutes gives:

(Av. plasma I conc.) = Do—jnr* S X107
: +/O—fhe o4 body weightyg °

Substituting back in the original clearance equations
1a and 1b:
Plasma I® clearancetnyroid
4 hour thyroid uptake
5 X 10
Body weighteg = 30 )
— 3 hour thyroid uptake X.20X10* Xbody weight,
Do X 30
Plasma I3 clearancCerenal
= }hour renal excretion X.20 X 10* Xbody weightxe
Do_r X 30 )
The average dose retained over the first half hour (Do—jnr)
may be calculated from equation 6 or 7.

130-}1.: X

. (®

@
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CONSIDERATIONS OF I'8! DISTRIBUTION IN THE
DETERMINATION OF PLASMA
CONCENTRATION

A. Change of plasma I'®' concentration due to
change of space of todide dilution during the
first half hour

During the first half hour following intravenous admin-
istration, the I® space of dilution increases rapidly due to
entrance of I'® into red blood cells, diffusion into extra-
cellular fluid spaces and penetration of the body cellular
tissues.

In order to determine the change in concentration of
I8 due to the change of space of dilution with time,
multiple venous blood assays were performed during the
30 minute period following injection of I in seven sub-
jects including one subject with Graves’ disease and one
with post-thyroidectomy myxedema. The activity in the
plasma and frequently also in the red blood cells was
determined at four to five points during this time period
after administration of I!, To account for the variation
of the space of I dilution with body size, C¢ X body
weightyg has been plotted as a function of time (Figure 2).
The dose retained at each point was calculated by sub-
tracting from the dose administered the amount picked
up by the thyroid plus that excreted in the urine up to
that time. The thyroid gland is exposed to a concentra-
tion of I approximating that in the arterial blood and
it may take two to three minutes for the venous blood to
approach the arterial concentration. Therefore the arterial
plasma concentration was assayed at half minute intervals
during the first three minutes following intravenous admin-
istration of the isotope, in order to permit a more accurate
extrapolation back to zero time for the concentration of
plasma I to which the thyroid is exposed. The areas
under the curves thus obtained were measured with a
planimeter. The maximum variation from the mean area
was found to be about 3%. .

In 17 other subjects, including one patient with Graves’
disease, single points at 3040 minutes were obtained.
When all these points were extrapolated along a typical
curve to the 30 minute time, the maximum variation of
22 of the 24 30-minute points was less than 119, from the
mean. The mean concentration over the first half hour
varied less than the concentration at 30 minutes since the
relative spread was greater at the end of the time interval
and because the curves crossed each other to a certain
extent. It is quite possible that the two exceptional points
represent technical errors due to low counting rates or
slight contamination rather than true deviations.

TABLE I
Three hour iodide space
' 3 hour iodide space
Patient % body weight
85 36.1
29 31.2
86 454
82 42.0

S. A. BERSON, R. S. YALOW, J. SORRENTINO, AND B. ROSWIT

Figure 3 shows the composite time-concentration curve,
including the results of the arterial plasma assays dur-
ing the first three minutes. The area under this curve
divided by the time interval, 30 minutes, is then the
mean concentration over the first half hour expressed as
fractlo:ﬂt:’ﬁ ‘;:tamed X body weightug.
found to be 5.0 X 1073, Thus

A " (Ce-body weightsy)
T

Its value was

fract. dose ret. X kg

= § X 107%in units of
ml plasma

Since body weight is a constant for any subject, then
T
Jo Cdt 510
T body weightyx,
T

C.dt
This is the value of -—°T— utilized in the clearance

. . fract. dose ret.
in units of —————
ml plasma

calculations described under methods.

B. ‘‘Iodide space

fraction dose retained
ml plasma
sents the space of dilution. The reciprocal of any point

space in ml
body weightinkg’ .
or taking a liter of plasma as equivalent to a kilogram, the
space, in per cent of the body weight, through which the
I would have had to be uniformly distributed in order
to have given the experimentally obtained plasma concen-
tration. In terms of any anatomical space in the body,
this has no significance, since the I is not uniformly
distributed between extracellular and intracellular tissues.
For example, the plasma/red cell ratio of I has ranged
between 1.6 and 1.8 for all determinations made between
three minutes and three hours after injection. However,
the “iodide space” may serve as a convenient mathematical
expression for purposes of calculation of plasma concen-
tration and gives a rough quantitative idea of the extent
of distribution. At 30 minutes, in 22 of the 24 observa-
tions the mean and maximum range of the “iodide space’
was 26 % 2.8% of body weight in non-edematous subjects.
However, at three hours the variation was much greater,
the space ranging from 31 to 45% of the body weight
(Table I). The average space over the first half hour was
found to be 209, of the body weight.

In a patient with considerable nephrotic edema, the
‘“space” at 30 minutes was 38% of his body weight com-
pared to the normal of 26%. In a patient with cardiac
edema the average ‘“‘space’” over the first half hour was
26% of his body weight compared to the normal of 20%.
For accurate determinations in cases with significant edema
it is therefore necessary to obtain several plasma assays
during the first half hour, although the error introduced by
using an estimated correction of the normal space does not
influence the clearance values sufficiently to confuse the
diagnosis when hyperthyroidism is present.

The reciprocal of obviously repre-

along the curve in Figure 3 thus represents
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TABLE 11—Continued
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Plasma I3 clearance | Plasma I'% clearance
w Surface 24 hour 24 hour (ml/min.) (mlmin.[1.73 m?)
Patient | Age Sex Height ko) area uptake excretion
(m?) (% dose) | (% dose)
Thyroid Renal Thyroid Renal
Euthyroidism—Continued
59 52 M 511" 68.5 1.86 20.0 59.0 15.8 18.5 14.7 17.2
60 17 F 524" 57.6 1.57 42.5 454 17.0 21.2 18.7 23.4
61 45 M 511" 72.5 191 20.0 67.0 11.6 39.2 10.5 35.4
62 28 M 511”7 88.0 2.07 23.0 50.0 8.8 35.2 74 29.4
63 41 M 563" 75.0 1.84 25.0 60.0 24.0 42.7 22.5 40.1
64 45 F 57" 60.0 1.69 28.0 55.0 6.0 28.2 6.1 28.9
65 40 F 54" 64.5 1.68 33.9 57.7 20.6 34.8 21.2 35.8
66 44 M 59" 91.4 2.05 19.0 73.0 119 61.2 10.1 51.7
67 55 M 51034" 81.8 1.99 51.0 23.7 20.4 20.6 17.7
68 38 M 511" 66.0 1.83 34.0 21.8 33.6 20.6 31.7
69 28 M 5'114" 89.0 2.09 37.6 42.0 24.0 38.2 19.8 31.5
70 41 F 5’53 79.6 1.86 57.6 42.0 40.4 51.0 37.6 47.5
1 55 M 5'7%" 59.0 1.68 35.0 65.0 3.6 25.0 3.7 25.8
72 59 M 563" 82.8 1.93 29.3 44.0 13.6 33.9 12.2 30.4
73 35 F 574" 82.3 1.94 31.0 8.0 28.0 7.2 25.0
74 52 F 52" 45.4 1.42 29.0 56.0 8.6 154 10.5 18.7
75 28 M 510" 79.6 1.96 32.0 61.5 15.2 54.2 134 47.8
76 37 M 57" 64.5 1.73 30.0 53.0 16.8 51.6 16.8 51.6
77 32 F 5’5" 59.8 1.69 16.2 64.2 5.1 47.5 5.2 48.5
78 24 F 5’75" 71.0 1.83 22.0 70.5 8.5 54.6 8.0 51.7
79 38 M 59" 91.0 2.04 23.6 58.7 14.6 52.0 12.4 46.1
80 26 M 579" 81.3 1.95 10.8 46.0 9.6 40.8
81 63 M 513" 48.2 1.44 27.2 40.4 10.0 16.1 12.0 19.3
82 56 M 5'43" 66.0 1.70 36.9 54.3 19.1 30.4 194 30.9
83 60 M 59" 70.4 1.83 39.5 58.0 11.3 51.4 10.7 48.5
84 48 M 5'5%" 60.4 1.64 27.4 41.8 8.4 28.0 8.8 29.5
85 56 M 7" 47.6 1.54 25.5 55.2 8.1 28.0 9.1 31.5
86 31 M 52" 57.6 1.56 39.6 40.3 21.5 44.2 23.8 49.0
87 34 M 6’1" 69.5 1.91 35.1 54.2 21.2 30.2 19.2 27.3
Hyperthyroidism
1 45 M 543" 66.0 1.67 63.0 13.9 94.5 38.2 97.5 39.4
2 63 M 62" 51.4 1.70 82.0 24.0 73.5 19.0 75.0 19.3
3 33 M 59" 61.3 1.79 73.0 7.0 371.0 24.5 358.0 23.7
4 54 M 58" 69.0 1.81 70.0 20.0 345.0 24.8 330.0 23.7
5 34 M 510" 59.0 1.72 78.5 20.0 210.0 354 211.0 35.6
6 63 M 574" 70.5 1.81 56.0 32.0 71.5 74.5
7 55 M 'S§"’ 64.6 1.711 64.0 38.0 82.0 83.0
8 32 M 584" 53.5 1.63 78.0 23.0 | 257.0 32.1 273.0 34.1
9 34 M 5'10” 60.0 1.73 71.0 14.0 115.0 15.6 115.0 15.6
10 54 M 54" 66.0 1.69 82.5 43.5 84.5 44.5
11 61 M 58" 60.5 1.70 75.8 10.4 74.0 5.1 75.5 5.2
12 37 M 59" 63.0 1.75 81.3 8.0 360.0 22.0 356.0 21.7
13 34 M 5’63 56.8 1.63 77.0 10.3 387.0 34.9 410.0 37.0
14 61 M 5’5" 52.0 1.54 80.0 10.0 206.0 23.2 232.0 25.0
15 45 M 511" 69.4 1.88 61.0 24.0 103.0 39.0 92.0 36.0
16 62 M 57" 67.5 1.77 90.0 11.0 523.0 52.0 512.0 51.0
17 25 F 583" 81.8 1.95 81.0 229.0 60.0 203.0 53.3
18 63 F 54" 51.0 1.52 84.8 9.7 188.0 17.2 214.0 19.6
Hypothyroidism
1 47 F 5’14 70.0 1.69 3.0 73.0 1.2 39.2 1.2 40.0
2 23 M 5'10” 65.0 1.80 10.1 92.0 1.2 384 1.5 36.9
3 73 M 5 6’" 79.5 1.89 7.5 32.0 0 15.4 0 14.1
4 M 58" 66.0 1.77 7.7 4.2 9.3 4.1 9.1
5 55 M 553" 64.5 1.70 29 70.0 3.2 33.8 3.2 34.0
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It has been noted by others (17) that the “iodide space"
in thyrotoxic patients may be increased over that found
in normal subjects. ThisThas not been observed in the
few cases which we have studied. However, when the
blood volume is markedly increased and edema associated
with decompensated heart disease as a consequence of the
toxic state is present, such an increase in the “iodide space’’
is to be expected. None of our hyperthyroid patients
showed such changes.

C. Evaluation of errors imtroduced by approxi-
mations

In the section on Methods, several approximations were
made in the mathematical treatment of the changes in
concentration with time. The validity of the approxima-
tions made in equations 5, 6, and 7 under the conditions
of the present study has been tested by graphic integration.

From the observed values of “iodide space’ determined
at minute intervals from the curve in Figure 3, calculated
plasma concentration-time curves were obtained for com-
bined thyroid and renal clearance rates of 100-500 ml/min.
The mean concentrations over the first half hour deter-
mined by integrating the areas under these curves were
then compared with the mean concentrations calculated
from equation 5. Both the approximate integrated dose
retained (equation 6) and the arithmetic mean dose re-
tained (equation 7) were employed in calculating the
average concentrations from equation 5. The per cent
difference between the graphically integrated and the cal-
culated average concentrations (i.e., the error involved in
the approximations under discussion) was then plotted as
a function of the combined thyroid and renal clearance
rates (Figure 4). At the highest combined clearance rate
in euthyroidism (100 ml/min., see Table III) the error is
negligible (less than 19%,), if either the approximate inte-
grated or the arithmetic mean dose retained is used to
calculate the average concentration. At the second highest
yet observed combined clearance rate (450 ml/min.) the
error involved when the approximate integrated dose is
used is only 23-39%, and is still less than 10%, even when
the arithmetic mean dose is accepted as the average dose
retained.

For more accurate evaluation of the clearance rates in
hyperthyroidism, correction for the approximations in-
volved in the calculations of the average concentration
may be obtained from Figure 4. The only approximation
which is not corrected for is in using the average ‘‘iodide
space”’ over the first half hour as 20%, of body weight, but,

" as noted above, this has been observed to be strikingly
constant in non-edematous subjects with a maximum prob-
able range of 2109, from the mean.

RESULTS

A. 24 hour thyroid uptake and remal excretion
values

In Table II are presented the clearance data and
the 24 hour thyroid and urinary I**! accumulation

SORRENTINO, AND B. ROSWIT

values in 87 euthyroid, 18 untreated hyperthy-
roid and five hypothyroid subjects, four of whom
were frankly myxedematous. Studies in five cases
of hyperthyroidism recently treated with thera-
peutic doses of I*®* or by subtotal resection, with
only partial clinical success, are also included.
All of these five patients shortly thereafter re-
lapsed into full blown toxicity.

Figure 5 shows the frequency distribution of the
24 hour thyroid uptake and renal excretion values
expressed as per cent of the administered dose.
The range and average values for each clinical
group are presented in Table III. While there is
fairly good diagnostic separation of the clinical
groups there remains a definite overlap with either
test. The chart on renal excretion excludes 16
cases in which the urine collection was known to
be incomplete. Since in any particular case, the
reliability of a urine collection may be questioned,
this measurement is even less suitable as a diagnos-
tic test than might be inferred from the data pic-
tured in Figure 5.

A thyroid uptake of 50% or more at the end of
24 hours has heretofore been accepted in this clinic
and elsewhere as indicative of hyperthyroidism.
Seven cases of euthyroidism are noted to fall in
this range.

Excluding the cases in which the urine collection
was known to be incomplete, an average of 87%
of the administered dose was accounted for in the
thyroid and urine at the end of 24 hours in the
euthyroid subjects.

B. Half hour thyroid uptake curves

In contrast to the overlap between euthyroid
and hyperthyroid cases in the 24 hour thyroid up-
take measurements, the thyroid uptake curves dur-
ing the first half hour reveal that a better differ-
entiation is possible at this time (Figure 6).

TABLE III

Range and mean values for 24 hour thyroid uptake
and renal excretion

Thyroid uptake Renal excretion
(% of dose) (% of dose)
Clinical state
Range Mean Range Mean
Hyperthyroid 56.0-90.0 | 70.1 7.0-38.0 18.1
Euthyroid 12.0-68.0 | 33.0 | 31.0-76.0 | 53.7
Hypothyroid 2.9-10.1 6.2 | 32.0-92.0| 66.8
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C. Thyroid and renal clearance values

The frequency distributions of the thyroid and
renal clearances are shown in Figure 7. The
clearance rates have been corrected to 1.73 m? sur-
face area to facilitate comparison between different
individuals. The range and mean values for each
clinical group are presented in Table IV. There
appears to be no real difference in renal clearance
rates among the various clinical groups. It may
be assumed that the iodide ion is readily filtered
through the glomerulus. The clearance values are

then consistent with the interpretation that the
iodide is reabsorbed by the tubules. That the vari-
ations in renal clearance among normal individuals
may be related to tubular mechanisms regulating
the excretion of other electrolytes, particularly
chloride, must be considered. This has not been
investigated. It may be noted, however, that only
the two lowest points obtained were associated
with known renal disease. .

In contrast to the distribution of the renal clear-
ance values the thyroid clearances show a clearcut
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TABLE 1V

Range and mean values for thyroid
and renal clearances

Thyroid clearance Renal clearance
(ml[min.[1.73 m?) (ml|min.[1.73 m?)
Clinical state
Range Mean Range Mean
Hyperthyroid |74.5-512 210.5 5.2-53.3 | 303
Euthyroid 3.7- 410 17.7 | 11.1-58.0 | 35.6
Hypothyroid 0.0- 4.1 2.0.‘ 9.1-40.0 | 26.8

separation between euthyroid and hyperthyroid
cases, with a less well-defined delineation between
the euthyroid and hypothyroid cases. The lowest
clearance rate observed in untreated hyperthyroid-
ism was almost twice the highest euthyroid clear-
ance. Even in the patients who were in partial clin-
ical remission as a result of therapy and who shortly
thereafter showed complete relapse, the clearance
rates were significantly beyond the euthyroid range.
In general the hyperthyroid patients with mark-
edly enlarged glands showed the highest clearance
rates.

The number of euthyroid cases is large enough
to define reliably the expected range of normal.
It is unlikely that a significant fraction of euthyroid
clearance values will be found beyond this range.
Owing to the small number of observations in
hyperthyroid cases, it is possible that clearances
below the present limit may occur. However, be-
cause of the marked separation between the clini-
cal groups, it is unlikely that any significant degree
of overlap will be encountered.

In order to evaluate the constancy of the thyroid
clearance rate in the same individual, the values
obtained from the half hour study were compared,
in a small group of euthyroid subjects, with those
obtained between one half hour and three hours fol-
lowing the administration of I'3! (Table V). The

TABLE V

Comparison of clearance values determined during the
Sirst kalf hour and during one-half to three hours

Thyroid clearance Renal clearance
(ml/min.[1.73 m?) (ml/min.[1.73 m%)
Patient
0-% hour $-3 hours 0-§ hour $-3 hours

85 9.1 8.5 31.5 27.3
29 154 14.2 30.2 22.0
86 23.8 19.0 49.0 40.5
82 194 14.5 30.9 25.2
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clearance rates during the one-half hour to three
hour period were calculated from the thyroid uptake
values and the actual plasma concentrations during
this time as determined by repeated plasma analy-
ses. The relative constancy of the thyroid clear-
ances observed here confirms the results of My-
ant, Pochin, and Goldie (17) in studies done over
a longer period in two subjects. In one patient
(No. 13) thyroid clearance determinations per-
formed six weeks apart were almost identical.

To further test the validity of the area measure-
ments and the mathematical approximations pre-
viously considered, the clearance rates during the
first and second 15 minute periods were compared
with each other and with the overall 30 minute
clearance rate in seven subjects (Table VI). The
clearance rates during each 15 minute period were

TABLE VI
Comparison of clearance values determined over different
periods during first half hour
Thyroid clearance
(ml/min.[1.73 m?)
Patient
0-% hour $-4 hour 0~} hour

86 23.0 24.2 23.8
82 19.9 18.2 19.4
24 374 38.8 38.7
25 35.9 29.7 35.2
81 12.7 10.9 12.0
23 24.2 41.0 31.5
13—9/28/50 37.8
11/9/50 32.7 36.7 36.2

obtained in the same manner as the 30 minute
clearance rates by determining the areas under
each half of the curve in Figure 3. The average
“jodide spaces” during the first and second 15
minute periods were found to be 16.5% and 24.8%
of body weight respectively. In general, the agree-
ment of the values is within the error of the meas-
urements. -

D. Correlation of thyroid/renal clearance ratios
with 24 hour thyroid uptake/renal excretion
ratios

Figure 8 shows the correlation of the 24 hour
thyroid uptake/renal excretion ratios plotted
against the thyroid/renal clearance ratios. In this
figure are included the results of 118 studies in
89 subjects. Cases in which urinary collections
were known to be incomplete have been excluded.
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In the hyperthyroid cases both ratios were divided
by 10 in order to bring the points onto the same
graph. While the correlation is good (4-fold r =
0.73), it should be noted that the majority of the
euthyroid cases fall somewhat to the left of the 45°
line through the origin. Since the evidence favors
a constant thyroid clearance, this indicates that the
average 24 hour renal clearance is slightly lower
than that obtained during the test period. This is
probably related to temporary alterations in renal
function produced by changes in position and ac-
tivity. In contrast, the points in all but one of the
hyperthyroid cases fall to the right of the 45°
line. Considering the increased rate of turnover
of iodine in the hyperfunctioning gland, the find-
ing of a 24 hour thyroid uptake/renal excretion
ratio lower than the respective clearance ratio is
not unexpected. Significant amounts of radio-
iodine may be released in an organically bound
form within the 24 hour period. This results in
an apparently lower thyroid uptake. Furthermore,
some of the iodine previously accumulated by the
thyroid may be excreted directly in organically
bound form or as iodide resulting from metabolic
destruction of the organic iodine compounds, thus
leading to falsely high urinary excretion values.

E. Effect of renal clearance on thyroid uptake

To determine the effect of the renal factor on
the thyroid uptake, the thyroid clearance rates were
plotted against the renal clearance rates of the
euthyroid cases as shown in Figure 9. There is
no significant correlation between them (4-fold
r=0.1). The probability of the thyroid uptake
exceeding the renal excretion at any time is repre-
sented by the per cent of points lying to the left of
the 45° line intercepting the origin. Eleven
cases or 12.6% fell into this position. This value
then represents the expected frequency of a 24
hour thyroid uptake of 43.5% or greater, since at
the end of 24 hours, an average of 87% of the
dose was accounted for in the thyroid and urine.
Thirteen cases or 16.2% of the actual 24 hour val-
ues fell in this range. Similarly the expected fre-
quency of a thyroid uptake of 50% or more of the
dose is indicated by the per cent of points to the left
of the line whose slope is 50/37 or 57.5/42.5. Six
points or 7% fell on or to the left of this line, cor-

responding exactly to the number of cases found
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to have a thyroid uptake of 50% or greater at the
end of 24 hours.

DISCUSSION

Inquiry into the application of clearance meth-
ods to the study of thyroid function was initiated by
the British group of workers, whose reports (17-
20) represent the only major contributions in this
field. These investigators calculated the clearance
rates from data obtained by multiple assays of
thyroid activity and plasma concentration over a
period of several hours following administration of
I3, The clearance values of thyrotoxic patients
observed by them showed a progressive fall with
time to zero levels in five to seven hours. As may

TABLE VII

Calculated removal of radioiodine based on an estimated
constant 409, space in a 70 kg man

Combined clearance Half time for
rates remo % removed at
(ml[min.) (hours) 24 hours

10 32 40.3
20 16 64.4
30 10.7 78.8
40 8.0 87.3
50 6.4 92.4
60 5.3 95.6
70 4.6 97.3
80 4.0 98.4
90 3.6 99.0

100 3.2 99.4

200 1.6 99.99

300 1.1

400 0.8

Since, during the early period of time following the
administration of the dose, the space is considerably
smaller than the estimated 409, the half time for removal
will be appreciably less than the times given in the table
above for the higher clearance rates; e.g., the half time for
removal at a combined clearance rate of 400 ml/min. is
less than 20 minutes.

be seen from Table VII, which gives for different
clearance rates the time required for removal by
the thyroid and kidneys of half the dose, at high
clearance rates virtually the entire dose may be
removed within two hours or less. It should be
also noted that in thyrotoxic patients, clearance
values obtained more than an hour or two after
administration of the dose may represent significant
underestimations since at this time appreciable

.amounts of radioiodine are being released from the

gland as hormone, compared to the reduced
amounts entering the gland. These points empha-
size the necessity for performing the measurements
as early as possible when dealing with very active
glands. Further, it is desirable to perform the en-
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tire determination at a single sitting in order to
avoid the inevitable errors inherent in reposition-
ing the counter.

The thyroid clearance values obtained by My-
ant, Pochin and Goldie (17) in eight control sub-
jects showed a range of 8 to 38 ml/min. with a mean
value of 16 ml/min. Clearance rates in untreated
thyrotoxic patients ranged from 198 to 1,390 ml/
min. with a mean value of 486 ml/min. The renal
clearance rates ranged from 11 to 46 ml/min. with
a mean of 27 ml/min. No significant difference in
the renal clearance rates between control and thy-
rotoxic subjects was observed. The only other
figures on I**! clearance that have come to our at-
tention are those given by Keating and associates
(21) in eight cases and those of Stanley (22) in
three cases. In the series of Keating and co-
workers three euthyroid patients with nodular
goiter had thyroid clearances varying from 2 to 13
ml/min., while five patients having exophthalmic
goiter had clearances ranging from 20 to 228 ml/
min. Our results are more in accord with those of
the British workers (17) and show almost the iden-
tical range of normal values. This latter group has
considered the influence of the extraction ratio on
the clearance rate and has pointed out that not
only must blood flow be considerably increased
over the normal rate of 3% to 6 ml per gram of
tissue per minute (23) but also that extraction
must be very nearly complete in markedly over-
active glands.

The present study, in agreement with many
others, reveals that approximately %o of an ad-
ministered dose can be accounted for within the
thyroid gland and the urine at the end of 24 hours,
when thyroid and kidneys are functioning nor-
mally. Measurements taken 24 hours or longer
after administration of a tracer dose, therefore,
do not give an estimate of the absolute level of thy-
roid function but only express the relationship be-
tween the thyroid and kidneys in their ability to
clear the blood of iodide. From Table VII, it may
be seen that at high renal clearance rates almost
all of the dose is removed at 24 hours even in the
absence of functioning thyroid tissue.

Since the thyroid clearance remains fairly con-
stant, at least for periods of several hours to a
day, the rate of thyroid uptake is necessarily in-
fluenced by the rate of renal clearance and the
changes with time in the space of 1! distribution
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within the body. Measurements made on the thy-
roid alone do not take into account either of these
factors. Determination of the changes in plasma
concentration of I*3! alone does not enable one to
distinguish between removal by the thyroid and
loss in the urine, nor does it permit evaluation of
the changes of I*** space. Measurements of the
rate of renal excretion, such as described by
Keating, Power, Berkson, and Haines (12) elimi-
nated the renal factor in the evaluation of thyroid
function, but did not account for the changes in the
space of I'®* dilution with time as was well ap-
preciated by the original workers.

All of these tests have the additional disadvan-
tage of requiring multiple assays of one sort or
another. A single thyroid uptake measurement
at an early time, in a sense, gives an approxima-
tion to the rate of iodide accumulation and serves
to give better diagnostic differentiation than 24
hour studies. For example even the half hour up-
take curves alone shown in Figure 6 allow for
a well marked separation between the euthyroid
and hyperthyroid cases, although overlapping be-
tween euthyroid and hypothyroid cases was ob-
served. Similarly, in a recent report (24) on a
limited number of patients, multiple measurements
of thyroid activity during the first hour following
intravenous administration of the isotope permitted
a good diagnostic differentiation between euthy-
roidism and hyperthyroidism.

Stanley (22) has shown that at low serum inor-
ganic iodide levels the rate of accumulation of
radioiodine is independent of the serum iodide
concentration. In his cases, the I'** accumulation
was depressed only when high serum levels were
produced by administration of iodine. This evi-
dence suggests that, in the untreated gland, it is
the clearance rate and not the iodide accumulation
rate which reflects the level of thyroid function.

The rate of stable iodide (I'?") accumulation
by the thyroid may be readily calculated as the
product of the I'** clearance rate and the plasma
concentration of inorganic iodide (I'??). It has
been shown by Taurog and Chaikoff (25) that,
as early as 15 minutes after the injection of I'%2,
95% of the radioactivity present in the thyroid is
organically bound. Radioiodine administered to
patients with Graves’ disease is rapidly released
into the blood stream as thyroxine (26). Radio-
iodine is also identifiable in the protein precipitable



156 S. A. BERSON, R, S. YALOW, 7J.

fraction of the serum of euthyroid subjects as
early as a few hours following its administration
(11). If all the iodide leaving the gland is in hor-
monal form and if the total iodine content of the
gland is not changed significantly, then the rate of
I*?" accumulation by the thyroid is equal to the
rate of hormone release expressed in terms of io-
dine content. Assuming a serum inorganic iodide
concentration of approximately 1 ug% (22), then
at the mean euthyroid clearance rate of 17.7 ml/
min., the average daily hormone formation and re-
lease would amount to 255 pg iodine. This is
equivalent to 0.39 mg thyroxine or 127 mg USP
thyroid extract. While these figures are only ap-
proximations, they agree well with the values of
Stanley (22) as regards I'#” accumulation and with
Greer’s (27) estimates of thyroid extract equiva-
lent produced daily. They are also close to the
daily requirements of myxedematous patients.

Where significant amounts of iodine have been
recently ingested or when drugs affecting thyroid
function have been administered, these specula-
tions lead to invalid conclusions. As an example
it may be noted that in hyperthyroid patients un-
der the influence of such drugs as propylthiouracil
and tapazole, the clearance rates may remain con-
siderably elevated (28), indicating continued
ability of the thyroid temporarily to accumulate
radioiodine. Since hormone formation is blocked
by the drug, however, the iodide is rapidly re-
leased from the gland as such, and in this circum-
stance there is no direct relationship between the
rate of iodine accumulation and the rate of hormone
formation. Ideally, on theoretical grounds, the rate
of hormone formation and utilization would be
most likely to reflect the clinical state of thyroid
function. No publications satisfactorily dealing
with the direct solution of this problem have yet
appeared. Some recent studies (29-31), report-
ing the level of organically bound I'*! in the serum
at various times following the administration of the
isotope, have failed to take into consideration dif-
ferences in the stable iodine content of the thy-
roids of different individuals and the time required
to achieve constant specific activity within the
body. In any event, this measurement alone does
not give more than a first approximation to the
rate of hormone formation.

SORRENTINO, AND B. ROSWIT

SUMMARY AND CONCLUSIONS

1. The thyroidal and renal plasma I*3! clearance
rates may be obtained in non-edematous individu-
als with good approximation by a method which is
suitable for routine diagnostic use and which
does not require the analysis of blood samples.
The method is based on an observed relationship
of relative constancy between the body weight and
the space of I**! dilution during the first half hour
following intravenous administration of the isotope.
The clearance rates are readily determined in a
single 35 minute sitting from the assay of radio-
activity in the neck and in a single urine specimen.

2. The clearance rates and the 24 hour thyroid -
uptake and renal excretion values for 87 euthyroid,
18 untreated hyperthyroid, five treated hyperthy-
roid and five hypothyroid patients are presented.
Overlap between euthyroid and hyperthyroid 24
hour values was obtained. The lowest thyroidal
clearance rate in hyperthyroidism was almost twice
the highest rate in euthyroidism. From analysis
of the clearance rates it is to be expected that ap-
proximately 7% of the 24 hour values of normal
subjects will fall into the hyperthyroid range.

3. In euthyroidism and hyperthyroidism the
clearance rates are such that at the end of 24 hours
approximately 90% or more of the dose has been
removed by the thyroid and kidneys. The frac-
tion of the dose of radioiodine concentrated in the
thyroid, especially at this time, is modified by a
number of extraneous factors, chief of which is
the rate of renal clearance. Since the thyroid
clearance rate is independent of these factors it is
the most direct and reliable index of the iodine ac-
cumulating function of the thyroid gland.

4. The relationship of the thyroidal I*** clear-
ance rate to the rate of thyroid hormone formation
is discussed.
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APPENDIX A

If the space of dilution and the rate of removal by the
thyroid and kidneys remained constant the dose retained
would decrease exponentially with time according to the
formula:

D¢ = Doe™¢, (@
where

Dy = dose retained at any time, t

Do = the administered dose

M\ = the constant fraction of the dose removed per unit
time.

The relative constancy of the clearance rates over periods
up to three hours has been verified in the present study
confirming the findings of Myant, Pochin, and Goldie (17)
in normals.

The average dose retained over any time interval could
then be expressed as

_ [ DoeMdt
Dot = =——, ()

where Do_r = average dose retained over time interval
O — T. X may be obtained from equation (a) as follows:

—In%!

T o, ©

where Dr = dose retained at time T.

Since the space of dilution is changing during the first
half hour following injection, N\ is a variable and these
relationships do not hold as absolute equalities. However,
the change in A is such that for values of AT which are
small compared to 1, the following approximation is valid.
(See Figure 4.) Integrating (b) between the designated
limits,

A=

_ — a—AT
Dor =2 %lxr.e_l , @

where

Do_r = approximated integrated dose retained
A = average value obtained from (c).
APPENDIX B

That this approximation is valid for small values of AT
can be shown as follows:

T
-\
fo Doe™* dt _ Do(1 —e™™)
AT .

f')O—‘l‘ =

Expanding (1 — e™T)

f’o-r-%%{l -(1 -AT+‘—2’1!-’_%"+ )}

T Do NTRNT
DO_T--X_T AT - 2 =+ 3 )
ﬁo_r-Do—POZ—XI-‘+%p—

Where AT is small compared to 1, the higher order terms
can be neglected. Then
DoAT

Do-r=Do — 2
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But DoAT approximates Do — Dr for small values of AT.
Therefore

= Do + Dr
Do-r = -

APPENDIX C

Sample protocol and calculations
No. 70 41 year old white woman 5’53", 79.6 kg Surface
area = 1.86 m?. Dose 49.7 uci.v. at 2:02 p.m., 1/22/51.

Time after injection Activity in uc over neck

Background .76 puc
1 minute 7.70 uc
2 minutes 747 uc
3 minutes 7.61 uc
29 minutes 9.75 uc
30 minutes 9.90 uc
31 minutes 9.90 uc

Urine passed at 2:36 p.m. (29 minute specimen) contained
4.25 uc.

Calculations

Initial extrathyroidal level in neck (E) = 7.47 uc — .76 uc
= 6.71 uc.

Observed increase in activity over neck (0O) = 9.90 uc
— 7.47 yc = 2.43 pc. .

29 minute urinary excretion (U) = 4.25 uc.

Dose administered (D) = 49.7 uc.

Substituting these values in equation 2:
Thyroid uptake (Th)
- (2.43)(49.7) 4+ (6.71)(4.25)
49.7 - 6.71

Dose retained at end of half hour (Djn)

= 49.7 — (3.48 + 4.25) uc,
= 41.97 uc.

= 3.48 uc.

Average dose retained (Do—jnr):
(a) Determination of arithmetic mean dose:

49.7 + 41.97 -
2

From equation 7: Do_jnr = 45.8 uc

(b) Determination of approximate integrated dose:
From equation ¢ in Appendix A:

41.97
AT = — ll‘l'm' = 0.167
From equation 6:
= 49.7(1 — e™0167)
Do—jnr = o = 45.8 uc.

Substituting the arithmetic mean dose from (a) in the
final clearance formula (equation &8 or 9)

3.48 .20 X 10®
Clinyroia = 158 X 30

X 79.6 = 40.4 ml/min.
= 37.6 ml/min./1.73 m*
X 79.6 = 51 ml/min.

=47.5 ml/min./1.73m3

4.25 , .20 X 10
Clropat = 1538 X 29—
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