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Thyroidal pertechnetate was measured continuously in normal subjects
for 40 min after i.v. injection, using a multicrystal camera. Digital counts
(1-min increments) were read directly from the magnetic tape and summed
for the thyroidal area and for adjacent neck background. The net thyroidal
data were used as the basis for development of a compartmental model of
the thyroidal trap, using the SAAM program. Input to the trap in the model
is plasma pertechnetate radioactivity, measured frequently during the study
and fitted to a multiexponential equation. Best fit of the thyroidal data was
achieved with a model in which the trap is described by two compartments,
a fast (“follicular cell”’) compartment and a slower (“colloid’’) compart-
ment. lodide blockade, administered either during the study or 1 hr before
its initiation, rapidly blocked the trap at the point of input from plasma into
the follicular cells. lodide did not affect the other parameters of the model.
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Radioiodine studies of the thyroid’s iodide-concen-
trating mechanism (the “trap”) in man are usually
complicated by the presence of large quantities of
organically bound tracer. Only in certain disease
states, or after complete medicinal blockade of iodide
organification, does study of radioiodine concentra-
tion give specific information about the trap. There
is no a priori reason to believe that the trap is nor-
mal in such states. Use of an agent that “discharges”
the trap by competitively inhibiting iodide concen-
tration is helpful in determining the size of the trap
at a given time, but nothing about trap kinetics can
be learned from such a study.

When [**=Tc] pertechnetate (°**TcO,~) became
available, it was quickly identified as an agent that
became concentrated in the same tissues that con-
centrate iodide (). Since it does not participate in
thyroid hormone formation, it was suggested as a
model for the iodide trap. Certain problems, how-
ever, have limited the usefulness of °*»TcO,— for
this purpose:

1. While experimental results have been contra-
dictory (2-6), it appears that, at least under certain
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circumstances, organic binding of **»TcO4~ to the
thyroid occurs.

2. In vitro studies have demonstrated that the
Kn of TcO,~ transport into thyroid slices differs
from that of iodide (7). This, together with demon-
stration of significant plasma binding of ®*"TcQ,~
(8), indicates that results of kinetic studies of
9mTcO,~ uptake cannot literally be translated to
the iodide situation.

3. Except when the trap is stimulated, concen-
tration of **™TcO,~ in the normal thyroid is often
less than double the concentration in surrounding
neck tissues. When the usual type of thyroidal up-
take equipment is used, the neck background is so
great that the normal trap may be impossible to
distinguish from a suppressed trap (9). Even when
specific identification of the thyroid and an equalized
area of nearby neck background is made possible

Received Nov. 22, 1977; revision accepted Feb. 7, 1978.

For reprints contact: Marguerite T. Hays, Medical Re-
search Service (151), Veterans Administration Central Of-
fice, 810 Vermont Ave., N.W., Washington, D.C. 20420.

789



HAYS

by scanning (10,11) or scintillation-camera (6)
techniques, inaccuracies due to inclusion or exclu-
sion of a major blood pool or nearby salivary glands
can invalidate the results.

The goal of this study was to refine the study of
the thyroidal pertechnetate uptake in man by incor-
porating all of the information available from con-
tinuous external monitoring, correcting (insofar as
possible) for the problems listed above. We aimed
to simplify the complex uptake function by reducing
it to a few constant descriptors, and thus to enhance
its usefulness in experimental and clinical studies of
the thyroidal trap. We have been using **"TcO4— to
study the human thyroidal trap, and have been ex-
amining these problems. General neck background
has been handled by instrumentation, using the mul-
ticrystal camera to record our data. We have used
a mathematical model for data analysis, and with it
have attempted to correct neck background for
vascular variability. With the model, it would be
possible to detect any “very slowly reversible” per-
technetate pool in the thyroid that could become
quantitatively important in the time frame of these
studies. Data analysis with this model yields the spe-
cific kinetic characteristics of the pertechnetate trap.
Unexpectedly, we have identified a rapidly reversible
thyroidal pool, indistinguishable kinetically in our
studies from intrathyroidal plasma pertechnetate,
but suppressed by iodide. We postulate that this pool
represents activity in the thyroid follicular cell.

METHODS

Subjects were paid volunteer college students, at
least 21 years old. Three were men and three were
women. All were euthyroid as assessed by history,
physical examination, and serum concentration of
thyroxine and triiodothyronine. All gave written in-
formed consent before initiation of the studies.

Each subject underwent six experimental sessions,
identical except for Nal and KCIO; medication.
These studies were timed as shown in Table 1. One
subject experienced tachycardia and a sense of weak-
ness immediately after the first dose of iodide. Be-
cuse of the possibility of iodine reaction, perchlo-
rate was substituted for iodide in her fifth session,
and her final session was omitted.

In this paper, we will discuss the application of
the data from this experiment to model development,
particularly with regard to the impact of competitive
inhibition of the trap both before and during a ses-
sion. Other aspects of this series of studies, including
the salivary and urinary measurements and the
longer-term effects of iodide on the thyroid trap, as
seen in the fourth and sixth sessions, will be dis-
cussed elsewhere.
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TABLE 1. EXPERIMENTAL PLAN FOR EFFECTS
OF COMPETITIVE INHIBITION OF TRAP

ON MODEL
Session Day

No. No. Experimental conditions

1 1 Control

2 3 Control

3 8 Nal 1000 mg p.o. at 20-min point in
pertechnetate study

4 15 Control (postiodine)

5 22 Nal 1 g p.o. 1 hr before beginning per-
technetate study

[ 29 KCIO; 1 g p.o. at 20-min point in study

Setup for each experimental session. A uniform
procedure was used for the pertechnetate study. The
subject reclined on an examination table with neck
extended. A plastic tube was held in the mouth, and
the subject was instructed to expectorate all saliva.
Saliva was collected directly in a graduated cylinder,
which was changed at the 20-min midpoint of the
study. An indwelling needle was placed in an ante-
cubital vein to expedite plasma sampling, which
was performed at 2, 5, 10, 20, 30, and 40 min after
the pertechnetate administration. A dose of approxi-
mately 2 mCi ?*TcO,~ was injected into an oppo-
site antecubital vein at time zero. The study was
terminated after 40 min and the subject collected a
urine sample, generally at about 42 min.

Measurements of Tc-99m radioactivity in the neck.
These were made with a digital multicrystal camera,
an instrument that separately identifies counts in
each square cm of an 11- by 19-cm array. A pinhole
collimator was positioned to produce a twofold mag-
nification of thyroid area on the detector. The stand-
ard for the neck counts was 1% of the dose, con-
tained in a thyroid-shaped cavity in a lucite neck
phantom, placed in the same position with respect to
the multicrystal camera as the estimated position of
the subject’s thyroid gland.

Counts were collected continuously, but were
summed and dumped on magnetic tape at 1-min
intervals. Neck counts were initiated at the time of
injection of #»TcO4~ and terminated after 40 min.
The standard was counted for 10 min before and 10
min after the subject’s counting period. The times of
all counts were recorded for subsequent correction
for radioactive decay. All camera data were cor-
rected for field irregularities using a “flood field”
measurement made with the pinhole collimator be-
fore initiation of the study.

Handling of data stored on magnetic tape from the
camera. The magnetic tape containing the minute-by-
minute 11 X 19 arrays of 1-cm? count accumula-
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FIG. 1. Typical pertechnetate-uptake study (Subject UR). Dots
represent data points. Solid line through Neck Background counts
is multiexponential fit used in solution of model. Solid line through
Total Thyroid Uptake is fit of data to model.

tions was later interpreted by computer. Thyroidal
and neck-background areas were identified manually
on computer-generated grey-scale interpretations of
pooled data from ten consecutive 1-min count pe-
riods. The four separate sets of area identification
(for the four time pools) were interpreted sepa-
rately. If these varied substantially in location, mo-
tion of the subject during the experiment was sus-
pected, and multiple locale identifications (“flags™)
were used. The locale of the standard and an appro-
priate background area were identified in the same
way. Information about the locations of these areas
of interest on the matrix was entered on the com-
puter, which then corrected for radioactive decay
and produced summed counts for each region of
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interest. “Uptake” in the thyroid area and in the
neck-background area (normalized to the size of
the thyroid area) were calculated from the ratio to
the standards.

Handling of plasma. Duplicate 1-ml plasma sam-
ples were pipetted into well-count tubes and counted,
to a 1% or better statistical error, in a gamma spec-
trometer for comparison with a standard containing
0.01% of the dose.

Preliminary data analysis prior to model fit. Indi-
vidual time-point data for neck-background uptake
and for plasma radioactivity were fitted to multi-
exponential equations for purposes of smoothing and
interpolation of the data. These equations, rather
than the original observed data, were used in solu-
tion of the model.

Development and solution of the model. These
were done using the SAAM program (I2) with a
computer.

RESULTS

Typical uptake data for uncorrected thyroidal
uptake and for neck background are shown as dis-
crete points in Fig. 1. The solid lines show the re-
sult of a multiexponential fit to the neck-background
data, and of a fit by the two-compartment model
(incorporating the calculated neck background) to
the uncorrected thyroid data. Usually the neck-
background curve differed somewhat in configura-
tion from the thyroid curve, leveling off sooner, and
often decreasing at later points.

In order to utilize the known physiology of the
thyroid trap in analyzing thyroidal pertechnetate
kinetics, a compartmental model (Fig. 2) was de-
veloped, in which plasma pertechnetate (from the
smoothing equation described above) is the input
function into the trap. Because we made no attempt
to measure plasma volume, the “volume” of the
plasma compartment, V,, was arbitrarily defined as
1 ml. Hence, the rate constant from plasma into the
thyroid, X.;, is equivalent to plasma clearance.
Originally, the trap was represented by a single com-

site o! .

Plasma

FIG. 2. Thyroid trap model developed
in this study.
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FIG. 3. Net thyroidal uptake curve for study shown in Fig. 1.
Dashed line represents best fit with a single-compartment model.
Solid line is best fit with two-compartment model.

partment, C;, but this model was inadequate to fit
the early data (Fig. 3). An additional compartment,
C,, was added representing a very rapidly exchang-
ing compartment together with any plasma con-
tained in the thyroid that is not accounted for by
the neck background (the “plasma differential”).
Addition of this compartment improved the least-
squares fit of the data, as well as improving the vis-
ual fit.

Initially, compartment C. was thought to be just
plasma, and was represented, together with neck
background, as a nonthyroidal component of the
total gross thyroid uptake. However, blocking of
thyroidal uptake by pretreatment with 1 g Nal (in
Session 5) completely obliterated C, as well as
C; in every case. In fact, in five of the six subjects,
V. was negative, suggesting a small negative “plasma
differential,” or overcorrection of plasma activity by
neck background (Table 2). These studies were
considered to show that entry into C, is a process
that is subject to competitive inhibition.

The model was then revised to place C; in series
between C; (plasma) and C;. Our working hypothe-
sis is that C. represents activity in the thyroidal fol-
licular cell, and that C; represents pertechnetate con-
tained within the follicular lumen. Az;, the “clear-
ance” or rate constant for the transport from plasma
into C,, is identified as the probable site of competi-
tive inhibition.

Attempts to separate “plasma differential” from
C. by fitting of the model were unsuccessful, since
the early data points were insufficient to describe
the rapid equilibration phase of C,. However, the
ratio Az1/A;2, Or Vo, the “volume” of C,, could be
clearly identified in solution of the model. Unfortu-
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nately, V. also contains any “plasma differential,”
whether positive or negative.

In its final form, the working version of the model
solves for V., for A23 (the exit from C;), and for the
plasma clearance into C;, which is the product of
V. and Age. In order to derive Ag; and Ay2, wWe as-
sumed that a molecule, once having entered the
follicular cell, has an equal chance of leaving through
the apical or the basal cell membrane. By this as-
sumption, A\;2 = As2. It also indicates that A, =
(Vz)Aaz. Vs is equal to (Vz)/\az/hzs.

When iodide or perchlorate was administered at
the midpoint of the study, excellent fits were ob-
tained by setting Ao;, the input from the plasma into
C,, to zero. No other parameters needed to be al-
tered. Figure 4 shows such a study. The point in
time when this change is made (the “change point”)
presumably depends upon when the blocking medi-
cation actually enters the circulation and begins to

TABLE 2. PARAMETERS DERIVED FOR STUDIES
BEGUN 1 HR AFTER BLOCKADE
WITH 1 G Nal
20-min.

Subject Sex vptake Ve ml Vs ml
UR F —.03 —2.2 0.0
BO F .00 0.0 0.0
JOo F —.09 —17 0.0
v M —.01 —14 0.0
ST M .02 -2 0.0
FE M —.07 —11.6 0.0

Mean: —.03 —3.2 0.0

SD 04 4.2 0.0

NET THYROID UPTAKE (percent dose)

T=28 min ———
02 A2 Set to Zero at {T=29 min —
T = 30 min ------
0 1 1 1 1 1 ] ] ]
0 0 10 20 30 40
TIME (minutes)

FIG. 4. Net thyroidal uptake curve for Subject UR during ses-
sion in which 1 g Nal was given orally at 20 min. Model fits are
shown, sefting Az to zero at 28, 29, and 30 min.
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TABLE 3. “CHANGE POINTS": EXPERIMENTAL
TIME WHEN ),, BECAME ZERO AFTER
ADMINISTRATION OF 1 G OF
Nal OR 1 G KCIO, AT 20 MIN

Subject Oral KCIO, Oral Nal Lv. Nal
UR 21 29
BO 36*
Jo 26 29 20
TV 23 24
ST 22 25
FE 27 36

* Questionable iodine reaction (see text).

reach the thyroid gland. This “change point” is
quite well defined by the model. In Fig. 4, three fits
are shown, differing only in that the “change point”
differed by 1 min. The middle curve appears to fit
the portion of the data near the “change point” best.
Table 3 lists the individual subjects’ “change points”
after administration of iodide and perchlorate. While
the differences are not great, the subjects found Nal
to be less palatable than the KCIO,, and gastric emp-
tying could well have been slower after the Nal.
Subject JO later had an additional study in which
Nal was given at 20 min intravenously instead of
orally. In that study, the “change point” occurred
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at 20 min, as expected. In the session in which the
questionable iodine reaction (described above) oc-
curred, and also one other iodide study, gastric
emptying appears to have been delayed.

Table 4 presents the calculated parameters for the
control studies of Sessions 1, 2, and 3. The 20-min
thyroidal uptake is shown for comparison. Session 1
studies of two subjects were lost due to instrumental
difficulties, so completed double-control studies are
available for only four subjects. Subject JO had a
repeat control study 1 yr later, before the i.v. Nal
study.

DISCUSSION

The technique used for collection of these data,
using the multicrystal camera and subsequent com-
puter analysis of regions of interest, appears to yield
results qualitatively and quantitatively comparable
with results we now get using a scintillation camera
with computer analysis of the regions of interest.
Similarly, our results are qualitatively compatible
with studies done in England and Scotland in 1967
and 1968 using sequential rectilinear scanning tech-
niques (10,11). The gross 20-min uptakes in our
subjects, however, are considerably smaller than
those reported in either of those series. We believe
that this reduced pertechnetate “uptake,” with a cor-
respondingly lower thyroidal plasma clearance, is a

TABLE 4. PARAMETERS CALCULATED BY FITTING DATA TO TWO-COMPARTMENT MODEL.
(Clearance)
20-min V. Va An Aaa/ A1z = Nas/
Subject Session uptake mil ml ml/min min ml Comment
UR 1 59 41 63 35 .055 09
A7 20 54 33 062 17
3 51 17 59 53 .089 31 Nal at 20 min
BO 1 36 3 57 24 042 .80
2 38 10 41 25 .060 .25
3° .28 12 38 1.5 .038 A3 Nal at 20 min
Jo 2 77 12 193 53 028 A4
3* 49 n 95 34 .038 31 Nal at 20 min
7 53 1 70 3.0 043 27 1 year later
TV 1 43 5 59 6.0 .102 1.20
.68 23 89 9.1 .103 .40
3° .58 39 149 2.9 020 .07 Nal at 20 min
ST 1 1.06 24 378 56 015 .23
2 1.09 22 324 57 .018 26
3* 1.34 22 452 1n.o 024 .50 Nal at 20 min
FE 2 .82 17 236 6.3 027 37
3* 57 15 141 4.3 031 .29 Nal at 20 min
Parameters for
mean model: .64 18 102¢ 4.8 047 27
SD .29 10 2.5 .028
* In Session 3 (1 G Nal given at 20 min), Az: was set to zero at the “change point,” with all other parameters unchanged.
1 As these parameters are secondary, calculated from the other (primary) parameters, the values pr ted as are derived
from the means of the primary parameters rather than from the means of individual calculated parameters. The latter are 147
for Vs and .36 for A1z and Ass.
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function of increased dietary iodine with both time
and locale.

The model described in this paper was based upon
the known physiology of the thyroidal iodide-con-
centrating mechanism, understanding of which has
changed little since the comprehensive review by
Wolff in 1964 (13). It is consistent with the general
pertechnetate distribution model of Hays and Ber-
man (/4), but incorporates only the plasma and
thyroid compartments of that model, with subdi-
vision of the thyroid compartment. Structure of our
model is similar to that of the models proposed by
Wollman and Reed (/5). Initially, we considered
the intrathyroidal ion to represent a single compart-
ment (C;), comparable to Wollman and Reed’s
“two-compartment open model.” However, fitting of
the early data (Fig. 3) required that a second, faster,
thyroidal compartment (C.) be added. Initially we
considered this to represent intrathyroidal blood
pool not corrected by neck background, since we
could not clearly distinguish it kinetically from
plasma. The volumes calculated for this compart-
ment, however, were greater than those expected for
an uncorrected blood pool. Our doubts about a
blood-pool identity for this compartment were con-
firmed when we found that iodide block inhibited
C. as well as Cs.

While we have no direct evidence about the ana-
tomic or physiologic nature of C., review of the
work of Andros and Wollman (/6) suggests that it
represents concentration of the pertechnetate ion in
the follicular cell. By radioautographic techniques in
the propylthiouracil-blocked mouse thyroid, these
workers demonstrated that there is a transient phase,
2-10 min after radioiodide injection, when the ra-
dioiodide concentration in the follicular cell is
greater than the concentration seen in the lumen of
the follicle.

Solution of the model does not require that C.
and C; be in series. This configuration was chosen
because it appears logical. It is compatible with the
Wollman-Reed open three-compartment model, or
alternatively, with a carrier model, as suggested by
Lewellen and reported by Wolff (13).

We were not able to achieve unique solutions for
A2; and A2, presumably because the quality of our
early experimental data is insufficient to separate
C. temporally from plasma. V., the plasma equiva-
lent of C,, however, is uniquely soluble. In order
to calculate Ay and A.;, we have assumed that, after
equilibration, the flux (in plasma-equivalent volume)
of pertechnetate is the same from plasma to C,, and
from C, to Cs. This assumption will hold if there is
an equal likelihood that a pertechnetate ion, once
having entered the follicular cell, will exit through
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the basal or the apical cell membrane. We are aware
of no evidence to confirm or to refute this hypothesis.

The model solves for [V2 X Az2], the plasma-equiv-
alent clearance into compartment 3, and for Ap3, the
exit constant from compartment 3. V;, the plasma-
equivalent volume of compartment 3, is derived from
the ratio of these parameters. Although unique solu-
tions for [Vo X Az2] and for A»3 were generally
achieved with no difficulty, in a few cases these could
be altered within a narrow range without impairing
fit. When this occurred, we observed that, if either
[Va2 X Az2] or A3 was altered arbitrarily while the
other was adjusted by the program to fit the data
best, the ratio of [V2 X Aszs] to A23 (i.e., V3) tended to
remain constant.

After competitive inhibition of Ap; by a massive
dose of iodide or perchlorate during the course of a
study, the only alteration in the model that had to
be made to achieve good fit was to reset 1., to zero.
This change was both necessary and sufficient to
account for the iodide effect. There was no need for
an additional, irreversible compartment. The same
exit constants fitted the curve both before and after
inhibition of A»;. This finding does not conflict with
the work of Burke et al. (6), since the irreversible
compartment that they showed was found in hyper-
thyroid but not in normal subjects.

This model is being applied to analysis of data
from a variety of clinical and experimental situations.
Results of these studies will be reported elsewhere.
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