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PILO, ALESSANDRO, GIORGIO IERVASI, FRANTISEK VITEK, 
MARCO FERDEGHINI, FRANCO CAZZUOLA, AND ROMANO BIAN- 
CHI. Thyroidal and peripheral production of 3,5,3’-triiodothy- 
ronine in humans by multicompartmental analysis. Am. J. 
Physiol. 258 (Endocrinol. Metab. 21): E715-E726,1990.-Mul- 
ticompartmental analysis of thyroxine (T4) and 3,5,3’-triiodo- 
thyronine (T3) kinetics based on the plasma disappearance 
curves of the two tracer hormones (J. J. DiStefano III, M. Jang, 
T. K. Malone, and M. Broutman. Endocrinology 110: 198213, 
1982 and J. J. DiStefano III, T. K. Malone, and M. Jang. 
Endocrinology 111: 108117, 1982) was extended to include 
additional experimental data, namely, the appearance curve in 
plasma of labeled T3 generated in vivo from precursor Td. 
Kinetic analysis of data obtained in 14 studies carried out in 
normal subjects by using a composite six-pool model made it 
possible to quantify the contributions of the thyroid (3.3 pg. 
day-l .mW2) and the periphery (12.7 pg*day-l l rnm2) to T3 pro- 
duction. Tq monodeiodination occurred mainly in peripheral 
tissues rapidly exchanging with plasma (10.7 pgTg. day-‘. mD2), 
whereas only 2.0 pgT,*day-l .rne2 arose in slowly exchanging 
tissues. In contrast, if plasma disappearance curves only were 
analyzed, a value of 10.9 pgT,*day-‘. mV2 was calculated for 
peripheral conversion in slowly exchanging tissues; this under- 
scores the need for additional data, such as the [1251]T3 plasma 
appearance curve for the partition of central and peripheral 
production of Ts. 

tracer kinetics; thyroxine-to-3,5,3’-triiodothyronine conver- 
sion; compartmental models; noncompartmental analysis; iden- 
tifiability 

THE CONCEPT that most of the circulating 3,5,3’-triiodo- 
thyronine (T3) arises in the periphery from thyroxine 
(T4) monodeiodination is now well established. However, 
in humans most of the available information on the 
relative contribution of the thyroid gland and the periph- 
eral tissues to T3 production has been obtained indirectly 
from tracer experiments in substituted athyreotic pa- 
tients or in suppressed euthyroids (7, 36) or has been 
extrapolated from in vitro data by assuming that T3 and 
T4 secretion rates are proportional to the T3/T4 ratio in 
thyroglobulin (8). 

On the other hand, thyroidal T3 secretion and periph- 
eral T4 conversion are directly measurable by a rather 
complex tracer experiment in which differently labeled 
T, and T3 are simultaneously ‘injected and their disap- 
pearance curves, as well as the appearance curve of T3 

generated in vivo from monodeiodination of labeled T*, 
are determined. Few applications of this experimental 
approach have been reported (2, 17, 20, 27, 31, 38), 
possibly because of the experimental difficulty of quan- 
titating the very small amounts of labeled T3 appearing 
in plasma from tracer T, precursor (12). 

A chromatographic technique with sensitivity and 
specificity suitable for the measurement in plasma of in 
vivo-generated tracer T3 has been developed since 1983 
in our laboratory (2), and data on the direct measurement 
of T, conversion in normal subjects and in patients with 
altered thyroid function have been reported (6). In these 
studies, noncompartmental analysis of the data was used, 
due to the simplicity of the calculations involved. How- 
ever, it has been pointed out that this analysis has 
theoretical limitations, since it does not take appropriate 
account of the peripheral production of T3 (10,12). This 
drawback can be overcome by a multicompartmental 
analysis such as that recently described in detail and 
applied to the separate study of T3 and T, kinetics in the 
rat (13, 14). 

We therefore adopted multicompartmental analysis 
and extended the original approach (13) to additional 
experimental data of labeled T3 appearance obtained in 
a group of euthyroid subjects. A similar approach was 
applied in our previous study (l), but the appertaining 
mathematical procedure was not reported. 

This paper presents the theoretical and computational 
details of this new approach, which uses a composite six- 
compartment model (3 for T, kinetics and 3 for T3 
kinetics). The advantages of the extended analysis are 
discussed by comparing its results with those computed 
from the same data by the original compartmental analy- 
sis (13) and by the noncompartmental approach (29). 

METHODS 

Subjects and Protocols 

Fourteen clinically and biochemically euthyroid vol- 
unteers, aged 19-65 yr, with no history of thyroid; he- 
patic, or renal disorders were studied.’ None of the 
subjects was taking any drugs that could affect the me- 
tabolism of thyroid hormones, or their binding to serum 

’ Five of the present subjects were included in the control group 
presented in a previous paper (1). 
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carrier proteins, for at least 2 mo before the study. 
Thyroidal function was assessed by measuring serum 
total T, and Ts, free T4 and T3, and thyrotropin concen- 
trations (Table 1) as determined by methods given in 
Ref. 1. 

Informed consent was obtained from all subjects before 
the tracer experiment. All subjects received 5 drops of 
Lugol’s solution twice daily for the entire duration of the 
experiment. The [1251]T4 and [ 1311]T3 doses were prepared 
in our laboratory immediately before injection, according 
to the chloramine-T technique previously described (4). 
Briefly, >99.9% pure T4 and 3,5-T2 (Henning, Berlin, 
FRG) were used as substrates. T4 was monoradioiodi- 
nated by an exchange reaction, and labeled T3 was ob- 
tained by synthesis. Labeled T4 and T3 were subsequently 
separated from other reaction products by gel chroma- 
tography (Sephadex G-25 superfine, Pharmacia, Upps- 
ala, Sweden) columns (0.9 x 20 cm), using a solution of 
(in M) 0.15 NaOH, 0.01 NaCl, and 0.02 Na2S205 (pH 
12.5) as the eluent. In this system, T4 and T3 are clearly 
separated from each other and from unreacted radioio- 
dine as preliminarily assessed on purified standards. 
Immediately before injection, radioiodothyronines were 
absorbed on Sephadex G-25 fine columns (0.9 x 2.2 cm) 
and eluted with 2.5 ml serum of the study subject to 
remove any residual radioiodine. The purity of the la- 
beled iodothyronines injected was checked by means of 
the same chromatographic system used for processing 
the “large samples” as specified below. In particular, 
[1251]T3 contamination was in all cases <O.l% of the 
[ 1251]T4 dose. The specific activity ranged between 250 
and 350 &i/pg for [12?]T4 (-l/10 of the theoretical 
maximal specific activity of monoradioiodinated T4) and 
between 300 and 400 &i/pg for [ 1351]T3. 

Weighed amounts of [1251]T4 (50 &i; -0.17 pg corre- 
sponding to a ~0.075% perturbation of the T4 intravas- 
cular pool) and [1311]T3 (30 &i; -0.086 pg, i.e., a ~2.5% 
perturbation of the T3 intravascular pool) were injected 
intravenously as a single bolus, and venous blood samples 
(-4 ml, “small samples”) were frequently obtained during 
the first 24 h (at 0.08, 0.25, 0.75, 1, 2, 4, 8, 12, and 24 h) 

then every 12-24 h for a total of 144-192 h; five to nine 
of these blood samples were withdrawn in a larger volume 
(16-18 ml, large samples), at -12- to 24-h intervals 
between 12 and 192 h after injection and were used for 
the measurement of the [1251]T3 derived in vivo from the 
labeled T4 precursor. 

Analytical Procedures 

Measurement of [1251JTq and [‘311]T3 concentrations 
in small samples. Serum concentrations of [r251]T4 and 
[1311]T3 were measured by a chromatographic system 
using a Sephadex G-25 superfine column (1.5 X 20 cm) 
equilibrated at pH 12.5 with a solution of (in M) 0.1 
NaOH, 1 NaCl, and 0.02 Na2S205. Two milliliters of 
serum plus an equal volume of phosphate buffer (pH 6.5) 
were applied onto the top of the column, and elution was 
performed with a solution of (in M) 0.15 NaOH, 0.01 
NaCl, and 0.02 Na2S205 at a flow rate of 0.7 ml/min 
(total volume 200 ml, fraction volume 2 ml). 

Measurement of p”“I]T3 concentration in large samples. 
The plasma concentration of [1251]T3 generated in vivo 
by [ 1251]T4 monodeiodination was measured with the use 
of four 1.5 x 115 cm Sephadex G-25 superfine columns. 
A detailed description of the chromatographic procedure 
has been given previously (2). 

In brief, 5-8 ml of serum plus an equal volume of 
phosphate buffer (see above) were applied to each col- 
umn, and elution was performed at a flow rate of 0.9 ml/ 
min (total volume 800 ml, fraction volume 3 ml). 

1251 activity was measured in a gamma counter with an 
efficiency of 54%, counting time was 20 min for each 
fraction, and the operating conditions were chosen so as 
to obtain a high (sample)2-to-background ratio (back- 
ground -9 counts/min). Measured counts were sub- 
tracted for 1311 spillover into the 1251 channel (which was 
14% under the chosen conditions) and for background 
estimated in activity-free column fractions. To minimize 
the error caused by subtraction of 1311 spillover, fractions 
containing [ 1251]T3 and pre-T3 activity were counted at 
least 15 days after the beginning of the experiment (-2 
1311 half-lives). In this system, recovery was 99 t 2%, 

TABLE 1. Main clinical and thyroidal functional parameters 

Case 
No. 

Age, 
Sex yr 

Weight, Body 
kg Surface, m2 

IDVT,, 

ml 
Total T4, * 

H/d1 
T&al T3,t 

x/ml 
Free T4, 

pg/ml 
Free TB, 

Pdml 
TSH, 

dJ/ml 

1 M 54 83 
2 F 43 68.5 
3 M 31 83 
4 M 65 69 
5 M 44 75 
6 M 26 73 
7 M 27 82 
8 M 19 63 
9 F 53 66.5 

10 M 36 72 
11 F 48 53 
12 M 20 65.5 
13 F 44 63 
14 F 59 60 

2.02 
1.70 
2.02 
1.73 
1.80 
1.90 
1.98 
1.80 
1.69 
1.81 
1.49 
1.79 
1.75 
I.57 

3,801 8.00 1.23 10.1 4.3 1.2 
2,272 10.40 1.10 10.5 5.7 1.4 
2,686 7.90 1.32 8.8 4.3 1.0 
2,726 8.00 1.03 13.1 4.4 1.8 
2,632 8.80 1.33 11.1 3.5 I.5 
2,804 6.50 1.07 8.8 3.4 1.5 
2,770 7.70 1.40 10.2 4.1 2.0 
3,119 7.20 1.20 8.9 4.1 1.9 
2,749 6.60 1.36 6.9 3.6 1.4 
2,860 8.30 1.08 9.0 2.6 1.8 
2,467 9.50 1.21 10.5 3.8 1.1 
3,624 6.50 1.26 10.4 4.1 1.3 
2,965 7.90 1.21 11.8 5.0 2.0 
2,327 9.60 1.02 8.4 4.3 1.5 

Means k SD 1.79t0.16 2,843+434 8.10t1.20 1.2OkO.13 9.9t1.6 4.120.7 1.5kO.3 

* Referred to in data analysis as C T,. t Referred to in data analysis as CTB. TSH, thyrotropin; IDVT,, initial distribution volume of thyroxine 
(TJ; T3, 3,5,3’-triiodothyronine. 
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and the reproducibility of the [1251]T3 measurements (as 
estimated from 10 duplicate samples run on 2 different 
columns) was 4.2% [coefficient of variation (CV)]. 

A typical chromatogram of a serum sample from one 
of the study subjects is shown in Fig. 1. The 
tally measured radioactive concentrations 
were mult*iplied by two to account for random 
labeling of T4 in the 3’ or 5’ position. 

1 

experimen- 
of [ 12?]T3 
radioiodine 

Pr,( t) = i *ieXit Pr,( t) = i AieXit 
i=l i=4 

where PT,(t) is the plasma disappearance curve (tracer 
concentration, % [ 1251]T4 dose/l) of pulse-injected [ 12?] 
T4; PT,( t) is the plasma disappearance curve (% [ 1311]T3 
dose/l) of pulse-injected [ 1311]T3; Ai and Xi are coefficients 
(%dose/l) and exponents (h-l), respectively, of the ex- 
ponential functions fitted on the experimental disap- 
pearance curves of T4 and T3; and t is time. 

In each study, the zero intercept of the T3 curve (A4 + 
A5 + A6) was constrained to obtain an initial distribution 
volume (IDV) of the central T3 pool, IDVT, = l/(A4 + A5 
+ A6), equal to IDVT, = l/(Al + A2 + A3). On average 

Model and Derivation of Kinetic Parameters 

Data analysis is based on an existing six-pool model 
(12, 15) that combines the two three-compartment 
models used by Di Stefano et al. (13, 14) for separate 
analysis of T3 and T4 kinetics. Each subsystem includes 
a central (intravascular) compartment and a fast-ex- 
changing, and a slow-exchanging tissue pool. The T3 
model is connected to the T4 model through the pathways 
representing T3 production from peripheral T4 conver- 
sion in the fast and slow tissue pools, occurring with 
fractional rate constants equal to k52 and kG3, respectively 
(see Fig. 2 for the definition of the fractional rate con- 
stants from pool j to pool i, k,). 

Analysis of plasma disappearance curves of r2”I]T4 and 
p3’I]T3 by separate models of the T3 and T4 subsystems. 
This section of the analysis is based on the equations 
previously reported in Refs. 11, 13, and 14. The sum of 
three exponentials were fitted on the plasma disappear- 
ance curves of pulse-injected labeled T4 and T3 according 
to the weighed least squares method 

slow pools plasma pools fast pools 

%3 ko2 

CD 

3 T3 ,secretion 
- k52 k63 A 

1 kQ6 
1001 A 

-k,, =k2, +k5, >O 
-k22=k12+k02>0 
-k33= k, 3 +ko3 > 0 

c,=k 12 bl ‘O 
c2=k 13 k31 ‘0 

-iQ4= kS4 + k,, > 0 
-kS5= kqg +ko5 > 0 
-k66= k46 + ko6 > 0 

d,=kqg ks4 >O 
d2= k 46 k64'O 

60 - 
Standards ( 1311 activity) 

50 - 
- 

40 - 3.3’ T2 

- 3*,5* T2 
30 - 

E - T3 20-  

F 
2 10 -  

E o-  
\ 100 120 140 160 180 200 220 240 

-r25l activity 

100 120 140 160 180 200 220 240 

FRACTION NUMBER 

plasma pool tissue pool 

SR,3 

B 

RT3 

FIG. 2. A: combined six-compartment model of thyroid hormone 
kinetics: T, and T3 systems are modeled by three-compartment models 
interconnected by pathways relative to conversion of Tq into T3 (frac- 
tional rates 1252 and k&. Relations at bottom are combinations of 
fractional rates computable from plasma disappearance curves of la- 
beled Tq and TS; note that ks2 and kG3 do not appear in these equations 
individually but only as unresolvable combinations 1202 = k& + k52, and 
k o3 = kA3 + k63, that is, as cumulative fractional disposal rate from Tq 
peripheral pools. Scheme reports tracer inputs and sampling sites of 
three experimentally measured curves: II, pulse injection of [ 1251]T4; 12, 
pulse injection of [1311]T3; S1, sampling site of [‘251]T4 disappearance 
curve; S2, sampling site of [13’I]T3 disappearance curve; S3, sampling 
site of appearance curve of [1251]T3 in vivo generated by [‘251]T4 con- 
version. B: simplified model of T3 kinetics in which a single compart- 
ment has been used to represent extravascular tissues. 

FIG. 1. Typical chromatogram of a large serum sample (8 ml, with- 
drawn at the ‘72nd h) from one of the study subjects (case 14). B: pre- 
T:{, TZs zone, and foot of Tq peak ( [12’I]T4 total activity = 32,075 counts/ 
min) are represented (background not subtracted). T3 peak ( [1251]T3 
activity = 0.59% of [12’I]Tq peak) appears clearly separated from pre- 
T,? zone. A: elution profiles of 3,3’-T2, 3’,5’-T2, and T3 standards 
processed on same column. 
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the latter was found to be virtually superimposable on 
the plasma volume calculated as 40 ml/kg body wt. Such 
constraint, not used in our previous studies (I), is equiv- 
alent to considering the central compartment as the 
intravascular hormone pool for both T, and T3 (12). 
Coefficients (Ai) and exponents [Xi, (-Xl > -X2 > -X3 > 
0 and -A* > -X5 > -X6 > 0)] were used to derive the 10 
computable combinations of the fractional rate constants 
(Fig. 2) and the upper and lower bounds of all kij accord- 
ing to the equations reported in (11). The T, subsystem 

xi(t) = h,(t) IDV/doseT, = PT~(~)IPT~(O) (3) 

where IDV = IDVT, = IDVT,. From the differential 
equations of the T4 subsystem (pools 1, 2, and 3) and of 
the T3 subsystem @ooZs 4, 5, and 6) the Laplace (2) 
transforms X1(s) of xl(t) and Xi (s) of xi (t) are written 
as (see Ref. 11) 

PT,( t)] ,- the secretion rate (SRT,), the mass of the plasma 
pool (Qp .T,), the plasma-to-tissue transfer rate 
(TRpr.r,), upper and lower bounds of transfer rates from 

was completely described by its plasma clearance rate 
[PCRT,; derived from the area under the curve (AUC) of 

Xl(S) = ~[xdt)l = (s 
(s - k&(s - ks3) 

- MS - x,)(s - x,) 
(4) 

Using the complete six-pool model the Laplace transform 
X4(s) of x4(t) is written in terms of Xl(s) and Xi (s) 

X(s) = ~[XWI = ts b - M(s - km) (5) - x )( 4 s - x,)(s - x,) 

plasma to fast or slow tissue pools (TRpF.T, and 
TRps .T,), and upper and lower bounds of tissue pools Jz2lk45k52 

(fast QF.T, and slow Q ST,). For the T3 subsystem, we 
X4(s) = Xl(S) 

(s - kds - k55) 

could compute the plasma clearance rate (PCRr,, from (6) 
AUC), the plasma appearance rate (PART,), the intra- + Xlb) 

k3lk46k63 

vascular pool (Qp.T& the plasma-to-tissue transfer rate 
(s - kds - km) 1 X(s) 

(TRpT.TJ, and upper and lower bounds for individual Then, substituting Eqs. 4 and 5 for Xl(s) and Xi (s), 
tissue transfer rates (TRpF.T, and TRps.T,). respectively, yields 

Analysis of the appearance curve of in”vivo-generated 
r2”I]T3 using the entire six-pool model. The analysis so X4(s) = a Gl(s) + b G2(s) (7) 

far described cannot directly provide interval estimates where a E k21k45k52, b s k31k46k63, and 
for T4 conversion into T3, since the associated parame- 
ters k52 and k63 appear in the equations of the T4 subsys- (s - Mb - k33) 
tern as the unresolvable combinations ko2 = k& + k52 and G1(s) = (s - x,)(s - x,)(s - x,)(s - x,)(s - x,)(s - x,) 

k o3 = k& + k63 (cumulative outputs from the peripheral 
T4 pools; Fig. 2). On the other hand, by using the com- (s - k22)(s - k55) 

bined six-pool model, the appearance function { PT3(T4) (t) ; G2b) = (s - x,)(s - x,)(s - x,)(s - x,)(s - x,)(s - x,) 

plasma appearance curve (% [1251]T4 dose/l) of in vivo- 
generated [ 1251] T3j can be written in terms of PT,( t), By inversely transforming Eq. 7 and taking into account 

PT2(t),k22,k33,k55,k66 (previously derived), and of the un- 
Eq 3 we have 

’ ’ 
known combinations a = k21k52k45 and b = k31k63k46. When PT,(T,)(t)/PT,(O) = X4(t) = a &(t) + b g2(t) (8) 

data of the appearance curve are available, the best fit of 
these additional experimental points by the function 

where 

PT3(T4) permits the calculation of a and b. It is noteworthy 
that the possibility of uniquely identifying parameter gl(t) = LP[G~(s)] = i Biehit 
combinations a and b from data of in vivo-generated i=l 

labeled T3 was made theoretically explicit by Di Stefano 
and Mori in 1977 (15); to our knowledge, however, this 
method.has never been applied to the analysis of exper- - 
imental data. 

From 

g2(t) = LP[G~(s)] = 5 CieAit 
i=l 

the values of a and b it is possible to uniquely 
The coefficients ‘Bi and Ci of the two functions gl(t) and 
g2(t) are obtained by standard inverse transformation 
formulas (9) compute the thyroidal T3 secretion rate (SRT,) and to 

obtain interval estimates of the peripheral conversion 
rate of T4 into T3 with relatively low percentage varia- 
tions; interval estimates of extravascular T3 pools are 
also obtained. 

The derivation of a and b is as follows: assuming that 
xl(t) and x4(t) are the [1251]T4 and [1251]T3 activity curves 
(both as a fraction of the pulse-injected [1251]T4 dose) in 
compartments 1 and 4, respectively, and the xi(t) is the 
[1311]T3 activity curve (as a fraction of the pulse-injected 
[1311]T3 dose) in compartment 4. The functions xl(t), x4(t), 
and xi(t) are related to 
ured curves as follows 

the three experimentally meas- 

Bi = Gl(s) l (s - Ai) 1 s=xi Ci = Go l (S -  Xi) 1 s=xi 

The values of gl(ti) and g2( ti) are computed at the n 
sampling times (ti) in which the values Xd(ti) = PT,(‘&)(ti)/ 
PT,(O) were experimentally measured; therefore, Eq. 8 
becomes a system of n linear equations in the unknowns 
a and b, which may be calculated according to the linear 
least squares criterion. In detail, the equations used to 
compute a and b are 

a = (S4. S3 - SZ . S5)/DET; b = (Sl . S5 - SZ . S4)/DET 

x1(t) = PT,(t) IDV/doseT, = PT,(~)/~T,(@ (0 
where Sl = 2 g&)2, SZ = C gl(ti)*gz(ti), S3 = C gz(tJ2, 
S4 = C x4(ti)‘gl(ti), S5 = C X4(ti)*g2(ti), and DET = Sl* 

x4(t) = PT3(T4) (t) IDV/doseT, = PT,(T,)(t)/PT,(O) (2) S3 - SZ2. Estimates of the variability of a and b (SD,, 
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SDb) were also calculated from the covariance matrix 
(24 

Computation of peripheral conversion rate, thyroidal 
secretion rate, and total production rate of Ts. The con- 
version rates of T, into T3 (expressed in pg/day of T3 
produced) converted in fast and slow tissue pools can be 
written as CRF = &QF.T,P and CRs = k63f&.~,P, where 
,0 = 0.8365 is the ratio of T3/T4 molecular weights (to 
account for the loss of an iodine atom); using the rela- 
tionships QF.T, = IDV CT,kzl/(-k& and Qs.T, = IDV 
CT,k31/(-k33), where c T, is serum concentration of en- 
dogenous Tq one obtains CRF and CRs in 
b and of previously computed parameters 

terms of a and 

CR F = -&- IDV CT,@ 
22 45 

CR 
b 

S= F IDV cT,p 
33 46 

(9) 

(10) 

The plasma appearance rate (PA&,) is the sum of thy- 
roidal secretion rate (SRT,) plus the fractions of T3 
conversion rates in the fast and slow peripheral tissues 
that reach the central, sampled pool booZ4), that is 

PART, 
k k 

= SRT, + T CRF + T CRs (11) 
- 55 - 66 

BY 
we 

substituting &JS. 9 and 10 into Eq. 11 and 
obtain 

rearranging, 

SR = PART, - IDv&,P 
b 

T3 T&- + - 
22 55 k33k6 

(12) 

from which the thyroidal secretion rate can be uniquely 
calculated, all terms of the right side being already 
known. 

The previously derived bounds (kg”, k4mgax) of k45 are 
introduced into Eq. 9 to compute the bounds for CRF 

CR Fin = a IDV CT&l/(-k22 kqm58x) 

CR Fax = a IDV c&(-k22 kg”) 

Similarly, from Eq. 10 we obtain the bounds for CRs 

CR gin = b IDV C-$/(-k,, kY) 

CR r = b IDV C,,p/(-+, kg”) 

It can be demonstrated that the minimum conversion 
rate in the fast pool corresponds to the maximum con- 
version rate in the slow pool and vice versa. In fact, once 
a value is assigned for k 45, the value of k46 remains fixed 
through the three computable combinations (see Fig. 2) 

d 1 = k&54 -Jz44 = k54 + k64 d2 = k&64 

By successive substitutions one obtains k46 = d&k44 - 
(d1/k45)] from which it appears that kf;l5ax (corresponding 
to CRFin) implies k gn and therefore CREax. 

Therefore, the total conversion rate CRT = CRF + CRs 
is bounded within the closer limits CRfr”‘” = CRFin + 
CRgax and CR”“” = CR?” + CRgin (the 2 limits may 
possibly be reversed, i.e., CRyin = CRY + CRgin and 
CR max = CRP’” + CRY”, 
numerical values). 

depending on the particular 

The peripheral conversion of T4 into T3 can also be 
expressed as a fraction of the secretion rate of the pre- 
cursor T4 (conversion ratio, %CR) instead of a mass flux 
(pg/day of T3 produced, conversion rate, CR pg/day). 
The relationship between %CR and CR is 

%CR = 100 l (CRIp)/SRT, (13) 

Equation 13 is used to compute the bounds of %CR (fast 
pool, slow pool, total) from the bounds of CR. 

Total T3 production is the sum of thyroidal secretion 
rate SRT, (which can be uniquely computed) and the 
peripheral conversion rates; the bounds of P&, can 
therefore be derived as 

PR $” = SRT, + CRT’” and PRFF = SRT, + CRyaX 

The irreversible disposal rates of T4 and T3 from individ- 
ual tissue pools are computable as products of hi by the 
respective pool sizes. In fact, they remain poorly defined, 
since the ranges of kO; vary between 0 and kzax. However, 
the disposal rate of T4 associated with metabolic path- 
ways other than conversion into T3, can be estimated 
from the difference (SRT, - CRT/p). 

Computation of extravascular body pools of T3. By flux 
balance in the peripheral fast T3 pool we have 

Q F-T3 = (TRPF.T, + CRF)/(-k,,) (14 

Substituting TR$?T3 and CRFin into Eq. 14 one obtains 
the lower bounds Q F.‘y3; the upper bound QF.y3 is obtained 
by substituting TRF$yT3 and CRF’“. Note that TR$?T3 is 
associated with CR,,, (and TRFi?T, is associated with 
CRF”“), since TRF?T, implies kg” and, through the re- 
lation dl = k54k45, it also implies kgx, which corresponds 
to CRF’“. The analogous flux balance relationship for the 
peripheral slow T3 pool 

Q ST3 = (TRPs.T, + CRs)/(-ks) 

is used to compute Qg.i$3 and Q!$a$3a 
Because TRPF T3 >> CRF and TRps.T3 >> CRs, the bounds 
of total body T3 mass are 

Qp .T3 + QF.a+3 + Q$$, < Qyr3 < QP.T~ + Q?!r”, + QEa+, 

Finally, it seems useful to point out that the percentage 
variations in the range of the conversion rates and of the 
masses of the T3 peripheral compartments depend on the 
percentage variations of rate constants associated with 
T3 outflow from its intravascular pool. It has been shown 
in Ref. 12 that %Akij = % Akji, where %Akij is the per- 
centage variation in the range of kc defined as 

%Ak, = 100. (,!$aX - ,?$n)/,?$n 

From the relation %Ak, = %Akj, and from Eqs. 9 and 14, 
it can be seen that the percentage variations % ACRF and 
% AQF.T, are equal to % Ak54. Similarly, it follows from 
Eqs. 10 and 15 that % ACRs and %AQs.T3 are given by 
% Aks4. 

Use of a two-compartment steady-state model for the 
estimation of T4-to- T3 conversion rate. As previously re- 
ported (13), a two-compartment model does not fit sat- 
isfactorily the-transient kinetic data of T,. However, 
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once plasma appearance rate (PART,), plasma-to- (total) 
tissue transport rate (TR PT.TB), as well as secretion rate 
(SRrJ have been estimated with the help of the analysis 
so far described, these values can be used for obtaining 
a unique value of total T4-to-T, conversion rate on the 
basis of the steady-state two-compartment model seen 
in Fig. 2 and also mentioned in Ref. 12; this approach 
models all peripheral tissues as a single compartment. 
From the flux balance in the endogenous steady state 
the following equations can be written 

SRr, + CRT = DRT, 

SRT, + TRTP.T, = TRPT.T, 

PART, = SRT, + CRT TRTP.T,/(TRTP.T~ + DRT,) 

where DRr3 is disposal rate of T3. From these equations 
the total conversion rate is uniquely computed as 

CR T' 
TRPT.T,(PART, - =T,) 

TR PT.T, - PARTS (16) 

Quality of model fits to experimental data. Disappear- 
ance curves of PT,(t) and Pr,( t) were fitted by sums of 
three exponentials using a computer program for the 
weighed least squares method based on the Marquardt- 
Levenberg algorithm (26); the weights were taken pro- 
portional to the inverse of the error variance [wi = 
1/P(tJ2, where P(tJ is the plasma concentration sampled 
at time ti] under the assumption of a constant coefficient 
of variation (CV) noise (24). Using these weights, the 
variance ratio of the fit WRSS/df (weighed residual sum 
of squares divided by degrees of freedom) gives an esti- 
mate of (CV,/100)2, where CV,, coefficient of variation 
of the noise, is the constant relative error of the experi- 
mental measurement. Values of CV,, estimated from 
WRSS/df, were used to evaluate the goodness of the fit; 
CV, was found on average to be 4.8 and 9.5% for the 
disappearance curves of T4 and T3, respectively. 

Fitting of the model equation a gl(t) + b g2(t) to the 
appearance data of [12?]T3 was performed by standard 
linear regression analysis for the two parameters a and 
b, all exponents Xi and coefficients Bi, Ci of the functions 
gl( t) and g2( t) being already computed (see Eq. 8). The 
CV, estimated from the fit variance ratio of the appear- 
ance curve of [ 1251]Tg was 6.2% on average. The variabil- 
ities of a and b, estimated from the covariance matrix, 
were found on average to be CV, = 8.4% and CVb = 67%, 
indicating that the indeterminacy mainly affected the 
parameter b. 

Effects of propagation of experimental errors on the 
estimates of conversion rates. To estimate the overall 
effects of the propagation of the experimental errors on 
data through the complex computations, including ex- 
ponential fittings, that generate CRT, CRr, and CRs, we 
used a Monte Carlo simulation technique. A represent- 
ative set of data points was obtained averaging the nor- 
malized experimental data (% dose/l) of all studies; av- 
eraging was performed for measurements at coincident 
or very close sampling times. In particular, the typical 
set of data included 21 data points for the T4 disappear- 
ance curve, 18 data points for the T3 disappearance curve, 
and 6 data points for the T3 appearance curve (Figs. 3- 
7). Random noise normally distributed with zero mean 

100~ A 

p,,(t)=; Ai ehit=15,8 e-1.52t +9,72 e-o.23lt +CJ 41 e-o00454t 
i=l 

lo.8 e-0.384t +1 65 e-0 02281 

0.06 

P T3(T4l(t) = Pr4 (0) (8 ,$, Bi exit + b $ C, 
ehit ) 

i= 1 

I  
1. 1 -  1 ’ 1 -  I  -  1 -  1 ’ 1 1, ’ 

0 20 40 60 80 100 120 140 160 

hours 

FIG. 3. Experimental data from caSe 10; plasma disappearance 
curves of bolus-injected [‘251]T, and [1311]T3 (A, logarithmic scale) and 
plasma appearance curve of [12?]T3 generated in vivo (B, linear scale). 
Coefficients and exponents (Ai, Xi, i = 1, . . ., 6) of multiexponential 
functions fitted on plasma disappearance points are indicated. Plasma 
appearance data sampled at 12, 24, 36, 48.2, 71.9, 96, 120, 144, and 
166.8 h were 0.067, 0.086, 0.091, 0.082, 0.081, 0.091, 0.087, 0.079, and 
0.076% dose/l, respectively. Latter points were fitted by sum of six 
exponentials as indicated (see Eq. 8, data analysis) in which Xi, i = 1, 
l l ‘9 6 were taken from disappearance curves; numerical values of Bi, . 
z= 1 . ., 6 and Ci, i = 1, . . ., 6, obtained from Xi, i = 1, . . ., 6 and from 
computable combinations of fractional rate constants (see Fig. 2) using 
standard inverse transformation formulas (see data analysis), resulted 
in 0.0395, 0.127, 0.165, -0.220 X 10m3, -0.218, -0.113, and -0.584 X 
lo-‘, 25.6, 138, -0.133 x 10-3, -7.60, and -156. The two linear 
parameters a and b, values of which were obtained fitting the nine 
experimental points, resulted in a = 0.265 x lo-'* 0.234 x 1O-2 (SD) 
and b = 0.824 X 10D6 t 0.665 X 10B6 (SD), these values were used to 
evaluate kinetic parameters reported in Tables 3-5. 

loo A 
1 

PT4(t) = 23.4em1.52t + 8.04em0.157t + 12 6e-oOO489t 

10 
‘=I-T, 

9 

~ , -/ g-o.27st+ 1.65e-00197t 

0, -, =, -  ,.,.,.,., -, * 

0 20 40 60 80 100 120 140 160 

hours 

FIG. 4. Data from caSe 2. See legend to Fig. 3 for explanations. 
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pT4 (t) = 18.9e’ 1.67t + 7.1 se’ 0.25lt + 1 1 Je’ 0.00551t 

l\ pT3 (t) = 24.2 e’ 12.5t + 1 1.4 e-o.463t + 1.58 e’ om29 t 

‘; 0.08 
‘C 
be 0.06 

w--~ ‘251-T3 

0.04]/ 

0.02 II of -, -, 9,. I’ l’lwl’l’ 
0 20 40 60 80 100 120 140 160 

hours 

FIG. 5. Data from caSe 3. See legend to Fig. 3 for explanations. 

PT4 (t) = lg.9 e- 1.54t + 5.72e-O.167t + 8.07e’0 00504 t 

12’1 -T, 

pT3 (t) = 23.4 e-12.4 t + 8.83e’0.311 t + 1.33 e-o.0224 t 

P) 
'; 0.08 
'C 

M 0.06 

0.04 

0 y  ‘1’1’ l .  1 ’ 1 ’ 1 ’ 1 , 1 ,  

0 20 40 60 80 100 120 140 160 

hours 

FIG. 6. Data from cuse 13. See legend to Fig. 3 for explanations. 

and variance computed according to the average CV, 
observed (4.8 and 9.5% for Tq and T3 disappearance data, 
respectively, 6.2% for T3 appearance data), was super- 
imposed on the data points of the typical set, and the 
kinetic parameters were calculated. This procedure was 
repeated 50 times; standard deviations and coefficients 
of variation were computed for CRT, CRF, and CRs. 

The variability of CRT produced by the addition of the 
noise was 4.1% CV; those of CRF and CRs were 6.9 and 
43.6% CV, respectively. Based on the values obtained, 
parameters concerning the total conversion rate and 
conversion rate in the fast exchanging pool are less 
sensitive to experimental noise, whereas the conversion 
in the slowly exchanging pool demonstrates a higher 
indeterminacy. 

L 
a 0.08 3 4 
‘C 
i 
: c 0.06- 
u 

u 

; 0.04 - 
a ‘C 
c ‘L 

ok-‘. ,  -  I  .  1 -  I  ’ I  ’ I  1 I  ’ I  ’ 

0 20 40 60 80 100 120 140 160 

FIG. 7. Mean appearance curve of in vivo-generated [1251]T3 in the 
14 study subjects. Because no. samples (5-9) and sampling times did 
not coincide in all studies, data were averaged after grouping in six 
classes according to sampling time; each of reported 6 points, therefore, 
is mean plasma concentration (*SE) at mean sampling time of 11-14 
experimental points. Continous line represents fitting function com- 
puted from six-pool model (see Eq. 8, data analysis) by using mean 
disappearance curves of T3 and Tq from the 14 subjects; dashed line 
was computed from same data by imposing that Tq is converted into 
Ts in slow-exchanging pool only (1252 = 0). It is evident that this latter 
curve exhibits a consistent delay and deviation from experimental 
points of first 40- to 50-h interval. 

RESULTS 

T4 and T3 Kinetic Parameters 

The experimental data with their model fits, coeffi- 
cients, and exponents of the three exponential compo- 
nents and coefficients B; and Ci (see METHODS) are 
reported in Figs. 3-6 for four typical studies. The mean 
experimental [12?]T3 appearance curve of the 14 study 
subjects is shown in Fig. 7. The values for T, and T3 
kinetic ,parameters are reported in Tables 2-5 and sche- 
matically summarized in Fig. 8. 

Fractional rates and plasma-to-tissue transport rates 
are reported in Table 2 as mean values. Total exit rates 
from the three compartments of the T4 system (&, k22, 
kS3) and of the T3 system (kd4, ks5, k66) could be computed 
as single values (uniquely identifiable). Fractional ex- 
change rates between central and peripheral compart- 
ments [both for T4 (k21, kS1) and for T3 ( ks4, &)I could 
be defined only within their upper and lower bounds, and 
the midpoint of their ranges, together with the respective 
percentage variations, are reported. The range indeter- 
minacy is small for k21 and kS4 (3.0 and 4.2%, respectively) 
but increases to 13.8% for ksi and is quite large for 1264 
(61.8%). The mean transit times (ti = l/-kiJ for the T, 
system were 1.2 t 0.52 (plasma), 1.34 t 0.49 (fast pool), 
and 10.2 t 3.8 h (slow pool); for the T3 system, the mean 
transit times were 0.11 t 0.02 (plasma), 0.21 t 0.05 (fast 
pool), and 13.5 t 4.3 h (slow pool). 

The mean unidirectional transport rates from plasma 
to fast and slow tissue pools were 1,994 t 557 and 556 t 
272 pg l day-l l m-2, respectively, for Tq, and 389 t 107 
and 34 t 9 lug0 day-’ l rnB2, respectively, for T3. Although 
a single numerical value can be computed for the total 
transport rate outside the plasma (both for T4 and Tz), 
the fluxes from plasma to fast and slow exchanging pools 
are defined through ranges (of equal width, since their 
sum is constrained to be equal to total outflow). 
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TABLE 2. Mean fractional rates and plasma-to-tissue transport rates of T4 and T3 subsystems 

T4 -k11, -km -h, L*, %Ak,,t, x31, %A&, TRPT, TRpF, TRps, kATR/2$, 
System h-' h -1 h -1 h -1 % h -1 % pg.day-'.m-2 pg-dayv1.mq2 pg.day-'om-2 pg-day-'-m-2 

0.85kO.20 O&3&0.55 0.114kO.045 0.66kO.17 3.0t0.7 0.186t0.095 13.8t8.0 2,550+629 1,994+557 5562272 28.1t4.7 
T3 -L, -km -km &4, % Ah, L, % AL TRPT, TRPF, TRps, aATR/2, 

System h-’ h-’ h-’ h-l % h-l % pg l day-l . rns2 pg l day-l . me2 pg. day-l . mD2 pg. day-’ + mv2 

9.17k1.75 5.21t1.24 0.077t0.023 8.44k1.65 4.2t0.7 0.73t0.14 61.8k12.8 422k114 389k107 33.6k8.7 7.7t1.5 

Values are means k SD. * Overbar indicates midpoint of range [e.g., &I = (ky + kEn)/2]. t P ercent variation in range [e.g., % A& = 
(kzx - k$“)/k$” l 1OO]. $ Halfwidth of range [ATR/2 = (TRF$” - TR&?‘)/2 = (TRFF - TR$?)/2]. See text for definition of abbreviations. 

TABLE 3. Production rates of T4 and T3 

Case NO. SRT,* SRT, CRFt -I- ACR,/2 ch zk ACRs/2 c& + AC&/2 PA&,* PRr,f PRr,§ CRs§ 

1 44.5 1.98 12.3t0.26 3.7OkO.99 16.0t0.73 16.7 18.0 20.0 12.3 
2 55.5 4.45 6.71t0.16 l.llt0.33 7.82t0.17 11.8 12.3 14.4 9.02 
3 45.3 7.05 8.73t0.23 1.06t0.22 9.79t0.01 16.4 16.8 18.9 11.7 
4 59.3 3.14 9.32kO.24 0.18t0.05 9.50t0.19 12.4 12.6 15.2 9.51 
5 59.2 5.95 8.75t0.18 1.20k0.24 9.95t0.06 15.5 15.9 17.6 10.6 
6 41.5 5.31 9.1420.17 0.52t0.13 9.66rtO.04 14.7 15.0 17.3 10.5 
7 50.9 3.51 10.620.16 0.40t0.08 ll.Ot0.08 14.2 14.5 16.1 9.50 
8 57.7 4.15 9.35t0.17 6.7421.31 16.1t1.14 18.8 20.2 21.2 12.8 
9 54.3 0.91 7.90t0.14 3.39t0.66 11.320.52 11.4 12.2 12.9 7.74 

10 51.8 1.40 12.6t0.21 0.38t0.09 13.0t0.12 14.1 14.4 16.3 9.78 
11 76.5 2.89 13.1kO.29 1.55t0.38 14.6t0.09 16.9 17.5 19.8 12.2 
12 61.1 2.47 17.3t0.28 2.0220.43 19.4t0.15 21.1 21.8 24.1 14.4 
13 65.7 2.64 14.5t0.34 2.37t0.65 16.9t0.31 18.5 19.5 22.4 13.9 
14 62.9 0.88 9.07t0.18 3.64k0.83 12.7k0.65 12.6 13.6 14.6 8.87 

Means t SD 56.2 3.34 10.7 0.22 2.02 0.46 12.7 0.30 15.4 16.0 17.9 10.9 
k9.3 1k1.87 t2.9 kO.06 k1.83 to.38 k3.42 to.33 t2.89 23.07 t3.28 t2.00 

Values are in pg* day-‘. mm2. * Plasma clearance rates (PCR) can be computed dividing by plasma concentrations of cold hormone reported in 
Table 1, i.e., PCRT4 = SRT4/CT4 and PCRTB = PAR@TB. t Midpoint t halfwidth of range [e.g., ACRr/2 = (CRY - CRFn)/2]. $ Midpoint of 
range; halfwidth of range of PRTB is equal to ACRT/~, since PRT3 = SRTB + CRT. 8 Computed according to method reported in Ref. 13. See text 
for definition of abbreviations. 

TABLE 4. Conversion ratio of T4 into T3 
(% of T4 secretion rate) 

Case No. %CR* %CRr-f %CRrS 

1 42.9 41.0 39.3 
2 16.9 16.5 15.6 
3 25.8 25.7 24.2 
4 19.2 19.4 18.5 
5 20.1 19.9 19.1 
6 27.8 27.8 26.9 
7 25.8 25.8 25.2 
8 33.4 31.3 30.8 
9 24.8 23.9 22.5 

10 30.0 30.1 29.1 
11 22.8 22.7 21.5 
12 37.9 37.6 35.0 
13 30.7 30.2 28.5 
14 24.1 23.1 22.5 

Means t SD 27.327.2 26.8k6.9 25.6t6.5 
* Overbar indicates midpoint of range computed using six-compart- 

ment model. t Computed using two-compartment steady-state model 
and values of PART,, TR pT.T,, and SRT, previously determined. $ Com- 
puted using noncompartmental approach. See text for definition of 
abbreviations. 

Individual values of production rates for both hor- 
mones are shown in Table 3. On average, Sh4 was 56.2 
t  9.3 pg l day-l l rnB2, SRT, was 3.34 t 1.87 pg* day-’ b rnm2, 
and peripheral T3 production (CRT) was 12.7 t 3.42 pg. 
day-‘. mD2; 84% of CRT arose from fast-exchanging tissue 
pools, and only 16% emanated from slow-exchanging 

tissue pools, indicating that in humans Td-to-T3 conver- 
sion takes place mainly in fast-exchanging pools. The 
present approach permits unique identification of thy- 
roidal T3 secretion; peripheral conversion rates, however, 
are defined through ranges whose percentage variations 
are 4.2 and 58% for the component originating in the 
fast (CRF) and the slow (CRs) compartment, respec- 
tively. Thus only the conversion rate occurring in the 
slow-exchanging tissue pool shows a poor quasi-identi- 
fiability, and, since its contribution is relatively small in 
humans, the total conversion rate can be determined 
with a rather small percentage variation (4.8% on aver- 
w9. 

Total PRT, (mean value 16.02 t 3.07 pg*day-’ .mm2), 
being the sum of SR,, and CRT, is determined within 
ranges of the same absolute width as those of CRT, but 
with a smaller percent variation (3.8%). By comparing 
PRT, with the plasma appearance rate, it can be seen 
that this latter T3 kinetic parameter underestimates nor- 
mal hormone production by only 4%. Table 3 also re- 
ports, for comparison purposes, the values of PRr, and 
CRs calculated according to the equations of the method 
reported in Ref. 13; on average, the latter approach 
overestimates PRT, by 12% and indicates predominant 
conversion in the slow pool (CRs/PRT, = 60.9% as op- 
posed to 12.6% from our analysis). 

The values for the conversion ratio (as a percentage) 
are reported in Table 4. The mean conversion ratio was 
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TABLE 5. Plasma pool, fast pool, slow pool, and total body pool 

E723 

Case No. QP QF + AQFP* qs + AQs/2 QT + AQTP &d Qst 

1 2.31 3.2220.07 
2 1.47 2.85t0.07 
3 1.76 2.86kO.08 
4 1.62 3.35t0.08 
5 1.95 2.55kO.05 
6 1.58 3.04AO.06 
7 1.96 2.87t0.04 
8 2.08 3.6620.07 
9 2.21 3.31kO.06 

10 1.71 2.90t0.05 
11 2.00 3.18kO.07 
12 2.55 3.94t0.06 
13 2.06 4.35t0.10 
14 1.51 2.82kO.06 

Means&SD 

127k17.9 

1.91t0.32 

113t56.3 1.6k0.8 

3.21kO.49 0.07t0.02 19.724.7 4.621.4 

T4 

2Olk54.9 11.8t4.9 

T3 

25.8t6.9 
18.3t5.4 
22.624.8 
19.0k5.6 
15.4k3.1 
14.2t3.5 
14.8k2.8 
19.4k3.8 
18.0t3.5 
18.724.3 
15.4k3.8 
30.126.4 
25.7k7.1 
17.824.1 

441k82.9 10.2k4.3 

31.3t6.8 3.12 32.1 
22.6t5.3 2.77 25.1 
27.324.7 2.78 28.7 
24.0k5.5 3.23 27.4 
19.9k3.0 2.49 19.0 
18.8t3.5 2.97 18.9 
19.6k2.8 2.81 18.4 
25.2t3.7 3.60 21.6 
23.523.5 3.23 20.4 
23.3t4.2 2.82 24.4 
20.623.7 3.07 20.0 
36.6t6.3 3.84 37.3 
32.2k7.0 4.20 34.0 
22.2k4.0 2.74 20.8 

24.8t5.3 4.6t1.4 3.12t0.47 23.4t8.9 
Values are in pg/m2. Values for T4 are means & SD. * Midpoint & halfwidth of range. t Computed according to method reported in Ref. 13. 

Mean values of Q T.T, and QT.T, computed according to noncompartmental approach are 428 2 79 and 19.2 * 3 pg/m2, respectively. See text for 
definition of abbreviations. 

sR 14 
56.2 

I 

pgldayim;) 
c? - 441 /q/m2 

T.T4 - 
0 

T.T3 
= 24.8 pgim2 

FIG. 8. Mean results of Tq and TB 
kinetics in the 14 normal subjects stud- 
ied (for abbreviations see text). Percent 
values of Tq and TB total body pools are 
reported inside circles. 

O-16.0 @day/m2 

slow pools plasma pools 

O-16.0 pg/day;m2 

fast pools 

27.3%, whereas it was 26.8 and 25.6% when the two- partition between the intravascular fast- and slow-ex- 
compartment steady-state model (2 % underestimation) changing pools was 29, 26, and 45%, respectively. Total 
and the noncompartmental approach (6% underestima- T3 body mass was 24.8 pg/m2 on average; the plasma 
tion) were used. It is noteworthy that the values of the pool and the fast- and slow-exchanging tissue pools were 
conversion ratio, being computed from tracer data only, 8, 13, and 79%, respectively (Fig. 8). Worthy of note is 
are free from the measurement errors of the plasma the different distribution of the two hormones in the 
concentration of endogenous T*. plasma pool and, in particular, in the slow-exchanging 

The individual values of extrathyroidal T3 body masses tissue pools (-l/2 and 4/5 of total body mass for T4 and 
and mean values of T4 masses of the intravascular and T3, respectively). The noncompartmental approach (29) 
peripheral compartments are reported in Table 5; for gives virtually superimposable values for QT.T,, whereas 
comparison purposes, the masses of peripheral T3 pools it underestimates QT.T~ by 23% (see legend to Table 5). 
computed by the original method (13) are reported in the 

Ranges of Quasi-identifiable T4 and T3 last two columns. The intravascular masses only are Kinetic Parameters 
uniquely identifiable, whereas the masses of the periph- 
eral compartments are defined through their bounds. Kinetic parameters uniquely identified by the present 
Total extrathyroidal T4 body pool was 441 pg/m2; the method are (both for T4 and T3) plasma pools, thyroidal 
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secretion rate, and rate constants associated with total 
outflow from plasma; the other parameters of interest, 
i.e., T4-to-T, conversion rate, exchange rates, and masses 
associated with the extravascular pools, could be defined 
only by their upper and lower bounds. This situation has 
been defined as quasi-identifiability; if the percentage 
variation in the range is sufficiently small, the parameter 
can be considered to be identified for all practical pur- 
poses (11). 

Our data on ranges indicate that the T3 system exhibits 
a lower degree of quasi-identifiability in comparison with 
the T, system; in particular, the quasi-identifiability of 
the parameters of the slow T3 compartment is relatively 
poor in humans. The index of quasi-identifiability pro- 
posed in Ref. 11 has been also computed from T4 and T3 
disappearance curves; its values were 172 and 72, respec- 
tively. In both cases, the index was >> 1, indicating that 
both T4 and T3 subsystems are quasi-identifiable accord- 
ing to this criterion; nevertheless, the values of this index 
confirm the lesser degree of quasi-identifiability of the 
T3 system. As the percentage variation varies from 3 to 
62%, we prefer to report the lower and upper bounds of 
all parameters of interest. In fact, the choice of the 
midpoint of the range seems quite justifiable for the 
exchange rates between plasma and fast pool, since their 
percentage variation in the range is very low (3 and 4.2% 
for T4 and T3, respectively). Such choice, however, im- 
plicitly forces other parameters to assume a fixed value 
in their respective ranges, and this is questionable when 
the percentage variation is large (up to 62%). 

DISCUSSION 

The relative contributions to T3 production of thy- 
roidal secretion and peripheral T4-to-T, conversion can 
be quantitated in subjects with a functioning thyroid 
gland by measuring, in addition to the plasma disappear- 
ance curves of T4 and T3, the plasma appearance curve 
of labeled T3 generated in vivo from precursor tracer T,. 

The usefulness of this appearance curve has been 
already demonstrated on theoretical grounds (15), and 
several studies based on this experimental approach have 
been carried out (2, 17, 20, 27, 31, 38). Nevertheless, the 
measurement in plasma of labeled T3 generated in vivo 
is still thought to be a very difficult task. Indeed, the 
plasma concentration of [?]T3 is very low (-0.05%/l 
of [1251]T4 dose and 0.3-0.9% of the concentration of 
precursor [1251]T4), due to the very fast T3 kinetics 
vis-a-vis the kinetics of the precursor T,. Therefore, the 
various separation techniques so far proposed, such as 
the chromatographic procedure we used for measuring 
[ 1251]T4 and [ 1311]T3 disappearance curves in small serum 
samples (see METHODS), were judged not to be suitable 
for a reliable quantitation of the newly formed [1251]T3. 
In fact, while this chromatographic technique clearly 
separates labeled T3 from precursor T4, some overlap 
between the T3 and pre-T3 peak (which includes T3 
metabolites) prevents a reliable quantification of the 
newly formed T3. By using a large column, a complete 
separation of T3 from its metabolites could be achieved. 
The larger column offers the additional advantage of 
handling serum samples up to 10 ml, which increases 

measurable radioactivity without an appreciable loss of 
resolution. Both the chromatographic systems we em- 
ployed have the following advantages: 1) absence of 
artifactual iodothyronine deiodination; 2) quantitative 
recovery and good reproducibility, and 3) single-step 
procedure, i.e., absence of sample manipulations such 
as extraction, evaporation, etc. (2, 3, 6). In our experi- 
ence, the technique chosen for the measurement of the 
[1251]T3 appearance curve in plasma seems to be even 
better than more sophisticated and theoretically more 
specific iodothyronine separation procedures (3). 

A potential cause for error in the quantitation of in 
vivo-generated [1251]T3 is the contamination of the in- 
jected [ 1251]T4 dose by [ 1251]T3. From the plasma disap- 
pearance curve of T3, we calculate that a contamination 
of <O.l% of the dose (as observed in our studies) can 
cause a maximal overestimation of 4.5, 2.6, and 1.2% of 
the [ 1251]T3 derived from [ 1251]T4 conversion in the 
plasma samples taken at 12, 24, and 48 h, respectively. 
We therefore decided not to correct for this potential 
source of error. 

The effects of adding the plasma T3 appearance curve 
to the analysis of T3 kinetic parameters vis-a-vis the use 
of plasma disappearance curves only were evaluated by 
directly comparing the results obtained from the same 
data by the present approach and by the computations 
reported in Ref. 13. First of all, use of our additional 
experimental data allowed the quantitation of thyroidal 
T3 secretion (SRTJ together with the peripheral T4 con- 
version in the fast (CRF) and slow (CRs) pools. In con- 
trast, the previous analysis allowed the estimation of the 
conversion rate in the slow pool (CRs) only; the remain- 
der of T3 production (PRT, - CRs) was ascribed to con- 
version in the fast tissue pool and/or thyroidal secretion, 
without any possibility of mathematically resolving the 
respective contributions (13). Consequently, the parti- 
tion of central and peripheral T3 production could not 
be determined. 

The present studies indicate that SRT, accounts for 
20.8% of total T3 production (PRrJ, in good agreement 
with previous values indirectly obtained in normal hu- 
mans by other authors (7, 8, 36, 38). The peripheral 
conversion (79.2% of PRT,) appears to take place mainly 
in the fast-exchanging tissues (CRF/PRT, = 66.6%, CRs/ 
PR T, = 12.6%). 

When the previous analysis is applied to our data, a 
mean value of 10.9 pg. day-’ l mD2 is calculated for CRs 
(corresponding to 61% of PRT,), suggesting a dominant 
role of the slow pool for T4-to-T3 conversion. This con- 
clusion is the opposite of that reached when the appear- 
ance curve is included in the analysis. Indeed, the time 
course of the appearance curve of in vivo-generated T3 
itself demonstrates that most of T4 is converted into T3 
in fast-exchanging tissues. If conversion took place 
mostly in slow-exchanging pools, the appearance curve 
of in vivo-generated T3 would lag behind the experimen- 
tally observed curves (Fig. 7). 

Other differences in the results of the two approaches 
concern the values of the T3 production rate (PRT,) and 
the size of the extravascular T3 pools. In detail, the 
previous analysis starts from an estimate of PRT,; plasma 
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appearance rate (PAR) is taken as the lower bound of 
PRT,, whereas the upper bound is computed as PAR 
times a factor F (see Eq. XXV in the appendix of Ref. 
13), the numerical value of which was found to be 1.13 
on average in rat studies. Thus the percent variation in 
the range for PRT, was 13%, and the use of the midpoint 
of the range seems quite acceptable in the rat. When 
computed from our human data, the factor F was 1.34 t 
0.07%, which gives the average range (15.4-20.6 pg. 
day -’ l m-“) for PR T,, with a percent variation (34%) that 
is more than twofold greater than that computed in the 
rat and eightfold larger than that (4%) of the range 
(15.7-16.3 pg*day-’ l rnD2) computed by the present 
method. Moreover, the midpoint (17.9 pg*day-’ l mB2) of 
the range computed according to Di Stefano et al. (13) 
overestimates by -12% the PRT, obtained by the present 
analysis; in turn, the 12% overestimation of PRT, gen- 
erates a 19% overestimation of Qs.T, (mass of the slow- 
exchanging T3 tissue pool). As a consequence, the con- 
version rate in the slow pool, which is computed from 
Qs.T3, is overestimated to an even larger extent (10.9 vs. 
2.0 pgw day-‘. rnD2 of the present analysis). 

The predominant T4-to-T, conversion in the fast-ex- 
changing tissue pools in humans explains why PAR 
underestimates the PRT, by only -4%; according to Di 
Stefano et al. (13), PAR underestimates PRT, to a larger 
extent (-14%). Therefore, noncompartmental analysis 
underestimates the total T3 body mass computed by the 
present compartmental analysis by 23%, whereas it 
underestimates the body mass computed by the previous 
method by 32%. It is important to note that the differ- 
ence (5.6 pg l day-l. mm2 on average) in the values of total 
T3 body mass computed by multicompartmental and 
noncompartmental approaches provides a quantitative 
estimation of the T3 pool that does not exchange with 
plasma [the so called “hidden pool” (28)]. A high degree 
of correspondence between the midpoint of total T4-to- 
T3 conversion, as determined with the help of the six- 
pool model and the unique CRT value obtained from 
the two-compartment model, indicates that the latter can 
be used to estimate total conversion rates in euthy- 
roid subjects once the other parameters, i.e., PART,, 
TRPr.T.?, and SRT, have been determined. 

The comparison of T4 and T3 kinetic parameters (in 
particular those related to central and peripheral T3 
production) obtained in the present study with data 
previously reported in humans is not easy; few studies 
based on a similar approach have been reported. Some 
of them have been carried out using inadequate separa- 
tion techniques (19) or using oversimplified models (20). 

The predominant contribution to Td-to-T3 conversion 
of the slow equilibrating tissue pools in the rat that, 
according to the kinetic analysis of the composite data, 
should also hold true in humans (12), is not confirmed 
by the present analysis, which shows that the in vivo- 
generated T3 derives mostly from fast tissue pools. 

On the other hand, our results are in agreement with 
the findings, in normal individuals, of McGuire and Hays 
(27), who claim that no more than 25% of T3 could come 
from the slow pool to match the appearance curve of TB. 
Furthermore, experimental data reported recently (23, 
33) suggest that most of the T3 produced by T4 conversion 

originates in the liver, which is included in the rapid- 
exchanging pool of the three-compartment model. 

The measurement of the relative contributions to T3 
production of the thyroid fast and slow peripheral tissues 
may help establish the source of cellular hormone con- 
tent. Reported data in the literature on peripheral T3 
production in various tissues are uncertain and conflict- 
ing and are almost always obtained in animals using 
complex and often unphysiological experiments (21). We 
found that most of the T4 is converted into T3 in tissues 
that exchange with plasma rapidly; therefore, it seems 
logical to conclude that slow tissue T3 originates from 
local conversion only to a small extent, the bulk of it 
being imported from the plasma pool. This conclusion 
agrees with experimental data showing that about two- 
thirds of the T3 contained in peripheral tissues does not 
arise from local conversion (25, 35). In particular, tissues 
such as skeletal muscle and the gastrointestinal tissue 
(together accounting for 40% of total body mhss), which 
are known to exchange with plasma slowly, appear to 
derive T3 almost completely from the plasma itself (37). 

Our studies confirm that most of the extrathyroidal T3 
pool is contained in the slowly equilibrating pool (79%) 
and that the mean transit time in this compartment is 
13.5 h, in agreement with data in rats (13). In particular, 
it is noteworthy that the mean transit time of T3 in the 
slow pool is even longer than the corresponding value for 
T4 (10.2 h). These latter findings support previous ob- 
servations indicating that T3 has a prevalent intracellular 
distribution with respect to T4 and binds to cellular 
proteins in peripheral sites of action more strongly than 
to serum binding proteins (18). 

In conclusion, our method, based only on plasma data, 
provides comprehensive results on T3 and T4 kinetics 
and would appear to be the method of choice when 
detailed and accurate information on central (thyroidal) 
and peripheral T3 production is required. With regard to 
the latter, subjects with altered thyroid hormone trans- 
port (familial dysalbuminemic hyperthyroxinemia), in 
whom -50% of T4 is carried by serum albumin (1) while 
the fraction carried by thyroxine binding globulin (TBG) 
is reduced in parallel, have been shown to present a shift 
in T3 production from fast to slow equilibrating tissues. 
Some additional experimental evidence suggests that this 
method can be applied to the study of thyroid hormone 
kinetics in subjects with altered thyroid function (5). 
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