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Thyroid structure and function in man undergo
a number of changes during pregnancy. The thy-
roid gland may become enlarged and hyperplastic
(1, 2), thyroidal uptake of radioiodine is increased
(3, 4), "conversion" of blood iodide to organic
form is more rapid (4), and the serum protein-
bound iodine (PBI) is elevated (5, 6). Although
these alterations are like those seen in hyperthy-
roidism, they appear to be associated, in early
pregnancy at least, with an unequivocally euthy-
roid state. Whereas the PBI rises as early as
the first or second month of gestation, and re-
mains at about the same level throughout preg-
nancy, elevation of the basal metabolic rate (2, 7)
begins in the latter half of pregnancy and rises pro-
gressively. Circulatory changes, such as increased
cardiac output (8), may precede the rise in oxy-
gen consumption but these also change proges-
sively until shortly before term.

It has been postulated that alterations in the in-
teraction of thyroid hormone with serum proteins
might provide an explanation for these paradoxical
findings (6). Inasmuch as circulating thyroxine
is largely bound to what appears to be a specific
alpha globulin (TBP) (9, 10), attention has been
directed toward this protein in pregnancy. It has
been demonstrated that TBP in pregnancy has
an increased ability to complex thyroxine (10-13).
In the present study, the thyroxine-binding ca-
pacity of TBP has been quantitated during the
course of normal pregnancy and in newborn in-
fants. From these data it has been possible to
calculate an approximate concentration of free
thyroxine in the serum of these subjects.

METHODS

Serum was obtained from 16 women during and after
uncomplicated pregnancies, usually after an overnight
fast, from umbilical vein blood sampled at delivery in
three subjects, and from external jugular venipuncture

in two infants on the third day after delivery. Mixtures
of serum with I13'-labeled L-thyroxine 1 were prepared
according to the procedure described previously (14).
Prior to use, each of the eight thyroxine preparations
employed was tested for radiochemical purity by chro-
matography, and was repurified, when necessary, to a
purity of 90 per cent or better by an extraction proce-
dure (15). Iodine analyses2 were performed by a
modification of the method of Zak, Willard, Myers, and
Boyle (16). The thyroxine-serum mixtures were sub-
jected to zone electrophoresis on filter paper strips, using
barbital buffer, pH 8.6, ionic strength 0.1, and a "re-
verse-flow" technique (15). This modification of the
electrophoresis procedure avoided the inclusion of albu-
min-bound thyroxine in the alpha globulin zone.

For measurement of the thyroxine-binding capacity
of TBP, the quantity of thyroxine added to each serum
was sufficient to effectively saturate the thyroxine-bind-
ing sites on TBP. Actual saturation of these sites is ap-
proached asymptotically (15). Analysis of data obtained
with normal sera (10), however, had indicated that the
amount of thyroxine associated with alpha globulin
reaches an effective plateau when less than 60 per cent
of the serum thyroxine is in the alpha globulin zone.
In most instances, the mixtures were such that 20 per
cent to 40 per cent of the thyroxine were in the alpha
globulin zone. This was usually achieved by the addi-
tion of between 1 and 2 Ag. of thyroxine per ml. of serum.
The average value for at least three serum mixtures, ex-
pressed as the quantity of thyroxine associated with TBP,
was taken as the thyroxine-binding capacity of TBP.
Barring any qualitative variation in the TBP sites for
thyroxine, this value expressed in moles would be
equivalent to the concentration of such sites.

Equations for the calculation of free or unbound thy-
roxine in serum have been described earlier (10). In the
present calculations, the values employed for serum albu-
min concentration were 4.5 Gm. per cent in nonpregnant
adults, and 3.4 Gm. per cent in pregnancy and in the new-
born (17). The basis for the use of assumed rather
than measured albumin values, and other assumptions in-
volved in the calculations are considered in the discussion.

1 Obtained from Abbott Laboratories, Oak Ridge,
Tennessee.

2 Performed by J. Benotti, Boston Medical Labora-
tories, Boston, Massachusetts.
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RESULTS

From a qualitative standpoint, no differences
were detected between thyroxine-protein interac-
tions in serum from normal adult, pregnant, and
newborn subjects. At concentrations of the order
of 0.2 jig. or less of added thyroxine per ml. of
serum, most of the serum radioiodine had an elec-
trophoretic mobility, at pH 8.6, intermediate be-
tween alpha-i and alpha-2 globulin. The re-
mainder was associated with albumin, with the ex-
ception of approximately 5 per cent or less which
was sometimes found just ahead of albumin. This
"prealbumin" zone was poorly separated from al-
bumin, and its significance is not clear (18). The
beta and gamma globulin zones did not contain
significant amounts of thyroxine. When larger
amounts of thyroxine were added to the serum, a
point was reached at which the thyroxine associ-
ated with alpha globulin no longer increased.
Excess thyroxine migrated with albumin.

Results of quantitative studies in normal preg-
nancy are summarized in Table I. Included are
multiple samples from five subjects who were fol-
lowed throughout pregnancy (cf., Table II), sam-
ples from two subjects studied only in the second
month of gestation, and samples from nine sub-
jects studied only at term. The results are ex-
pressed as molar concentrations in order to per-
mit interchangeable use of the terms "thyroxine-
binding capacity of TBP" and "concentration of
TBP sites for thyroxine." Factors for conversion
of moles to the more familiar ug. of thyroxine and
Mug. of protein-bound iodine are given in Table I.

Total serum thyroxine was elevated above the
normal range early in pregnancy (the earliest time
studied was in the sixth week of gestation) and
persisted without significant change until term.
By six weeks post partum, the level was back to
normal. The thyroxine-binding capacity of TBP
was likewise elevated at the earliest time examined.
The increase in thyroxine-binding capacity, how-
ever, was relatively greater than the rise in total
thyroxine. As a consequence, from 15 to 34 per
cent (mean, 24 per cent) of the available sites on
TBP were occupied in pregnancy in contrast to
from 21 to 42 per cent (mean, 34 per cent) in non-
pregnant adults. The mean thyroxine-binding ca-
pacity for the various trimesters did not differ sig-
nificantly from each other (p > 0.1) and, in the
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TABLE II

Thyroxine and TBP in serum during normal pregnancy

Total thyroxine TBP sites for thyroxine Free thyroxine
( X10-7 M) ( X10-7 M) ( X10-11 M)

Case no. 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Months*
pregnant

2 1.3 1.8 4.5 8.0 4.7 3.5
3 1.4 2.1 6.1 6.2 3.7 5.9
4 1.0 1.4 1.4 5.3 7.2 5.9 2.9 3.0 3.8
5 1.4 1.4 1.4 5.8 7.0 7.5 3.9 3.1 2.9
6 1.8 1.5 1.9 1.8 7.3 7.7 8.9 9.3 3.9 3.0 3.4 2.9
7 1.5 1.5 2.2 6.7 6.6 7.0 3.6 3.7 5.5
8 1.8 1.5 1.8 7.6 6.7 5.7 3.8 3.6 5.3
9 1.5 1.7 9.3 10.7 2.4 2.3

Term 1.7 2.2 1.9 7.7 6.0 7.6 3.3 6.6 4.1

Days post
partum

3 1.5 1.7 1.8 1.4 7.0 7.6 7.7 8.4 3.4 3.4 3.7 2.5
10 1.5 1.5 1.5 6.3 4.8 6.6 3.9 5.5 3.7
24 1.2 4.5 4.3
31 1.1 3.9 4.7
38 1.1 3.2 5.9

* Lunar.

subjects studied serially (Table II), no consistent the subjects in Table II, however, no consistent
trend during pregnancy was observed. trend during pregnancy was observed, suggesting

The calculated free thyroxine, on the other hand, that this difference may be in error due to the
did not increase. Indeed, the mean value for each small samples.
pregnancy group was significantly lower than in Both free thyroxine and the thyroxine-binding
the nonpregnant subjects. The majority of the capacity returned to normal by the sixth week
individual values in pregnancy, however, fell post partum, together with the PBI.
within the range found for nonpregnant subjects. The findings in the newborn are presented in
When the trimesters of pregnancy were compared, Table III and summarized in Table I. Total thy-
the mean free thyroxine for the first and third roxine was significantly higher than in nonpreg-
trimesters were not significantly different (p > nant adults, and was equal to or lower than in the
0.5), whereas the mean for the second trimester mother. The thyroxine.-binding capacity of TBP,
was significantly lower (p < 0.01, p < 0.02). In although significantly higher than in nonpregnant

TABLE III

Thyroxine and TBP in serum of newborn

Total thyroxine TBP sites for thyroxine Free thyroxine
( X10-7 M) ( X10-7 M) ( Xi10-1 M)

Case no. 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Mother* 1.5 1.7 2.2 1.8 1.9 7.0 7.7 6.0 7.7 7.6 3.4 3.3 6.6 3.7 4.1
Fetust 1.2 1.4 1.9§ 4.5 4.5 4.4 4.3 5.3 8.7§

1.3 7.2
Infant: 1.4 1.8 3.0 4.9 9.4 6.7

* Mother's serum obtained at same time as fetus or infant.
t Umbilical vein at term.
t Three days post partum.
§ The PBI in this serum was not measurable (< blank), possibly due to contamination with mercury. The infant

appeared to be normal. Two values for total thyroxine were assumed-one equal to that in the mother, the other differing
from the mother to the extent found in Case No. 3. The former value was used in Table I.
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adults, was consistently lower than in the mother.
Free thyroxine was, in all but one case, higher than
in the mother, but not significantly different from
the nonpregnant adult value.

DISCUSSION

It is clear from the present study, and from ear-
lier evidence (10-13), that uncomplicated preg-
nancy in man is accompanied by an increase in
thyroxine-binding by at least one component of
the serum alpha globulins. This thyroxine-bind-
ing alpha globulin in pregnancy has the character-
istic electrophoretic mobility of TBP in normal
human serum both at pH 8.6 and at pH 4.5 (13).
As in normal serum, there is no direct evidence
that TBP is a single protein; nevertheless, this
seems likely in view of the highly specific nature
of its interaction with thyroxine (20, 21) and its
very low concentration in serum (10). In the
foregoing treatment of the data, and in this dis-
cussion, the assumption is made that TBP is a
single protein species.

The increase in thyroxine-binding capacity of
TBP, as measured in this study, could result either
from an increase in the number or availability of
binding sites per molecule of TBP, or from an in-
crease in the concentration of TBP. The latter
possibility appears more reasonable, although no
evidence bears directly on this question. Other
serum proteins undergo changes in concentration
during pregnancy, and the alpha globulins, as a
group, increase (22, 23). It is possible that TBP
participates in these changes and that the altera-
tions in thyroid physiology during pregnancy are
a fortuitous result of this initial event. Since it
has been shown that administration of estrogen to
nonpregnant individuals results in an increase of
PBI (24) and TBP (25, 26) in serum, it appears
that the increase in estrogen which occurs during
pregnancy (27) may initiate these changes in the
pregnant subject.

The mechanism by which a change in the con-
centration of TBP might affect thyroid physiology
is, likewise, a matter for speculation. Circumstan-
tial evidence presented earlier (10, 28) has sug-
gested a correlation between the level of free thy-
roxine in serum, as calculated by the methods
described, and the physiological state of the indi-
vidual with respect to hyper-, hypo-, or euthyroid-
ism. Since an increase in TBP without a con-

comitant change in thyroxine would result in a
low free thyroxine level, homeostatic mechanisms
may operate in such a situation to restore the nor-
mal free thyroxine level. This could be achieved
by an increase in hormone secretion by the thy-
roid gland, by a decrease in thyroxine degrada-
tion, or by a combination of these processes. Evi-
dence quoted in the introduction indicates that
thyroid gland function does, in fact, increase.
Thyroxine degradation in human pregnancy has
not been defined, but it has been suggested (10)
that, at least in some situations, the amount of
thyroxine degraded may be proportional to the
free thyroxine level in serum. In the study by
Danowski, Schwartz, Rhodes, Yoder, Puntereri,
and Mateer (29), although no difference was ob-
served between pregnant and nonpregnant sub-
jects, the use of nonphysiological amounts of thy-
roxine makes interpretation difficult.

It is probably significant, however, that, de-
spite evidence that thyroid gland hyperfunction
persists throughout pregnancy (4), the levels of
PBI, TBP and free thyroxine remain constant
after the initial rise in the first trimester. This
suggests that factors other than those discussed
above may be operative; for example, a progres-
sive increase in thyroxine degradation in preg-
nancy could explain this discrepancy. Such an
increase might also be responsible for the failure
of the mean free thyroxine level in pregnancy to
equal that in nonpregnant adults. The slightly
lower levels in pregnancy, however, appear suffi-
cient to maintain a state of euthyroidism.

Several other observations are consistent with
the postulated interrelationship between the con-
centration of TBP sites for thyroxine and the level
of free thyroxine, and with the effect of the latter
on the physiological state of the subject. The
amelioration of hyperthyroidism which sometimes
occurs during pregnancy (e.g., 30) could result
from an increase in TBP sites in the presence of
unaltered thyroid hormone secretion. In hyper-
thyroidism per se, the concentration of TBP sites
remains normal (10), but in pregnancy compli-
cated by hyperthyroidism, the expected increase in
TBP sites takes place (26). Estrogen treated
subjects are able to tolerate PBI levels higher
than normal without development of hyperthyroid
signs (24, 25) ; and, in athyreotic subjects on con-
stant thyroid hormone replacement therapy, es-
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trogen administration may induce signs of hypo-
thyroidism (25).

The observation has been made that 1131-labeled
triiodothyronine passes less readily from preg-
nancy serum into red cells in vitro than from
normal serum (31). This finding is also con-
sistent with a low free thyroxine concentration
and a relatively high concentration of unoccupied
TBP sites, since triiodothyronine interacts with
these TBP sites (10).

It is important to reemphasize (10), at this
point, that a number of assumptions are involved
in the calculation of free thyroxine as employed in
this study. Included among these are the as-
sumptions: a) that albumin and TBP each have a
single type of binding site for thyroxine at the
thyroxine levels employed, b) that there are no in-
teractions between successively bound thyroxine
molecules, and c) that zone electrophoresis pro-
vides satisfactory estimates of the maximum num-
ber of sites on TBP and of the ratio between the
intrinsic association constants for the thyroxine-
albumin and thyroxine-TBP complexes. These
assumptions, as discussed elsewhere (10, 15), ap-
pear to be valid.

Other assumptions are: d) that the thyroxine-
protein interaction in vitro (i.e., in barbital buf-
fer at pH 8.6 under equilibrium conditions) is the
same as under physiological conditions in vivo, e)
that human and bovine albumin do not differ in
their interaction with thyroxine, and f) that the
thyroxine-albumin interaction is the same in nor-
mal and abnormal states. These assumptions ob-
viously require evaluation and clearly limit any
reliance on the calculated free thyroxine values in
an absolute sense. The most questionable assump-
tions (d and e.), however, would not affect the
calculation when used as a basis for comparison
between groups of subjects.

A further consideration with respect to the
calculations in pregnancy is the possibility that
the increment in serum PBI may not be thyroxine.
The solubility of this PBI in butanol (6) is con-
sistent with it being thyroxine, but is inconclusive. I
One chromatographic study of postpartum se- I
rum (4), however, could demonstrate only thy- i
roxine and triiodothyronine. I

As indicated in the Methods section, precise -
knowledge of the concentration of albumin is not
critical to the calculations in the present study. a

For example, in a normal serum with 107 M
thyroxine and 2.7 times 10-7 M TBP sites for
thyroxine, a 50 per cent change in albumin con-
centration from the value employed results in
approximately a 10 per cent change in free thy-
roxine in the opposite directions In a pregnancy
serum with 1.4 times 10-7 M thyroxine and 5.1
times 10-7 MTBP sites, a 50 per cent change in
albumin results in a 2 per cent change in free thy-
roxine. For this reason, albumin was not meas-
ured in the individual sera, and the gradual fall in
serum albumin which occurs during pregnancy
was disregarded. This simplification, of course,
could not be applied to all situations. In nephro-
sis, for example, when the concentration of both
albumin and TBP may be very low (10), the al-
bumin level becomes of considerable importance
in determining the concentration of free thyroxine.

The findings in the newborn subjects are of
interest with regard to the question of the de-
pendence of the fetus on maternal thyroid func-
tion. The existence of an independent fetal thy-
roid function in the human is supported by the
ability of hypothyroid women to give birth to ap-
parently normal infants (32) and, conversely, by
the finding of retarded bone age in newborn
athyreotic infants of normal mothers (33). The
slow passage of maternal thyroxine into the fetus
(34) indicates that TBP does not readily pass the
placental barrier, if at all, and that the placenta
probably does not transfer free thyroxine by any
mechanism other than diffusion. It appears, there-
fore, that the higher concentration of free thyrox-
ine in the fetal circulation must be maintained by
the fetal thyroid gland. The demonstration of a
difference between the concentration of TBP in
maternal and fetal blood, which corroborates the
findings of Dowling, Freinkel, and Ingbar (13),
is not surprising in view of differences in the con-
centration of other serum proteins (22, 35), and
it is of interest that the alpha-i and alpha-2 globu-
lin components are lower in fetal blood.

The two infants studied on the third day after
birth did not appear to have PBI levels higher
than that in placental blood, as has been described
in infants of this approximate age (36, 37).
Measurement of TBP in a larger group of in-

8 The change in free thyroxine is greater when albu-
min decreases than when albumin rises (11 per cent
and 9 per cent, respectively).
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fants and young children will be required to de-
termine whether TBP changes may persist inde-
pendent of the influence of the high maternal es-
trogen level.

Since pregnancy and estrogen administration
produce increases in PBI and TBP in the serum,
it appears possible that similar alterations might
occur in women during the menstrual cycle. At-
tempts to detect such changes in the PBI revealed
no unequivocal cyclic variation (5, 38). In the
nonpregnant subjects who served as controls for
the present study, no significant differences be-
tween TBP in men and women were observed
(15), but the time of sampling was not corre-
lated with the menstrual cycle. Recent studies on
the baboon, however, have revealed a rise in PBI
during the postovulatory phase (39). It will be
of interest to determine whether this PBI change
accompanies a cyclic variation in TBP.

The literature quoted in this discussion, it should
be pointed out, has been limited to studies in man,
except for that referred to just above. Although
considerable data has been recorded on thyroid
interrelationships in pregnant animals, differ-
ences in placentation and in thyroxine-protein in-
teractions (40) among the species make it hazard-
ous to apply these findings to human pregnancy.

SUMMARY

The thyroxine-binding capacity of the thyrox-
ine-binding alpha globulin of serum (TBP) has
been measured during pregnancy in normal
women. This capacity, which probably reflects
the concentration of TBP, rises in the early weeks
of pregnancy to a level which is approximately
two and one-half times that in normal adults,
remains essentially unchanged throughout preg-
nancy, and returns to normal within six weeks
post partum. As a result of this rise in TBP, the
concentration of free thyroxine in serum, calcu-
lated with the aid of certain assumptions, is sig-
nificantly lower than that in nonpregnant adults,
despite a rise in serum PBI.

The thyroxine-binding capacity of TBP in the
newborn is approximately one and one-half times
that in normal adults, and is lower than that in the
mother. Since the PBI in the newborn is ap-
proximately equal to that in the mother, the con-
centration of free thyroxine is significantly higher.

This level, however, is the same as that in non-
pregnant adults.
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