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Context: T3 is the biologically active thyroid hormone involved in glucose metabolism. The free T3
(fT3)/free T4 (fT4) ratio, a marker indicating conversion of fT4 to fT3, is also implicated in
glucose homeostasis.

Objective: To examine associations of fT3 and the fT3/fT4 ratio with gestational diabetes
mellitus (GDM).

Design: In a case-control study, thyroidmarkers (fT3, fT4, TSH) weremeasured and the fT3/fT4 ratiowas
derived across four visits in pregnancy, including first (gestational weeks 10 to 14) and second (weeks 15
to 26) trimester. Conditional logistic regression adjusting for thyroid autoimmunity status and major
GDM risk factors estimated trimester-specific associations of thyroidmarkers with subsequent GDM risk.

Setting: Twelve US clinical centers.

Participants: One hundred seven GDM cases and 214 non-GDM controls from a multiracial
pregnancy cohort of 2802 women.

Main Outcome Measures: GDM diagnosis ascertained from medical records.

Results: Both fT3 and the fT3/fT4 ratio were positively associated with GDM: adjusted OR (95% CI)
comparing the highest vs lowest fT3 quartile was 4.25 (1.67, 10.80) at the first trimester and 3.89
(1.50, 10.10) at the second trimester. Similarly, the corresponding risk estimates for the fT3/fT4 ratio
were 8.63 (2.87, 26.00) and 13.60 (3.97, 46.30) at the first and second trimester, respectively. Neither
TSH nor fT4 was significantly associated with GDM.

Conclusions: Higher fT3 levels, potentially resulting from de novo synthesis or increased fT4 to fT3
conversion, may be an indicator of GDM risk starting early in pregnancy. (J Clin Endocrinol Metab 103:
2447–2456, 2018)

Pregnancy has a considerable physiological impact
on the thyroid gland and its metabolic function (1).

To meet the increased demands during pregnancy, the

thyroid gland increases up to 40% in size, accompanied
by an upsurge in the production of thyroid hormones T4
and T3 (1). Abnormalities in thyroid function are relatively
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prevalent among pregnant women and have been linked to
several obstetric complications, including premature de-
livery and pregnancy loss, as well as adverse health out-
comes in the offspring (1). However, the debate regarding
the utility of routine screening and/or treatment of thyroid
dysfunction during pregnancy is highly contentious and
remains to be resolved.

Given the important role thyroid hormones play in
glucose metabolism and homeostasis, thyroid dysfunc-
tion has been suggested to play a role in the etiology of
gestational diabetes mellitus (GDM), a common meta-
bolic complication in pregnancy (2). However, the existing
evidence has been conflicting and longitudinal data are
sparse. Whereas a few prospective studies (3–5) report
increased incidence of GDM in women who have overt or
subclinical hypothyroidism, others (6–8) report no sig-
nificant differences. Similarly, several (6, 9, 10) but not all
(7, 11, 12) prospective studies have found that isolated
hypothyroxinemia [normal TSH, low free T4 (fT4)] in
pregnancy is associated with increased risk of GDM.

Of the two thyroid hormones T4 and T3, T4 is
considered a prohormone, serving as a substrate for the
biologically active form T3 (13). The conversion of pe-
ripheral T4 to T3, by two deiodinase enzymes, accounts
for 80% of all the T3 produced; the rest is produced
directly by the thyroid gland (13). T3 is also the primary
active hormone involved in glucose metabolism, yet most
prior studies have only looked at the associations be-
tween fT4 levels and GDM. Recently, two large pro-
spective cohort studies (10, 14) observed an inverse
association between fT4 levels and GDM, but speculated
that low fT4 levels in GDM women may indicate in-
creased conversion from fT4 to free T3 (fT3) or increased
deiodinase activity, which is responsible for this con-
version. A commonly used method for estimating the
conversion from fT4 to fT3, and potentially serving as a
proxy for deiodinase activity, is the fT3/fT4 ratio (15,
16). Although studies examining its association with
GDM are lacking, several cross-sectional studies have
noted that the fT3/fT4 ratio is associated with higher
insulin resistance and glycosylated hemoglobin as well as
elevated fasting glucose, fasting insulin, and postload
glucose levels (17–19). Thus, a comprehensive analysis
examining the subclinical changes in thyroid hormones
fT4, fT3, and their ratio with GDM risk may offer novel
insights into the pathogenesis of GDM.

In the current study, we prospectively investigated
the associations of the fT3/fT4 ratio and related markers
of thyroid function (fT3, fT4, TSH) with GDM while
accounting for thyroid autoimmunity status. Because
thyroid levels can change with the progression of preg-
nancy, we assessed these associations separately for the
first and second trimester. As a secondary objective, we

also examined the longitudinal trajectory of the thyroid
markers across the entire pregnancy.

Materials and Methods

Study design
This case-control study was nested within the Eunice

Kennedy ShriverNational Institute of Child Health andHuman
Development (NICHD) Fetal Growth Studies—Singleton Co-
hort (2009–2013), a multiracial and multicenter pregnancy
cohort consisting of 2334 nonobese (20) and 468 obese women.
Eligible women, 18 to 40 years of age, were enrolled between 8
and 13 weeks of gestation from 12 US clinical centers and
followed throughout pregnancy. Exclusion criteria included
pre-existing hypertension, diabetes, renal/autoimmune diseases,
psychiatric disorders, cancer, and HIV/AIDS. Additional major
exclusion criteria applicable to nonobese women (enrolled for
the primary aim of developing US fetal growth standards for
four self-identified US racial/ethnic groups) were smoking be-
fore pregnancy and history of pregnancy complications (e.g.,
GDM, severe preeclampsia). Research approval for this study
was granted by the institutional review boards of all partici-
pating sites, including the NICHD. Women provided written
informed consent.

GDM ascertainment
GDM status (n = 107) was ascertained by review of medical

records. For GDM diagnosis, we applied the Carpenter and
Coustan diagnostic criteria (21) to the oral glucose tolerance
test (OGTT) results. The average gestational age at OGTT
among GDM cases (n = 95) was 27 weeks (range, 11–
36 weeks). Women without OGTT results were classified as
GDM if they had an indication of medication-treated GDM on
the hospital discharge diagnosis (n = 12). Non-GDM status was
confirmed based on 50-g 1-hour glucose challenge test, OGTT,
and hospital discharge diagnosis. We matched each case to two
non-GDM controls based on age (62 years), race/ethnicity
(non-Hispanic white, African American, Hispanic, Asian/
Pacific Islander), and gestational week of blood collection
(62 weeks). Matching factors were selected either because they
were well-established risk factors of GDM (age, race/ethnicity)
or determinants of blood biomarker levels during pregnancy
(gestational age).

Exposure assessment
Blood specimens were collected at four visits during the

course of pregnancy, targeted at gestational weeks 8 to 13, 16
to 22, 24 to 29, and 34 to 37; however, the actual ranges were
as follows: 10 to 14, 15 to 26, 24 to 31, and 33 to 39 weeks,
respectively. Blood specimens collected at the second visit (weeks
15 to 26)were collected after an overnight fast of 8 to 14 hours. All
blood specimens were stored at280°C and thawed immediately
before assay.

Utilizing the electrochemiluminescence immunoassay
method, concentrations of plasma TSH ( mIU/L), fT3 (pmol/L),
fT4 (ng/dL), thyroglobulin antibody (IU/mL), and thyroid
peroxidase antibody (IU/mL) were measured with Roche re-
agents (Roche Diagnostics, Indianapolis, IN) on the Roche
Cobas e411 analyzer. The fT3/fT4 ratio was derived by dividing
plasma concentrations of fT3 (pg/dL) by fT4 (ng/dL). Thy-
roid markers were measured at all four time points of blood
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collection among the GDM cases and one of the two matched
controls. The remaining controls only had thyroid markers
measured at the two visits prior to GDM diagnosis (i.e., weeks
10 to 14 and 15 to 26). All assays were conducted blinded to
case-control status and performed in a central laboratory at the
University of Minnesota. The interassay coefficients of varia-
tion were #5% for the thyroid hormones (fT3, fT4, TSH)
and #15% for the two thyroid antibodies.

The pregnancy-specific reference range for TSH, as rec-
ommended by the 2017 American Thyroid Association guide-
lines (1), was applied to the study sample. Women with TSH
concentrations# 4 mIU/L were considered to have normal TSH
levels. Isolated hypothyroxinemia was defined as having normal
TSH in conjunction with low fT4 levels (,10th percentile in
controls) (22). Overt or subclinical hypothyroidism was de-
fined as having elevated TSH levels (.4 mIU/L) with low or
normal fT4 concentration (#90th percentile in controls).
Women with normal TSH status and normal fT4 concentration
(10th to 90th percentile in controls) were classified as euthy-
roid. With respect to thyroid autoimmunity status, women were
considered antibody-positive if the thyroid peroxidase antibody
levels were .35 IU/mL or the thyroglobulin antibody levels
were .40 IU/mL (6).

Covariates
A structured questionnaire administered at enrollment (8 to

13 weeks) collected information on demographics and com-
mon risk factors of GDM, including maternal age (years), race/
ethnicity (non-Hispanic white, African American, Hispanic,
Asian/Pacific Islander), family history of diabetes (yes/no),
nulliparity (yes/no), education (less than, equal to, or more
than high school), smoking in the 6 months prior to pregnancy
(yes/no), and alcohol consumption in the 3 month before
pregnancy (yes/no). Prepregnancy body mass index (BMI;,25,
25.0 to 29.9, $30.0 kg/m2) was calculated from self-reported
prepregnancy weight and measured height. GDM treatment
(diet/lifestyle modification and/or medication) history was
extracted from medical records. Gestational age at each blood
collection was estimated from the reported date of the last
menstrual period, which was confirmed by ultrasound mea-
surement at the time of enrollment. Women also reported any
medication use, including medications for thyroid conditions.

Statistical analysis
In descriptive analyses, differences in participant charac-

teristics between cases and controls were assessed by binomial/
multinomial logistic regression with generalized estimating
equations for categorical variables, and generalized linear
mixed effects models for continuous variables including thyroid
markers, both accounting for matched case-control pairs.

Conditional logistic regression was used to estimate crude
and adjusted ORs (aORs) of GDM for each thyroid marker
accounting for the matched case-control pairs. The thyroid
markers were analyzed continuously and as quartiles. The
quartiles were based on the thyroid marker distributions among
the controls. ORs were calculated separately for the two visits
prior to GDM diagnosis (i.e., weeks 10 to 14 and 15 to 26). For
the multivariable models, a priori selected covariates included
key demographic factors and conventional risk factors for
GDM: education level, parity, family history of diabetes, and
prepregnancy BMI (,25, 25.0 to 29.9, $30.0 kg/m2). As
maternal age and gestational age at blood collection were only

matched between cases and controls within a certain range
(62 years and 2 weeks, respectively), we further adjusted for these
two variables to reduce residual confounding and derive con-
servative estimates. Additionally, because thyroid antibodies
may influence both thyroid hormone levels and glucose ho-
meostasis, we also included thyroid autoimmunity status (an-
tibodies positive vs negative) in the models. Of note, we did
not include smoking as a covariate, as nonobese women who
smoked prior to pregnancy were not eligible for the study and
only five obese women in the study reported smoking before
pregnancy. Tests of linear trend were performed by using the
median value for each quartile as a continuous variable in
the conditional logistic regression models. To ensure tempo-
rality, we excluded one case at weeks 10 to 14 and five cases at
weeks 15 to 26 from our analytical population, as their blood
samples were collected after the GDM diagnosis. GDM di-
agnosis was made at median 15.4 weeks after blood collec-
tion at 10 to 14 weeks, and 9.9 weeks after collection at 15 to
26 weeks.

In addition to examining associations with thyroid marker
levels, we also estimated ORs of GDM for clinical thyroid
conditions including isolated hypothyroxinemia and overt or
subclinical hypothyroidism, using women who had euthyroid
status as the reference group. In sensitivity analyses, we ex-
cluded women who had elevated thyroid antibodies (n = 50 at
weeks 10 to 14; n = 37 at weeks 15 to 26) (6), prior history of
GDM (n = 6), prior history of preeclampsia (n = 8), smoked
before the current pregnancy (n = 5), or had medication-treated
GDM (n = 28) (to assess whether the associations still persisted
among women with less severe GDM). Of note, none of the
women reported use of thyroid medications prior to GDM
diagnosis. Inmodels looking at the quartile-specific associations
between thyroid markers and GDM, we also repeated the
analyses limiting the sample only to women who had euthyroid
status. Furthermore, we stratified our analyses by prepregnancy
BMI status (BMI , 25.0 vs BMI $ 25.0 kg/m2), race/ethnicity
(non-Hispanic white, African American, Hispanic, Asian/
Pacific Islander), or family history of diabetes (yes vs no).

As a part of secondary analyses, the median concentration of
each thyroid marker was plotted against the four study visits to
depict changes in thyroid marker levels over the course of
pregnancy. Statistical analyses were conducted using SAS 9.4
(SAS Institute, Cary, NC).

Results

Table 1 shows selected participant characteristics among
women with and without GDM. Compared with non-
GDM controls, GDM cases were more likely to have a
higher prepregnancy BMI and a family history of di-
abetes. Median fT4 levels were significantly lower among
GDM cases, whereas median fT3 and the fT3/fT4 ratio
were significantly higher among cases at the two visits in
the first (weeks 10 to 14) and second (weeks 15 to 26)
trimester before GDM diagnosis (Table 2). TSH levels
did not differ significantly between cases and controls at
either trimester.

Table 3 shows the associations between thyroid
markers in the first and second trimester and GDM
status. fT3 and the fT3/fT4 ratio were significantly and
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positively associated with GDM risk at both trimesters:
the aOR (95% CI) comparing the highest vs lowest
quartile of fT3 was 4.25 (1.67, 10.80) at the first (Ptrend =
0.001) and 3.89 (1.50, 10.10) at the second (Ptrend =
0.007) trimester. Similarly, the corresponding risk esti-
mates comparing the highest vs lowest quartile of the fT3/
fT4 ratio were 8.63 (2.87, 26.00) and 13.60 (3.97, 46.30)
at the first (Ptrend = 0.001) and second (Ptrend , 0.0001)
trimester, respectively. fT4 levels were inversely associ-
ated with GDM risk at the second trimester, yet the
quartile-specific associations were not significant after
adjusting for potential confounders. However, womenwho
were in the top decile of fT4 levels at the second trimester
had a significantly decreased risk of GDM compared with
those who were in the lowest quartile [aOR (95%CI), 0.17
(0.04, 0.76)]. TSH levels were not associated with GDM
risk in either trimester.

Isolated hypothyroxinemia at the second, but not
first trimester, was significantly associated with increased

GDM risk: the aOR (95% CI) comparing women who
had hypothyroxinemia to women who had euthyroid
status was 1.56 (0.63, 3.89) in the first and 2.97 (1.07,
8.24) in the second trimester (Table 4). Subclinical or
overt hypothyroidism in either first [aOR (95%CI), 2.58
(0.39, 17.01)] or second trimester [aOR (95% CI), 1.78
(0.49, 6.42)] was not related to GDM risk.

The results were similar in sensitivity analyses ex-
cluding women who had elevated thyroid antibodies,
prior history of GDM or preeclampsia, smoked before
pregnancy, or had medication-treated GDM. The asso-
ciations also persisted when limiting the sample to only
women who had euthyroid status (n = 252 at weeks 10 to
14; n = 232 at weeks 15 to 26), or when stratifying the
analyses by prepregnancy BMI status (BMI , 25.0 vs
BMI $ 25.0 kg/m2), race/ethnicity (non-Hispanic white,
African American, Hispanic, Asian/Pacific Islander), or
family history of diabetes (yes vs no). In additional ex-
ploratory analyses (data not shown), we compared
thyroid markers between GDM cases with 2 vs 3+OGTT
measures above the threshold, and we found that the
latter group had higher fT3 and an fT3/fT4 ratio at
both visits, although the differences were not statistically
significant. Additionally, among GDM cases, fT3 and
the fT3/fT4 ratio at both visits was found to be signifi-
cantly and positively correlated with fasting glucose
levels from OGTT.

In secondary analyses, we examined the longitudinal
changes in the level of thyroid markers during the course
of pregnancy (Fig. 1). Both fT3 and fT4 levels declined
with the progression of pregnancy. Overall, for most
study visits, fT3 and the fT3/fT4 ratio were signifi-
cantly higher, whereas fT4was significantly lower among
cases, as compared with non-GDM controls. TSH levels
appeared to increase sharply from the first to second visit
and then level off. The difference between cases and
controls was significant only at the last visit (weeks 33 to
39), with higher TSH levels among GDM cases.

Discussion

In this longitudinal study, we provide evidence that
thyroid function early in pregnancy may be an indicator
for subsequent risk of GDM, a common metabolic
complication in pregnancy. To our knowledge, this is the
first study to identify fT3 and the fT3/fT4 ratio mea-
sured early in pregnancy as independent risk factors of
GDM. Increased levels of either marker were associated
with a greater GDM risk, even after adjusting for po-
tential confounders such as prepregnancy BMI and
family history of diabetes. The fT3/fT4 ratio, a marker
indicating the conversion rate from T4 to T3, was most
strongly associated with GDM, with women in the

Table 1. Participant Characteristics AmongWomen
Who Had GDM and Their Matched Controls in the
NICHD Fetal Growth Studies—Singleton
Cohort (2009–2013)

GDM
Cases

(n = 107)

Non-
GDM

Controls
(n = 214) Pa

Age, y 30.5 6 5.7 30.46 5.4
Race/ethnicity
Non-Hispanic white 25 (23.4) 50 (23.4)
African American 15 (14.0) 30 (14.0)
Hispanic 41 (38.3) 82 (38.3)
Asian/Pacific Islander 26 (24.3) 52 (24.3)

Education 0.18
Less than high school 17 (15.9) 26 (12.1)
High school graduate
or equivalent

15 (14.0) 23 (10.7)

More than high school 75 (70.1) 165 (77.1)
Married/living with a partner 92 (86.0) 167 (78.0) 0.12
Nulliparity 48 (44.9) 96 (44.9) 1
Family history of diabetes 40 (37.4) 48 (22.4) 0.003
Smoked before pregnancyb 4 (3.7) 1 (0.5) 0.06
Alcoholic beverage

consumption before
pregnancy

61 (57.0) 137 (64.0) 0.22

Prepregnancy BMI, kg/m2 ,0.001
18.38–24.99 37 (34.6) 123 (57.5)
25.0–29.99 35 (32.7) 56 (26.2)
30.0–45.11 35 (32.7) 33 (15.4)

Data are presented as n (%) for categorical variables and mean (SD) for
continuous variables.
aP values for differences between case and control subjects were ob-
tained by generalized linear mixed effects models for continuous vari-
ables and binomial/multinomial logistic regression with generalized
estimating equations for binary/multilevel categorical variables, ac-
counting for matched case-control pairs. P values are not shown for
matching variables (age, race/ethnicity).
bNonobese women who smoked were not eligible for the study.
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highest quartile in the second trimester showing an al-
most 14-fold increased risk compared with women in the
lowest quartile.

Although T3 is the primary, biologically active hor-
mone involved in glucose homeostasis, prior studies
examining thyroid biomarkers in relationship to GDM
risk have been mostly focused on its precursor hor-
mone, fT4, and their regulatory hormone, TSH. Two
prospective studies (11, 23) to date have examined the
association between fT3 levels and GDM, and both re-
ported no significant differences in fT3 levels in early
pregnancy between women with and without subsequent
GDM. Inferences of findings from the two studies (11,
23) were hindered by the relatively small number of
GDM cases, which may have limited their statistical
power of detecting a significant association. Differences
in demographic composition, including race/ethnicity,
GDM diagnostic criteria, and population-specific refer-
ence intervals for thyroid hormones, may also have
contributed to divergent findings. Notably, in our study,
we identified the fT3/fT4 ratio, a commonly used proxy
of peripheral deiodinase activity (15, 16), as a novel risk
factor for GDM. Although the fT3/fT4 ratio has not
previously been examined in relationship to GDM risk,
our findings are consistent with others (17–19) showing a
significant association between the fT3:fT4 ratio and
measures of glucose and insulin metabolism (e.g., ele-
vated fasting glucose). Taken together, these findings

suggest that higher fT3 levels, which could result from
either increased fT4 to fT3 conversion or increased T3
synthesis from the thyroid gland, could be related to the
pathophysiology of GDM.

Consistent with previous findings (9, 10), we observed
lower fT4 levels among women with GDM, yet the as-
sociations were not significant after adjusting for po-
tential confounders, particularly prepregnancy BMI.
However, compared with women who had euthyroid
status in our study, women who had isolated hypo-
thyroxinemia (normal TSH, low fT4 levels) in the second
trimester had an almost threefold greater risk of GDM.
Short-term fasting is known to affect TSH and not fT4
levels (24–26), but whether the fasting status in the
second trimester influenced this trimester-specific asso-
ciation is not clear in our study. However, other studies
have also observed that isolated hypothyroxinemia in the
second, but not the first trimester, is related to subsequent
GDM risk (6, 9, 14). Neither hypothyroidism nor TSH
levels alone were associated with GDM risk in our study,
which is consistent with some studies (6–8, 11), but
contrasts with others (3–5, 23) that observed an elevated
GDM risk among women who had subclinical hypo-
thyroidism or high TSH levels in pregnancy. Differences
in population characteristics, study design, and sam-
ple size may account for these discrepant findings. Of
note, all three studies (6–8) reporting a null association
had very few women who developed both GDM and

Table 2. Median Plasma Concentrations of Thyroid Markers Among Women With GDM and Their Matched
Controls in the NICHD Fetal Growth Studies—Singleton Cohort (2009–2013)

GDM Cases Non-GDM Controls Pa

Weeks 10–14b

fT3, pg/dL 300.00 (276.62, 327.27) 279.87 (263.96, 304.22) 0.002
fT4, ng/dL 1.02 (0.94, 1.13) 1.06 (0.98, 1.17) 0.04
fT3/fT4 ratioc 289.60 (263.13, 322.56) 259.74 (238.94, 288.75) 0.0001
TSH, mIU/L 1.25 (0.73, 1.83) 1.28 (0.86,1.82) 0.65
Gestational age at blood collection, wk 13.0 (12.3, 13.6) 13.0 (12.4, 13.6)

Weeks 15–26d

fT3, pg/dL 292.85 (265.26, 325.00) 275.32 (255.19, 299.67) 0.0003
fT4, ng/dL 0.88 (0.81, 1.00) 0.94 (0.86, 1.03) 0.001
fT3/fT4 ratioc 334.51 (285.16, 375.76) 289.55 (257.69, 332.58) <0.0001
TSH, mIU/L 1.96 (1.26, 2.52) 1.91 (1.26, 2.76) 0.59
Gestational age at blood collection, wk 18.9 (17.3, 21.0) 19.0 (17.7, 21.1)

Change from weeks 10–14 to 15–26
fT3, pg/dL 0.14 (0.08, 0.20) 0.12 (0.07, 0.20) 0.69
fT4, ng/dL 8.44 (29.74, 24.03) 5.19 (213.00, 24.67) 0.44
fT3/fT4 ratioc 237.87 (263.27, 220.6) 230.22 (247.43, 215.4) 0.0002
TSH, mIU/L 20.54 (21.09, 20.20) 20.61 (21.14, 20.21) 0.67

Data are presented as median (25th and 75th percentile). Boldface indicates statistically significant results.
aP values for differences between case and controls were obtained by generalized linear mixed effects models for continuous variables accounting for
matched case-control pairs. P values are not shown for gestational age at blood collection, as it was one of the matching variables.
bn = 104 and 214 for cases and controls, respectively.
cThe fT3/fT4 ratio was obtained by dividing plasma concentration of fT3 (pg/dL) by fT4 level (ng/dL).
dn = 94 and 212 for cases and controls, respectively.
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Table 3. aOR (95% CI) for GDM According to Quartiles of Thyroid Markers at Gestational Weeks 10–14 and
15–26 in the NICHD Fetal Growth Studies—Singleton Cohort (2009–2013)

Case (n) Control (n) Crude Model Multivariable Modela

Gestational weeks 10–14b

fT3, pg/dL
Quartile 1: 1.18–4.06 13 53 1 1
Quartile 2: 4.07–4.31 18 54 1.31 (0.57, 3.00) 1.32 (0.53, 3.28)
Quartile 3: 4.32–4.68 25 52 2.05 (0.91, 4.60) 1.97 (0.78, 4.96)
Quartile 4: 4.69–7.66 43 53 4.07 (1.82, 9.11) 4.25 (1.67, 10.80)
Upper decile: 5.02–7.66 29 21 6.09 (2.47, 15.00) 6.08 (2.19, 16.87)
P for trend <0.0001 0.001
Per unit increment 1.02 (1.01, 1.03) 1.02 (1.01, 1.03)

fT4, ng/dL
Quartile 1: 0.70–0.98 37 55 1 1
Quartile 2: 0.99–1.06 24 52 0.69 (0.37, 1.31) 0.70 (0.34, 1.45)
Quartile 3: 1.07–1.17 23 59 0.61 (0.32, 1.16) 0.69 (0.33, 1.42)
Quartile 4: 1.18–2.26 19 48 0.58 (0.29, 1.19) 0.63 (0.26, 1.51)
Upper decile: 1.29–2.26 7 19 0.61 (0.22, 1.66) 0.83 (0.27, 2.56)
P for trend 0.11 0.30
Per unit increment 0.23 (0.04, 1.22) 0.54 (0.08, 3.75)

fT3/fT4 ratioc

Quartile 1: 0.83–3.67 9 53 1 1
Quartile 2: 3.68–4.00 12 54 1.43 (0.51, 4.02) 1.12 (0.34, 3.74)
Quartile 3: 4.01–4.44 26 52 4.03 (1.56, 10.45) 5.26 (1.70, 16.20)
Quartile 4: 4.45–6.85 51 53 8.03 (3.13, 20.61) 8.63 (2.87, 26.00)
Upper decile: 5.39–6.85 25 22 10.25 (3.62, 29.01) 9.28 (2.76, 31.26)
P for trend <0.0001 0.001
Per unit increment 1.01 (1.01, 1.02) 1.01 (1.01, 1.02)

TSH, mIU/L
Quartile 1: 0.06–0.86 29 53 1 1
Quartile 2: 0.87–1.28 22 53 0.77 (0.38, 1.56) 0.71 (0.32, 1.59)
Quartile 3: 1.29–1.82 23 51 0.85 (0.43, 1.69) 0.63 (0.28, 1.44)
Quartile 4: 1.83–30.11 25 52 0.88 (0.46, 1.71) 1.17 (0.54, 2.51)
Upper decile: 2.53–30.11 12 20 1.11 (0.48, 2.57) 1.43 (0.53, 3.84)
P for trend 0.83 0.78
Per unit increment 1.08 (0.94, 1.24) 1.11 (0.93, 1.32)

Gestational weeks 15-26b

fT3, pg/dL
Quartile 1: 2.95–3.93 14 57 1 1
Quartile 2: 3.94–4.24 19 50 1.78 (0.77, 4.13) 1.25 (0.46, 3.37)
Quartile 3: 4.25–4.61 16 52 1.65 (0.70, 3.89) 1.86 (0.70, 4.92)
Quartile 4: 4.62–6.63 43 53 3.84 (1.74, 8.48) 3.89 (1.50, 10.10)
Upper decile: 4.93–6.63 27 21 6.84 (2.65, 17.65) 7.30 (2.30, 23.16)
P for trend <0.0001 0.007
Per unit increment 1.01 (1.01, 1.02) 1.02 (1.01, 1.03)

fT4, ng/dL
Quartile 1: 0.63–0.86 39 54 1 1
Quartile 2: 0.87–0.94 19 53 0.46 (0.24, 0.89) 0.65 (0.31, 1.24)
Quartile 3: 0.95–1.03 22 56 0.52 (0.26, 1.05) 0.57 (0.26, 1.24)
Quartile 4: 1.04–2.53 14 51 0.31 (0.14, 0.69) 0.44 (0.17, 1.14)
Upper decile: 1.11–2.53 4 26 0.14 (0.04, 0.52) 0.17 (0.04, 0.76)
P for trend 0.005 0.047
Per unit increment 0.04 (0.00, 0.39) 0.07 (0.01, 0.76)

fT3/fT4 ratioc

Quartile 1: 1.80–3.96 8 53 1 1
Quartile 2: 3.97–4.45 16 53 2.14 (0.84, 5.48) 2.46 (0.78, 7.72)
Quartile 3: 4.46–5.12 21 53 3.29 (1.31, 8.27) 4.37 (1.41, 13.50)
Quartile 4: 5.13–7.83 47 53 8.61(3.37, 21.98) 13.60 (3.97, 46.30)
Upper decile: 5.67–7.83 28 22 9.09 (3.45, 23.98) 12.73 (3.71, 43.69)
P for trend <0.0001 <0.0001
Per unit increment 1.01 (1.01, 1.02) 1.01 (1.01, 1.02)

(Continued)
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subclinical hypothyroidism. Recently, a meta-analysis of
six cohort studies also showed that subclinical hypo-
thyroidism was significantly associated with a 1.35-fold
increased risk of GDM as compared with women who
had euthyroid status (2). Because our sample only had 20
women who had overt or subclinical hypothyroidism
before GDMdiagnosis, we cannot rule out the possibility
that the observed lack of a significant association could
be due to inadequate statistical power.

Our findings are biologically plausible. Thyroid hor-
mones regulate hepatic gluconeogenesis, intestinal ab-
sorption of glucose, and uptake of glucose in peripheral
tissues (2). Additionally, they modulate messenger RNA
and protein expression of glucose transporters, promote
pathways that accelerate glycogenolysis, and modify cir-
culating insulin levels and counterregulatory hormones (27,
28). Among the thyroid hormones, T3 is the biologically
active hormone responsible for stimulating endogenous

glucose production, with several studies noting that fT3
levels are positively associated with insulin secretion and
hyperinsulinemia (29, 30). Around 80% of circulating T3
levels are derived frommonodeiodination of T4 carried out
by peripheral deiodinase activity (13), supporting the no-
tion that the fT3/fT4 ratio could serve as an important
marker for glucose homeostasis. Furthermore, a missense
variant (Thr92Ala) in the gene encoding type 2 deiodinase,
the subtype of deiodinase specific to generating T3 fromT4,
has been found to be associated with insulin resistance as
measured by the hyperinsulinemic–euglycemic clamp (31).

As a secondary objective of our study, we profiled
the longitudinal trajectory of the thyroid hormones
across the entire course of pregnancy. In our sample, we
observed expected changes in the levels of TSH, fT3,
and fT4 hormones across pregnancy. Maternal thyroid
physiology changes considerably in pregnancy owing to
several mechanisms, including transient rise in human

Table 4. Adjusted OR (95% CI) for GDM According to Hypothyroidism or Isolated Hypothyroxinemia at
Gestational Weeks 10–14 and 15–26 in the NICHD Fetal Growth Studies—Singleton Cohort (2009–2013)

Case (n) Control (n) Crude Model Multivariable Modela

Gestational weeks 10–14b

Euthyroidc 79 171 1 1
Overt/subclinical hypothyroidismd 3 3 2.09 (0.41, 10.73) 2.58 (0.39, 17.01)
Isolated hypothyroxinemiae 13 15 2.18 (0.96, 4.94) 1.56 (0.63, 3.89)

Gestational weeks 15–26b

Euthyroidc 71 163 1 1
Overt/subclinical hypothyroidismd 6 14 1.00 (0.36, 2.80) 1.78 (0.49, 6.42)
Isolated hypothyroxinemiae 13 11 2.93 (1.19, 7.21) 2.97 (1.07, 8.24)

aAdjusted for maternal age (years), gestational age at blood collection (weeks), nulliparity (yes/no), education (less than, equal to, or more than high
school), family history of diabetes (yes/no), prepregnancy BMI (,25, 25.0–29.9, $30.0 kg/m2), and thyroid autoimmunity status (antibodies positive vs
negative).
bTiming of blood sample collection preceded the diagnosis of gestational diabetes in all participants.
cWomen with normal TSH (#4 mIU/L) and normal fT4 concentration (between 10th and 90th percentile) were classified as euthyroid.
dOvert/subclinical hypothyroidism having elevated TSH levels (.4 mIU/L) with low or normal fT4 concentration (#90th percentile in controls).
e Isolated hypothyroxinemia was defined as having normal TSH (#4 mIU/L) in conjunction with low fT4 levels (,10th percentile in controls).

Table 3. aOR (95% CI) for GDM According to Quartiles of Thyroid Markers at Gestational Weeks 10–14 and
15–26 in the NICHD Fetal Growth Studies—Singleton Cohort (2009–2013) (Continued)

Case (n) Control (n) Crude Model Multivariable Modela

TSH, mIU/L
Quartile 1: 0.21–1.26 24 55 1 1
Quartile 2: 1.27–1.91 21 52 1.09 (0.53, 2.23) 0.95 (0.41, 2.17)
Quartile 3: 1.92–2.76 31 54 1.42 (0.72, 2.81) 1.44 (0.66, 3.11)
Quartile 4: 2.77–8.28 18 53 0.76 (0.37, 1.57) 0.93 (0.39, 2.23)
Upper decile: 3.77–8.28 9 21 0.92 (0.35, 2.46) 1.64 (0.49, 5.44)
P for trend 0.56 0.92
Per unit increment 0.96 (0.78, 1.19) 1.07 (0.83, 1.38)

Boldface indicates statistically significant results.
aAdjusted for maternal age (years), gestational age at blood collection (weeks), nulliparity (yes/no), education (less than, equal to, or more than high
school), family history of diabetes (yes/no), prepregnancy BMI (,25, 25.0–29.9, $30.0 kg/m2), and thyroid autoimmunity status (antibodies positive vs
negative).
bTiming of blood sample collection preceded the diagnosis of gestational diabetes in all participants.
cThe tT3/fT4 ratio was obtained by dividing plasma concentration of fT3 (pg/dL) by fT4 level (ng/dL).
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chorionic gonadotropin in early pregnancy, increased
concentrations of T4 binding proteins, increased thy-
roid hormone metabolism by the placenta, and greater
iodide excretion in the urine (1). Although women were
enrolled in our study early in pregnancy between 10
and 14 weeks, we likely missed the human chorionic
gonadotropin–induced decrease in TSH levels very early
in gestation (1), only capturing the gradual increase in
TSH levels thereafter (i.e., second and third trimes-
ters). fT4 and fT3 levels showed a continuous decline
with the progression of pregnancy, which was consis-
tent with findings of others (32, 33). Of note, our study
was unique in that we longitudinally profiled the thy-
roid hormone parameters in a relatively large multiracial
cohort of pregnant women.

There are several strengths to our study. First, we
longitudinally measured several markers of thyroid
function across pregnancy, allowing us to prospec-
tively examine the trimester-specific associations between
thyroid status and GDM, which is critically important
given the changes in thyroid hormones across gestation
(32, 33). Second, because thyroid autoimmunity status
may influence both thyroid hormone levels and glucose
homeostasis, an additional strength of this study was that
we measured and accounted for thyroid antibody levels
in our primary analyses. Third, our sample had a good
representation of four major racial/ethnic groups in the
United States, and GDM status in these women was well
characterized based on review of medical records.
Moreover, our study sample included relatively healthy
women without pre-existing thyroid disease or any other
chronic conditions. Thyroid medication use in pregnancy
was also ascertained and accounted for. One of the
limitations of this study was that due to the low fre-
quency of clinical thyroid conditions in our study sample,
we could not consider the joint effect of thyroid auto-
immunity status and hypothyroidism on GDM risk.
Because maternal iodine status is an important deter-
minant of thyroid hormone levels, another limitation was
the lack of iodine measurements in our study. However, it
is reasonable to assume that our relatively healthy
sample of US women would be iodine sufficient. Lastly,
trimester-specific ranges for thyroid hormone levels were
not available from our laboratory, and, as such, we used
reference ranges recommended by the 2017 American
Thyroid Association guidelines.

In summary, findings from this longitudinal study
suggest that higher fT3 levels, potentially resulting from
de novo synthesis or increased deiodinase activity, may
be involved in the pathophysiology of GDM. At present,
the utility of routine screening for thyroid function
during pregnancy is controversial. This study adds an
important piece of evidence to this debate, as our findings

Figure 1. Median plasma concentrations of (A) fT3, (B) fT4, (C) fT3/
fT4 ratio, and (D) TSH at each study visit among women with GDM
and their matched controls. Solid line indicates non-GDM controls;
dashed line indicates GDM cases. Weeks 10 to 14, n = 104 and
214 for cases and controls, respectively; weeks 15 to 26, n = 94 and 212
for cases and controls, respectively; weeks 23 to 31, n = 102 and 106
for cases and controls, respectively; weeks 33 to 39, n = 88 and 101 for
cases and controls, respectively. *P , 0.05, **P , 0.01, ***P , 0.001
for case-control comparisons at each study visit obtained by generalized
linear mixed effects models accounting for matched case-control pairs.
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show that women with thyroid abnormalities in early to
middle pregnancy are at an increased risk for GDM and
its adverse health sequelae. Our findings, in conjunction
with previous evidence of thyroid-related adverse preg-
nancy outcomes, support the potential benefits of thyroid
screening among pregnant women.
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Zegher F, Ibá~nez L, López-Bermejo A. Lower free thyroxin asso-
ciates with a less favorable metabolic phenotype in healthy preg-
nant women. J Clin Endocrinol Metab. 2011;96(12):3717–3723.

18. Jing S, XiaoyingD, Ying X, Rui L,MingyuG, Yuting C, Yanhua Y,
Yufan W, Haiyan S, Yongde P. Different levels of thyroid hor-
mones between impaired fasting glucose and impaired glucose
tolerance: free T3 affects the prevalence of impaired fasting glucose
and impaired glucose tolerance in opposite ways. Clin Endocrinol
(Oxf). 2014;80(6):890–898.

19. Knight BA, Shields BM, Hattersley AT, Vaidya B. Maternal
hypothyroxinaemia in pregnancy is associated with obesity and
adverse maternal metabolic parameters. Eur J Endocrinol. 2016;
174(1):51–57.

20. Buck Louis GM, Grewal J, Albert PS, Sciscione A, Wing DA,
Grobman WA, Newman RB, Wapner R, D’Alton ME, Skupski D,
Nageotte MP, Ranzini AC, Owen J, Chien EK, Craigo S, Hediger
ML, Kim S, Zhang C, Grantz KL. Racial/ethnic standards for fetal
growth: the NICHD fetal growth studies. Am J Obstet Gynecol.
2015;213(4):449.e1–449.e41.

21. Committee on Practice Bulletins—Obstetrics. Practice Bulletin No.
137: Gestational diabetes mellitus.Obstet Gynecol. 2013;122(2 Pt 1):
406–416.

22. Stagnaro-Green A, AbalovichM, Alexander E, Azizi F, Mestman J,
Negro R, Nixon A, Pearce EN, SoldinOP, Sullivan S,WiersingaW;
American Thyroid Association Taskforce on Thyroid Disease
During Pregnancy and Postpartum. Guidelines of the American
Thyroid Association for the diagnosis and management of thyroid
disease during pregnancy and postpartum. Thyroid. 2011;21(10):
1081–1125.

23. Karakosta P, Alegakis D, Georgiou V, Roumeliotaki T, Fthenou E,
Vassilaki M, Boumpas D, Castanas E, Kogevinas M, Chatzi L.
Thyroid dysfunction and autoantibodies in early pregnancy are
associated with increased risk of gestational diabetes and adverse
birth outcomes. J Clin Endocrinol Metab. 2012;97(12):4464–4472.

24. Nair R, Mahadevan S, Muralidharan RS, Madhavan S. Does
fasting or postprandial state affect thyroid function testing? Indian
J Endocrinol Metab. 2014;18(5):705–707.

25. Scobbo RR, VonDohlen TW, Hassan M, Islam S. Serum TSH
variability in normal individuals: the influence of time of sample
collection. W V Med J. 2004;100(4):138–142.

26. Kamat V, Hecht WL, Rubin RT. Influence of meal composition on
the postprandial response of the pituitary-thyroid axis. Eur J
Endocrinol. 1995;133(1):75–79.

27. Das DK, Bandyopadhyay D, Bandyopadhyay S, Neogi A. Thyroid
hormone regulation of b-adrenergic receptors and catecholamine
sensitive adenylate cyclase in foetal heart. Acta Endocrinol
(Copenh). 1984;106(4):569–576.

28. Kemp HF, Hundal HS, Taylor PM. Glucose transport correlates
with GLUT2 abundance in rat liver during altered thyroid status.
Mol Cell Endocrinol. 1997;128(1-2):97–102.

29. Bakker SJ, ter Maaten JC, Popp-Snijders C, Heine RJ, Gans RO.
Triiodothyronine: a link between the insulin resistance syndrome
and blood pressure? J Hypertens. 1999;17(12 Pt 1):1725–1729.

30. Ortega E, Koska J, Pannacciulli N, Bunt JC, Krakoff J. Free tri-
iodothyronine plasma concentrations are positively associated with
insulin secretion in euthyroid individuals. Eur J Endocrinol. 2008;
158(2):217–221.

31. Mentuccia D, Proietti-Pannunzi L, Tanner K, Bacci V, Pollin TI,
Poehlman ET, Shuldiner AR, Celi FS. Association between a novel
variant of the human type 2 deiodinase gene Thr92Ala and insulin
resistance: evidence of interaction with the Trp64Arg variant of the
b-3-adrenergic receptor. Diabetes. 2002;51(3):880–883.

32. Soldin OP, Tractenberg RE, Hollowell JG, Jonklaas J, Janicic N,
Soldin SJ. Trimester-specific changes in maternal thyroid hormone,
thyrotropin, and thyroglobulin concentrations during gestation:
trends and associations across trimesters in iodine sufficiency.
Thyroid. 2004;14(12):1084–1090.

33. Moncayo R, Zanon B, Heim K, Ortner K, Moncayo H. Thyroid
function parameters in normal pregnancies in an iodine sufficient
population. BBA Clin. 2015;3:90–95.

2456 Rawal et al Thyroid Markers Across Pregnancy and GDM Risk J Clin Endocrinol Metab, July 2018, 103(7):2447–2456

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/103/7/2447/5033858 by guest on 10 April 2024


