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THYROID HORMONE SYNTHESIS

Adequate thyroid hormone (TH) levels are essential for normal growth and differen-
tiation, for the regulation of energy metabolism, and for the physiological function of 
virtually all human tissues. This is illustrated by the well-known effects of hypo- and 
hyperthyroidism. In addition, more recent studies show that also minor variation in 
serum TH levels, even within the normal range, can have important effects on clinical 
endpoints, such as bone mineral density (1), atrial fibrillation (2), metabolic syndrome 
(3) and cardiovascular mortality (4, 5).

The production of TH is regulated by the classic hypothalamus-pituitary-thyroid (HPT) 
axis. Hypothalamic thyrotropin releasing hormone (TRH) stimulates TSH secretion from 
the anterior pituitary. TSH binds to the TSH receptor (TSHR), a G-protein coupled receptor 
essential for the development and function of the thyroid gland. TSHR is mainly coupled 

Figure 1: Simplified overview of the hypothalamus-pituitary-thyroid axis, thyroid hormone synthesis and 
thyroid hormone action in target tissues.
TRH, thyrotropin releasing hormone; TSH, thyroid stimulating hormone; T4, thyroxine; T3, 3,3,5-tri-
iodothyronine; NIS, sodium/iodide symporter; Tg, thyroglobulin; DUOX, dual oxidase; TPO, thyroid 
peroxidase; Lys, lysosome; MIT, monoiodotyrosine; DIT, diiodotyrosine; D1, type 1 deiodinase; D2, type 2 
deiodinase; MCT8, monocarboxylate transporter 8; MCT10, monocarboxylate transporter 10; TR, thyroid 
hormone receptor; TRE, thyroid hormone response element
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to Gs at physiological TSH levels, and therefore the cAMP pathway mediates most of its 
effects. The synthesis of TRH and TSH subunit genes is inhibited at the transcriptional 
level by TH, which also inhibits posttranslational modification and release of TSH (6).

The synthesis of TH involves multiple steps, of which a simplified overview is given in 
Figure 1. Ingested iodine, which is present in the circulation as iodide, is actively trans-
ported across the basolateral membrane of the thyroid follicular cells by the sodium/
iodide symporter (NIS). The efflux into the follicular lumen is facilitated by the SLC26A4 
transporter (Pendrin). Thyroglobulin (Tg) is a glycoprotein whose tyrosine residues are a 
substrate for iodination and TH formation. Thyroid peroxidase (TPO) plays an important 
role in this iodination, as it reduces H2O2 and binds the iodines to the tyrosine residues. 
Iodinated tyrosines within Tg are subsequently coupled to form iodothyronines, for 
which also H2O2 is required as a co-substrate. Dual oxidase 2 (DUOX2) and its matura-
tion factor (DUOXA2) are responsible for generating H2O2. Subsequently, thyroxine (T4) 
is formed by coupling of two diiodotyrosines (DIT), and 3,3,5-tri-iodothyronine (T3) is 
formed by coupling of one monoiodotyrosine (MIT) and one DIT. T4 and T3 are released 
into the circulation by transporters, including monocarboxylate transporter 8 (MCT8). 
Iodine is recycled by dehalogenation of iodothyronines by iodotyrosine deiodinase (IYD, 
also known as DEHAL1).

80% of the circulating T3 is produced outside the thyroid by peripheral conversion 
of the prohormone T4 by the iodothyronine deiodinases type 1 and 2 (D1 and D2). D1 
is present in liver and kidney, whereas D2 is mainly present in brain, brown adipose 
tissue, skeletal muscle and the heart. The type 3 iodothyronine deiodinase (D3) is mainly 
responsible for the intracellular degradation of T4 and T3 to reverse T3 (rT3) and T2, and 
is present in brain, skin, and placenta (7).

The cellular uptake of T4 and T3 is mediated by a number of membrane transporters. 
OATP1C1 is an organic anion transporter family member, which is mainly expressed in 
brain capillaries, whereas MCT8 and MCT10 are expressed in various tissues (8, 9). T3 is 
considered to be the major bioactive TH, which exerts its effects by binding to the intra-
cellular TH receptors alpha and beta (TRα and TRβ). Both receptors have a wide expres-
sion pattern, with a predominance of TRα1 in brain, heart and bone and a predominance 
of TRβ1 in liver, kidney, and thyroid, and TRβ2 in retina, cochlea, and pituitary (10).

THYROID FUNCTION DURING PREGNANCY

During pregnancy, profound changes in thyroid physiology occur. Maternal supply of 
thyroid hormone (TH) to the fetus and degradation of TH by placental D3 necessitate an 
increased production of TH (11, 12). This requires an intact thyroid gland and adequate 
availability of dietary iodine, and is in part mediated by the pregnancy hormone human 
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chorionic gonadotrophin (hCG), which is a weak agonist of the TSH receptor (13-16). 
As a consequence, serum FT4 levels increase and TSH levels decrease during the first 
trimester of pregnancy compared to the non-pregnant state, and reference ranges for 
TSH and FT4 are different in the pregnant state (17, 18). For this reason, the guidelines 
of the Endocrine Society and American Thyroid Association recommend to calculate 
trimester-specific reference ranges per center (19, 20). If these calculated ranges are not 
available in the laboratory, TSH reference ranges of 0.1–2.5 mU/liter for the first trimester 
and of 0.2–3.0 mU/liter for the second trimester are recommended (19, 20).

It has been known for long that thyroid dysfunction during pregnancy is associated 
with maternal and child complications (12, 21-24). Overt hypothyroidism and hyper-
thyroidism during pregnancy increase the risk of pregnancy loss, premature deliveries, 
and (pre)eclampsia. In addition, overt hypothyroidism and hypothyroxinemia have been 
associated with neurodevelopmental delay of the child, and overt hyperthyroidism with 
an increased risk of low birthweight children. More recently, also subclinical hypothy-
roidism has been associated with most of these complications (21, 24). In recent years it 
has become increasingly clear that in the non-pregnant state even variation in thyroid 
function within the normal range is associated with detrimental health outcomes (5). 
It is therefore remarkable to note that little is known about the effects of variation in 
normal-range thyroid function during pregnancy on the risks of maternal and child 
complications.

GENETIC DETERMINANTS OF THE HPT AXIS

In healthy persons, serum thyroid parameters show substantial inter-individual vari-
ability, whereas the intra-individual variability lies within a narrow range (Figure 2A) 
(25). This suggests that every person has a unique HPT axis set-point which is mainly 
determined by genetic factors, in addition to environmental factors such as iodine 
intake and smoking (26, 27). Indeed, this concept is supported by two classical twin 
studies from Denmark and the UK which found an estimated heritability of serum TSH 
and FT4 levels of 39-65% (Figure 2B) (28, 29). In another study investigating serum thy-
roid parameters in a Mexican–American population, heritability estimates ranged from 
26-64% (30). Various studies have shown that persons on thyroxine replacement therapy 
have a decreased well-being, despite having serum TH parameters within the normal 
range, suggesting that the achieved serum TH parameters may not match the patient’s 
physiological setpoint (31, 32).

For these reasons, many candidate gene and linkage studies have been performed 
over the years to decipher the genetic basis of thyroid function and dysfunction. Besides 
the rare monogenic causes of congenital hypo- or hyperthyroidism (discussed in Chap-
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Figure 2A: Adapted from Andersen et al., J Clin Endocrinol Metab 2002 (26). Serum TSH, T3, T4, and FT4 
levels in 16 healthy subjects taken monthly for 12 months. Each dot represents a monthly measurement 
and horizontal bars indicate individual parametric means. Laboratory reference ranges are TSH, 0.3–5.0 
mU/L; T3, 1.2–2.7 nmol/L; T4, 60–140 nmol/L; and FT4 index, 70–140 nmol/L. This study showed substantial 
inter-individual variability in serum thyroid parameters, whereas the intra-individual variability lies within 
a narrow range.
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Figure 2B: Adapted from Hansen et al., J Clin Endocrinol Metab 2004 (29). Scatterplots and correlations 
between twins of serum TSH, FT4 and FT3 levels according to zygosity. Correlations were higher in 
monozygotic twins compared to dizygotic twins, supporting an important role for genetic factors in the 
HPT-axis. Heritability estimates were 64%, 65% and 64% for TSH, FT4 and FT3, respectively.
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ter 14), consistent associations have only been reported for a limited number of genes, 
including D1, TSHR and MCT8. However, advances in genotyping techniques have made 
it possible to perform genome-wide association studies (GWAS). In this hypothesis-free 
approach, 100,000 to 500,000 variants are genotyped across the whole genome, and 
tested against the phenotype of interest. A stringent p-value threshold of P < 5x10-8 is 
used to prevent false-positive results due to multiple testing. As can be expected for 
‘common’ variants with an allele frequency > 1-5%, effect sizes are small and therefore 
large populations and often meta-analyses of populations are needed to reach sufficient 
statistical power.

OUTLINE OF THE THESIS

The studies in this thesis consist of three major parts. In the first part of this thesis (Chap-
ters 2-6), we studied determinants and effects of thyroid function during pregnancy in 
the Dutch population-based Generation R Study. Given the substantial differences in 
reported serum thyroid reference ranges between pregnancy cohorts, we calculated 
trimester specific population-based reference ranges, and compared these with other 
populations, as well as with the fixed serum TSH reference ranges recommended by 
international guidelines (19, 20) (Chapter 2). As the Generation R Study is a multi-ethnic 
cohort, we were able to additionally study the effects of ethnicity on these serum thyroid 
reference ranges (Chapter 3).

Furthermore, most of the studies on the associations between maternal iodine sta-
tus and maternal and child thyroid function have been performed in iodine-deficient 
regions. As little is known about these relations in iodine-sufficient regions, we inves-
tigated these relations in the iodine-sufficient Generation R Study (Chapter 4). Finally, 
we studied the effects of maternal thyroid function during pregnancy on the risk of 
maternal hypertensive disorders of pregnancy (Chapter 6), as well as the effects on child 
birth weight (Chapter 5).

In the second part of this thesis (Chapters 7-9), we searched for new genetic determi-
nants of thyroid function and thyroid autoimmunity. We did so by performing a large-
scale candidate gene analysis of 68 TH pathway genes with serum TSH and FT4 levels 
(Chapter 7). As the identified variants only explained a minor part of the total variation 
in thyroid function, a consortium was started in order to perform large-scale GWAS. This 
resulted in a GWAS on serum TSH and FT4 levels (Chapter 8). We furthermore performed 
a GWAS on thyroid autoimmunity (TPO-antibodies), in which the hits were also related 
to the risk of various forms of clinical thyroid disease (Chapter 9).

The third part of the thesis (Chapters 10-12) includes 2 studies on the effects of 
genetic variation in the THRA locus on human bone and brain (Chapters 10 and 11). 



General introduction 19

CH
A

PT
ER

 1

TRα is the predominant TR in these tissues, and various TRα mutant mouse models have 
an abnormal bone and brain phenotype. Despite this, little is known about the role of 
common genetic variation in the THRA locus in human bone and brain. We therefore 
studied the effects of common genetic variation in this locus on bone mineral density, 
bone geometry and fracture risk (Chapter 10), as well as on MRI-derived brain volumes 
(Chapter 11).

It has been known for long that both hypo- and hyperthyroidism are associated with 
an increased risk of depression, but the effects of normal-range thyroid function on the 
risk of depression remain to be determined. Chapter 12 describes a study in which we 
investigated these effects in a population-based cohort study of elderly subjects.
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ABSTRACT

Context: Abnormal maternal thyroid parameters are associated with adverse pregnancy 
outcomes, with consequences for both mother and child. Although various studies have 
studied maternal thyroid parameters during the first half of pregnancy, little is known 
about their relations with thyroid parameters of the child.

Objective: To study maternal thyroid parameters during the first half of pregnancy, as 
well as their relations with cord thyroid parameters.

Design, Setting and Participants: Serum TSH, FT4, T4 and TPO-antibody (TPOAb) levels 
were determined once between gestational wk 9-18 in 5474 pregnant women from the 
population-based Generation R study. Cord serum TSH and FT4 levels were determined 
in 3036 newborns.

Results: Between gestational wk 9-18, the maternal TSH reference range (2.5th-97.5th 
percentile) was 0.03-4.04 mU/L. Gestational age was positively correlated with maternal 
TSH (r=0.06, P=6.3x10-5) and total T4 (r=0.21, P=1.4x10-44), and negatively with FT4 (r=-
0.27, P=7.3x10-76) and TPOAb-positivity (r=-0.04, P=0.01). TPOAb-positivity was associ-
ated with more subclinical (20.1% vs 2.4%, P=1.5x10-39) and overt hypothyroidism (3.3% 
vs 0.1%, P=1.4x10-10). Maternal and cord TSH were positively associated (β=0.47±0.15, 
P=1.3x10-5), as well as maternal and cord FT4 (β=0.11±0.02, P=4.5x10-6).

Conclusions: In this large cohort study, we confirm correlations of maternal thyroid 
parameters with gestational age during the first half of pregnancy, and show a sub-
stantially increased risk of (subclinical) hypothyroidism in TPOAb-positive mothers. A 
substantial part of the mothers had a TSH level above 2.5 mU/L. Maternal and cord thy-
roid parameters were positively correlated, the exact biological basis of which remains 
to be determined.
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Maternal thyroid dysfunction during pregnancy is associated with various pregnancy 
complications and adverse peri- and neonatal outcomes, such as preeclampsia, miscar-
riage, fetal death, preterm delivery and impaired neurodevelopment (1-3). To effectively 
identify and treat patients with thyroid disorders during pregnancy, it is of importance 
to have a proper understanding of the physiological changes in thyroid hormone (TH) 
levels during pregnancy. Changes in TH levels are most pronounced in the first half of 
pregnancy (4). A few large studies have studied maternal thyroid parameters in the first 
half of pregnancy extensively (5-8). However, most studies were based on a limited sample 
size, or did not measure thyroid peroxidase antibodies (TPOabs) or FT4 levels (9-14).

Sufficient supply of TH to fetal tissues is important for proper fetal development (15). 
This is illustrated by the harmful effects of iodine deficiency during pregnancy, which 
can lead to insufficient supply of TH to the developing fetal brain, resulting in mental 
and motor retardation of the child (16). A number of studies have analyzed the effects 
of maternal thyroid status during pregnancy and mental and motor development of the 
child (17-21). However, limited data are available on the relation between maternal TH 
levels during pregnancy and fetal TH levels.

For these reasons, we studied maternal thyroid parameters in 5186 mothers in the first 
half of pregnancy, and studied their relations with cord thyroid parameters in 3036 of 
their newborns.

MATERIALS AND METHODS

Design

This study was embedded in the Generation R Study, a population-based cohort from 
early fetal life onwards in Rotterdam, the Netherlands, which has been described in de-
tail previously (22). Mothers with a delivery date between April 2002 and January 2006 
were enrolled in the study. The study was approved by the Medical Ethics Committee of 
the Erasmus Medical Center, Rotterdam. Written informed consent was obtained from 
all adult participants.

Population for analysis

Data on serum TSH, FT4 and T4 levels were complete for 5474 pregnant women. Women 
with known thyroid disease or thyroid (interfering) medication usage (n = 80) were 
excluded. Twin pregnancies (n = 63) and pregnancies after fertility treatment (n = 64) 
were also excluded. In total, 5186 women were included in one or more analyses. Cord 
serum TSH and FT4 levels were available in 3036 of their newborns.
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Thyroid parameters

Maternal serum samples were obtained in early pregnancy (mean = 13.3 wk; SD = 1.7), 
and cord serum samples were obtained at birth (mean = 39.9 wk; SD = 1.9). Maximally 
3 h after sampling, plain tubes were centrifuged and serum was stored at –80 C. TSH, 
FT4 and T4 were determined in maternal serum samples, and TSH and FT4 levels were 
determined in cord samples using chemiluminescence assays (Vitros ECI, Ortho Clinical 
Diagnostics, Rochester, NY). The intra- and interassay coefficients of variation were < 
4.1% for TSH, < 5.4% for FT4 and < 6.4% for T4.

Maternal TPOAb was measured using the Phadia 250 immunoassay (Phadia AB, Up-
psala, Sweden) and regarded as positive when > 60 IU/mL.

Covariates

Information about maternal age, prenatal smoking, socioeconomic status (SES) and 
ethnicity was obtained by questionnaires during pregnancy. Maternal prenatal smoking 
was classified as no smoking, smoking until pregnancy, and continued smoking during 
pregnancy. SES was defined by educational level, net household income, and employ-
ment status (22).

Statistical analysis

Reference ranges for maternal TSH, FT4 and T4, and cord TSH and FT4 levels were defined 
as the range between the 2.5th and 97.5th percentiles, after exclusion of women with 
known thyroid disease, thyroid (interfering) medication usage, twin pregnancies, and 
pregnancies after fertility treatment. In addition, TPOAb positive women were excluded. 
Differences between ethnic groups in maternal TSH, FT4, T4, and TPOAb positivity were 
studied using AN(C)OVA and logistic regression. For the cord TSH and FT4 reference 
ranges, we additionally excluded premature births, defined as delivery at a gestational 
age less than 37 weeks.

To achieve normal distribution, TSH was transformed by the natural logarithm. Pearson 
correlation coefficients, AN(C)OVA and linear regression were used to study the relation 
between gestational age and maternal TSH, FT4 and T4 levels in mothers with normal 
range TSH, FT4 and T4 levels. Pearson correlation coefficients, AN(C)OVA and logistic 
regression were used to study the relation between gestational age and TPOAb status. 
Pearson correlation coefficients and linear regression analysis were used to study the re-
lation between maternal TSH and FT4 levels in the normal range. Associations between 
TPOAb status and subclinical hypothyroidism, overt hypothyroidism, TSH and FT4 levels 
were studied using logistic regression and AN(C)OVA.

Pearson correlation coefficients and linear regression were used to study the relation 
between maternal and cord TSH and FT4 levels in mother-child pairs with normal range 
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birth and gestational age at maternal venous puncture.

All analyses were additionally adjusted for maternal age, prenatal smoking, SES and 
ethnicity.

RESULTS

Baseline characteristics of the study population are shown in Table 1.

Reference ranges maternal and cord thyroid parameters

Based on the 2.5th and 97.5th percentiles, maternal reference ranges were 0.03 - 4.04 
mU/L for TSH, 10.4 – 22.0 pmol/L for FT4, and 96.0 – 219.0 nmol/L for T4. Subdivided into 
the first and second trimesters, these ranges were 0.01 – 4.00 mU/L and 0.05 – 4.05 mU/L 
for TSH, 10.86 – 24.00 pmol/L and 10.28 – 21.50 pmol/L for FT4, and 89.9 – 210.0 nmol/L 
and 97.8 – 221.0 nmol/L for T4. Fig.1 shows the distribution of TSH measurements within 
the reference range in the first and second trimester. TSH levels of ≤ 2.5 mU/L for the 
first trimester and ≤ 3.0 mU/L for the second trimester are regarded as target TSH levels 
in the treatment of hypothyroidism (23). In the first trimester, 8.6 % of the women with 
normal range TSH levels had a TSH level > 2.5 mU/L. In the second trimester, 4.9 % of the 
women with normal range TSH levels had a TSH level > 3.0 mU/L (Fig.1).

Maternal subclinical hypothyroidism was defined as a normal FT4 (10.4 – 22.0 pmol/L) 
with a high TSH (> 4.04 mU/L). Maternal overt hypothyroidism was defined as a high TSH 
(> 4.04 mU/L) with a low FT4 (< 10.4 pmol/L).

Table 1. Population characteristics

Characteristic (n = 5186) Mean (SD)

Maternal age (yr) 29.6 (5.1)

Maternal ethnicity (% western)* 63.9%

Socioeconomic status

Low 10.2%

Middle 46.4%

High 43.4%

Maternal smoking during pregnancy 15.5%

Gestational age at delivery (weeks) 39.9 (1.9)

*51.8% Dutch, 12.0% Surinam/Antillean, 8.4% Turkish, 5.9% Moroccan, 12.2% Other Western, 9.7% Other 
non-Western.
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Table S1 shows the thyroid parameters in the different ethnic groups. No differences in 
FT4 levels between ethnic groups were found. Compared to the Dutch, all ethnic groups 
had higher T4 levels. Compared to the Dutch, the Surinam/Antillean, Moroccan, and 
other non-Western (including Cape-Verdians and non-Western Americans, Asians and 
Africans) ethnic groups had lower TSH levels, and the Turkish had a higher prevalence of 
TPOAb positivity. Associations remained similar after additional correction for maternal 
age, smoking, and SES (data not shown).

Cord reference ranges were 3.41 – 33.80 mU/L for TSH, and 15.3 – 28.1 pmol/L for FT4.

Maternal thyroid parameters

Between week 9 and 18 of gestation, gestational age was positively correlated with 
maternal TSH levels (r = 0.06, P = 6.3x10-5), negatively correlated with FT4 levels (r = -0.27, 
P = 7.3x10-76), positively correlated with T4 levels (r = 0.21, P = 1.4x10-44), and negatively 
correlated with TPOAb positivity (r = -0.04, P = 0.01). The breakdown of the changes 
in these thyroid parameters per 2-week period is presented in Table 2. Associations 
remained similar after adjusting for maternal age, smoking, SES and ethnicity (data not 
shown).

Maternal TSH and FT4 levels were negatively correlated (r = -0.14; P = 3.9x10-21), with a 
1 pmol/L increase in FT4 leading to a 0.05 (0.01) mU/L (mean (SE)) decrease in TSH levels 
(P = 3.4x10-28). A similar association was observed after exclusion of TPOAb positive 
mothers (β = -0.05 (0.01) mU/L, P = 2.0x10-24).

TPOAb positivity was associated with higher maternal TSH levels, lower FT4 levels, and 
a 8-fold and 26-fold higher risk of subclinical hypothyroidism and overt hypothyroidism, 
respectively (Fig.2).
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Fig. 1 Distribution of normal range serum TSH levels in the first and second trimester, after exclusion 
of women with TPOAb positivity, known thyroid disease, thyroid (interfering) medication usage, twin 
pregnancies, and pregnancies after fertility treatment. In the first trimester, 8.6 % of the women with 
normal range TSH levels had a TSH level > 2.50 mU/L. In the second trimester, 4.9 % of the women with 
normal range TSH levels had a TSH level > 3.00 mU/L.
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Correlations maternal and cord thyroid parameters

As shown in Table 3, maternal and cord TSH levels were positively correlated (r = 0.08, P 
= 2.7 x 10-5; β = 0.47 (0.15) mU/L, P = 1.3 x 10-5), as well as maternal and cord FT4 levels (r 

Table 2. Maternal TSH, FT4, T4 levels and TPOAb status by gestational weeks 9 - 18

Gestational age 
(weeks)

TSH
(mU/L, Median (IQR))

FT4
(pmol/L, Mean (SE))

T4
(nmol/L, Mean (SE))

TPOAb positivity
(%, Mean (SE))

9-10 (n = 115*) 1.16 (0.70, 1.93) 16.37 (0.21) 136.9 (2.4) 4.7 (2.0)

11-12 (n = 758*) 1.29 (0.83, 1.91) 15.59 (0.08) 140.5 (0.9) 5.2 (0.8)

13-14 (n= 1916*) 1.32 (0.85, 2.00) 15.21 (0.05) 146.2 (0.6) 5.1 (0.5)

15-16 (n = 1057*) 1.38 (0.95, 1.95) 14.35 (0.07) 151.7 (0.8) 3.3 (0.6)

17-18 (n = 589*) 1.45 (0.98, 2.09) 13.81 (0.09) 155.9 (1.1) 3.1 (0.9)

P = 1.2x10-4 P = 2.8x10-76 P = 4.8x10-44 P = 0.01

Median serum TSH, and mean serum FT4, T4, and TPOAb positivity by gestational weeks 9–18. All analyses 
were corrected for maternal age. The p-value of the linear regression over gestational weeks 9–18 is 
shown in the last row.
* Indicated are the number of subjects in the gestational age groups for the TSH, FT4 and T4 level 
analyses. For the TPOAb positivity analyses, these numbers were 106, 726, 1836, 1028, and 504, for weeks 
9-10, 11-12, 13-14, 15-16 and 17-18, respectively.
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= 0.09, P = 1.5 x 10-6; β = 0.11 (0.02) pmol/L, P = 4.5 x 10-6). Associations remained similar 
after exclusion of TPOAb positive mothers and additional correction for smoking, SES 
and ethnicity (TSH: β = 0.36 (0.16) mU/L, P = 0.001; FT4: β = 0.12 (0.02) pmol/L, P = 3.0 x 
10-6).

DISCUSSION

In this study, we examined maternal thyroid parameters between week 9 and 18 of 
gestation, together with their relations with cord thyroid parameters. It has long been 
recognized that pregnancy affects thyroid physiology, thereby leading to changes in 
thyroid parameters (2, 4). As not only overt thyroid disease, but also more subtle differ-
ences in TH levels can lead to a wide range of complications in the mother and newborn 
(23), various studies have studied the physiological changes in maternal thyroid param-
eters during pregnancy. Studies have shown an inverse correlation between TSH and 
FT4 levels, due to the thyrotropic properties of hCG. After an initial increase in the first 
10 weeks of pregnancy, hCG levels subsequently decrease, leading to a decrease in FT4 
and increase in TSH levels (4). In addition, high estrogen levels lead to a rise in TBG levels, 
thereby increasing total T4 levels (4). A few large studies have studied maternal thyroid 
parameters in early pregnancy extensively (5-8). However, many studies that analyzed 
maternal thyroid parameters during early pregnancy were based on a limited sample 
size, or did not measure TPOAbs or total T4 (9-14). In the present study, we replicate 
previously reported findings in a large population-based cohort, taking the effects of 
various potential interfering (e.g., TPOAb status or thyroid (interfering) medication use) 
and confounding (e.g., smoking) factors into account.

We calculated trimester-specific thyroid parameter reference ranges for our popula-
tion, as various population-specific characteristics (e.g., iodine status and ethnicity) can 
influence thyroid parameters (24-26). The current guidelines of the American Thyroid 

Table 3. Correlations between maternal and cord thyroid parameters

Correlation Effect

Thyroid Parameter r P β (SE) P

TSH (n = 2,424; mU/L) 0.08 2.7 x 10-5 0.47 (0.15) 1.3 x 10-5

FT4 (n = 2,424; pmol/L) 0.09 1.5 x 10-6 0.11 (0.02) 4.5 x 10-6

Correlations between maternal and cord TSH levels, and maternal and cord FT4 levels. Analyses were 
performed in mother-child pairs with normal range maternal and cord TSH and FT4 levels. Additionally, 
the effect of 1 mU/L increase in maternal TSH on cord TSH level, and the effect of 1 pmol/L increase in 
maternal FT4 on cord FT4 level are shown. Analyses were corrected for maternal age, gestational age at 
maternal venous puncture and gestational age at birth.
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postpartum recommends to use TSH reference ranges of 0.1 – 2.5 mU/L (first trimester) 
and 0.2 - 3.0 mU/L (second trimester), if reference ranges are not available in the labora-
tory (23). In addition, these reference ranges are also recommended to be used as target 
TSH levels for the titration of thyroxine substitution in overt and subclinical hypothy-
roidism during pregnancy (23). It is remarkable to note that in the Netherlands, which 
is an iodine-sufficient country (27), a substantial part of the TPOAb-negative women 
with normal range TSH levels have a TSH level above 2.5 mU/L and 3.0 mU/L, in the 
first and second trimester, respectively (Fig.1). This underlines the importance of using 
population-specific thyroid parameter reference ranges.

Benhadi et al. previously showed lower TSH levels in Moroccan, Turkish and Surinam 
pregnant women, when compared to the Dutch. This is in line with our results, which 
show a somewhat lower TSH level in the Surinam/Antillean and Moroccan groups (Table 
S1). A slightly lower TSH level was also found in the Turkish group, but did not reach 
significance. We observed a higher prevalence of TPOAb positivity in the Turkish group, 
which was also the case in the study by Benhadi et al., where it did not reach statistical 
significance. We additionally show that, compared to the Dutch, all other ethnic groups 
have higher T4 levels, whereas there were no differences in FT4 levels. The exact origin 
of these differences in thyroid parameters between pregnant ethnic groups should be 
clarified in future studies, taking differences in dietary patterns into account.

Our data indicate that between week 9 and 18 of gestation, gestational age is nega-
tively correlated with TPOAb positivity, which is consistent with the immunosuppressive 
effect of pregnancy (28). Although hypothyroidism has been associated with TPOAb 
positivity in various populations, few of these studies were carried out during pregnancy. 
Most studies included a limited number of TPOAb positive mothers, or only reported 
the effects on the average TSH and FT4 levels of the studied groups, without reporting 
the actual risk of (subclinical) hypothyroidism (14, 29). Recently, Wang et al. showed an 
increased prevalence of hypothyroidism in Chinese TPOAb positive mothers (30). This is 
in line with the results from our study, in which we show a substantially increased risk of 
both subclinical and overt hypothyroidism in TPOAb positive mothers (Fig.2).

In the last two decades, various studies have shown an association between abnormal 
maternal TH parameters during pregnancy and abnormal mental and motor develop-
ment of the child (17-21). In this context, it is remarkable to note that there are limited 
data available on the relations between maternal TH parameters during pregnancy and 
fetal TH levels. Most studies have focused on mothers with overt (31-33) or subclinical 
thyroid disorders (34). A few studies have analyzed these associations in mothers with-
out known thyroid abnormalities, but did not find any associations (35, 36). However, 
sample sizes were either limited (35) or neonatal TH parameters were determined 2 days 
after birth, a moment at which associations are likely to be influenced by the neonatal 
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TSH surge (36). Hume et al. studied maternal, fetal and cord TH parameters, but did not 
correlate maternal TH parameters during pregnancy with cord TH parameters (37). Re-
cently, Shields et al. were the first to show a positive correlation between maternal FT4 
levels at 28 wk gestation and cord FT4 levels in 616 mother-child pairs, but did not find a 
correlation between maternal and cord TSH levels (38). Based on these data, the authors 
explain the positive correlation between maternal and cord FT4 levels by the maternal 
transfer of T4 across the placenta during late pregnancy. In this study, we show in 2563 
mother-child pairs a positive correlation between maternal FT4 levels in early pregnancy 
and cord FT4 levels, together with a positive correlation between maternal and cord 
TSH levels. Bajoria et al. have shown that TSH is sparingly transferred by the placenta 
(39). Taken together, our data show that maternal TH parameters in early pregnancy are 
associated with cord TH parameters. The exact mechanism by which this correlation is 
driven should be clarified in future studies, taking shared factors between mother and 
newborn into account, such as genetics and nutrition (e.g., iodine intake).

In conclusion, we studied maternal TH parameters between week 9 and 18 of gestation, 
together with their relations with cord TH parameters. We observed a positive correlation 
between maternal and cord thyroid parameters. In addition, we show that a substantial part 
of the women in this healthy, TPOAb negative population has a TSH level above 2.5 mU/L 
and 3.0 mU/L, in the first and second trimester, respectively. Finally, we found a substantial 
increased risk of (subclinical) hypothyroidism in TPOAb positive mothers, and confirm previ-
ously reported relations between maternal TH parameters in the first half of pregnancy.
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Supplemental table S1. Maternal TSH, FT4, T4 levels and TPOAb status by ethnicity

Ethnicity
TSH

(mU/L, Median (IQR))
FT4

(pmol/L, Mean (SE))
T4

(nmol/L, Mean (SE))

TPOAb 
positivity

(%, Mean (SE))

Dutch (n = 2477) 1.42 (0.89, 2.12) 15.11 (0.07) 143.7 (0.6) 5.4 (0.5)

Surinam/Antillean (n = 568) 1.16 (0.75, 1.82)** 15.40 (0.15) 156.0 (1.3)** 4.5 (1.0)

Turkish (n = 400) 1.39 (0.86, 2.15) 15.11 (0.18) 161.2 (1.6)** 9.5 (1.2)*

Moroccan (n = 282) 1.14 (0.72, 1.83)** 14.91 (0.21) 155.2 (1.9)** 5.7 (1.4)

Other Western (n = 583) 1.40 (0.86, 2.10) 15.22 (0.14) 147.3 (1.3)* 6.6 (1.0)

Other non-Western (n = 464) 1.30 (0.82, 1.83)** 15.11 (0.16) 150.7 (1.5)** 4.4 (1.1)

Median serum TSH, and mean serum FT4, T4, and TPOAb positivity by ethnicity. All analyses were 
corrected for gestational age at venous puncture. For the different ethnic groups, the number of subjects 
are indicated between brackets. For the TPOAb positivity analyses, these numbers were 2364 (Dutch), 538 
(Surinam/Antillean), 377 (Turkish), 265 (Moroccan), 553 (Other Western), and 428 (Other non-Western).
*P < 0.01 ** P < 0.001
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ABSTRACT

Context: Abnormal maternal thyroid function during pregnancy is associated with 
various complications. International guidelines advocate the use of population-based 
trimester-specific reference ranges for thyroid function tests. When unavailable, an 
upper TSH limit of 2.5 for the first,- and 3.0 mU/L for the second and third trimesters 
is recommended. Although inter-individual differences in thyroid function tests can 
partially be explained by ethnicity, data on the influence of ethnicity on TSH and (F)T4 
reference ranges during pregnancy are sparse.

Design: Serum TSH, FT4, T4, and TPOAb levels were determined during early pregnancy 
in 3944 women from the Generation R study, Rotterdam, the Netherlands.

Results: The study population consisted of 2765 Dutch, 308 Moroccan, 421 Turkish and 
450 Surinamese women. Mean TSH was higher in Dutch and Turkish women than in Mo-
roccan or Surinamese women (1.50-1.48 vs. 1.29-1.33 mU/L;P<0.01). Although no differ-
ences in FT4 were seen, T4 was lowest in Dutch women (142 vs. 150-156 nmol/L;P<0.01). 
Turkish women had the highest frequency of TPOAb positivity (9.3% vs. 5.0-5.8%;P<0.05) 
and of elevated TSH levels in the second trimester (11.0% vs. 3.8-7.3%;P<0.01). A com-
parison of disease prevalence between a population-based versus an ethnicity-specific 
reference range changed the diagnosis for 18% of women who were initially diagnosed 
as having an abnormal thyroid function test.

Conclusions: We show ethnic differences in serum TSH, T4 and TPOAb positivity and 
found significant diagnostic discrepancies depending on whether population or 
ethnicity-specific reference ranges were used to diagnose thyroid disease.
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INTRODUCTION

Abnormal maternal thyroid function during pregnancy is associated with various ma-
ternal and child complications such as preeclampsia, miscarriage, preterm delivery and 
impaired neurodevelopment of the child (1-3). Recent guidelines by the Endocrine So-
ciety and the American Thyroid Association (ATA) advocate the use of population-based 
trimester-specific reference ranges to diagnose thyroid dysfunction in pregnant women. 
When trimester-specific reference ranges are not available in the laboratory, upper TSH 
limits of 2.5 mU/L during the first,- and 3.0 mU/L during the second and third trimesters 
are recommended (4, 5). These recommendations are mainly based on large studies 
conducted in divergent populations from America, Europe, China and India which can 
nowadays be considered multi-ethnic as a result of increased migration (6-11). A number 
of studies have shown that inter-individual differences in thyroid hormone levels may, 
at least partially, be explained by ethnic background (12-14). So even within trimester-
specific reference ranges, differences may exist as a result of multi-ethnicity.

Only a few studies analyzed the effect of ethnicity on thyroid function tests during 
pregnancy. A small study in 589 pregnant women demonstrated that African-American 
women have lower TSH values than Caucasian women (15). Subsequently, La’ulu et al. 
reported that reference range values for thyroid parameters may differ between Asian, 
white, black and Hispanic Americans (16, 17). Benhadi et al. demonstrated significantly 
lower mean TSH levels in pregnant Dutch women compared to Turkish, Moroccan and 
Surinamese pregnant women (18). In contrast, a study by Pearce et al. showed that eth-
nicity was not a contributing factor to either TSH, FT4 or T4 in pregnancy (19), but this 
may have been due to the number of groups compared and a relatively small sample 
size.

These ethnic differences between different pregnant populations underline the 
importance of calculating population-specific reference ranges during pregnancy, and 
suggest that it may not be optimal to apply the same upper limit for TSH during preg-
nancy for various populations world-wide. Since most populations nowadays are con-
sidered multi-ethnic, we investigated the consequences of calculating ethnicity-specific 
reference ranges for the diagnosis of thyroid disease in a large, multi-ethnic population 
of pregnant women from Rotterdam, the Netherlands. To exclude an interfering role for 
iodine deficiency in specific ethnic groups, we also analyzed urinary iodine levels in a 
subset of pregnant women.
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MATERIALS AND METHODS

Design

This study was embedded in the Generation R Study, a population-based cohort from 
early fetal life onwards in the multi-ethnic city of Rotterdam, The Netherlands, which has 
been described in detail previously (20). Written informed consent was obtained from 
all adult participants.

Population for analyses

Data on TSH, FT4 and T4 were available for 4192, and TPOAbs for 3928 Dutch, Moroccan, 
Turkish and Surinamese pregnant women. Women with twin pregnancies (N=128), pre-
existing thyroid disease (N=35), thyroid (interfering) medication usage (N=32) or fertility 
treatment (N=53) were excluded. Data on ethnicity and ethnic origin were derived by 
questionnaires. Ethnicity was determined by country of origin which was defined ac-
cording to the classification of Statistics Netherlands (20), ethnic origin was determined 
by common ancestry. The final population comprised 3944 women which were included 
in one or more analyses.

Thyroid parameters

Maternal serum samples were obtained in early pregnancy (mean 13.4 weeks; SD 2.0). 
Plain tubes were centrifuged and serum was stored at -80 C. TSH, FT4 and T4 were de-
termined in maternal serum samples using chemiluminescence assays (Vitros ECI; Ortho 
Clinical Diagnostics, Rochester, NY). The intra- and interassay coefficients of variation 
were <5.4% for FT4 at a range of 14.3-25.0 pmol/L, and <6.4% for T4 at a range of 94-151 
nmol/L. For TSH specifically the intra- and interassay coefficients of variation were <4.1% 
at a range of 3.97-22.70 mU/L, performance characteristics and comparison to other as-
says have been described previously (21).

During pregnancy, profound changes in thyroid physiology occur (4, 5). Maternal sup-
ply of TH to the fetoplacental unit necessitates an increased TH production, requiring an 
intact thyroid gland and an adequate availability of dietary iodine. This process is in part 
mediated by the pregnancy hormone human chorionic gonadotrophin (hCG), which is 
a weak agonist of the TSH receptor and so stimulates the maternal thyroid to produce 
more TH (22, 23). As a consequence, reference ranges during pregnancy are different 
compared to a non-pregnant state (4, 5). Therefore reference ranges for TSH, FT4 and T4 
were calculated for this specific population (7). Maternal TPOAbs were measured using 
the Phadia 250 immunoassay (Phadia AB, Uppsala, Sweden) and regarded as positive 
when greater than 60 IU/ml (24).
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Iodine measurements

Urinary iodine concentrations were determined in a random subset of 793 women dur-
ing early pregnancy (mean = 12.9 weeks; SD = 1.8). Urinary iodine was measured through 
the ceric-arsenite reaction following destruction by means of ammonium persulphate, 
which has been described previously (25).

Covariates

Information on maternal age, smoking status and socio-economic status (SES) were ob-
tained by questionnaires during pregnancy. Maternal smoking status was classified as no 
smoking, smoking until known pregnancy, and continued smoking during pregnancy. 
SES was defined by educational level, net household income, and employment status. 
Weight and length were measured at intake (same time as blood sample collection) and 
were used to calculate body mass index (BMI) (26).

Statistical analyses

Descriptive characteristics were compared using ANOVA, logistic regression analyses, 
and the Wilcoxon–Mann–Whitney U test. Total and subgroup reference ranges for ma-
ternal TSH, FT4 and T4 were defined as the range between the 2.5th and 97.5th percentiles. 
Additionally, TPOAb-positive women were excluded. To achieve normal distribution, 
TSH was logarithmically transformed. Mean TSH, FT4 and T4 levels, and TPOAb positiv-
ity were compared using ANOVA and logistic regression and additionally adjusted for 
maternal age, gestational age at sampling, SES, smoking, parity and BMI. The percentage 
of women with a TSH >2.5 mU/L in the first trimester or >3.0 mU/L in the second and 
third trimesters per ethnic group were compared using logistic regression analyses. The 
prevalences of (subclinical) hyperthyroidism, (subclinical) hypothyroidism and hypothy-
roxinemia in the four ethnic groups were calculated using both total-population and 
ethnicity-specific reference ranges.

Hyperthyroidism was defined as a low (<2.5th percentile) TSH with a high (>97.5th 
percentile) FT4; subclinical hyperthyroidism as a low TSH with a normal (2.5th – 97.5th 
percentile) FT4; hypothyroidism as a high TSH with a low FT4; subclinical hypothyroidism 
as a high TSH with a normal FT4 and hypothyroxinemia as a low FT4 with a normal TSH.

For pregnant populations, the WHO regards median urinary iodine levels of <150 μg/L 
as insufficient, 150 – 249 μg/L as adequate, 250 – 499 above requirements and >500 
μg/L as excessive (27). Median urinary iodine levels were compared between the ethnic 
groups using the Wilcoxon–Mann–Whitney U test. The percentage of women with uri-
nary iodine levels <150 μg/L and >500 μg/L were compared using chi square tests and 
logistic regression analyses.
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RESULTS

The study population consisted of 3944 women of which 70.1% were Dutch, 7.8% were 
Moroccan, 10.7% were Turkish and 11.4% were Surinamese. Descriptive characteristics 
of the studied ethnic groups are shown in Table 1. Dutch women were older, had a lower 
gestational age at blood sampling, had fewer pregnancies, a higher SES and lower body 
mass index (BMI). The Turkish women had the highest smoking prevalence.

Table 1. Descriptive statistics.

Total 
population

Dutch Moroccan Turkish Surinamese P-value

Women included (N (%)) 3944 (100) 2765 (70.1) 308 (7.8) 421 (10.7) 450 (11.4)

Age in years (mean (SD)) 30.0 (4.9) 31.1 (4.3) 28.0 (5.4)* 26.7 (4.6)* 27.6 (5.6)* <0.01

Gestational age at sampling

(mean (SD)) 13.4 (2.0) 13.2 (1.9) 14.3 (2.1)* 13.8 (2.1)* 13.6 (2.1)* <0.01

Parity (N (%))

0 2271 (57.7) 1681 (60.9) 119 (38.8)* 208 (49.4)* 263 (58.4) <0.01

1 1195 (30.4) 826 (29.9) 104 (33.9) 131 (31.1) 134 (29.8) 0.54

>1 469 (11.9) 251 (9.1) 84 (27.4)* 82 (19.5)* 52 (11.6)* <0.01

Smoking during pregnancy (N (%))

Yes 632 (17.5) 410 (16.2) 17 (6.0)* 129 (33.9)* 76 (18.1) <0.01

Stopped 336 (9.3) 246 (9.7) 5 (1.8)* 32 (8.4) 53 (12.6) <0.01

Non-smokers 2645 (73.2) 1875 (74.1) 259 (92.2)* 220 (57.7)* 291 (69.3)* <0.01

Socio-economic status (N (%))

Low 345 (8.9) 100 (3.6) 84 (29.0)* 121 (30.1)* 40 (9.0)* <0.01

Middle 1745 (44.9) 1028 (37.4) 166 (57.2)* 216 (53.7)* 335 (75.3)* <0.01

High 1798 (46.2) 1623 (59.0) 40 (13.8)* 65 (16.2)* 70 (15.7)* <0.01

Body mass index 
(mean (SD))

24.5 (4.4) 24.1 (4.0) 26.1 (4.6)* 25.7 (5.0)* 24.8 (5.0)* <0.01

TSH (median; mU/L) 1.35 1.41 1.14* 1.39 1.13* <0.01

FT4 (median; pmol/L) 14.9 14.9 14.4* 14.5* 14.9 0.02 

T4 (median; nmol/L) 144 140 151* 157* 153* <0.01 

TPOAb positivity (N (%)) 224 (6.1) 151 (5.8) 14 (5.0) 36 (9.3)* 23 (5.6) 0.05

* Significant (P<0.05) compared to Dutch group.
P-values for maternal age, gestational age at sampling and BMI were calculated using ANOVA. P-values 
for parity, smoking, socio-economic status and TPOAb positivity were calculated using logistic regression. 
P-values for median thyroid hormone levels were calculated using the Wilcoxon–Mann–Whitney U test.
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Ethnic differences in serum TSH, (F)T4, and TPOAb positivity

With regard to unadjusted thyroid parameters, TSH values were significantly higher 
in Dutch and Turkish women than in Moroccan and Surinamese women (1.41-1.39 vs. 
1.14-1.13 mU/L; P<0.01). Although unadjusted FT4 levels were significantly lower in 
Moroccan and Turkish women (14.4-14.5 vs. 14.9 pmol/L; P=0.02), significance was lost 
after correction for gestational age at sampling and exclusion of TPOAb-positive women 
(Table 2). T4 levels in the Dutch women were lower than those in all other ethnic groups 
(140 nmol/L vs. 151-157 nmol/L; P<0.01. Turkish women were more frequently TPOAb-
positive compared to the Dutch women (9.3% vs. 5.8%; P<0.01). As shown in Table 2, 
differences in TSH and T4 between ethnic groups remained significant after exclusion of 
TPOAb-positive women, and after additional adjustment for maternal age, gestational 
age at sampling, parity, smoking, SES and BMI. Figure 1 shows the distribution of serum 
TSH levels in the total population and in the different ethnic subgroups separately.

Table 2. Ethnicity specific mean TSH, FT4, and T4 levels and reference ranges during pregnancy.

Total 
population

Dutch Moroccan Turkish Surinamese P-valuea Adjusted
P-valueb

Adjusted mean TSH 
(mU/L)

1.40 1.50 1.29* 1.48 1.33* <0.01 <0.01

Reference range 0.06 – 4.51 0.12 – 4.72 0.004 – 3.99 0.04 – 4.50 0.002 – 3.85

(TPOAb-positives 
excluded)

(0.06 – 4.08) (0.11 – 4.18) (0.004 – 3.56) (0.03 – 4.26) (0.002 – 3.80)

Adjusted mean FT4 
(pmol/L)

15.1 15.1 14.9 15.1 15.2 0.30 0.12

Reference range 10.4 – 21.9 10.6 – 21.8 9.9 – 21.2 9.8 – 22.5 10.2 – 23.2

(TPOAb-positives 
excluded)

(10.6 – 21.9) (10.8 – 21.8) (9.9 – 21.0) (9.8 – 22.3) (10.3 – 23.9)

Adjusted mean T4 
(nmol/L)

150 142 150* 156* 152* <0.01 <0.01

Reference range 96 – 219 95 – 204 98 – 233 105 – 242 93 – 238

(TPOAb-positives 
excluded)

(96 – 219) (96 – 204) (97 – 231) (104 – 238) (93 – 246)

* Significant (P<0.05) compared to Dutch group.
a Adjusted for gestational age at sampling.
b Adjusted for gestational age at sampling, maternal age, SES, smoking, parity and BMI.
Mean values were calculated as the mean for the 2.5th - 97.5th percentiles of TSH, TT4 or FT4 after exclusion 
of TPOAb positive women and after correction for gestational age. Adjusted P-values were additionally 
corrected for maternal age, parity, smoking, and socio-economic status.
Reference ranges were defined as the 2.5th – 97.5th percentiles of respective group after exclusion of twin 
pregnancies, pre-existing thyroid disease, thyroid (interfering) medication usage or fertility treatment, 
additionally TPOAb positive women were excluded.
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For completeness, women from Morocco and Surinam were subsequently classified 
according to ethnic origin, since inhabitants of these countries belong to two or more 
large ethnic groups. Moroccan women were classified as Berber, Arabic or unspecified 
origin whereas Surinamese women were classified as Creoles, Hindustani or other ori-
gin. Analyses showed that, in addition to ethnicity (defined by country of origin), thyroid 
parameters may also differ according to ethnic origin (defined by common ancestry). 
Besides common geography, cultural habits and recent heritage, subdivision accord-
ing to ethnic origin may reflect genetic similarities more thoroughly (see supplemental 
Table 1).

Ethnic differences in the risk of elevated TSH levels

Current Endocrine Society and ATA guidelines recommend to use an upper limit of TSH 
of 2.5 mU/L in the first trimester and of 3.0 mU/L in the second and third trimesters 
when population-based trimester-specific reference ranges are not available. Table 3 
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Figure 1 Histograms showing the distribution of normal range maternal TSH for the total group and the 
separate ethnic groups. Normal ranges for maternal TSH were defined as the 2.5th – 97.5th percentiles of 
respective group after exclusion of twin pregnancies, pre-existing thyroid disease, thyroid (interfering) 
medication usage, fertility treatment and TPOAb positive women.
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displays the number of women with elevated trimester-specific TSH levels according to 
these cut-off values. Turkish women had a significantly higher frequency of elevated TSH 
values in the second trimester than the Dutch women (13.6% vs. 9.5%; P=0.02) whereas 
Moroccan and Surinamese women displayed a significantly lower frequency compared 
to the Dutch women (5.0-5.8% vs. 9.5%; P=0.02). This effect remained significant after the 
exclusion of TPOAb-positive women. Moroccan women had a borderline significantly 
lower frequency of elevated TSH levels (P=0.05).

Diagnostic consequences of the use of ethnicity-specific reference ranges

Subsequently, we studied whether the diagnosis of (subclinical) thyroid disease in these 
different ethnic groups was influenced by the use of reference ranges based on the total 
population (total population reference range, TPRR), or based on each ethnic group 
separately (ethnicity specific reference ranges, ESRR). In total, of all 279 women who 
were diagnosed as having an abnormal thyroid function test when a TPRR was used, 51 
women (18%) were re-classified when ESRR were used; 44 changed to a normal thyroid 
function test and 7 changed to a different disease entity. Vice versa, of all 3665 women 
who had a normal thyroid function test using TPRR, 45 (1.2%) had an abnormal thyroid 
function test when using ESRR. Table 4 shows the diagnostic changes per disease entity 
for the total group.

Iodine status in ethnic subgroups

To exclude that the differences between different ethnic groups in our study were due to 
iodine deficiency in specific populations, urinary iodine levels were measured in a ran-
dom selection of the total population. As is illustrated in Table 5, all ethnic groups were 
iodine sufficient according to the WHO criteria (27), with median urinary iodine levels 
between 201 and 305 µg/L. These results remained similar after adjustment for urinary 

Table 3 Percentage of women with a TSH level >2.5 mU/L in the first and >3.0 mU/L in the second trimester.

Total 
population

Dutch Moroccan Turkish Surinamese P-value

TSH >2.5 mU/L 1st 
trimester

N (%) 122 (14.8) 96 (15.5) 1 (2.7) 8 (10.8) 17 (17.9) 0.17

TPOAb positive 
women excluded

N (%) 88 (12.0) 70 (12.6) 1 (3.0) 6 (9.5) 11 (13.6) 0.43

TSH >3.0 mU/L 2nd 
trimester

N (%) 278 (9.2) 199 (9.5) 13 (5.0)* 46 (13.6)* 20 (5.8)* <0.01

TPOAb positive 
women excluded

N (%) 192 (7.1) 138 (7.3) 9 (3.8) 32 (11.0)* 13 (4.2)* <0.01

* Significant (P<0.05) compared to Dutch group.
P-values were calculated using logistic regression.
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creatinine (data not shown). Compared to the Dutch women, median iodine levels were 
significantly higher in Moroccan, Turkish and Surinamese women (201 vs. 235-305 µg/L) 
while Dutch women more often presented with urinary iodine levels <150 µg/L and less 
frequently with urinary iodine levels >500 µg/L.

DISCUSSION

Ethnic differences are currently not taken into account for the diagnosis of thyroid 
disease during pregnancy. In the current study we demonstrate that ethnic differences, 
even within one geographical area, may influence the diagnosis of thyroid disease. The 
use of ESRR instead of TPRR changed the diagnosis for 18% of women who were initially 
diagnosed as having an abnormal thyroid function test.

Table 5 Urinary iodine levels in the 4 ethnic subgroups.

Total
(N=793)

Dutch
(N=545)

Moroccan
(N=76)

Turkish
(N=90)

Surinamese
(N=82)

P-value

Median urinary iodine
(µg/L, (inter quartile 
range))

224
(127 – 
358)

201
(109 – 329)

305*
(201 – 506)

269*
(178 – 368)

235*
(148 – 417)

<0.01

Urinary iodine <150 
µg/L (%)

239 (30.1) 193 (35.4) 11 (14.5)* 15 (16.7)* 20 (24.4)* <0.01

Urinary iodine >500 
µg/L (%)

94 (11.9) 48 (8.8) 19 (25.0)* 14 (15.6)* 13 (15.9) <0.01

* Significant (P<0.05) compared to Dutch group.

Table 4 Number of pregnant women diagnosed with (subclinical) thyroid disease when using the total 
population- (TPRR) or ethnicity specific (ESRR) reference ranges in the total group.

Number of subjects N (%)

Diagnosis TPRR ESRR Change – out Change – in

Hypothyroidism 12 (0.3) 9 (0.2) 4 (36) 0 (0)

Subclinical 
hypothyroidism

86 (2.2) 88 (2.2) 11 (13) 11 (0.4)

Hypothyroxinemia 85 (2.2) 88 (2.2) 17 (22) 17 (0.6)

Hyperthyroidism 36 (0.9) 35 (0.9) 5 (15) 4 (0.1)

Subclinical 
hyperthyroidism

60 (1.5) 60 (1.5) 14 (21) 13 (0.4)

Total 279 (7.1) 280 (7.1) 51 (18) 45 (1.2)

“Change - out” is the number of pregnant women who were originally diagnosed with an abnormal thyroid 
function test using TPRR, but who became euthyroid or were diagnosed with a different disease entity when 
ESRR were used. “Change - in” is the number of pregnant women who were euthyroid when the TPRR was 
used, but were classified within the respective disease entity when the ESRR was used. Disease entities were 
diagnosed according to the reference ranges including TPOAb positive women as displayed in Table 2.
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Differences in TSH between pregnant women from different ethnic groups have 
been shown in a few other studies (15-18). Studies in relatively small populations from 
different parts of the United States have shown ethnic TSH differences, without corre-
sponding effects on FT4 (15-17, 19). A study amongst 589 pregnant women found that 
African-American women had a median TSH value of 1.1 mU/L compared to 1.5 mU/L in 
Caucasian women (15). A subsequent study amongst 2568 pregnant women in the first 
trimester of pregnancy found that black women had a median TSH value of 0.82 mU/L 
whereas white women had a median TSH level of 1.02 mU/L (16). The same authors 
showed similar differences in median TSH between black and white women during the 
second trimester (0.97 and 1.21 mU/L, respectively). Benhadi et al. found that Dutch 
women had a higher mean TSH value than Moroccan, Surinamese and Turkish women 
(1.19 vs. 0.87, 0.91 and 0.96 mU/L respectively). Even though the study of Benhadi et 
al. was conducted in a similar population, TSH values in our study were slightly higher 
overall, which may be explained by different assays used to determine TSH and FT4 
levels. Additional adjustment for SES in our study combined with possible differences in 
population iodine status, which was not assessed in the study by Benhadi et al., may also 
underlie these findings. Similar study differences may also explain why TSH levels in our 
study are not different between Dutch and Turkish women, despite the larger sample 
size in our study.

Although no significant differences in FT4 levels were observed between the different 
ethnic groups, T4 levels were ethnicity dependent. Data on ethnic T4 differences are 
sparse. A previous study in a relatively small first trimester pregnancy population by 
Pearce et al. (N=668) showed that ethnicity was not a factor significantly contributing to 
T4 levels (19). However, Aoki et al. (N=4392) showed that T4 levels were higher in Mexican 
Americans compared to non-Hispanic black and non-Hispanic white Americans, but this 
was studied in a predominantly non-pregnant population (28). In the current study, we 
found that pregnant Dutch women had significantly lower T4 levels than all other ethnic 
groups. The discrepancy between FT4 and T4 levels might reflect ethnic differences in 
binding proteins such as thyroid hormone binding globulin (TBG), transthyretin (TTR) 
and albumin.

In our study 224 (6.1%) women were TPOAb-positive, which is similar to what has been 
shown previously in other international studies and in a different pregnant populations 
in the Netherlands (18, 22, 29). Ethnic variety of TPOAb positivity has been shown in 
large American studies amongst men and non-pregnant women (13), as well as in preg-
nant women (16, 17). However, other studies on pregnant populations failed to replicate 
these results (15, 18, 19). Turkish women in our study had the highest prevalence of 
TPOAb positivity. Interestingly, Turkish women in our cohort were also more likely to 
smoke. Since smoking has been shown to reduce the chance of TPOAb positivity (30), it 
may well be that the reported increased risk of TPOAb positivity in Turkish women in this 



50 Chapter 3

population is even an underestimation. TPOAb positivity during pregnancy is associated 
with an increased risk of postpartum thyroiditis, miscarriage and fetal death (31, 32). 
Whether Turkish women in the Netherlands are more susceptible to these pregnancy 
adversities remains to be investigated in future studies.

To investigate if part of the ethnic differences could be explained by differences in io-
dine intake, we analyzed urinary iodine excretion in a random sample of this population. 
As iodine intake is highly variable within populations, even iodine sufficient populations 
such as the United States of America and the Netherlands can contain subgroups with 
iodine deficiency or excess. Nevertheless, all four ethnic groups were iodine sufficient 
according to the WHO criteria (27). Compared to the other groups, the Dutch group 
more frequently exhibited a low urinary iodine (<150 µg/L) and less frequently a high 
urinary iodine (>500µg/L). However, since all populations were iodine sufficient, it is un-
likely that these differences may have caused the differences in serum thyroid function 
tests. Furthermore, additional adjustment for urinary iodine excretion in the subset of 
793 women that had this data available did not alter ethnic group differences or mean 
thyroid hormone levels.

In the absence of trimester-specific population-based reference ranges, TSH limits 
of 2.5 mU/L in the first, and 3.0 mU/L in the second trimester are recommended as 
trimester-specific upper limits (4, 5). Even in TPOAb-negative women, a TSH level above 
these cut-offs has been related to increased pregnancy loss (33), but ethnic differences 
high TSH levels according to these limits have not yet been investigated. Our results 
demonstrate ethnic differences in both the first and second trimester, with Turkish 
women having a higher risk of an elevated TSH than Dutch women, regardless of TPOAb 
status. We show that the Dutch and Surinamese women less frequently had elevated 
TSH levels whereas the Moroccan and Turkish women more frequently had high TSH 
levels in the second compared to the first trimester. Since this cannot be attributed to 
large ethnic differences in TSH distributions as is shown in Figure 1, the current study 
does not provide an explanation for this phenomenon. We also demonstrate that the 
use of ESRR results in a change of diagnosis for 18% of women who are diagnosed as 
having an abnormal thyroid function test during pregnancy using a local, population-
based TPRR. An equal number of women (N=45) classified as euthyroid on the basis of 
TPRR were found to have an abnormal thyroid function based on ESRR.

In theory, ethnic differences in TSH during pregnancy may be explained by genetic dif-
ferences in thyroid hormone pathway genes (34-37), since ~65 % of the inter-individual 
variation in TSH levels has been estimated to be due to genetic factors (38). Further-
more, ethnicity is a wide concept which is most often socially defined by nationality and 
culture. Alternatively, environmental factors such as diet or racial disparity of maternal 
hCG levels may be involved as well (39-41). Subtle ethnic differences in hCG have been 
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shown in other contexts (39, 40), but did not explain ethnic TSH differences in a study 
by Walker et al. (15).

Ideally, each laboratory would calculate both trimester and ethnicity-specific refer-
ence ranges for serum TSH. Since ethnic differences within one population from one 
geographical area already resulted in such a significant misclassification of thyroid 
disease in our hospital, it is likely that the use of fixed trimester-specific cut-offs (i.e. 2.5 
mU/L in the first, and 3.0 mU/L in the second and third trimester) throughout the world 
will result in an even larger number of misclassified patients. It is therefore important to 
incorporate at least regional trimester-specific reference ranges, if no trimester-specific 
reference ranges are available in the laboratory.

To date, this is the largest and most detailed study evaluating ethnic differences in 
thyroid parameters during pregnancy. Moreover, no other study has yet investigated the 
diagnostic effects of the use of ESRR. A limitation of this study may be the size of some 
subgroups, especially the size of the Moroccan subgroup (N=308) was relatively small. 
In addition, we were unable to evaluate disease prevalence per trimester, since most of 
the samples were obtained in the second trimester. However, ethnic group comparisons 
are unlikely to be affected as the three largest groups were equally distributed over the 
first and second trimester. We were unable to fully exclude the effects of thyroglobulin 
antibodies, however, such antibodies are less common than TPOAbs and in the major-
ity of cases coincide with TPOAb positivity (42). Finally, even though our data indicate 
that there are no differences in iodine status amongst the four subgroups, iodine and 
creatinine data were only available in a random sample of pregnant women.

In conclusion, we have shown that TPOAb status, TSH levels and T4 levels differ signifi-
cantly according to ethnicity in pregnant women living in an iodine sufficient area. The 
use of ethnicity-specific reference ranges instead of a total-population reference range 
changed the diagnosis for 18% of women who were initially diagnosed as having an 
abnormal thyroid function test. In order to diagnose and treat pregnant women with 
(subclinical) thyroid disease correctly, the establishment of reliable reference ranges is 
of paramount importance. It is likely that ethnic differences similar to the ones shown in 
this study are present in other populations, but there is currently not enough evidence 
to incorporate ethnicity specific reference ranges in daily practice. Therefore, further 
investigations on racial differences in thyroid hormone parameters and their diagnostic 
and clinical consequences in different regions of the world are warranted.
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Chapter 4
Women with high early pregnancy 

urinary iodine levels have an increased 
risk of hyperthyroid newborns: the 

population-based Generation R Study.
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ABSTRACT

Objective: Iodine deficiency during pregnancy results in thyroid dysfunction and has 
been associated with adverse obstetric and fetal effects, leading to worldwide salt iodi-
sation programs. As nowadays 69% of the world’s population lives in iodine-sufficient 
regions, we investigated the effects of variation in iodine status on maternal and fetal 
thyroid (dys)function in an iodine-sufficient population.

Design, Participants and Measurements: Urinary iodine, serum TSH, free T4 (FT4) and 
TPO-antibody levels were determined in early pregnancy (13.3 (1.9) wk; mean (SD)) in 
1098 women from the population-based Generation R Study. Newborn cord serum TSH 
and FT4 levels were determined at birth.

Results: The median urinary iodine level was 222.5 μg/L, indicating an iodine-sufficient 
population. 30.8% and 11.5% had urinary iodine levels <150 and >500 μg/L, respectively.
When comparing mothers with urinary iodine levels <150 vs ≥150 μg/L, and >500 vs 
≤500 μg/L, there were no differences in the risk of maternal increased or decreased 
TSH, hypothyroxinemia, or hyperthyroidism. Mothers with urinary iodine levels >500 
μg/L had a higher risk of a newborn with decreased cord TSH levels (5.6±1.4 (mean±SE) 
vs 2.1±0.5 %, P = 0.04), as well as a higher risk of a hyperthyroid newborn (3.1±0.9 vs 
0.6±0.3 %, P = 0.02). These mothers had newborns with higher cord FT4 levels (21.7±0.3 
vs 21.0±0.1 pmol/L, P = 0.04).
Maternal urinary iodine levels <150 μg/L were not associated with newborn thyroid 
dysfunction.

Conclusions: In an iodine-sufficient population, higher maternal urinary iodine levels 
are associated with an increased risk of a hyperthyroid newborn.
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INTRODUCTION

Iodine is a trace element, which is essential for the synthesis of thyroid hormone (TH). 
Both iodine deficiency and excess can lead to thyroid dysfunction 1,  2. Iodine require-
ments increase during pregnancy due to increased maternal urinary iodide excretion, 
TH production and placental transfer and metabolism of TH 3-5. Iodine deficiency in 
pregnancy is associated with poor obstetric outcomes, such as spontaneous abortion, 
prematurity and stillbirth. Furthermore, iodine deficiency in pregnancy is related to a 
wide range of adverse fetal effects as well, such as congenital anomalies, decreased 
intelligence, and neurological cretinism, which includes spasticity, deaf mutism, and 
mental retardation 6-10. Therefore, the World Health Organization (WHO) recommends a 
higher iodine intake during pregnancy 3, 7, 11, 12. Limited data are available on the effects 
of iodine excess during pregnancy, but it has been shown that in Asian populations 
excessive intake of iodine-rich water and food (e.g., seaweed) can lead to maternal 
subclinial hypothyroidism and newborn hypothyroidism 13, 14.

Most of the studies on the effects of iodine status on pregnancy and child develop-
ment have been performed in iodine-deficient populations 3,  4,  6-10. As iodine intake is 
highly variable within populations, even iodine-sufficient populations can contain 
subgroups with iodine deficiency or excess. In this context it is remarkable to note that 
limited data on the effects of variation in iodine status on maternal and fetal TH levels 
are available from iodine-sufficient pregnant populations.

For these reasons, we studied the effects of early pregnancy iodine status on mean 
maternal and newborn TSH and free T4 (FT4) levels, as well as on the risk of maternal 
and newborn hypothyroidism, hypothyroxinemia and hyperthyroidism in an iodine-
sufficient population.

MATERIALS AND METHODS

Design

This study was embedded in the Generation R Study, a population-based prospective 
cohort study from early fetal life onwards in Rotterdam, the Netherlands, which has been 
described in detail previously 15, 16. Mothers with a delivery date between April 2002 and 
January 2006 were enrolled in the study. The study was approved by the Medical Ethics 
Committee of the Erasmus Medical Center, Rotterdam. Written informed consent was 
obtained from all adult participants.
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Population for analysis

TSH, FT4 and thyroid peroxidase antibody (TPOAb) levels were determined in 5326 preg-
nant women. Due to financial constraints, urinary iodine levels were determined in a 
random subset of these women (n = 1154). Women with known thyroid disease, thyroid 
medication or thyroid interfering medication (such as amiodarone) were excluded (n = 
14). Twin pregnancies (n = 27) and pregnancies after fertility treatment (n = 15) were also 
excluded. In total, 1098 women were included in one or more analyses. Cord serum TSH 
and FT4 levels were determined in 1068 of their newborns.

Thyroid parameter measurements

Maternal serum samples were obtained in early pregnancy (mean (SD): 13.3(1.9) wk), and 
cord serum samples were obtained at birth (40.1(1.5) wk). TSH and FT4 were determined 
in maternal and cord samples using chemiluminescence assays (Vitros ECI; Ortho Clini-
cal Diagnostics, Rochester, NY). The intra- and interassay coefficients of variation were 
<4.1% for TSH and <5.4% for FT4. Maternal TPOAbs were measured using the Phadia 250 
immunoassay (Phadia AB, Uppsala, Sweden) and regarded as positive when > 60 IU/ml.

Iodine measurements

Maternal serum and urinary samples were obtained at the same time (mean (SD): 13.3(1.9) 
wk). Urinary iodine concentrations were determined in a random subset of 1154 women 
in which thyroid parameters were determined. Urinary iodine was measured through 
the ceri-arsenite reaction following destruction by means of ammoniumpersulphate. Af-
ter brief centrifugation, sodium arsenite solution (0.1 mol/L in 1 mol/L of sulphuric acid) 
was added. Subsequently, ceriammonium sulphate was added and colour was allowed 
to develop at 250 C during 60 minutes. Optical density was assessed at 405 nm. At a level 
of 1.7 µmol/L iodine the within-assay CV was 5.1% and the between-assay CV was 14.3%.
Of note, none of the urine samples were tested by test strips before iodine concentra-
tions were determined 17, 18.

To assess the iodine status of a population, the WHO recommends the use of the 
median (not the mean) urinary iodine concentration in the population, as urinary iodine 
concentrations are influenced by recent iodine intake 7. For pregnant populations, the 
WHO regards median urinary iodine levels of < 150 μg/ as insufficient, 150 – 249 μg/L as 
adequate, and > 500 μg/L as excessive 7.

Covariates

Information about maternal age, socioeconomic status (SES), ethnicity, thyroid disease, 
thyroid (interfering) medication usage and first trimester vomiting was obtained by 
questionnaires during pregnancy. SES was defined by educational level, net household 
income, and employment status 15. Information on fertility treatment was obtained from 
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midwifes and obstetricians. At enrolment, maternal height and weight were measured 
to calculate body mass index (BMI, kg/m2). Ultrasound measurements were used to 
establish gestational age in early pregnancy (planned at gestational age 12 wks) 15.

Statistical analysis

The Endocrine society and American Thyroid Association guidelines recommend the use 
of population-specific serum thyroid hormone reference ranges during pregnancy, as 
various studies have shown substantial differences between populations in thyroid hor-
mone reference ranges during pregnancy 19, 20. We therefore calculated reference ranges 
for maternal and cord TSH and FT4 levels in our own population. These were defined 
as the range between the 2.5th and 97.5th percentiles, after exclusion of women with 
known thyroid disease, thyroid (interfering) medication usage, twin pregnancies, and 
pregnancies after fertility treatment. Maternal reference ranges were 0.02 - 4.10 mU/L 
for TSH, and 10.3 – 22.0 pmol/L for FT4, and cord reference ranges were 3.10 – 33.00 
mU/L for TSH, and 15.4 – 30.1 pmol/L for FT4. For mothers and newborns, increased TSH 
(including both subclinical and overt hypothyroidism) was defined as a TSH above the 
reference range. Similarly, hypothyroidism was defined as a high TSH with a low FT4, 
and hypothyroxinemia as a low FT4 with a normal TSH. Decreased TSH (including both 
subclinical and overt hyperthyroidism) was defined as a low TSH, and hyperthyroidism 
as a low TSH with a high FT4.

Median maternal urinary iodine levels were calculated, and subgroups were identified 
with low (<150 μg/L) and high (>500 μg/L) urinary iodine levels. We studied the relations 
between urinary iodine <150 μg/L vs ≥150 μg/L groups and the risk of increased maternal 
TSH levels and hypothyroxinemia. The associations between urinary iodine >500 μg/L vs 
≤500 μg/L groups and the risk of increased maternal TSH levels and hypothyroxinemia 
were also studied, as higher urinary iodine levels have previously been associated with 
maternal subclinical hypothyroidism 14. We additionally investigated the relations be-
tween urinary iodine >500 μg/L vs ≤500 μg/L groups and the risk of decreased maternal 
TSH levels and hyperthyroidism. Analyses were performed using logistic regression. 
Maternal TSH and FT4 levels in these groups were compared using AN(C)OVA. To achieve 
normal distribution, TSH was transformed by the natural logarithm. Analyses were ad-
justed for gestational age at urine / serum sampling, and repeated in TPOAb-negative 
mothers only, additionally adjusting for maternal age, SES, ethnicity, BMI, and vomiting.

We furthermore studied the relations between urinary iodine <150 μg/L vs ≥150 μg/L 
groups and the risk of increased cord TSH levels and newborn hypothyroxinemia. The 
associations between urinary iodine >500 μg/L vs ≤500 μg/L groups and the risk of 
increased cord TSH levels and hypothyroxinemia were also studied, as high maternal 
iodine intake has previously been associated with newborn hyperthyrotropinemia 13. 
As mean cord FT4 levels were found to be higher in mothers with urinary iodine >500 
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μg/L, we additionally studied the relations between urinary iodine >500 μg/L vs ≤500 
μg/L groups and the risk of decreased cord TSH levels and newborn hyperthyroidism. 
Cord TSH and FT4 levels in these groups were compared using AN(C)OVA. Analyses were 
adjusted for gestational age at urine / serum sampling, and gestational age at birth. 
Analyses were repeated in TPOAb-negative mothers only, adjusting for maternal age, 
SES, ethnicity, BMI, and vomiting, as well as for maternal TSH and FT4 levels.

RESULTS

Characteristics of the study population are shown in Table 1. There were 28 mothers with 
an increased TSH, 1 hypothyroid mother, 26 hypothyroxinemic mothers, 27 mothers 
with a decreased TSH, and 12 hyperthyroid mothers. There were 28 newborns with an 
increased TSH, 1 hypothyroid newborn, 26 hypothyroxinemic newborns, 27 newborns 
with a decreased TSH, and 10 hyperthyroid newborns.

Table 1. Population characteristics of 1098 pregnant women from the Generation R Study

Characteristic (n = 1098) Mean (SD)

Maternal age (years) 29.9 (5.0)

Maternal ethnicity (% western) a 65.6%

Socioeconomic status

 Low 10.2%

 Middle 42.9%

 High 46.9%

Maternal vomiting (%) b 50.0%

Maternal BMI (kg/m2) 24.3 (4.4)

Gestational age at maternal
blood / urine sampling (weeks)

13.3 (1.9)

Maternal TSH (mU/L, median (IQR)) 1.29 (0.81,1.96)

Maternal FT4 (pmol/L) 14.9 (3.4)

Maternal TPOAb-positivity (%) 6.1%

Gestational age at delivery (weeks) 40.1 (1.5)

Cord TSH (mU/L, median (IQR)) c 9.42 (6.38,14.30)

Cord FT4 (pmol/L) c 21.1 (3.7)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters 
squared); IQR, interquartile range; FT4, free T4; TPOAb, thyroid peroxidase antibody; a 51.9% Dutch, 
10.1% Surinam/Antillean, 8.6% Turkish, 7.2% Moroccan, 13.7% Other Western, 8.5% Other non-Western. b 
Ranging from less than once a week to daily vomiting; 20.0% reported to vomit more than once a week, 
and 9.1% on a daily basis. c Cord TSH and FT4 levels were available in 1068 newborns.
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Maternal urinary iodine distribution

The maternal urinary iodine distribution for the current study is shown in Fig.1. Urinary 
iodine levels ranged from 9.3 to 1743.5 μg/L, with a median level of 222.5 μg/L. This 
population is therefore regarded iodine-sufficient 7. 30.8% of the mothers had a urinary 
iodine level < 150 μg/L, and 11.5% had a urinary iodine level > 500 μg/L.

Low and high maternal urinary iodine levels vs maternal thyroid status

As shown in Table 2, mothers with urinary iodine levels < 150 μg/L did not differ in their 
risk of having increased TSH levels or hypothyroxinemia, compared to mothers with 
urinary iodine levels ≥ 150 μg/L. No differences in maternal TSH (1.48±0.06 vs 1.52±0.04 
mU/L, P = 0.56) or FT4 (15.0±0.2 vs 14.9±0.1 pmol/L, P = 0.93) levels were found either.

Mothers with urinary iodine levels > 500 μg/L did not differ in their risk of having 
increased TSH levels (2.6±0.5 vs 2.4±1.4 %, P = 0.95) or hypothyroxinemia (2.3±0.5 vs 
3.2±1.3 %, P = 0.43). As shown in Table 2, these mothers had a higher risk of decreased 
TSH levels, but this effect failed to reach statistical significance (P = 0.08). There were no 
differences in the risk of maternal hyperthyroidism, neither after exclusion of TPOAb-
positive mothers and adjustment for confounders (Table 2). Nor were there differences in 
mean maternal TSH (1.45±0.09 vs 1.52±0.03 mU/L, P = 0.17) or FT4 (14.9±0.3 vs 15.0±0.1 
pmol/L, P = 0.81) levels.
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Fig. 1 Early pregnancy urinary iodine levels in 1098 pregnant women. Levels ranged from 9.3 – 1743.5 
μg/L, with a median level of 222.5 μg/L. 30.8% had an urinary iodine level < 150 μg/L, and 11.5% had an 
urinary iodine level > 500 μg/L.
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Low and high maternal urinary iodine levels vs newborn thyroid status

As shown in Table 3, mothers with urinary iodine levels < 150 μg/L did not differ in their 
risk of having newborns with increased TSH levels or hypothyroxinemia, compared to 
mothers with urinary iodine levels ≥ 150 μg/L. No differences in cord TSH (11.83±0.43 
vs 11.44±0.28 mU/L, P = 0.17) or FT4 (21.0±0.2 vs 21.1±0.1 pmol/L, P = 0.77) levels were 
found either.

Mothers with urinary iodine levels > 500 μg/L also did not differ in their risk of having 
newborns with increased TSH levels (2.9±0.5 vs 0.7±1.4 %, P = 0.20) or hypothyroxinemia 
(2.7±0.5 vs 0.8±1.4 %, P = 0.24). However, these mothers had newborns with higher cord 
FT4 levels (21.7±0.3 vs 21.0±0.1 pmol/L, P = 0.04), which remained significant after exclu-
sion of TPOAb-positive mothers and adjustment for confounders (21.8±0.3 vs 21.0±0.1 
pmol/L, P = 0.04), as well as after additional adjustment for maternal TSH and FT4 levels 
(21.8±0.3 vs 21.0±0.1 pmol/L, P = 0.03). We therefore also studied the relations with 
newborn decreased TSH levels and hyperthyroidism. Table 3 shows that these women 
with urinary iodine levels > 500 μg/L had a higher risk of a newborn with decreased 
cord TSH levels, as well as an increased risk of a hyperthyroid newborn (Table 3). These 
effects remained significant after exclusion of TPOAb-positive mothers and adjustment 
for confounders, as well as after additional adjustment for maternal TSH and FT4 levels. 
Exclusion of women with low urinary iodine levels (< 150 μg/L) from these analyses, 
thereby comparing women with urinary iodine levels > 500 with 150-500 μg/L, resulted 
in a similar increased risk of a newborn with decreased cord TSH levels (5.6±1.5 vs 2.3±0.7 
%), which failed to reach statistical significance (P = 0.06), whereas the increased risk of a 
hyperthyroid newborn remained significant (3.1±0.8 vs 0.3±0.4 %, P = 0.01).

No interactions between gestational age at birth and maternal urinary iodine levels 
on the risk of a newborn with decreased TSH levels or hyperthyroidism were detected 
((gestational age * urinary iodine) interaction term P-values of 0.22 and 0.62, respec-
tively).

DISCUSSION

In the current study, we investigated in an iodine-sufficient population the relation of 
maternal iodine status and abnormal maternal and cord thyroid function tests, and 
are the first to show that mothers with higher iodine levels have an increased risk of 
hyperthyroid newborns.

The WHO estimates that approximately 69% of the world’s population lives in 
iodine-sufficient regions 7. However, limited data from iodine-sufficient populations are 
available on the effects of low maternal iodine status on maternal and newborn thyroid 
function. Azizi et al. showed in 123 pregnant women from an iodine-sufficient popula-
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tion that newborn TSH, FT4, T4 and T3 levels did not differ between mothers with urinary 
iodine levels < 150 μg/L and ≥ 150 μg/L 21. This is in line with the results from the current 
study, in which we show that mothers from an iodine-sufficient population with urinary 
iodine levels < 150 μg/L and ≥ 150 μg/L do not differ in maternal or newborn cord TSH 
and FT4 levels. We additionally show that there are no differences in the risk of increased 
TSH and hypothyroxinemia in maternal serum or cord blood.

However, when comparing mothers with urinary iodine levels > 500 μg/L and ≤ 500 
μg/L, mothers with urinary iodine levels > 500 μg/L had a 2.6 times increased risk of a 
newborn with decreased cord TSH levels, and a 4.9 times increased risk of a hyperthyroid 
newborn. These effects remained significant after taking account of a number of poten-
tially interfering factors, including maternal TPOAb status, age, SES, ethnicity, BMI, and 
vomiting, as well as maternal serum TSH and FT4 levels. When comparing women with 
urinary iodine levels > 500 with 150-500 μg/L, a similar increased risk of a newborn with 
decreased cord TSH levels was observed. However, this effect failed to reach statistical 
significance (P = 0.06), which could be due to a lack of statistical power due to the exclu-
sion of the large group of women with urinary iodine levels < 150 μg/L (i.e., 30.8% of the 
total population). After exclusion of this group, a 9.6 times increased risk of a hyperthy-
roid newborn remained significant. Various studies have shown that fetal hyperthyroid-
ism is associated with fetal loss, intrauterine growth restriction, and premature birth 22. 
Fetal hyperthyroidism is also associated with a wide range of neonatal complications, 
such as heart failure, cardiac arrhythmia, poor weight gain, and thrombocytopenia 22, 23.

We did not observe any differences in mean maternal TSH and FT4 levels between 
mothers with urinary iodine levels > 500 μg/L and ≤ 500 μg/L. There was a trend towards 
a higher risk of maternal decreased TSH in mothers with urinary iodine levels > 500 μg/L, 
but this effect failed to reach statistical significance, and neither were there differences 
in the risk of maternal hyperthyroidism. It has been shown that higher urinary iodine 
levels in Chinese and Japanese pregnant women are associated with an increased risk 
of maternal subclinical hypothyroidism 14, 24. Furthermore, Japanese women consuming 
large quantities of iodine-rich seaweed have been reported to have an increased risk 
of newborns with transient hypothyroidism or persistent hyperthyrotropinemia 13. We 
did not find an effect of higher maternal urinary iodine levels on the risk of maternal 
or newborn increased TSH levels or hypothyroxinemia in the current study. This may 
be explained by the fact that the maximum urinary iodine levels in these Chinese and 
Japanese populations were much higher compared to the current study, leading to hy-
pothyroidism as a result of failure to escape from the acute Wolff-Chaikoff effect 14, 25, 26.

A number of potential mechanisms could explain the observed association between 
high maternal early pregnancy iodine status and the increased risk of a hyperthyroid 
newborn. The fact that no effects of high maternal iodine status on maternal thyroid 
status were detected, and associations with the risk of newborn hyperthyroidism re-
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mained significant after adjustment for maternal thyroid status, suggests that especially 
the fetal thyroid is not able to deal with the high iodine status. Studies have shown that, 
postnatally, the thyroid gland is able to deal with variation in iodide supply by adjusting 
iodide uptake via regulation of the expression of the sodium-iodide symporter (NIS) 27, 28. 
However, limited data are available about the regulation of iodine uptake in the fetal 
thyroid gland. To study if maturity of the fetal thyroid could be a factor, we additionally 
studied the interaction between gestational age at birth and high maternal iodine levels 
on the risk of newborn decreased cord TSH levels or hyperthyroidism. Although we did 
not find a significant effect, it would be interesting to further explore this relation in 
large cohorts of premature pregnancies.

An alternative explanation of the increased risk of hyperthyroid newborns in moth-
ers with a high iodine status could be that mothers with (subclinical) Graves’ disease, 
which may develop earlier when iodine is high 29, were overrepresented in this group. 
Mothers with Graves’ disease have an increased risk of hyperthyroid newborns due to 
transplacental passage of thyroid stimulating immunoglobulins 30. However, the fact 
that no associations with maternal serum TSH and FT4 levels were found, nor with the 
risk of maternal hyperthyroidism, makes this explanation highly unlikely.

Taken together, the exact mechanism underlying the observed association between 
high maternal early pregnancy iodine status and the increased risk of hyperthyroid 
newborns therefore remains to be clarified in future studies, taking fetal thyroid gland 
compensatory mechanisms for abnormal iodide supply into account.

Various studies have shown substantial differences between populations in the 
prevalence of TPOAb-positivity during pregnancy 31-33. In the current study, we found 
a prevalence of 6.1 %, which is low compared to other populations 32,  33. Although a 
similar low frequency (i.e. 5.7%) has previously been found in another large multi-ethnic 
pregnant population from the Netherlands 31, the exact reasons of these differences in 
TPOAb-positivity prevalences remain to be clarified.

We are aware of a number of potential limitations of the current study. Maternal 
urinary iodine levels were only measured once. As individual iodine status can be in-
fluenced by recent food intake, multiple urinary iodine measurements will give a better 
estimation of the average iodine status of an individual 34,35. Given the relatively large 
size of our population, we assume that the groups with higher and lower iodine levels 
will on average have a higher and lower iodine status too. However, this intra-individual 
variation in iodine levels may have led to an underestimation of the observed effect 
sizes. Furthermore, we show that a higher maternal iodine status is associated with an 
increased risk of biochemical newborn hyperthyroidism, but did not study the effects on 
detrimental pregnancy and postnatal outcomes associated with newborn hyperthyroid-
ism. The current study was underpowered to do so, given the relatively low prevalence 
of newborn hyperthyroidism or decreased TSH levels. However, various other studies 
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have convincingly shown an increased risk of a wide range of pregnancy and neonatal 
complications in newborn hyperthyroidism 22, 23. Finally, no data were available on po-
tential exposure to iodinated radiographic contrast.

Since 1990, international and national authorities have taken concerted action to 
eliminate iodine deficiency disorders using salt iodisation as the main strategy 1, 3, 5, 7, 9. The 
Netherlands also has a long history of iodine fortification programs, the most important 
of which include iodised bread salt and table salt 36,37. The focus of most iodine studies 
in pregnant women has been on the detrimental effects of maternal iodine deficiency 
during pregnancy 6-10. Given the worldwide implementation of iodine fortification pro-
grams, it is remarkable to note that limited data are available about the effects of high 
maternal iodine levels during pregnancy and newborn thyroid status. To our knowledge, 
this is the first study in an iodine-sufficient population on the risk of newborn thyroid 
dysfunction in mothers with a higher iodine status. The current study was performed 
in a pregnant population, whose iodine status is regarded adequate, not excessive, by 
the internationally recognized WHO criteria 7. Despite this, we identified a substantial 
subgroup (i.e., 11.5% of the general pregnant population) with higher urinary iodine 
levels, which had a considerable increased risk of a hyperthyroid newborn. This group 
consisted of more non-Westerns (46.0±4.2 vs 31.5±1.5 %, P = 0.001), and less subjects 
with a high SES (35.4±4.7 vs 48.2±1.7 %, P = 0.01). However, the observed effects re-
mained significant after correction for these factors. A potential source of the high iodine 
status could be the intake of iodine-containing supplements. For the Dutch mothers we 
had data available on whether supplements were taken during pregnancy. The intake 
of iodine-containing supplements was compared between mothers with urinary iodine 
levels > 500 μg/L and ≤ 500 μg/L, but no differences were found (16.9±5.8 vs 20.9±1.8 %, 
P = 0.51). However, no data were available on the frequency and number of tablets that 
were taken. Therefore, the origin of the higher iodine levels should be clarified in future 
studies, taking the role of dietary patterns into account. Irrespective of the exact cause 
of these higher iodine levels, our results suggest that, in iodine-sufficient populations, it 
may be of interest to closer monitor this large group of pregnant women with a higher 
iodine status as well.

In conclusion, we show that in an iodine-sufficient population, mothers with higher 
iodine levels have an increased risk of hyperthyroid newborns. These data provide in-
sight into the effects of variation in maternal early pregnancy iodine status on maternal 
and fetal thyroid status. Furthermore, these data should prompt further studies on the 
identification and closer monitoring of this subgroup of mothers with a higher iodine 
status during early pregnancy.
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ABSTRACT

Context: Maternal hyperthyroidism during pregnancy is associated with an increased 
risk of low birth weight, predisposing to neonatal morbidity and mortality. However, the 
effects of variation in maternal serum thyroid parameters within the normal range on 
birth weight are largely unknown.

Objective: To study the effects of early pregnancy maternal serum thyroid parameters 
within the normal range on birth weight, as well as the relation between umbilical cord 
thyroid parameters and birth weight.

Design, Setting and Participants: In early pregnancy, serum TSH, FT4 (free T4) and 
TPO-antibody levels were determined in 4464 pregnant women. Cord serum TSH and 
FT4 levels were determined in 2724 newborns. Small size for gestational age at birth 
(SGA) was defined as a gestational age adjusted birth weight below the 2.5th percentile. 
The associations between normal range maternal and cord thyroid parameters, birth 
weight and SGA were studied using regression analyses.

Results: In mothers with normal range FT4 and TSH levels, higher maternal FT4 levels 
were associated with lower birth weight (β = -15.4 (3.6) g/pmol/L [mean (SE)], P=1.6 x 
10-5), as well as with an increased risk of SGA newborns (OR (95% CI) = 1.09 (1.01-1.17), 
P=0.03). Birth weight was positively associated with both cord TSH (β = 4.1 (1.4) g/mU/L, 
P=0.007) and FT4 levels (β = 23.0 (3.2) g/pmol/L, P=9.2x10-13).

Conclusions: We show that maternal high-normal FT4 levels in early pregnancy are as-
sociated with lower birth weight, and an increased risk of SGA newborns. Additionally, 
birth weight is positively associated with cord TSH and FT4 levels. These data demon-
strate that even mild variation in thyroid function within the normal range can have 
important fetal consequences.
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INTRODUCTION

Abnormal maternal thyroid function during pregnancy is associated with a wide range 
of adverse fetal and neonatal outcomes, including intrauterine fetal death, impaired 
neurodevelopment and low birth weight (1-3). Low birth weight can either be due to 
intrauterine growth retardation (SGA; small size for gestational age at birth) or prematu-
rity. SGA is associated with an increased risk of perinatal mortality and other complica-
tions such as low Apgar scores and seizures (4). For decades it has been known that SGA 
is also associated with the occurrence of various diseases in later life, such as coronary 
heart disease, type 2 diabetes, and hypertension (5). SGA has also been associated with 
a wide range of other diseases, including renal failure, osteoporosis, male reproductive 
problems, and depression (6-10).

Various studies have investigated the effects of abnormal maternal thyroid function 
during pregnancy on birth weight (11-15). A few of these large studies have shown a 
substantially increased risk of low birth weight in children born to hyperthyroid mothers 
(11-13). However, little is known about the effects of variation in maternal serum thyroid 
parameters within the normal range on birth weight.

Various maternal autoimmune diseases such as systemic lupus erythematosus, an-
tiphospholipid syndrome and rheumatoid arthritis have been associated with a lower 
birth weight (16-19). As thyroid peroxidase antibody (TPOAb) positivity is a common 
finding in pregnant women, it is remarkable that limited data are available on the rela-
tion between maternal TPOAb status and birth weight.

For these reasons, we investigated the effects of early pregnancy maternal serum 
thyroid parameters within the normal range on birth weight in 4464 mother-child pairs 
from a population-based cohort study, as well as the effects of maternal TPOAb status on 
birth weight. In addition, the associations between cord thyroid parameters and birth 
weight were studied. We hypothesized that, also in the normal range, higher FT4 (free 
T4) and/or lower TSH levels would be associated with a lower birth weight. As maternal 
autoimmune diseases have been associated with a lower birth weight (16-19), we ad-
ditionally corrected the TPOAb status and birth weight analyses for maternal thyroid 
status, to study the effects of the autoimmune status itself (independent of the effects 
on thyroid parameters).

MATERIALS AND METHODS

Design

This study was embedded in the Generation R Study, a population-based cohort from 
early fetal life onwards in Rotterdam, the Netherlands, which has been described in detail 
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previously (20-22). Mothers with a delivery date between April 2002 and January 2006 
were enrolled. The Medical Ethics Committee of the Erasmus Medical Center, Rotterdam, 
approved the study. Written informed consent was obtained from all participants.

Population for analysis

Data on serum TSH and FT4 levels were complete for 5770 women with a live birth 
pregnancy without congenital anomalies or trisomies. Women with known thyroid 
disease or thyroid (interfering) medication usage (n = 88) were excluded. Women with 
known comorbidities (including diabetes, chronic hypertension, hypercholesterolemia, 
chronic heart disorder, and systemic lupus erythematosus; n = 227), twin pregnancies 
(n = 62) and pregnancies after fertility treatment (n = 69) were also excluded. From the 
resulting group of 5324 women, 4464 women had available data on birth weight and 
were included in one or more analyses. Cord serum TSH and FT4 levels were available in 
2724 of their newborns.

Thyroid parameters

Maternal serum samples were obtained in early pregnancy (mean = 13.3 wk; SD = 
1.7), and cord serum samples were obtained at birth (mean = 39.9 wk; SD = 1.9) (22). 
Maximally 3 h after sampling, plain tubes were centrifuged and serum was stored at 
–80 C (23). TSH and FT4 were determined in maternal and cord serum samples using 
chemiluminescence assays (Vitros ECI, Ortho Clinical Diagnostics, Rochester, NY). The 
intra- and interassay coefficients of variation were < 4.1% for TSH and < 5.4% for FT4. 
Maternal TPOAb was measured using the Phadia 250 immunoassay (Phadia AB, Uppsala, 
Sweden) and regarded as positive when > 60 IU/mL (22).

Outcome measurements

Information on birth weight was obtained from medical records completed by com-
munity midwives and obstetricians. SGA was defined as a gestational age adjusted birth 
weight below the 2.5th percentile in the study cohort (less than –2.09 standard devia-
tion (SD)). Prematurity was defined as delivery at a gestational age < 37 wks. Low birth 
weight (LBW) was defined as a birth weight < 2500 grams.

Ultrasound measurements were used to establish gestational age in early pregnancy 
(planned at gestational age 12 wks), and to estimate fetal weight in mid-pregnancy 
(planned at gestational age 20 wks) and late-pregnancy (planned at gestational age 30 
wks) using the formula of Hadlock et al. (24).

Covariates

Information on maternal age, parity, smoking habits, vomiting during first trimester, 
socioeconomic status (SES), ethnicity, and comorbidity (including diabetes, chronic 
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hypertension, hypercholesterolemia, chronic heart disorder, and Systemic Lupus 
Erythematosus) was obtained by questionnaires during pregnancy. Maternal prenatal 
smoking was classified as no smoking, smoking until pregnancy, and continued smok-
ing during pregnancy (25). SES was defined by educational level, net household income, 
and employment status (20). At enrolment maternal height and weight were measured 
to calculate body mass index (BMI, kg/m2). Information on fertility treatment and fetal 
gender was obtained from midwifes and obstetricians.

Statistical analysis

Reference ranges for maternal TSH and FT4 were defined as the range between the 2.5th 
and 97.5th percentiles, after exclusion of women with positive TPOAbs, known thyroid 
disease, thyroid (interfering) medication usage, comorbidities, twin pregnancies, and 
pregnancies after fertility treatment. In mothers with normal range maternal TSH and 
FT4 levels (2.5th-97.5th percentiles), reference ranges for cord TSH and FT4 were defined 
as the range between the 2.5th and 97.5th percentiles.

In women with normal range TSH and FT4 levels, the association between FT4 and birth 
weight was studied using linear regression analyses. FT4 levels were additionally divided 
in quintiles and studied in relation to birth weight using analysis of covariance (AN(C)
OVA). Linear regression was used to study the relation of FT4 with estimated fetal weight 
in mid-pregnancy and late-pregnancy. We assessed the associations between maternal 
FT4 quintiles and longitudinally measured SD scores of weight (mid-pregnancy and 
late-pregnancy estimated fetal weight and birth weight) using unbalanced repeated-
measurement analysis, which enables optimal use of available data, taking into account 
correlations within subjects and assessing both time dependent and independent asso-
ciations. Repeated measurement analyses were performed with the Proc Mixed module 
of the Statistical Analysis System (version 9.2; SAS Institute Inc, Cary NC).

Logistic regression and AN(C)OVA were used to assess the associations between FT4 
(quintiles) and LBW. The associations between TSH levels, birth weight and estimated 
fetal weight in mid-pregnancy and late-pregnancy were studied using similar analyses. 
Maternal TPOAb status (TPOAb-positives vs –negatives) was studied in relation to birth 
weight, LBW, and estimated fetal weight in mid-pregnancy and late-pregnancy using 
logistic regression and AN(C)OVA. To additionally test if effects could be due to the 
autoimmune disease itself (independent of the effects on thyroid parameters), analyses 
were adjusted for maternal TSH and FT4 levels.

When associations with birth weight were detected, we additionally studied the 
separate effects on SGA and duration of pregnancy (including prematurity), as low birth 
weight can either be due to intrauterine growth retardation (SGA) or prematurity.

In newborns with normal range cord FT4 and TSH levels, whose mothers had normal 
range FT4 and TSH levels, the association between cord FT4 and birth weight was stud-
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ied using linear regression. Cord FT4 levels were additionally divided in quintiles and 
studied in relation to birth weight using AN(C)OVA. The association between cord TSH 
and birth weight was studied using linear regression. Linear regression was also used to 
study the relation between cord TSH and FT4. Analyses were additionally corrected for 
maternal TSH and FT4 levels.

All analyses were repeated using multivariate analyses, correcting for maternal age, 
ethnicity, SES, parity, smoking during pregnancy, vomiting, newborn gender, as well as 
for gestational age at weight measurement. Analyses were additionally corrected for 
maternal BMI.

As outcome measures were correlated (fetal and birth weight endpoints), no multiple 
testing corrections were performed. Therefore, a p-value threshold of 0.05 was used to 
declare statistical significance.

RESULTS

Baseline characteristics of the study population are shown in Table 1. The group of 
newborns in which cord thyroid parameters were available had a higher SES and con-

Table 1. Population characteristics

Characteristic (n = 4464) Mean (SD)

Maternal age (yr) 29.7 (5.1)

Maternal ethnicity (% western)* 65.4%

Socioeconomic status (low/middle/high) 9.7% / 45.1% / 45.2%

Maternal smoking during pregnancy 17.4%

Maternal BMI (kg/m2) 24.4 (4.3)

Maternal TSH (mU/L; median (IQR))** 1.34 (0.85;2.02)

Maternal FT4 (pmol/L)** 15.1 (3.5)

Maternal TPOab-positivity** 5.6%

Fetal gender (% male) 50.7%

Estimated fetal weight mid-pregnancy (g) 376.8 (84.1)

Estimated fetal weight late-pregnancy (g) 1612.4 (250.9)

Birth weight (g) 3416.4 (560.2)

LBW (low birth weight) 4.8%

Gestational age at delivery (weeks) 39.9 (1.9)

SGA (small size for gest. age at birth) 2.8%

Cord TSH (mU/L; median (IQR))*** 9.42 (6.45;14.30)

Cord FT4 (pmol/L)*** 20.9 (3.4)

*53.0% Dutch, 11.5% Surinam/Antillean, 7.8% Turkish, 6.0% Moroccan, 9.2% Other Western, 12.5% Other 
non-Western.
** Determined at gestational age 13.5 (2.0) wks.
***Based on 2724 newborns.
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sisted of more Dutch newborns, compared to the group of newborns in which thyroid 
parameters were not available (% high SES: 46.7 vs 42.8 %, P = 0.014; % Dutch: 56.5 vs 
49.8 %, P = 1.5 x 10-5 ).

Based on the 2.5th and 97.5th percentiles, maternal reference ranges were 0.03 - 4.04 
mU/L for TSH, and 10.4 – 22.0 pmol/L for FT4, as reported previously (22). Maternal nor-
mal range FT4 quintiles were: 10.38 – 12.80, 12.81 – 14.20, 14.21 – 15.40, 15.41 – 17.00, 
and 17.01 – 22.00 pmol/L. Cord reference ranges were 3.41 – 33.80 mU/L for TSH, and 
15.3 – 28.1 pmol/L for FT4 (22).

Maternal early pregnancy thyroid parameters and birth weight

In mothers with normal range FT4 and TSH levels, maternal FT4 levels were negatively 
associated with birth weight (β = -15.4 (3.6) g/pmol/L [mean (SE)], P = 1.6 x 10-5). This 
is illustrated in Figure 1, which shows the birth weight for the maternal normal range 
FT4 quintiles. Associations remained significant after additional correction for potential 
confounders, including maternal age, ethnicity, SES, parity, smoking during pregnancy, 
vomiting, child gender, and gestational age at birth (β = -18.7 (3.5) g/pmol/L, P = 1.0 x 
10-6).

Higher maternal normal range FT4 levels were not only associated with a lower birth 
weight, but also with a lower estimated fetal weight at late-pregnancy (β = -3.3 (1.6) g/
pmol/L, P = 0.048). There was no association between maternal FT4 levels and estimated 
fetal weight at mid-pregnancy (data not shown).
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Fig. 1 Maternal early pregnancy normal range free T4 (FT4) quintiles and birth weight in 4,464 mother-
child pairs. Analyses were performed in mothers with normal range FT4 and TSH levels, after exclusion of 
thyroid peroxidase antibody (TPOAb) positives, known thyroid disease or thyroid (interfering) medication 
usage, comorbidities, twin pregnancies, and pregnancies after fertility treatment. Error bars represent SEs.
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Figure 2 presents the estimated differences in SD scores (SDS) for fetal and birth 
weight for the maternal early pregnancy normal range FT4 quintiles, as compared to 
the first (lowest) FT4 quintile (10.38-12.80 pmol/L). Higher normal range FT4 levels were 
associated with a lower weight, except for the second FT4 quintile (12.81-14.20 pmol/L). 
Compared to the first quintile, differences in weight growth rates were 0.0038 (P = 0.16), 
-0.0011 (P = 0.69), and -0.0037 (P = 0.19) SDS/week for the second, third and fourth quin-
tiles, respectively. For the fifth quintile this was -0.0058 SDS/week (P = 0.038), resulting in 
a 0.23 SD lower weight at birth, which corresponds to a 116 g lower birth weight.

When maternal FT4 levels were analyzed continuously, higher normal range FT4 levels 
were associated with an increased risk of SGA newborns (OR (95% CI) = 1.09 (1.01-1.17), 
P = 0.03). No associations with duration of pregnancy (β = -0.002 (0.012) weeks, P=0.86) 
or prematurity (OR = 1.03 (0.95-1.11), P = 0.48) were found.

Higher FT4 levels were also associated with an increased risk of LBW newborns (OR 
= 1.09 (1.03-1.15), P = 0.005), which is illustrated for the normal range FT4 quintiles in 
Figure 3. Mothers in the highest normal range FT4 quintile (17.01-22.00 pmol/L) had a 
2.8 times increased risk of a LBW newborn compared to mothers in the lowest quintile 
(10.38-12.80 pmol/L) (OR = 2.81 (1.65-4.80), P = 1.5 x 10-4). In these mothers, the TSH 
range was 0.10-2.96 mU/L (median: 1.45 mU/L).

Similar significant associations with SGA, LBW, and late-pregnancy fetal weight were 
found after additional correction for maternal age, ethnicity, SES, parity, smoking during 
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Fig. 2 Standard deviation scores for fetal and birth weight for maternal early pregnancy normal range 
FT4 quintiles, as compared to the lowest quintile (10.38 – 12.80 pmol/L). Values are based on repeated 
measurements regression models. * P < 0.05
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pregnancy, vomiting, newborn gender, and gestational age at weight measurement, as 
well as after additional correction for maternal BMI (data not shown).

Trends towards lower maternal TSH levels and lower birth weight and estimated fetal 
weights were observed, but did not reach statistical significance (data not shown).

Five point six percent of the women were TPOAb-positive. Maternal TPOAb status was 
not associated with birth weight, LBW, or fetal weight at mid- and late-pregnancy, nor 
after correction for maternal TSH and FT4 levels (data not shown).

Cord thyroid parameters and birth weight

In newborns with normal range cord FT4 and TSH levels, cord FT4 levels were positively 
associated with birth weight (β = 23.0 (3.2) g/pmol/L, P = 9.2 x 10-13). Figure 4 shows the 
birth weight for the cord normal range FT4 quintiles. Cord TSH levels were also positively 
associated with birth weight (β = 4.1 (1.4) g/mU/L, P = 0.007). Similar significant associa-
tions were found after additional correction for maternal early pregnancy FT4 and TSH 
levels, maternal age, ethnicity, SES, parity, smoking during pregnancy, vomiting, and 
newborn gender, as well as after additional correction for maternal BMI (data not shown).
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Fig. 3 Maternal early pregnancy normal range FT4 quintiles and low birth weight (< 2500 g) in 4,464 
mother-child pairs. Analyses were performed in mothers with normal range FT4 and TSH levels, 
after exclusion of TPOAb-positives, known thyroid disease or thyroid (interfering) medication usage, 
comorbidities, twin pregnancies, and pregnancies after fertility treatment. Logistic regression analysis 
over the entire normal FT4 range (10.38-22.00 pmol/L) resulted in OR = 1.09 (1.03-1.15), P = 0.005. Logistic 
regression analysis over quintile 5 (17.01-22.00 pmol/L) vs quintile 1 (10.38-12.80 pmol/L) resulted in OR = 
2.81 (1.65-4.80), P = 1.5x10-4. Error bars represent SEs.
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Finally, cord TSH levels were positively associated with cord FT4 levels (β = 0.03 (0.01) 
pmol/mU, P = 0.001), also after correction for maternal early pregnancy TSH and FT4 
levels (β = 0.03 (0.01) pmol/mU, P = 2.8 x 10-4).

Similar significant associations were found after exclusion of SGA newborns (data not 
shown).

DISCUSSION

In the present study, we investigated the effects of early pregnancy maternal thyroid 
parameters within the normal range and maternal TPOAb status on birth weight, as well 
as the relations between cord thyroid parameters and birth weight.

Birth weight is often used as a proxy for fetal growth and development, as well as 
for fetal nutritional status. Low birth weight is associated with neonatal mortality and 
morbidity, as well as with the occurrence of diseases in later life (4-10). Even mild varia-
tions in birth weight within the normal range are known to be associated with later life 
morbidity (5). A number of studies have investigated the effects of maternal thyroid 
dysfunction during pregnancy on birth weight (11-15). Most of these studies were 
performed in mothers with Graves’ disease, and showed a substantial increased risk of 
LBW newborns (11-13). A potential mechanism underlying this observed association is 
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Fig. 4 Cord normal range FT4 quintiles and birth weight in 2,456 newborns. Analyses were performed in 
newborns with normal range cord FT4 and TSH levels, whose mothers had normal range early pregnancy 
FT4 and TSH levels, after exclusion of TPOAb-positive mothers, mothers with known thyroid disease or 
thyroid (interfering) medication usage, comorbidities, twin pregnancies, and pregnancies after fertility 
treatment. Error bars represent SEs.
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that hyperthyroid mothers have increased lipid and protein degradation, leading to a 
state of maternal chronic caloric deficiency, which has been shown to negatively affect 
birth weight (26, 27). Given the increased risk of LBW newborns in mothers with thyroid 
dysfunction during pregnancy, it is remarkable to note that limited data are available on 
the effects of variation in maternal thyroid parameters within the normal range on birth 
weight. Shields et al. studied the relation between thyroid function during pregnancy 
and birth weight in 905 mother-child pairs, and found a negative association between 
maternal FT4 levels at 28 wk gestation and birth weight (28). This is in line with the 
results from the current study, in which we show a negative association between early 
pregnancy maternal FT4 levels and birth weight in 4,464 mother-child pairs. We addi-
tionally found an increased risk of LBW newborns with higher maternal FT4 levels, as 
well as a lower estimated fetal weight in late-pregnancy. Similar patterns were observed 
in our repeated measurements regression analyses.

We did not find significant associations between maternal TSH levels and birth weight. 
This could be (partially) explained by an interfering role of human chorionic gonadotro-
pin (hCG), which has important placental, uterine and fetal functions, and is an agonist 
of the TSH receptor leading to increased thyroid hormone production (2, 29).

Low birth weights can be due to intrauterine growth retardation or a shorter dura-
tion of pregnancy. We therefore additionally studied the separate effects on SGA and 
prematurity, and show that higher maternal normal range FT4 levels are associated with 
an increased risk of SGA newborns, and not with a shorter duration of pregnancy or 
prematurity.

The effects of maternal early pregnancy FT4 levels on fetal weight, birth weight and the 
risk of SGA and LBW newborns cannot be explained by a confounding role of maternal BMI 
since associations remained significant after additional correction for maternal BMI. Po-
tential interfering roles of maternal age, ethnicity, SES, parity, smoking during pregnancy, 
vomiting, and newborn gender were excluded by correcting the analyses for these factors.

We also took a potentially interfering role of TPOAbs into account. TPOAb-positivity 
is a common finding in the general population, as well as in pregnant women (30), 
with a prevalence of 5.6% in the current study. Although various maternal autoimmune 
diseases have been associated with lower birth weight (16-19), limited data are available 
on the effects of maternal TPOAb-positivity on birth weight. In the current study, no 
associations were found between early pregnancy maternal TPOAb-positivity and birth 
weight, LBW, or with fetal weight at mid- and late-pregnancy. To study possible effects 
of autoimmunity itself (independent of the effects on thyroid parameters), analyses 
were additionally adjusted for maternal TSH and FT4 levels, but we did not find any 
associations. Shields et al. studied the relation between maternal TPOAb-positivity at 
28 wk gestation and birth weight in 905 mother-child pairs and did not find any as-
sociations either (28). This is also in line with the results of Mannisto et al. who did not 
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find associations between first trimester maternal TPOAb-positivity and birth weight in 
5,763 mother-child-pairs (31). However, an increased risk of LBW newborns was found in 
this study. The origin of the discrepancy with the current study regarding the LBW risk is 
currently unknown, and should be clarified in future studies taking the possible role of 
ethnicity and other concomitant autoimmune diseases into account.

A potential mechanism underlying the observed association between high-normal 
maternal FT4 levels, fetal weight, birth weight and SGA is the trans-placental delivery of 
high-normal FT4 levels to the fetus. In a normal functioning fetal hypothalamus-pituitary-
thyroid axis, this will be compensated by a decreased production of T4 by the fetal thyroid. 
However, various factors are known to influence the hypothalamus-pituitary-thyroid axis 
function, such as common polymorphisms in thyroid hormone pathway genes (32-34).

Limited data are available on the correlations between early pregnancy FT4 levels and 
FT4 levels later in pregnancy. Lambert-Messerlian et al. found a weak positive correlation (r 
= 0.32) between FT4 levels in the first and second trimesters of pregnancy (35). As there are 
no other large studies correlating FT4 levels throughout pregnancy, more large studies are 
needed which also take the third trimester into account. As only early pregnancy (mean = 
13.3 wks) FT4 levels were available in the current study, we do not know if all women with 
high-normal FT4 levels had high-normal FT4 levels during the entire pregnancy. However, 
in this context it is important to note that Shields et al. (28) also found a lower birth weight 
in newborns of mothers with a higher FT4 level in mid-pregnancy (mean = 28 wks).

Taken together, we show that maternal high-normal FT4 levels in early pregnancy are 
associated with lower fetal weight, lower birth weight, and an increased risk of SGA and 
LBW newborns. These data demonstrate that even mild variation in thyroid function 
within the normal range can have important consequences for the fetus and newborn, 
and underline the importance of tight regulation of FT4 levels during pregnancy. The 
exact mechanism underlying the observed associations should be clarified in future 
studies, taking the maternal metabolic profile and placental passage of T4 into account.

Our results suggest that it could be beneficial to narrow down the maternal early preg-
nancy FT4 reference ranges. However, before taking such measures, the effects on the risk 
of other pregnancy complications need to be considered as well. Low thyroid function has 
for example been associated with miscarriage, preeclampsia, and delayed child cognitive 
function (1,3,36). However, little is known about the effects of variation in FT4 levels within 
the normal range on these endpoints. As we show clear effects of variation in maternal 
FT4 levels within the normal range on birth weight, our results should prompt others to 
study the effects of variation in normal range FT4 levels on these other endpoints as well.

Contrary to what might be expected based on the negative association between early 
pregnancy maternal FT4 levels and birth weight, a positive association between cord 
FT4 levels and birth weight was found. Recently, Shields et al. studied birth weight in 
relation to cord FT4 levels in 616 mother-child pairs and found a similar positive associa-
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tion (28). Leptin is produced by adipocytes and is known to stimulate the hypothalamus-
pituitary-thyroid axis by increasing TRH production (37). In this context, it is interesting 
to note that in the current study we additionally found a positive association between 
birth weight and cord TSH levels, as well as a positive association between cord TSH and 
FT4 levels. We have previously shown a positive association between maternal and cord 
TSH levels, as well as a positive association between maternal and cord FT4 levels (22). 
Given these interrelations between maternal and cord thyroid parameters and birth 
weight, we additionally corrected the cord thyroid parameter and birth weight analyses 
for maternal thyroid parameters, but no differences in effects were observed. Taken 
together, these findings suggest that increased leptin production in heavier newborns 
could play a role in these observed associations, which needs to be clarified in future 
studies. These studies should also take a possible role for insulin into account, given the 
complex relations between maternal and newborn thyroid parameters and weight.

In conclusion, we show that maternal high-normal FT4 levels at an early stage of 
pregnancy are associated with a lower fetal weight and birth weight, as well as with 
an increased risk of SGA and LBW newborns. We did not find any association between 
maternal TPOAb status and fetal or birth weight. Finally, positive associations between 
birth weight and cord TSH and FT4 levels were found, as well as a positive association 
between cord TSH and FT4 levels.
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ABSTRACT

Context: Hypertensive disorders during pregnancy are associated with a wide range of 
maternal and fetal complications, and only few risk factors are known for the develop-
ment of these disorders during pregnancy. Conflicting and limited data are available 
on the relation between thyroid (dys)function and the risk of hypertensive disorders of 
pregnancy.

Objective: To study the associations between early-pregnancy thyroid dysfunction, 
thyroid function within the normal range, and the risk of hypertensive disorders.

Design, Setting and Participants: In early pregnancy, serum TSH, FT4 and TPO-antibody 
(TPOAb) levels were determined in 5153 pregnant women. The associations of thyroid 
function with the risk of hypertensive disorders were studied.

Main Outcome Measures: Mean blood pressures and hypertensive disorders, including 
pregnancy-induced hypertension (PIH; n=209) and preeclampsia (n=136).

Results: Hyperthyroid mothers had a higher risk of hypertensive disorders (OR (95% CI) 
= 3.40 (1.46-7.91), P = 0.005), which was mainly due to an increased risk of PIH (OR = 4.18 
(1.57-11.1), P = 0.004). Hypothyroidism and hypothyroxinemia were not associated with 
hypertensive disorders.

Within the normal range, high-normal FT4 levels were associated with an increased 
risk of hypertensive disorders (OR = 1.62 (1.06-2.47), P=0.03), which was mainly due to 
an increased risk of preeclampsia (OR = 2.06 (1.04-4.08), P=0.04).
TPOAb status was not associated with hypertensive disorders.

Conclusions: We show that hyperthyroidism and also high-normal FT4 levels during 
early-pregnancy are associated with an increased risk of hypertensive disorders. These 
data demonstrate that even mild variation in thyroid function within the normal range 
can have such effects.
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INTRODUCTION

Hypertensive disorders, including pregnancy-induced hypertension (PIH) and (pre)
eclampsia, are common during pregnancy with an estimated prevalence of 2-8% (1-
3). Various studies have shown that hypertensive disorders are a major cause of both 
maternal and fetal morbidity and mortality. Amongst others, complications may include 
renal failure, disseminated intravascular coagulation, cerebrovascular bleeding, intra-
uterine growth retardation, abruptio placentae, premature delivery and still births (1, 3).

Both hypo- and hyperthyroidism have been shown to have important vascular effects, 
including endothelial cell dysfunction (4-8). Therefore, a number of studies have inves-
tigated the association between thyroid dysfunction and hypertensive disorders during 
pregnancy (9-19). Most of these studies were of limited sample size, but a number of 
large studies have also been published on this topic in the last decade (9-12, 15, 16, 19). 
Some of these studies have found an increased risk of hypertensive disorders in mothers 
with hypothyroidism (9, 15, 19) or hyperthyroidism (15), while others did not find any 
associations (10-12, 16). Differences between these studies might have been due to the 
fact that not all studies controlled for potentially confounding factors, such as thyroid 
autoimmunity, smoking, body mass index (BMI), ethnicity, socio-economic status, and 
parity.

More recently, a number of reports have shown that even minor variations in thyroid 
function can have important effects on pregnancy complications (20-22). In this context 
it is interesting to note that none of these studies have investigated the effects of varia-
tion in thyroid function within the normal range on the risk of hypertensive disorders.

For these reasons, we studied the effects of thyroid function within the normal range, 
thyroid dysfunction, and thyroid autoimmunity on blood pressure and the risk of 
hypertensive disorders during pregnancy. This study was carried out in a population-
based pregnancy cohort including 5153 women, taking the effects of a wide range of 
confounding factors into account.

MATERIALS AND METHODS

Design

This study was embedded in the Generation R Study, a population-based cohort from 
early fetal life onwards in Rotterdam, the Netherlands, which has been described in 
detail previously (23, 24). Mothers with a delivery date between April 2002 and January 
2006 were enrolled. The study was approved by the Medical Ethics Committee of the 
Erasmus Medical Center, Rotterdam. Written informed consent was obtained from all 
adult participants.
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Population for analysis

8880 women were enrolled in pregnancy in the Generation R Study. TSH and FT4 levels 
were determined in 5803 pregnant women. Women with twin pregnancies (n = 128), 
pre-existing thyroid disease (n = 81), thyroid (interfering) medication usage (n = 4) and 
fertility treatment (n = 68) were excluded. If subsequent pregnancies were recorded in 
the database only the record of the first pregnancy was used (n = 369 excluded). In total, 
5153 women were included in one or more analyses.

Thyroid measurements

Maternal serum samples were obtained in early pregnancy (mean (SD): 13.3 (1.7) wk) 
(24). Plain tubes were centrifuged and serum was stored at -80 C. TSH and FT4 were 
determined in maternal serum samples using chemiluminescence assays (Vitros ECI; 
Ortho Clinical Diagnostics, Rochester, NY). The intra- and interassay coefficients of varia-
tion were <4.1% for TSH at a range of 3.97-22.7 mU/L and <5.4% for FT4 at a range of 
14.3-25.0 pmol/L. Maternal TPOAbs were measured in 5067 women using the Phadia 
250 immunoassay (Phadia AB, Uppsala, Sweden) and regarded as positive when >60 IU/
ml (24).

Iodine measurements

Maternal serum and urinary samples were obtained at the same time (mean (SD): 13.3 
(1.7) wk). Urinary iodine concentrations were determined in a random subset of 1085 
women, which has been described in detail previously (25). Median urinary iodine excre-
tion was used to determine population iodine status as advocated by the WHO (with 
<150 μg/L as insufficient, 150 – 249 μg/L as adequate, and >500 μg/L as excessive) (26).

Hypertensive disorders

Blood pressure measurements were performed in early, mid and late pregnancy (27). The 
hypertensive disorders group included women with PIH or preeclampsia. Women who 
delivered in hospital and who were reported to have experienced PIH or preeclampsia 
(which included preeclampsia, eclampsia, and/or HELLP syndrome), were selected from 
hospital registries. Their individual medical records were subsequently studied by quali-
fied medical doctors, who defined PIH or preeclampsia according to the criteria of the 
International Society for the Study of Hypertension in Pregnancy (ISSHP) (28). Briefly, 
the following criteria were used to identify woman with PIH: development of systolic 
blood pressure ≥140 mm Hg and/or diastolic blood pressure ≥90 mmHg after 20 weeks 
of gestation in a previously normotensive woman. These criteria plus the presence of 
proteinuria (defined as two or more dipstick readings of 2+ or greater, one catheter 
sample reading of 1+ or greater, or a 24-hour urine collection containing at least 300 mg 
of protein) were used to identify women with preeclampsia (29).
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Covariates

Ultrasound measurements were used to establish gestational age in early pregnancy 
(gestational age 12 wks) (23). Information on maternal age, parity, smoking status, socio-
economic status (SES) and ethnicity was obtained by questionnaires during pregnancy. 
Ethnicity was determined by country of origin and was defined according to the classifica-
tion of Statistics Netherlands. Maternal smoking status was classified as no smoking, smok-
ing until known pregnancy, and continued smoking during pregnancy. SES was defined 
by educational level, net household income, and employment status (23). At enrolment, 
maternal height and weight were measured to calculate body mass index (BMI, kg/m2).

Statistical analysis

Reference ranges were determined by the 2.5th-97.5th percentiles, as described previously 
(24). Hyperthyroidism was defined as a low (<2.5th percentile) TSH with a high (>97.5th per-
centile) FT4; subclinical hyperthyroidism as a low TSH with a normal (2.5th – 97.5th percentiles) 
FT4; hypothyroidism as a high TSH with a low FT4; subclinical hypothyroidism as a high TSH 
with a normal FT4, and hypothyroxinemia as a low FT4 with a normal TSH. For the normal 
range TSH and FT4 quintiles, cut-off levels were: TSH: 1st 0.03-0.76 mU/L; 2nd 0.77-1.13 mU/L; 
3rd 1.14-1.54 mU/L; 4th 1.55-2.12 mU/L; 5th 2.13-4.03 mU/L; and FT4: 1st 10.4-12.8 pmol/L; 2nd 
12.9-14.1 pmol/L; 3rd 14.2-15.4 pmol/L; 4th 15.5-17.0 pmol/L; 5th 17.1-21.9 pmol/L.

Blood pressure levels and their course during pregnancy were analyzed in these 
groups and compared to the euthyroid group (i.e., women with normal TSH and FT4 
levels) using a mixed linear model for repeated measurements which allowed for miss-
ing data points (in total 14,125 measurements performed) (30, 31). For the normal range 
quintile analyses, the 3rd quintile was used as the reference quintile. Analyses were 
performed using SAS 9.3 (SAS Institute, Cary, NC, USA). Logistic regression analyses were 
used to calculate the risk of hypertensive disorders in these groups.

Analyses were adjusted for gestational age at venous puncture and blood pressure 
measurement, maternal age, smoking status, SES, parity, ethnicity, BMI and child gender. 
Placental weight was not associated with thyroid function. Thyroid function was not 
associated with maternal comorbidities including diabetes, chronic hypertension, hy-
percholesterolemia, chronic heart disorder, and systemic lupus erythematosus. Similar 
results were obtained when women with these comorbidities were excluded.

We used multiple imputation for covariates with missing data. Five imputed data sets 
were created and pooled for analyses. Smoking, SES, ethnicity (missing due to non-re-
sponse in 13.0%, 7.1% and 5.7%, respectively), gestational age at blood sampling, and BMI 
(missing due to not recorded in 2.0% and <1.0%) were added to the model. Furthermore, 
we added hypertensive disorders, TSH, FT4 and TPOAb levels, maternal age, parity and 
child gender to the model as prediction variables only. No significant differences in de-
scriptive characteristics were found between the original and imputed datasets. Women 
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with pre-existing hypertension were excluded from analyses on hypertensive disorders, 
PIH or blood pressure. Unless stated otherwise, statistical analyses were performed using 
Statistical Package of Social Sciences version 20.0 for Windows (SPSS Inc. Chicago, IL, USA).

RESULTS

The study population consisted of 5153 women, of which 345 (6.7%) developed a hyper-
tensive disorder. Of these women, 209 (4.1%) developed PIH and 136 (2.6%) developed pre-
eclampsia. Baseline characteristics of the studied population are shown in Table 1. Median 
urinary iodine excretion was 221 μg/L, indicating an iodine sufficient population (26).

Table 1. Baseline characteristics of 5153 pregnant women from the Generation R Study

Maternal age (yrs (SD)) 29.7 (5.1)

Thyroid function parametersa (median)
 TSH (mU/L) 1.34

 FT4 (pmol/L) 14.8

 TPOAb-positivity (%) 5.5

Urinary Iodine excretiona (median, µg/L) 221

Hypertensive disorderb (N (%)) 345 (6.7)

 Pregnancy induced hypertension 209 (4.1)

 Preeclampsiac 136 (2.6)

BMI (kg/m2 (SD)) 24.5 (4.4)

Parity (%)
 Nullipara 60.9

 Primipara 26.0

 Multipara 13.1

Smoking (%)
 Never 72.6

 Former 9.4

 Active 18.0

Socio-economic status (%)
 Low 10.9

 Middle 46.9

 High 42.2

Ethnicity (%)
 Dutch 51.1

 Moroccan 6.3

 Turkish 8.7

 Surinamese/Antillean 12.1

 Other western 11.9

 Other non-western 9.9

Child gender (% boys) 50.8
a Blood and urine samples were collected at 13.5 (2.0) (mean (SD)) wks
b Includes pregnancy induced hypertension, preeclampsia, eclampsia and HELLP.
c Includes preeclampsia, eclampsia and HELLP.
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Thyroid dysfunction, normal range thyroid function and mean blood pressure 
levels

Figure 1 shows the mean systolic and diastolic blood pressures during pregnancy for the 
thyroid dysfunction and euthyroid groups. The mean blood pressures for the normal-
range TSH and FT4 quintiles are shown in Supplemental Figure 1. Minor differences in 
the course of blood pressures were found among the different groups, but this did not 
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Figure 1. Thyroid dysfunction and mean systolic (A) and diastolic (B) blood pressures during pregnancy. Differences between 
groups were small and not statistically significant. 
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Figure 1. Thyroid dysfunction and mean systolic (A) and diastolic (B) blood pressures during pregnancy. 
Differences between groups were small and not statistically significant.
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result in significant differences in mean blood pressures, except for a small difference in 
diastolic blood pressures between the fifth and third FT4 quintiles (Padjusted = 0.005).

Thyroid dysfunction, normal range thyroid function and the risk of 
hypertensive disorders

The relations between thyroid dysfunction, normal range thyroid function and hyper-
tensive disorders are shown in Table 2. Women with hyperthyroidism had a 3.4-fold 
higher risk of developing a hypertensive disorder. The other studied thyroid dysfunc-
tion groups were not associated with hypertensive disorders. Within the normal range, 
women with high-normal FT4 levels also had an increased risk of hypertensive disorders. 
No significant associations were found with normal-range TSH levels.

Table 2. Thyroid dysfunction, normal range thyroid function, and the risk of hypertensive disorders 
during pregnancy.

Hypertensive disorders

% (N) OR (95% CI) P

Overt hypothyroidism 0.0 (0/17) NA NA

Subclinical hypothyroidism 8.5 (14/165) 1.23 (0.69-2.22) 0.47

Hypothyroxinemia 6.4 (9/129) 1.08 (0.53-2.22) 0.83

Overt hyperthyroidism 13.7 (7/51) 3.40 (1.46-7.91) 0.005

Subclinical hyperthyroidism 3.2 (2/62) 0.80 (0.19-3.34) 0.76

Euthyroidisma (reference) 6.2 (276/4451) reference

Normal range TSH

1st quintile 6.8 (60/885) 1.36 (0.91-2.03) 0.14

2nd quintile 4.7 (43/907) 0.87 (0.56-1.33) 0.51

3rd quintile (reference) 5.6 (50/894) reference

4th quintile 6.3 (56/884) 1.11 (0.74-1.67) 0.61

5th quintile 7.6 (67/881) 1.23 (0.83-1.81) 0.31

Normal range FT4

1st quintile 6.6 (59/897) 1.28 (0.83-1.96) 0.26

2nd quintile 6.6 (63/956) 1.36 (0.90-2.07) 0.15

3rd quintile (reference) 4.7 (40/848) reference

4th quintile 5.8 (51/885) 1.28 (0.83-1.98) 0.27

5th quintile 7.3 (63/865) 1.62 (1.06-2.47) 0.03

All analyses adjusted for gestational age at blood sampling, maternal age, BMI, smoking, SES, parity, 
ethnicity, and child gender.
a Defined as mothers with normal range (2.5th-97.5th percentiles) TSH and FT4 levels.
NA: Not available (no statistics were performed on this group as the number of persons with overt 
hypothyroidism was low and this group did not include any cases with hypertensive disorders).
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Table 3 shows the effects of thyroid dysfunction and normal range thyroid function 
on PIH and preeclampsia, when analyzed separately. Women with overt hyperthyroid-
ism had a 4.2-fold higher risk of PIH. These women also seemed to have a higher risk 
of preeclampsia, but this effect was not statistically significant (P = 0.11). Within the 
normal range, high-normal FT4 levels were associated with a 2.1-fold increased risk of 
preeclampsia. There were no associations between normal-range TSH levels and PIH or 
preeclampsia.

Finally, there were no associations between TPOAb-positivity and PIH or preeclampsia 
(data not shown).

Table 3. Thyroid dysfunction, normal range thyroid function, and the risk of pregnancy induced 
hypertension or preeclampsia.

Pregnancy induced hypertension Preeclampsiaa

% (N) OR (95% CI) P % (N) OR (95% CI) P

Overt hypothyroidism 0.0 (0/17) NA NA 5.6 (1/18) 1.84 (0.23-14.7) 0.56

Subclinical hypothyroidism 4.2 (7/165) 0.90 (0.41-2.00) 0.80 4.8 (8/168) 1.80 (0.85-3.82) 0.13

Hypothyroxinemia 4.7 (6/129) 1.23 (0.51-2.93) 0.65 3.8 (5/133) 1.29 (0.50-3.29) 0.60

Overt hyperthyroidism 9.8 (5/51) 4.18 (1.57-11.1) 0.004 5.7 (3/53) 2.68 (0.80-9.00) 0.11

Subclinical hyperthyroidism 1.6 (1/62) 0.72 (0.10-5.31) 0.75 1.6 (1/64) 0.64 (0.09-4.78) 0.66

Euthyroidismb (reference) 4.0 (177/4451) reference 2.5 (113/4527) reference

Normal range TSH

1st quintile 3.8 (34/892) 1.19 (0.71-1.98) 0.51 3.3 (30/905) 1.58 (0.89-2.81) 0.12

2nd quintile 3.7 (33/900) 1.11 (0.66-1.85) 0.70 1.4 (13/916) 0.62 (0.31-1.25) 0.18

3rd quintile (reference) 3.5 (31/894) reference 2.3 (21/907) reference

4th quintile 3.7 (33/884) 1.06 (0.64-1.74) 0.84 2.9 (26/900) 1.22 (0.68-2.20) 0.51

5th quintile 5.2 (46/881) 1.33 (0.83-2.16) 0.24 2.6 (23/899) 1.01 (0.55-1.86) 0.97

Normal range FT4

1st quintile 4.0 (36/897) 1.03 (0.62-1.72) 0.91 2.8 (26/915) 1.68 (0.85-3.34) 0.14

2nd quintile 4.1 (39/956) 1.11 (0.67-1.83) 0.68 2.7 (26/974) 1.68 (0.85-3.31) 0.14

3rd quintile (reference) 3.5 (30/848) reference 1.5 (13/862) reference

4th quintile 3.7 (33/885) 1.04 (0.62-1.74) 0.89 2.5 (22/897) 1.81 (0.90-3.65) 0.10

5th quintile 4.5 (39/865) 1.25 (0.75-2.06) 0.39 3.0 (26/879) 2.06 (1.04-4.08) 0.04

All analyses adjusted for gestational age at blood sampling, maternal age, BMI, smoking, SES, parity, 
ethnicity, and child gender.
a Includes preeclampsia, eclampsia and HELLP.
b Defined as mothers with normal range (2.5th-97.5th percentiles) TSH and FT4 levels.
NA: Not available (no statistics were performed on this group as the number of persons with overt 
hypothyroidism was low and this group did not include any cases with hypertensive disorders).
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DISCUSSION

In the current study, we investigated the effects of normal-range thyroid function 
and thyroid dysfunction on the risk of hypertensive disorders during pregnancy. We 
first studied the effects of thyroid (dys)function on mean systolic and diastolic blood 
pressure levels, but did not find any significant effects. Also within the normal range no 
effects were observed, except for small differences in diastolic blood pressures between 
the fifth and third FT4 quintiles, ranging from 0-1 mmHg. Although several studies have 
investigated the associations between thyroid dysfunction and hypertensive disorders 
during pregnancy (9-19), no data were so far available on the effects of variation in 
thyroid function within the normal range on the risk of hypertensive disorders during 
pregnancy. This study is therefore the first to demonstrate that also within the normal 
range, women with high-normal FT4 levels have a 2-fold increased risk of preeclampsia.

Most of the studies that investigated the associations between thyroid dysfunction 
and hypertensive disorders had a limited sample size and showed conflicting results (9-
19). The largest study, recently published by Mannisto et al (15), investigated the associa-
tions between hypo- or hyperthyroidism and hypertensive disorders in a retrospective 
US cohort of 223,512 pregnancies. An increased risk of preeclampsia was found for both 
hypo-and hyperthyroidism. Unfortunately, this study lacked information on treatment of 
thyroid disease during pregnancy and no data on TPOAb status were available. As data 
were derived from electronic medical records, the authors were not able to study more 
subtle alterations in thyroid function, including subclinical hypo- and hyperthyroidism 
and variation in thyroid function within the normal range. In a prospective population-
based cohort of 24,883 pregnancies, Wilson et al. found positive associations between 
subclinical hypo- and hyperthyroidism and the risk of PIH, mild preeclampsia and severe 
preeclampsia (19). However, after adjustment for confounding factors (i.e., maternal age, 
weight, ethnicity, and parity) the only remaining significant association was between 
subclinical hypothyroidism and severe preeclampsia. Ashoor et al. compared serum 
thyroid parameters in the first trimester between pregnant women that did or did not 
develop preeclampsia (9). Although higher TSH and lower FT4 levels were found in 77 
pregnant women that would later develop preeclampsia, no data were reported on the 
prevalence of overt hypothyroidism, subclinical hypothyroidism or hypothyroxinemia in 
these groups.

In contrast to the studies discussed above, a number of large studies did not find any 
associations between thyroid dysfunction and hypertensive disorders during pregnancy 
(10-12, 16). These conflicting results could at least partially be due to the fact that not 
all studies had data on thyroid medication and various serum thyroid parameter cut-off 
levels were used to define thyroid disease. In addition, only part of these studies were 
able to correct for factors which are known to be associated with thyroid parameters 
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and/or the risk of hypertensive disorders, including maternal BMI, age, parity, smoking, 
SES and ethnicity. The current population-based study investigates the effects of the 
entire range of thyroid (dys)function on blood pressure and hypertensive disorders 
during pregnancy. As thyroid function reference ranges can differ between populations 
(24), we calculated reference ranges in our own population and in our analyses we took 
a wide range of potentially interfering factors into account. In this way, we found that 
pregnant women with hyperthyroidism have a substantially increased risk of hyper-
tensive disorders (13.7 vs 6.2%), mainly due to an increased risk of PIH. Although our 
study included more than 5,000 pregnant women, there were only few cases with overt 
hypothyroidism, limiting the statistical power for this group.

Hypertensive disorders during pregnancy are of great importance as they account for 
16% of the worldwide maternal deaths (2). Not only have these disorders been associ-
ated with an increased risk of maternal and child morbidity and mortality during preg-
nancy, but also after pregnancy. For example, various studies have shown an increased 
risk of maternal hypertension, ischemic heart disease, stroke, end-stage renal disease, 
and mortality in later life (32-34), as well as an increased risk of childhood hypertension, 
cognitive limitations, and mortality (3, 34-37).

Possible mechanisms by which thyroid hormone may influence the onset of hy-
pertensive disorders during pregnancy come from studies which investigated the 
cardiovascular effects of thyroid dysfunction. Some of these studies have shown that 
(subclinical) hypothyroidism is associated with increased vascular resistance, increased 
blood pressure, ventricular hypertrophy and endothelial cell dysfunction, characterized 
by decreased nitric oxide production with impaired vasorelaxation (6, 8). Although less 
is known about the vascular effects of high-normal FT4 levels or hyperthyroidism, a 
few studies have shown that patients with Graves’ hyperthyroidism have a reduction 
in protective mechanisms against endothelial damage, and show signs of endothelial 
cell activation and dysfunction (4, 5, 7, 38). These studies suggest that high thyroid hor-
mone levels can lead to endothelial cell dysfunction, which is known to play a pivotal 
role in the pathophysiology of hypertensive disorders in pregnancy (3). However, the 
exact mechanisms underlying the associations between high-normal thyroid function, 
hyperthyroidism and hypertensive disorders during pregnancy need to be clarified in 
future studies.

Given the wide range of detrimental effects of hypertensive disorders during preg-
nancy, various studies have tried to identify risk factors in early pregnancy for the 
development of hypertensive disorders, and it is remarkable to note that only few risk 
factors have been identified (3). The current study identifies high-normal FT4 levels and 
hyperthyroidism during early pregnancy as risk factors for hypertensive disorders. To 
predict which mothers will develop hypertensive disorders during pregnancy, Poon et 
al. developed a prediction model, including maternal history, uterine artery pulsatility 
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index, mean arterial pressure, pregnancy-associated plasma protein-A  and placental 
growth factor (39). Future studies should analyze if serum thyroid function tests could 
increase the sensitivity of this prediction model. Furthermore, given that only few risk 
factors have been associated with the development of hypertensive disorders during 
pregnancy, the diagnostic workup after the diagnosis of a hypertensive disorder is lim-
ited (3, 40). Our results suggest that it would be useful to add thyroid function testing to 
this diagnostic workup.

In conclusion, we show that hyperthyroidism and also high-normal FT4 levels during 
early-pregnancy are risk factors for the development of hypertensive disorders. These 
data demonstrate that even mild variation in thyroid function within the normal range 
can have such effects.
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Supplemental Figure 1

Normal-range TSH quintiles and systolic blood pressure during pregnancy
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Normal-range TSH quintiles and diastolic blood pressure during pregnancy
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Supplemental Figure 1 (continued)
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Normal-range FT4 quintiles and systolic blood pressure during pregnancy
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Suppl. Fig 1. Normal-range TSH and FT4 quintiles and mean systolic (a+c) and diastolic (b+d) blood pressures during pregnancy. Besides a 
significant difference in diastolic blood pressures between FT4-Q5 and -Q3 (Padjusted  = 0.005), differnces were small and not statistically 
significant. 
TSH Quintiles: Q1: 0.03-0.76 mU/L; Q2: 0.77-1.13 mU/L; Q3: 1.14-1.54 mU/L; Q4: 1.55-2.12 mU/L; Q5: 2.13-4.03 mU/L. 
FT4 Quintiles: Q1: 10.4-12.8 pmol/L; Q2: 12.9-14.1 pmol/L; Q3: 14.2-15.4 pmol/L; Q4: 15.5-17.0 pmol/L; Q5: 17.1-21.9 pmol/L. 
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ABSTRACT

Objective: Minor variation in thyroid hormone (TH) serum levels can have important 
effects on various clinical endpoints. Although 45-65% of the inter-individual variation 
in TH serum levels is due to genetic factors, the causative genes are not well established. 
We therefore studied the effects of genetic variation in 68 TH pathway genes on serum 
TSH and FT4 levels.

Design and Methods: 68 genes (1512 polymorphisms) were studied in relation to serum 
TSH and FT4 levels in 1121 Caucasian subjects. Promising hits (P < 0.01) were studied in 
3 independent Caucasian populations (2656 subjects) for confirmation. A meta-analysis 
of all 4 studies was performed.

Results: For TSH, 8 PDE8B polymorphisms (P = 4.10-17) remained significant in the meta-
analysis. For FT4, 2 DIO1 (P = 8.10-12) and 1 FOXE1 (P = 0.0003) polymorphisms remained 
significant in the meta-analysis. Suggestive associations were detected for 1 FOXE1 (P 
= 0.0028) and 3 THRB (P = 0.0045) polymorphisms with TSH, and 1 SLC16A10 polymor-
phism (P = 0.0110) with FT4, but failed to reach the significant multiple-testing corrected 
p-value (P < 0.0022 and P < 0.0033 respectively).

Conclusions: Using a large-scale association analysis, we replicated previously reported 
associations with genetic variation in PDE8B, THRB and DIO1. We demonstrate effects of 
genetic variation in FOXE1 on serum FT4 levels, and borderline significant effects on se-
rum TSH levels. A suggestive association of genetic variation in SLC16A10 with serum FT4 
levels was found. These data provide insight into the molecular basis of inter-individual 
variation in TH serum levels.
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INTRODUCTION

Adequate thyroid hormone (TH) levels are essential for normal growth and differen-
tiation, for the regulation of energy metabolism, and for the physiological function 
of virtually all human tissues. Epidemiological evidence shows that minor variation in 
TH serum levels, even within the normal range, can have important effects on clinical 
endpoints, such as bone mineral density (1), atrial fibrillation (2), metabolic syndrome 
(3) and cardiovascular mortality (4).

In healthy subjects, serum TSH and TH levels show substantial inter-individual variabil-
ity leading to wide laboratory reference ranges, whereas the intra-individual variability 
is within a narrow range, suggesting that every person has its own individual ‘set-point’ 
(5). Approximately 45-65% of this inter-individual variation in serum TSH and TH levels 
is due to genetic factors (6, 7). The causative genes are, however, not well established. 
Well-known TH pathway genes such as the deiodinases (8-12), TSH receptor (10, 13, 
14) and TH transporters (15-17) have been associated with TH serum levels, but their 
contribution to the overall variation is modest (12, 13). A genome wide linkage scan 
by Panicker and colleagues identified eight chromosomal loci involved in the control 
of the pituitary-thyroid axis, but as can be expected from this type of study, the actual 
genes were not identified (18). Recent genome wide association studies demonstrated 
associations of polymorphisms located in Phosphodiesterase 8B (19) and the CAPZB 
locus (20) with serum TSH levels.

The identification of new associations in genome wide association studies is ham-
pered by the need for stringent correction for multiple testing, requiring p-values < 
5.10-7 (21). For this reason, we performed a focused association analysis of 68 candidate 
genes, known to be involved in TH synthesis, metabolism or transport, in relation to 
serum TSH and FT4 levels. Promising hits were studied in three independent popula-
tions for confirmation.

MATERIALS AND METHODS

The association of serum TSH and FT4 levels with genetic variation in the candidate 
genes was studied in the Rotterdam Study (22). Promising associations were studied in a 
Danish twin population (6), the Scan Study (23) and the Nijmegen Biomedical Study (24) 
for confirmation, after which a meta-analysis of all 4 studies was conducted.

Subjects with serum FT4 levels indicating hypo- or hyperthyroidism were excluded, as 
common genetic variation is in general thought to play a minor role in the pathogenesis 
of hypo- and hyperthyroidism. As the role of common genetic variation in subclinical 
hypo- or hyperthyroidism is less clear, we did not exclude subjects with TSH levels 



114 Chapter 7

outside the reference ranges. Positive thyroid peroxidase antibodies (TPOAbs), known 
thyroid disease and/or thyroid medication usage were excluded from all analyses.

Selection of candidate genes

A selection of candidate genes was made by searching NCBI GenBank for ‘thyro’ limited 
by ‘human’ and ‘current’ (520 genes). Based on the current literature, an expert in the 
field (TJV) reviewed these genes, which resulted in a selection of 70 genes with a known 
role in thyroid hormone synthesis, transport or metabolism. As our cohorts consisted of 
both men and women, genes on the X-chromosome (i.e., MCT8 and TBG) were excluded, 
resulting in a final selection of 68 genes (Figure 1).

Study populations

The Rotterdam Study is a prospective population-based cohort study on determinants 
of chronic diseases in the elderly (22). The study comprised 7983 men and women living 
in a district of Rotterdam, The Netherlands. Informed consent was obtained from each 
participant, and the Medical Ethics Committee of the Erasmus Medical Center Rotter-
dam approved the study. At baseline, all participants were interviewed and underwent 
extensive physical examination. Serum TSH (TSH Lumitest; Henning, Berlin, Germany), 
FT4 (chemoluminescence assay; Vitros, ECI Immunodiagnostic System, Ortho-Clinical 
Diagnostics, Amersham, UK) and TPOAb (ELISA; Milenia, DPC, Los Angeles, USA) levels 
were determined in 1350 subjects of whom DNA was available. After excluding subjects 
with serum FT4 levels indicating hypo- or hyperthyroidism, positive TPOAbs, known thy-
roid disease and/or thyroid medication usage, 1121 subjects were available for analysis.

The Danish twin population is part of a nationwide project (GEMINAKAR) investigat-
ing the relative influence of genetic and environmental factors on various traits related 
to the metabolic syndrome and cardiovascular risk factors. Rationale and design have 
been described in detail previously (6). In short, a representative sample of self-reported 
healthy twin pairs was recruited from the population-based Danish Twin Registry (25). In 
the GEMINAKAR study 1512 men and women (756 twin pairs) were examined. Informed 
consent was obtained from each participant, and all regional Danish Scientific-Ethical 
Committees approved the study. At baseline, all participants were interviewed and 
underwent physical examination. Serum TSH (fluoroimmunometric assay; PerkinElmer/
Wallac, Turku, Finland), FT4 (AutoDELFIA; PerkinElmer/Wallac, Turku, Finland) and TPOAb 
(AutoDELFIA; PerkinElmer/Wallac, Turku, Finland) levels were determined in 905 subjects 
of whom DNA was available. After applying exclusion criteria, 474 unrelated subjects 
were included in the present study.

The Scan Study is a prospective population-based cohort study in 1077 men and 
women, designed to study causes and consequences of age-related brain changes 
on MRI. Rationale and design have been described in detail previously (23). Informed 
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consent was obtained from each participant, and the Medical Ethics Committee of the 
Erasmus Medical Center Rotterdam approved the study. At baseline, all participants 
were interviewed and underwent physical examination. Serum TSH and FT4 (chemo-
luminescence assay; Vitros, ECI Immunodiagnostic System, Ortho-Clinical Diagnostics, 
Rochester, USA) and TPOAb (immunometric assay; DPC, Los Angeles, USA) levels were 
determined in 854 subjects of whom DNA was available (8). After applying exclusion 
criteria, 697 subjects were included in the present study.

The Nijmegen Biomedical Study is a population-based survey on lifestyle and medical 
history in 9350 men and women living in Nijmegen, The Netherlands. Rationale and 
design have been described previously (24). Informed consent was obtained from each 
participant, and the Institutional Review Board of the Radboud University Nijmegen 
Medical Centre approved the study. Serum TSH levels (immunoluminometric assay; 
Architect, Abbott Diagnostics Division, Hoofddorp, The Netherlands), FT4 levels (chemo-
luminescence assay; Vitros, ECI Immunodiagnostic System, Ortho-Clinical Diagnostics, 
Amersham, UK), TPOAb levels (fluoroimmunometric assay; Abbott Diagnostics Division, 
Hoofddorp, The Netherlands) and Illumina HumanHap370K array (see below) genotype 
data were available for 1832 subjects (24). After applying exclusion criteria, 1485 sub-
jects were included in the present study.

Genotyping

In all study populations, genomic DNA was extracted from samples of peripheral venous 
blood according to standard procedures. Subjects in the Rotterdam Study were geno-
typed using the Illumina HumanHap550K array. All directly genotyped polymorphisms 
with a minor allele frequency (MAF) ≥ 5% and located within a 20 kb region (10 kb 
upstream to 10 kb downstream) of each of the 68 candidate genes, were selected. After 
quality control (QC) and exclusion of polymorphisms with a Hardy-Weinberg equilib-
rium (HWE) p-value ≤ 1. 10-6 or genotyping call rate < 90%, 1512 polymorphisms were 
included in the analysis.

Genotypes for replication (46 polymorphisms) were determined using PCR, iPLEX 
single base primer extension, and matrix assisted laser desorption/ionization – time 
of flight mass spectrometry in a 384-well format (Sequenom, San Diego, CA, USA; see: 
http://www.sequenom.com) and ABI Taqman allelic discrimination Assay-on-Demand 
(Applied Biosystems Inc., Foster City, CA, USA). Polymorphisms with a genotyping 
call rate < 90% or a deviation from HWE were excluded from the analyses. rs989758, 
rs13097208, rs13066296 and rs832790 had a genotyping call rate < 90% in both the 
Danish twin population and the Scan study. For the Nijmegen Biomedical Study, geno-
type data were available from the Illumina HumanHap370K array (26). Polymorphism 
imputation after QC was based on Phase II CEU HapMap samples (version 22, build 36) 
and was done using IMPUTE (27).
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Statistical methods

In the Rotterdam Study, associations with serum TSH and FT4 levels were assessed by lin-
ear regression using gender- and age-adjusted standardized residuals in PLINKv1.07 (28) 
and SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL, USA). Due to non-normal distribution, 
TSH was transformed by the natural logarithm. Polymorphisms that showed significant 
associations at P < 0.01 were genotyped and studied in the Danish twin population, the 
Scan Study and the Nijmegen Biomedical Study for confirmation, using SPSS 15.0 for 
Windows and SNPTEST (27). To minimize the influence of inter-assay variation, effect 
sizes were assessed by linear regression using gender- and age-adjusted standardized 
residuals. For the polymorphisms that did not reach the p-value threshold of P < 0.01 in 
the Rotterdam Study, there was 80% power to detect differences of 0.23, 0.17 and 0.15 
standard deviations in TSH and FT4 levels for MAFs of 10%, 20% and 30%, respectively. 
This study is therefore powered to detect at least moderate effects.

Meta-analyses based on all 4 populations were conducted using the METAL software 
package applying inverse-variance weighted fixed-effects methodology (http://www.
sph.umich.edu/csg/abecasis/Metal). To control for multiple testing, a p-value threshold 
for both the TSH and the FT4 meta-analyses was calculated based on the number of 
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Figure 1. TSH and FT4 flowchart for polymorphisms in 68 thyroid hormone (TH) pathway candidate 
genes. At each stage, the genes that passed selection are shown, together with the number of 
polymorphisms (between brackets). Except for 17 imputed polymorphisms in the Nijmegen Biomedical 
Study, all polymorphisms were directly genotyped. In the Rotterdam Study, associations with P < 0.01 
were considered significant. P-value thresholds for the TSH and FT4 meta-analyses were respectively P = 
0.0022 and P = 0.0033.
*Rotterdam Study, Danish twin population, Scan Study and Nijmegen Biomedical Study.
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independent polymorphisms tested, thereby taking the linkage disequilibrium (LD) 
structure between these polymorphisms into account. The number of independent 
polymorphisms was calculated in the Rotterdam Study using PLINKv1.07 (28), for which 
a LD threshold of r2 > 0.2 was used. To define a p-value threshold to declare statisti-
cal significance, we divided P = 0.05 by the number of independent tests, which was 
estimated to be 22.84 for TSH and 15.24 for FT4. Consequently, the p-value thresholds 
for the TSH and FT4 meta-analyses were respectively P = 0.0022 and P = 0.0033.

RESULTS

Baseline characteristics of the studied populations are shown in Table 1.

Figure 1 summarizes the flowchart for the TSH and FT4 analyses, together with the 
genes that passed selection at each stage of the study. Of the 1512 studied polymor-
phisms in 68 genes, 30 polymorphisms in 10 genes showed a significant association 
(i.e., P < 0.01) with TSH in the Rotterdam Study. Of these, 8 polymorphisms in PDE8B 
remained significant at P < 0.0022 in the meta-analysis of the 4 populations (Table 2). 
Suggestive associations were detected for 1 polymorphism in FOXE1 (P = 0.0028) and 
3 polymorphisms in THRB (rs6792725: P = 0.0087, rs13097208: P = 0.0045, rs13066296: 
P = 0.0056), but failed to reach statistical significance after multiple-testing correction 
(Table 2).

For FT4, significant associations of 16 polymorphisms in 7 genes were detected in 
the Rotterdam Study. Of these, 2 polymorphisms in DIO1 and 1 polymorphism in FOXE1 
remained significant at P < 0.0033 in the meta-analysis of the 4 populations (Table 3). 
In addition, a suggestive association was detected for 1 polymorphism in SLC16A10 

Table 1. Baseline characteristics of the study populations

Rotterdam Study Danish Twins Scan Study
Nijmegen 

Biomedical Study

Number 1121 474 697 1485

Ethnicity Caucasian Caucasian Caucasian Caucasian

Women (%) 58.5 46.0 48.8 46.6

Age (years) 69.0 (7.6) 36.0 (10.6) 71.3 (7.1) 61.7 (10.2)

TSH (mU/L) 1.74 (1.20) 1.75 (0.88) 1.32 (0.91) 1.51 (1.13)

FT4 (pmol/L) 16.4 (2.7) 12.9 (1.5) 17.8 (2.8) 13.6 (2.0)

Indicated numbers (mean (SD)) are based on subjects with available genotype data, after applying 
exclusion criteria.



118 Chapter 7

(P = 0.0110), but failed to reach statistical significance after multiple-testing correction 
(Table 3).

In a separate meta-analysis of only the three replication cohorts (i.e., Danish twin 
population, Scan Study and Nijmegen Biomedical Study), all polymorphisms in PDE8B 
and DIO1, but not FOXE1, also showed significant associations with TSH (at P < 0.0022) 
and FT4 (at P < 0.0033) (data not shown).

Table 3. Effects of DIO1, FOXE1 and SLC16A10 polymorphisms on serum FT4 levels in the meta-analysis of 
4 populations

Gene Polymorphism Minor allele Beta (SE)* P

DIO1 rs2235544 C -0.16 (0.02) 8.10-12 **

rs11206244 A 0.16 (0.03) 5.10-10 **

FOXE1 rs1443434 C -0.08 (0.02) 0.0003 **

SLC16A10 rs17606253 G 0.08 (0.03) 0.0110

* Effects were calculated using linear regression and expressed in SD, corrected for age and gender.
** Reached the significant multiple-testing corrected p-value (i.e., P < 0.0033).

Table 2. Effects of FOXE1, PDE8B and THRB polymorphisms on serum TSH levels in the meta-analysis of 4 
populations

Gene Polymorphism Minor allele Beta (SE)* P

FOXE1 rs1443434 C 0.07 (0.02) 0.0028

PDE8B rs1382879 G 0.19 (0.02) 5.10-17 **

rs2046045 C 0.20 (0.02) 4.10-17 **

rs9687206 G 0.18 (0.02) 3.10-15 **

rs12515498 G 0.14 (0.03) 9.10-8 **

rs832790 A 0.17 (0.03) 9.10-10 **

rs1351283 G 0.18 (0.02) 2.10-14 **

rs989758 A 0.18 (0.03) 2.10-10 **

rs7714529 A -0.11 (0.03) 8.10-6 **

THRB rs13097208 A -0.08 (0.03) 0.0045

rs13066296 A -0.11 (0.04) 0.0056

rs6792725 A 0.06 (0.02) 0.0087

* Effects were calculated using linear regression and expressed in SD of natural logarithm transformed TSH level, 
corrected for age and gender.
** Reached the significant multiple-testing corrected p-value (i.e., P < 0.0022).
Note that the associations of rs832790, rs989758, rs13097208 and rs13066296 are based on data from the 
Rotterdam Study and the Nijmegen Biomedical Study, as in the Danish twin population and the Scan Study the 
genotyping call rate was lower than 90%.
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DISCUSSION

In the present study, we studied the effects of genetic variation in 68 TH pathway genes 
on serum TSH and FT4 levels in 3777 subjects from 4 independent populations. Previ-
ously reported associations with genetic variation in PDE8B, THRB and DIO1 were repli-
cated. We demonstrate an effect of genetic variation in FOXE1 on serum FT4 levels, and 
a borderline significant effect on serum TSH levels. In addition, a suggestive association 
of genetic variation in SLC16A10 with serum FT4 levels was found.

Various genes have been studied in relation to serum TSH and TH levels in recent 
years, demonstrating that variants in the PDE8B (19, 29) and DIO1 (8, 10-12) genes alter 
TSH and FT4 levels respectively, and suggesting a similar role for other genes such as 
THRB (19, 30) and TSHR (10, 13, 14).

FOXE1, also known as TTF2 (Thyroid Transcription Factor 2), is a transcription factor 
in thyroid morphogenesis. Its importance is illustrated in mice with a homozygous 
inactivation of FOXE1, which exhibit a cleft palate and neonatal hypothyroidism due to 
an ectopic or absent thyroid gland (31). In humans, heterozygous missense mutations 
lead to neonatal hypothyroidism due to thyroid dysgenesis, cleft palate, choanal atresia 
and spiky hair, which is referred to as the Bamforth-Lazarus syndrome (32). In our study, 
genetic variation in FOXE1 was associated with FT4 levels, and a borderline significant 
association with TSH levels was found. E.g., in the Rotterdam Study the per-allele ef-
fect was -0.30 pmol/L for FT4 and 0.11 mU/L for TSH. The lower FT4 and higher TSH 
levels in FOXE1-rs1443434 risk allele carriers suggest a moderately impaired thyroid 
development, since more TSH seems to be required to stimulate the thyroid to produce 
TH. It would therefore be interesting to study thyroid size and morphology in FOXE1-
rs1443434 risk allele carriers using ultrasound.

Various studies have identified the FOXE1 region as a susceptibility locus for thyroid 
cancer (33-35). A recent genome wide association study identified a polymorphism (i.e., 
rs965513) which was associated with both thyroid cancer risk and lower serum TSH and 
T4 levels (33). As this polymorphism is located in a LD region with FOXE1 as the near-
est gene (57 kb distance), the authors concluded that the effects of rs965513 might be 
mediated through processes involving FOXE1. Our data identify a genetic variant (i.e., 
rs1443434) in the FOXE1 gene itself that is associated with both serum FT4 and TSH 
levels, which is in moderate LD with rs965513 (D’ = 0.74, r2 = 0.48). FOXE1-rs1443434 is 
located in a region of high LD (http://www.hapmap.org), including FOXE1-rs1867277, a 
polymorphism located in the 5’UTR-region of the gene which has been shown to influ-
ence transcriptional regulation of FOXE1 (34). Taken together, the responsible/functional 
variant is likely to be situated in the FOXE1 locus, but its exact localization remains to be 
elucidated in future studies, involving large resequencing of this region.
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PDE8B is highly expressed in the thyroid and catalyzes the hydrolysis and inactivation 
of cAMP (36). A genome wide association study by Arnaud-Lopez et al. reported that 
genetic variation in PDE8B was associated with serum TSH levels (19). Panicker et al. 
reported similar associations in a recent genome wide association study, which did not 
reach genome wide significance (20). Besides, genetic variation in PDE8B has also been 
associated with subclinical hypothyroidism in pregnancy (29). In this study, we show in 
multiple populations that genetic variation in PDE8B is associated with TSH levels. As the 
minor alleles (except for rs7714529) were associated with higher TSH levels, we might 
speculate that these variants increase PDE8B activity, resulting in lower cAMP levels in 
response to TSH. Consequently, a higher TSH level will be required to maintain normal 
levels of TH. This hypothesis is supported by our findings, which show an association 
of genetic variation in PDE8B with TSH but not with FT4 levels. Similar to the results of 
Arnaud-Lopez et al., most associated polymorphisms in our study are located in intron 
1 of the PDE8B gene, a region of high LD (see http://www.hapmap.org). PDE8B is also 
expressed in the adrenal gland and an inactivation mutation in PDE8B has been identi-
fied in a patient with micronodular adrenocortical hyperplasia, leading to Cushing’s 
syndrome (37). No information was provided about the thyroid state of this patient.

The DIO1 gene encodes the iodothyronine deiodinase type 1 (D1). D1 is present in liver, 
kidney and thyroid, and plays a key-role in the production of the active hormone T3 from 
T4 and in the clearance of the metabolite rT3. DIO1-rs2235544 and DIO1-rs11206244 are in 
high LD (see http://www.hapmap.org). Associations of these polymorphisms with serum 
TH levels have been reported previously (8, 10-12, 20), and are replicated in our study.

The SLC16A10 gene, encoding for monocarboxylate transporter 10 (MCT10), is a trans-
porter which facilitates both uptake and efflux of T3 and T4 (38). MCT10 has a wide tissue 
distribution including intestine, kidney, liver, skeletal muscle, heart and placenta (39). In 
the meta-analysis of the 4 populations, a polymorphism in MCT10 showed an association 
with altered serum FT4 levels. This association did not reach statistical significance after 
multiple-testing correction at P < 0.0033. Therefore, despite a low p-value (rs17606253: 
P = 0.0110), replication is needed in future studies. rs17606253 is located in intron 3 of 
the SLC16A10 gene, a region of high LD (http://www.hapmap.org). Exons 4 to 6 are also 
included in this region, coding for part of the transmembrane domain and the C-terminal 
domain. However, future studies need to clarify the exact functional variant in this region.

The structure of the SLC16A10 gene is highly homologous to that of the SLC16A2 
(MCT8) gene (38). SLC16A2 is located on the X-chromosome, and was therefore not 
analysed in this study. Amongst other tissues, MCT8 is highly expressed in brain, and 
mutations in MCT8 result in high levels of serum T3 and a syndrome of severe psychomo-
tor retardation, known as the Allan-Herndon-Dudley syndrome (40). So far, no patients 
with mutations in MCT10 have been reported. Our results suggest that patients with 
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mutations in MCT10 might be biochemically characterized by abnormal FT4 levels, in 
addition to other features.

We additionally found associations of genetic variation in the THRB gene (encoding 
TH receptor ß) with serum TSH levels. TH action is mediated via the TH receptors alpha 
and beta (TRa and TRb). Amongst other tissues, TRb is expressed in liver and kidney and 
is the predominant receptor in the negative feedback regulation of the hypothalamus-
pituitary-thyroid axis. Mutations in TRb lead to the TH resistance syndrome, which is bio-
chemically characterized by increased levels of TH and a non-suppressed TSH. Common 
genetic variation in THRB has previously been reported to be associated with serum TSH 
levels (19, 30). However, results were inconsistent (30) or based on a single population 
(19). In this study, 3 polymorphisms in low LD and located in intron 1 (rs6792725), intron 
5 (rs13097208) and intron 8 (rs13066296) of the THRB gene showed associations with 
altered serum TSH levels. As these associations did not reach statistical significance after 
multiple-testing correction at P < 0.0022 (rs6792725: P = 0.0087, rs13097208: P = 0.0045, 
rs13066296: P = 0.0056), replication is needed in future studies.

Besides these newly identified and replicated gene variants that are associated with 
inter-individual variation in serum TH levels, it is interesting to note the absence of 
associations for all other selected TH pathway gene variants. This could be due to an 
absence of functional variants in these genes. Alternatively, it could reflect the flexibility 
of the entire system to correct for functional changes in one of its components. Based 
on our results, we conclude that high frequency polymorphisms in the majority of these 
TH pathway genes do not play an important role in inter-individual variation in serum 
TH levels. However, we cannot exclude potential effects of rare polymorphisms in the 
genes selected, which could be detected by large resequencing efforts of these regions.

Strengths of our analyses include the large-scale approach with a high number of 
TH pathway genes studied in relation to both TSH and FT4 levels, the high coverage of 
genetic variation in the studied genes, and the use of multiple large population-based 
cohorts.

Our study also has some potential limitations. Promising polymorphisms were select-
ed based on their effects in the Rotterdam Study. Study characteristics might influence 
these effects and may therefore interfere with the selection of promising hits. However, 
the Rotterdam Study is not a selection of the general population but a population-based 
cohort study. To exclude confounding by thyroid disease, we excluded subjects with 
known thyroid disease or thyroid medication usage. We therefore do not think that 
these biases have strongly influenced our results.

Finally, we studied polymorphisms with a minor allele frequency higher than 5%. We 
therefore cannot exclude potential effects of rare polymorphisms in the studied genes 
on TH serum levels. However, most polymorphisms in the human genome are located 
within LD blocks, which will be largely covered by our selection of studied polymor-
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phisms. We were therefore powered to detect part of the effects of rare polymorphisms 
in the studied genes on TH serum levels.

In summary, we performed a large-scale candidate gene study of TH pathway genes 
for serum TSH and FT4 levels, with replication in 3 independent populations. Previously 
reported associations with PDE8B, THRB and DIO1 were replicated. We report a role for 
FOXE1 in inter-individual variation in serum FT4 levels, and found a borderline signifi-
cant association with serum TSH levels. In addition, a suggestive association of genetic 
variation in SLC16A10 with serum FT4 levels was found.
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ABSTRACT

Thyroid hormone is essential for normal metabolism and development, and overt 
abnormalities in thyroid function lead to common endocrine disorders affecting ap-
proximately 10% of individuals over the life span. In addition, even mild alterations in 
thyroid function are associated with weight changes, atrial fibrillation, osteoporosis 
and psychiatric disorders. To identify novel variants underlying thyroid function we 
performed a large meta-analysis of genome-wide association studies for serum levels 
of the highly heritable thyroid function markers TSH and FT4, in up to 26,420 and 17,520 
euthyroid subjects, respectively. Here we report 26 independent associations, includ-
ing several novel loci for TSH (PDE10A, VEGFA, IGFBP5, NFIA, SOX9, PRDM11, FGF7, INSR, 
ABO, MIR1179, NRG1, MBIP, ITPK1, SASH1, GLIS3) and FT4 (LHX3, FOXE1, AADAT, NETO1/
FBXO15, LPCAT2/CAPNS2). Notably, only limited overlap was detected between TSH and 
FT4 associated signals, in spite of the feedback regulation of their circulating levels by 
the hypothalamic-pituitary-thyroid axis. Five of the reported loci (PDE8B, PDE10A, MAF/
LOC440389, NETO1/FBXO15 and LPCAT2/CAPNS2) show strong gender-specific differenc-
es, which offers clues for the known sexual dimorphism in thyroid function and related 
pathologies. Importantly, the TSH-associated loci contribute not only to variation within 
the normal range, but also to TSH values outside the reference range, suggesting that 
they may be involved in thyroid dysfunction. Overall, our findings explain, respectively, 
5.64% and 2.30% of total TSH and FT4 trait variance, and improve the current knowledge 
of the regulation of hypothalamic-pituitary-thyroid axis function and the consequences 
of genetic variation for hypo- or hyperthyroidism.
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INTRODUCTION

Through the production of thyroid hormone (TH), the thyroid is essential for normal 
development, growth and metabolism of virtually all human tissues. Its critical role in 
heart, brain, bone, and general metabolism is illustrated by the clinical manifestations 
of thyroid disease, which affects up to 10% of the population. Low thyroid function 
(i.e., hypothyroidism) can lead to weight gain, high cholesterol, cognitive dysfunction, 
depression, and cold intolerance, whereas hyperthyroidism may result in weight loss, 
tachycardia, atrial fibrillation, and osteoporosis. Mild variation in thyroid function, both 
subclinical and within the normal range, is associated with these TH-related clinical 
outcomes as well [1,2,3,4].

The thyroid gland secretes predominantly the pro-hormone thyroxine (T4), which is 
converted into the active form triiodothyronine (T3) in peripheral tissues. The produc-
tion of TH by the thyroid gland is regulated by the hypothalamus-pituitary-thyroid 
(HPT) axis, via a so-called negative feedback loop. Briefly, low levels of serum TH in 
hypothyroidism result in an increased release of thyroid stimulating hormone (TSH) by 
the pituitary, under the influence of hypothalamic thyrotropin releasing hormone (TRH) 
[5]. TSH, a key regulator of thyroid function, stimulates the synthesis and secretion of TH 
by the thyroid. When circulating TH levels are high, as in hyperthyroidism, TRH and TSH 
synthesis and secretion are inhibited.

In healthy (euthyroid) individuals, TSH and free T4 (FT4) levels vary over a narrower 
range than the broad inter-individual variation seen in the general population, suggest-
ing that each person has a unique HPT axis set-point that lies within the population 
reference range [6]. Besides environmental factors such as diet, smoking and medica-
tion, little is known about the factors that influence this inter-individual variation in TSH 
and FT4 levels [7,8,9]. The heritability of TSH and FT4 has been estimated from twin and 
family studies at about 65% and 40%, respectively [10,11,12]. However, the underlying 
genetic variants are not fully established, and the contribution of those discovered so far 
to the overall variance is modest. Single nucleotide polymorphisms (SNPs) in the phos-
phodiesterase type 8B (PDE8B), upstream of the capping protein (actin filament) muscle 
Z-line (CAPZB) and, more recently, of the nuclear receptor subfamily 3, group C, member 
2 (NR3C2) and of v-maf musculoaponeurotic fibrosarcoma oncogene homolog (MAF/
LOC440389) genes have been implicated in TSH variation by genome-wide association 
studies (GWAS) [13,14,15], whereas SNPs in the iodothyronine deiodinase DIO1 have been 
associated with circulating levels of TH by candidate gene analysis [16,17,18].

To identify additional common variants associated with thyroid function, we per-
formed a meta-analysis of genome-wide association data in 26,420 euthyroid individuals 
phenotyped for serum TSH and 17,520 for FT4 levels, respectively. In addition, we also 
assessed gender-specific effects and correlation with subclinical thyroid dysfunction.
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METHODS

Ethics statement

All human research was approved by the relevant institutional review boards, and con-
ducted according to the Declaration of Helsinki.

Cohort details

Cohort description, genotyping and statistical methods for individual study cohorts are 
reported in Text S1 and Table S1 (please see Appendix 1 for supplemental text, tables 
and figures).

Statistical Analyses

We carried out a meta-analysis including up to 26,523, individuals from 18 cohorts for 
TSH and up to 17,520 individuals from 15 cohorts for FT4 (see Table 1). FT4 measures 
were not available for all 21,955 individuals with TSH levels of the 15 participating 
cohorts. We combined evidence of associations from single GWAS using an inverse vari-
ance meta-analysis, where weights are proportional to the squared standard error of 
the beta estimates, as implemented in METAL [57]. Prior to GWAS, each study excluded 
individuals with known thyroid pathologies, taking thyroid medication, who underwent 
thyroid surgery, and with out-of-range TSH values (<0.4 mIU/L and >4 mIU/L), and an 
inverse normal transformation was applied to each trait (Table S1). Age, age-squared, 
and gender were fitted as covariates, as well as principal components axes or additional 
variables, as required (Table S1). Family-based correction was applied if necessary (see 
Table S1). Uniform quality control filters were applied before meta-analysis, including 
MAF <0.01, call rate <0.9, HWE P < 1 X 10-6 for genotyped SNPs and low imputation 
quality (defined as r2 < 0.3 or info < 0.4 if MACH [58] or IMPUTE [59,60] were used, respec-
tively) for imputed SNPs.

Genomic control was applied to individual studies if lambda was > 1.0. The overall 
meta-analysis showed no significant evidence for inflated statistics (lambda for TSH, FT4 
and were 1.05 and1.03 respectively). To evaluate for heterogeneity in effect sizes across 
populations, we used a chi-square test for heterogeneity, implemented in METAL [57]. 
The same test was used to evalute heterogeneity related to iodine intake, by compar-
ing effect sizes obtained in a meta-analysis of studies assessing individuals from South 
Europe (InChianti, MICROS, Val Borbera, SardiNIA, totaling up to 7,488 subjects) with 
those estimated in a meta-analysis of studies assessing individuals from North America 
(BLSA, CHS, FHS, OOA, totaling up to 5,407 subjects). Finally, the main meta-analysis was 
carried out independently by two analysts who obtained identical results.
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Conditional analysis

To identify independent signals, each study performed GWA analyses for both TSH and 
FT4 by adding the lead SNPs found in the primary analysis (19 for TSH, and 4 for FT4, see 
Table 2) as additional covariates to the basic model, and removing those from the test 
data set. When lead SNPs were not available, the best proxies (r2>0.8) were included. 
We then performed a meta-analysis on the conditional GWAS results, using the same 
method and filters as described above. We used the standard genome-wide significance 
cutoff (P < 5 X10-8) to declare a significant secondary association.

Gender-specific analysis

To identify sex-specific effects, each study performed GWA analyses for each gender 
separately, using the same covariates and transformation as in the basic model (with 
the exception of gender covariate). We then performed a meta-analysis on association 
results using the same method and filters described for the primary analysis. To evalu-
ate sex-specific differences we tested heterogeneity between effect sizes as described 
above. False-discovery rates (FDRs) on the 26 associated SNPs were calculated with R’s 
p.adjust procedure via the method of Benjamini and Hochberg [24].

Variance explained

The variance explained by the strongest associated SNPs was calculated, for each trait 
and in each cohort, as the difference of R2 adjusted observed in the full and the basic 
models, where the full model contains all the independent SNPs in addition to the co-
variates. The estimates from each cohort were combined using a weighted average, with 
weights proportional to the cohort sample size.

Extreme phenotype analysis

To evaluate the impact of the detected variants with clinically relevant TSH levels, we 
compared the allele frequencies observed in different categories of individuals in a 
case-control approach. Specifically, we compared individuals in the upper and lower 
TSH tails (individuals with TSH >4 mIU/L and TSH <0.4 mIU/L, respectively, whom were 
excluded for the GWAS analyses), as well as individuals in each tail with those in the 
normal TSH range. In the first case, individuals in the lower tail were considered controls 
and those in the upper tail cases. In the other two cases, we defined individuals in the 
normal range as controls and individuals on the two tails cases. To avoid sources of bias, 
individuals taking thyroid medication and/or with thyroid surgery were excluded. Only 
unrelated individuals were selected from the family-based cohort SardiNIA, while GEE 
correction was applied to the TwinsUK dataset. Results from single cohorts were then 
meta-analyzed. We first assessed the global impact of the 20 TSH- and 6 FT4-associated 
variants by defining a genotype-risk score (GRS) for each individual as the weighted sum 
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of TSH- and FT4-elevating alleles, with weights proportional to the effect estimated in 
the meta-analysis. For each comparison, we then calculated quartiles from the global 
distribution (cases + controls) of the genotype score and used quartile 1 as the baseline 
reference to compare the number of cases and controls in the other quartiles. In addi-
tion, for TSH-associated variants we conducted single SNP comparisons. GRS quartile 
and single SNP analyses were performed by each study separately. Cohort specific re-
sults were then meta-analyzed for both the GRS score and single SNP results only if they 
had at least 50 cases and 50 controls. Specifically, cohorts included were: CHS, Lifelines, 
PROSPER, RS, SardiNIA and TwinsUK.

Bivariate analysis

Bivariate analysis was carried out with the software poly [26] in the SardiNIA cohort us-
ing the same individuals included in the GWAS and considering the same covariates and 
transformation for TSH and FT4 levels.

Table 1. Descriptive statistics of all cohorts.

Cohort Subjects (N) Age (mean (SD)) Age (range) Men (%) TSH (mean (SD)) FT4 (mean (SD))

BLSA 593 69.9 (15.4) 22-98 54.8 2.1 (0.9) 1.1 (0.2)

CHS 1,655 74.6 (4.9) 67-94 41.8 2.1 (0.9) 1.2 (0.2)

FHS 2,140 47.4 (10.0) 21-77 49.9 1.6 (0.8) NA

GARP 290 60.3 (7.5) 42-79 20.3 1.9 (0.8) 1.2 (0.2)

HBCS 454 60.9 (2.8) 56-68 51.3 1.8 (0.8) 1.1 (0.1)

InChianti 951 68.4 (15.4) 21-102 45.3 1.5 (0.8) 1.4 (0.3)

LBC1921 401 79.0 (0.6) 77-80 44.0 1.7 (0.8) 1.1 (0.2)

LBC1936 834 69.5 (0.8) 67-71 54.0 1.7 (0.8) 1.2 (0.2)

LifeLines 1,306 45.0 (10.0) 20-79 44.6 2.7 (4.1) 1.3 (0.2)

LLS 736 59.1 (6.8) 30-75 45.9 1.7 (0.8) 1.2 (0.2)

MICROS 1,047 44.6 (16.5) 8-94 45.7 1.9 (0.9) 1.0 (0.2)

NBS 1,617 61.5 (10.3) 27-78 50.7 1.6 (1.1) 1.1 (0.2)

OOA 1,025 49.9 (16.7) 20-97 57.8 2.2 (0.5) NA

PROSPER 4,402 75.3 (3.4) 69-83 49.1 1.9 (0.8) 1.3 (0.2)

RS 1,346 68.7 (7.4) 55-93 40.7 1.6 (0.8) 1.3 (0.2)

SardiNIA 4,087 42.5 (17.7) 14-101 46.9 1.7 (0.8) 1.3 (0.2)

TwinsUK 2,133 46.6 (12.5) 18-82 0 1.4 (0.7) 1.1 (0.1)

ValBorbera 1,403 53.6 (18.3) 18-102 46.9 1.5 (0.8) NA

The table shows descriptive statistics of all cohorts included in the meta-analysis. TSH is reported in mIU/L 
and FT4 in ng/dl. SD, standard deviation. NA, not available
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RESULTS

To identify common genetic variants associated with serum TSH and FT4 levels, we car-
ried out a meta-analysis of genome-wide association results from 18 studies for TSH 
and 15 studies for FT4 levels, which assessed the additive effect of ~ 2.5 million geno-
typed and HapMap-imputed SNPs in relation to those traits in individuals of European 
ancestry. For cohort description see Table 1 and Table S1 (supplemental text, tables and 
figures are included in Appendix 1). In order to avoid bias due to the presence of thyroid 
pathologies, prior to analysis we excluded all individuals with TSH values outside the 
normal range (TSH<0.4 mIU/L and TSH>4.0 mIU/L) and those taking thyroid medication 
for known thyroid pathologies whenever the relevant information was available. Our 
meta-analysis was thereby carried out in up to 26,420 and 17,520 euthyroid subjects, 
respectively for TSH and FT4. Additional exclusion criteria used by individual cohorts are 
detailed in Table S1.

Using the standard genome-wide threshold of 5 X 10-8, we observed significant asso-
ciations for SNPs at 23 loci, of which 19 were associated with TSH, and 4 with FT4 (Figure 
S1). The results are presented in Table 2 and Figure 1-5. In Table S2 single cohort results 
for each GW significant SNP are reported.

For TSH, 4 signals confirmed previously described loci with proxy SNPs at PDE8B (P 
= 1.95 X 10-56, r2 = 0.94 with the reported rs4704397), CAPZB (P = 3.60 X 10-21, r2 = 1 
with the reported rs10917469) and NR3C2 (P = 9.28 X 10-16, r2 = 0.90 with the reported 
rs10028213), whereas the signal was coincident at MAF/LOC440389 (P = 8.45 X 10-18) 
[13,14,15]. The remaining signals were in or near 15 novel loci: PDE10A (phosphodiester-
ase type 10A, P = 1.21 X 10-24), VEGFA (Vascular endothelial growth factor, P = 6.72 X 10-16), 
IGFBP5 (insulin-like growth factor binding protein 5, P = 3.24 X 10-15), SOX9 (sex determining 
region Y-box 9, P = 7.53 X 10-13), NFIA (nuclear factor I/A, P = 5.40 X 10 -12), FGF7 (fibroblast 
growth factor 7, P = 1.02 X 10-11 ), PRDM11 (PR domain containing 11, P = 8.83 X 10-11), 
MIR1179 (microRNA 1179, P = 2.89 X 10-10), INSR (insulin receptor, P = 3.16 X 10-10), ABO 
(ABO glycosyltransferase, P = 4.11 X 10-10), ITPK1 (inositol-tetrakisphosphate 1-kinase, P = 
1.79 X 10-9 ), NRG1 (neuregulin 1, P = 2.94 X 10-9), MBIP (MAP3K12 binding inhibitory protein 
1, P = 1.17 X 10-8), SASH1 (SAM and SH3 domain containing 1, P = 2.25 X 10-8 ), GLIS3 (GLIS 
family zinc finger 3, P = 2.55 X 10-8) (Figure 1-4).

For FT4, we confirmed the DIO1 locus (P = 7.87 X 10-32), with the same marker previ-
ously reported in candidate gene studies [17,18], and identified 3 additional novel loci, 
LHX3 (LIM homeobox 3, P = 2.30 X 10-14), FOXE1 (forkhead box E1, P = 1.50 X 10-11) and 
AADAT (aminoadipate aminotransferase, P = 5.20 X 10-9) (Figure 5). The most associated 
SNP at the FOXE1 locus, rs7045138, is a surrogate for rs1443434(r2 = 0.97), previously 
only suggestively associated with FT4 levels [18], and is also correlated with SNPs re-
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CH
A

PT
ER

 8

cently reported to be associated with both low serum TSH and FT4 levels (r2 = 0.59 with 
rs965513) [19], as well as with hypothyroidism (r2 = 0.59 with rs7850258) [20].

At each locus, a single variant was sufficient to explain entirely the observed associa-
tion, except for the VEGFA locus, which contained an independent signal located 150 kb 
downstream of the gene, detected by conditional analyses (Figure 1F and Table 2).
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Figure 1. Regional association plots showing genome-wide significant loci for serum TSH. In each 
panel (A-F), the most significant SNP is indicated (purple circle). In panel F, an independent signal at the 
associated locus is indicated with an arrow. The SNPs surrounding the most significant SNP are color-
coded to reflect their LD with this SNP as in the inset (taken from pairwise r2 values from the HapMap CEU 
database build 36/hg18). Symbols reflect genomic functional annotation, as indicated in the legend [61]. 
Genes and the position of exons, as well as the direction of transcription, are noted in lower boxes. In each 
panel the scale bar on the Y-axis changes according to the strength of the association. A color figure is 
available at: http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.pgen.1003266
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Figure 2. Regional association plots showing genome-wide significant loci for serum TSH. In each panel 
(A-F), the most significant SNP is indicated (purple circle). The SNPs surrounding the most significant SNP 
are color-coded to reflect their LD with this SNP as in the inset (taken from pairwise r2 values from the 
HapMap CEU database build 36/hg18). Symbols reflect genomic functional annotation, as indicated in the 
legend [61]. Genes and the position of exons, as well as the direction of transcription, are noted in lower 
boxes. In each panel the scale bar on the Y-axis changes according to the strength of the association. 
A color figure is available at: http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.1003266
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Figure 3. Regional association plots showing genome-wide significant loci for serum TSH. In each panel 
(A-F), the most significant SNP is indicated (purple circle). The SNPs surrounding the most significant SNP 
are color-coded to reflect their LD with this SNP as in the inset (taken from pairwise r2 values from the 
HapMap CEU database build 36/hg18). Symbols reflect genomic functional annotation, as indicated in the 
legend [61]. Genes and the position of exons, as well as the direction of transcription, are noted in lower 
boxes. In each panel the scale bar on the Y-axis changes according to the strength of the association. 
A color figure is available at: http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.1003266
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Of all 24 independent markers, significant evidence for heterogeneity (P<0.002, cor-
responding to a Bonferroni threshold of 0.5/24) was only observed at ABO (P = 1.22 X 
10-4). Iodine nutrition, which may profoundly affect thyroid function, is quite different 
in some of the cohorts under study (i.e., Europe vs North America). To test whether the 
observed heterogeneity could be attributable to different iodine intake, we combined 
cohorts from South Europe (an iodine-deficient region) and compared effect sizes 
with those observed in a meta-analysis of North American samples (an iodine-replete 
region). Interestingly, the effect size of the top marker at ABO was three times larger in 
Europeans vs North American, and this difference remained significant after Bonferroni 
correction (P = 7.0.9 X 10-4) (Table S3). However, the relation of the ABO SNP, a tag for the 
blood group O, to iodine intake remains to be determined.

Gender-specific analyses

Given the reported clinical differences in thyroid function in males and females [21,22,23], 
we searched for gender-specific loci by whole-genome sex-specific meta-analysis, 
analyzing males and females separately in each cohort. Some of the loci detected in 
the main meta-analysis were seen at genome-wide significance level only in females 
(NR3C2, VEGFA, NRG1 and SASH1) or in males (MAF/LOC440389, FGF7, SOX9, IGFBP5) with 
either the same top SNP or one surrogate, but effect sizes at their variants were signifi-
cantly gender-specific only at PDE8B, PDE10A and MAF/LOC440389, considering a false 
discovery rate of 5% [24]. In addition, effects at MAF/LOC440389 were significantly differ-
ent also at the more stringent Bonferroni threshold of 1.9 X 10-3 (= 0.05/26), and close to 
significance at PDE8B and PDE10A (Table 3). At these latter loci, the TSH-elevating alleles 
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Figure 4. Regional association plot showing the genome-wide significant INSR locus for serum TSH. In 
panel A, the most significant SNP is indicated (purple circle). The SNPs surrounding the most significant 
SNP are color-coded to reflect their LD with this SNP as in the inset (taken from pairwise r2 values from the 
HapMap CEU database build 36/hg18). Symbols reflect genomic functional annotation, as indicated in the 
legend [61]. Genes and the position of exons, as well as the direction of transcription, are noted in lower 
boxes. In each panel the scale bar on the Y-axis changes according to the strength of the association. 
A color figure is available at: http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.1003266
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showed a stronger impact on trait variability in males compared to females (Figure 6). 
In addition, the gender specific meta-analysis for FT4, revealed a novel female-specific 
locus on chromosome 18q22, and a novel male-specific locus on chromosome 16q12.2, 
that had not been detected in the main meta-analysis (Table 3, Figure 6 and Figure S2). 
The female-specific signal (rs7240777, P = 3.49 X 10-8) maps in a “gene desert” region, 
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Figure 5. Regional association plots showing genome-wide significant loci for serum FT4. In each panel 
(A-F), the most significant SNP is indicated (purple circle). The SNPs surrounding the most significant SNP 
are color-coded to reflect their LD with this SNP as in the inset (taken from pairwise r2 values from the 
HapMap CEU database build 36/hg18). Symbols reflect genomic functional annotation, as indicated in the 
legend [61]. Genes and the position of exons, as well as the direction of transcription, are noted in lower 
boxes. The scale bar on the Y-axis changes according to the strength of the association. A color figure is 
available at: http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.pgen.1003266
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with the nearest genes NETO1 (neuropilin (NRP) and tolloid (TLL)-like 1), located, about 
550 kb upstream and FBXO15 (F-box only protein 15) 500 kb downstream (Figure 5D). The 
male-specific association is located in intron 11 of the LPCAT2 (lysophosphatidylcholine 
acyltransferase 2) gene, and near CAPNS2 (calpain, small subunit 2) (rs6499766, P = 4.63 
X 10-8), a gene which may play a role in spermatogenesis [25]. The FT4-elevating alleles 
in the NETO1/FBXO15 and LPCAT2/CAPNS2 were fully gender-specific, i.e. there was no 
effect in males and in females, respectively (P >0.01).

Overall, the 20 TSH and the 6 FT4 associations account, respectively, for 5.64% and 
2.30% of total trait variance.

Common loci regulating TSH and FT4 levels

To explore overlap between TSH- and FT4-associated loci and their involvement in the 
HPT-negative feedback loop, we assessed the associations of the top TSH-associated 
SNPs on FT4 levels, and vice versa. For the SNPs in or near PDE8B, MAF/LOC440389, 
VEGFA, IGFBP5, NFIA, MIR1179, MBIP and GLIS3 the TSH-elevating allele appeared to be 
associated with decreasing FT4 levels (P < 0.05, Table S4). However, after application of 
Bonferroni correction (threshold for FT4 association of TSH SNPs, P = 2.5 X 10-3), none of 
these reciprocal associations remained significant.

By contrast, a positive relationship was seen for one of the FT4 associated loci, since 
the variant at the LHX3 locus was significantly associated with higher levels of both FT4 
and TSH (P = 5.25 X 10-3, with Bonferroni threshold 0.05/6=0.008).

As the presence of reciprocal associations between TSH and FT4 regulating SNPs 
would be expected from physiology, we tested the power of our study to detect such a 
relationship. Power calculation for the top SNP at PDE8B, which has the largest effect on 
TSH levels, revealed that our meta-analysis only has 9% power to detect an association of 
FT4 at a Bonferroni P = 2.5 X 10-3. We also carried out a bivariate analysis in the SardiNIA 
study using poly software to estimate specific contributions [26]. This analysis showed 
that most of the observed negative feedback correlation is due to environmental factors 
(environmental correlation = -0.130, genetic correlation = -0.065).

Association of loci with hypothyroidism and hyperthyroidism

To assess possible clinical implications, we investigated whether the variants identified 
in individuals without overt thyroid pathologies (i.e., with TSH levels within the normal 
range and not taking thyroid medication) were also associated in individuals with 
abnormal TSH values (i.e., outside the reference range), who were not included in the 
initial meta-analysis as potentially affected by thyroid pathology. Towards this, we first 
assessed the global impact of TSH- and FT4-associated SNPs on the risk of increased or 
decreased TSH levels by comparing weighted genotype risk score (GRS) quartiles in the 
individuals with abnormal TSH values that were discarded for the GWAS analyses. For 
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the TSH-associated SNPs, the odds of increased TSH levels were 6.65 times greater in 
individuals with a GRS in the top quartile compared to individuals in the bottom quartile 
(P = 3.43 X 10-20) (Table 4, top panel, lower vs upper tail). When we compared subjects 
with high TSH values with subjects within the normal TSH reference range, subjects 
with a GRS in the top quartile had odds of an elevated TSH 2.37 times greater than for 
subjects in the bottom quartile (P = 1.06 X 10-17) (Table 4). With regard to low TSH values 
versus the normal range, the odds ratio was 0.26 (P = 5.43 X 10-13) (Table 4, top panel, 
lower vs normal tail). By contrast, with the FT4-associated SNPs we found no significant 
associations for any of the tested comparisons (data not shown).

We also assessed the 20 independent TSH SNPs individually in relation to the risk of 
abnormal TSH levels by case-control meta-analysis in subjects with high (cases) versus 
low (controls) TSH values. This analysis showed that variants at PDE8B, CAPZB, FGF7, 
PDE10A, NFIA and ITPK1 loci are significantly associated (Bonferroni threshold P = 2.5 
X 10-3) with abnormal TSH levels (Table 4, bottom panel). PDE8B, CAPZB and FGF7 were 
also strongly associated with the risk of decreased TSH levels in an analysis of individuals 
with low (cases) versus normal range TSH (controls). In addition, variants at VEGFA were 
also significantly associated in this comparison. Finally, when individuals with high TSH 
values were analyzed versus controls, the NR3C2 locus appeared significantly associated 
in addition to PDE8B and CAPZB.

Association of TSH lead SNPs in pregnant women

Normal thyroid function is particularly important during pregnancy and elevated TSH 
levels are implicated in a number of adverse outcomes for both mother and offspring. 
We therefore assessed whether the TSH lead SNPs were also associated with elevated 
TSH during pregnancy, when increased TH production is necessary. We tested 9 of the 
20 lead TSH variants (or their proxies, see Text S1) in a cohort of 974 healthy pregnant 
women at 28 weeks gestation [27] and found, as expected, that mean TSH levels were 
correlated with the number of TSH-elevating alleles (P = 3.0 X 10-12, Table S5). Effect size 
estimates in pregnant women were not significantly different when compared to those 
of women in the main gender-specific meta-analysis (heterogeneity P value > 0.05), 
suggesting that the effects of the TSH-elevating alleles are no greater during pregnancy 
(data not shown). However, there was evidence of association between the number 
of TSH-raising alleles and subclinical hypothyroidism in pregnancy, both in the whole 
sample (OR per weighted allele: 1.18 [95%CI: 1.01, 1.37], P = 0.04) and in TPO antibody-
negative women (1.29 [95%CI: 1.08, 1.55], P = 0.006) (Table S6).
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DISCUSSION

We report 26 independent SNPs associated with thyroid function tests in euthyroid 
subjects, 21 of which represent novel signals (16 for TSH and 5 for FT4). Overall they 
explain 5.64% and 2.30% of the variation in TSH and FT4 levels, respectively.

We observed that carriers of multiple TSH-elevating alleles have increased risk of 
abnormal TSH levels, and also found association between the number of TSH-elevating 
alleles and subclinical hypothyroidism in pregnancy. These results are potentially clini-
cally relevant, because abnormal TSH values are the most sensitive diagnostic markers 
for both overt and subclinical thyroid disease [4]. The variants identified in the current 
study, or those in LD with them, may thus contribute to the pathogenesis of thyroid 
disease. Of note, we found eight loci significantly associated with abnormal TSH levels 
(PDE8B, PDE10, CAPZB, VEGFA, NR3C2, FGF7, NFIA and ITPK1), of which two were spe-
cifically associated with either abnormally low (VEGFA) or elevated (NR3C2) TSH values, 
suggesting differential mechanisms for the contribution of these variants to hyper- and 
hypothyroidism, respectively. Interestingly, the mineralocorticoid receptor NR3C2 gene 
has recently been found to be up-regulated in adult-onset hypothyroidism [28], and 
PDE8B and CAPZB have been suggestively associated with hypothyroidism by GWAS 
[29]. Alternatively, it may be that carriers of these alleles are healthy individuals who 
may be misdiagnosed as having thyroid disease because their genetically determined 
TSH concentrations fall outside the population-based reference range. More research 
is required to determine which of these interpretations is correct, and the relevance of 
these variants as markers for thyroid dysfunction or thyroid-related clinical endpoints.

The evidence for gender-specific differences at several TSH and FT4 regulatory loci 
is intriguing. They included variants at PDE8B, PDE10A, and MAF/LOC440389, which 
showed significantly stronger genetic effects with pituitary-thyroid function in males, 
and variants at NETO1/FBX015 and LPCAT2/CAPNS2 which seems to have an effect only 
in females and males, respectively. Sex differences in the regulation of thyroid function 
have generally been linked to the influence of sex hormones and autoimmune thyroid 
disease, resulting in a higher prevalence of thyroid dysfunction in women, without clear 
understanding of underlying molecular mechanisms [21,22,23]. Our study suggests 
that differential genes and mechanisms are potentially implicated in the regulation of 
thyroid function in men and women. Given the impact of thyroid function on several 
disease outcomes as well as male and female fertility and reproduction, clarifying the 
underlying associations may provide additional insight for future interventions.

Although it is well known that TSH and FT4 levels are tightly regulated through a 
negative feedback loop involving the HPT axis, we detected significant overlap between 
TSH and FT4 signals only at the LHX3 locus, which was primarily associated in our study 
with FT4. The LHX3 allele is associated with an increase of both TSH and FT4, which is 
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consistent with the essential role of this transcription factor in pituitary development. 
Inactivating mutations in LHX3 cause the combined pituitary hormone deficiency-3 
syndrome [CPHD3 (MIM#221750)] [30,31], characterized by low TSH and FT4 levels. The 
positive association of the LHX3 variant with both TSH and FT4 suggests an effect of this 
allele at the level of the HPT-axis, resulting in an increased exposure to thyroid hormone 
throughout life. In contrast, although several of the TSH-elevating alleles appeared to be 
associated with decreasing FT4 levels, none of these reciprocal associations remained 
significant after Bonferroni correction. Lack of loci associated in a reciprocal manner 
with both TSH and FT4 is somewhat puzzling, as their presence would be expected from 
physiology. However, these findings are consistent with initial reports by Shields et al. 
[27] and more recent findings by Gudmundsson et al. [32]. A power analysis showed 
that our study – in spite of being one of the larger conducted so far on these traits – is 
underpowered to detect an inverse relationship between TSH and FT4 variants, consid-
ering a Spearman rank correlation of -0.130 between these traits [12]. As a consequence, 
contrasting studies on smaller sample sizes may also lack power and cannot be con-
sidered robust when testing this relationship [33]. In addition, we estimated that most 
of the observed negative feedback correlation is due to environmental factors; so it is 
unlikely that negative feedback is controlled by a genetic locus with large effect. This 
observation can rationalize the lack of reciprocal, significant associations detected for 
both TSH and FT4 in this and other studies, and further supports the crucial role of the 
HPT-axis in maintaining normal levels of thyroid hormone.

At present the relationship between the associated variants and specific mechanisms 
involved in regulating TSH and FT4 levels has not been established, but we have identi-
fied strong candidates at the majority of the loci by literature-mining approaches, as 
detailed below and in Table 5.

Most of the 16 novel loci implicated in the regulation of TSH are highly represented 
in the thyroid with the exception of PRDM11, expressed in brain, ABO, in blood, and 
MIR1179. PDE10A encodes a cAMP-stimulated phosphodiesterase, which was previously 
only suggestively associated with TSH levels and hypothyroidism [13,34], although the 
tested variants were weakly correlated with our top signal (r2 = 0.55 with rs2983521 and 
r2 = 0.15 with rs9347083). The presence of linkage at this gene in families reaching ac-
cepted clinical criteria of thyroid dysfunction reinforces the observation that variants in 
this gene may contribute to clinical thyroid disorders [34]. PDE10A, together with PDE8B 
and CAPZB, emerged in our study as the strongest currently known genetic determinants 
of this trait. Both PDE8B and PDE10A are implicated in cAMP degradation in response 
to TSH stimulation of thyrocytes. In addition, the activity of both PDE10A and CAPZB 
appear modulated by cAMP [35,36]. These three genes most likely act in a pathway that 
leads to cAMP-dependent thyroid hormone synthesis and release, thus highlighting a 
critical role of cAMP levels in thyroid function. For the other TSH-associated loci (VEGFA, 
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IGFBP5, SOX9, NFIA, FGF7, PRDM11, MIR1179, INSR, ABO, ITPK1, NRG1, MBIP, SASH1 and 
GLIS3), hypotheses can be formulated based on the published literature (see Table 5), 
but further studies will be necessary to clarify the exact biological mechanisms and the 
specific genes involved at each locus. The association of TSH levels with IGFBP5, INSR and 
NR3C2 is, however, an indication of a specific role of the growth hormone/insulin-like 
growth factor (GH/IGF) pathway in thyroid function. Remarkably, expression of IGFBP5 is 
tightly regulated by cAMP, again underlying the pivotal role of this second messenger in 
determining net TSH levels [37].

For FT4, the DIO1, FOXE1 and LHX3 identified loci have strong biological support 
as potential effectors. While both DIO1 and FOXE1 were previously associated with 
FT4 levels and hypothyroidism by candidate gene analysis and functional studies 
[17,18,19,38,39,40,41], association at LHX3 is novel and is consistent with the essential 
role of this transcription factor in pituitary development (see above) [30,31,42,43]. 
Consistent with the role of pituitary in growth, this locus has also recently been associ-
ated with height in Japanese [44]. The associations of AADAT, NETO1/FXBO15 and LPCT2/
CAPNS2 with FT4 levels are currently less clear. It may be relevant that AADAT catalyzes 
the synthesis of kynurenic acid (KYNA) from kynurenine (KYN), a pathway that has been 
associated with the induction in brain of proinflammatory cytokines that are known to 
activate the hypothalamo-pituitary-adrenal (HPA) axis, in turn affecting the HPT axis and 
thyroid function, including FT4 levels [45,46,47,48,49].

Additional pathway analyses by MAGENTA[50], GRAIL[51], and IPA (Ingenuity® Sys-
tems, www.ingenuity.com) to look for functional enrichment of the genes mapping to 
the regions associated with TSH, FT4 or both, yielded no novel interactions. However, 
IPA highlighted an over-representation of genes implicated in developmental processes 
(11/26, P = 6.27 X 10-6 - 8.85 X 10-3) and cancer (16/26 loci, P = 2.44 X 10-6 - 9.30 X 10-3). 
This is consistent with the notion that a normally developed thyroid gland is essential 
for both proper function and thyroid hormone synthesis, and that defects in any of the 
essential steps in thyroid development or thyroid hormone synthesis may result in mor-
phologic abnormalities, impaired hormonogenesis and growth dysregulation. It is also 
interesting to note that 11 of the 20 TSH signals and 3 of the 6 FT4 signals are connected 
in a single protein network, underlying the biological interrelationship between genes 
regulating these traits (Figure S3).

While our manuscript was in preparation, a GWAS of comparable sample size was 
published on levels of TSH in the general Icelandic population, which confirmed 15 
of our reported loci (E. Porcu et al., 2011, ESHG, abstract), and inferred a role for three 
TSH-lowering variants in thyroid cancer [32]. Four additional TSH loci identified by 
Gudmundsson and colleagues were also associated in our sample-set of euthyroid indi-
viduals with p <0.05 and consistent direction of effects (VAV3, NKX2-3, TPO and FOXA2). 
Finally, 2 loci (SIVA1, ELK3) could not be tested because the corresponding SNPs or any 
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surrogate (r2 > 0.5) were not available in our data set (Table S7). Our study shows that 
most of the loci described in Icelanders are reproducible in other populations of Euro-
pean origin; differences in sample size, phenotype definition (i.e., selection of euthyroid 
subjects vs general population) and in the genetic map used to detect associations 
most likely explain non-overlapping genome-wide significant signals. Among them, 
the reported signals at SOX9, ABO, SASH1, GLIS3 and MIR1179 will need to be confirmed 
in other studies; but one of them - GLIS3- is a prime candidate, because it is involved 
in congenital hypothyroidism [52]. Interestingly, despite the use of variants detected 
through whole-genome sequencing in Icelanders, the top signals at seven overlapping 
loci (PDE8B, PDE10A, CAPZB, MAF/LOC440389, VEGFA, NR3C2, IGFBP5) were either coin-
cident or in high LD (r2>0.9) with those detected in our HapMap-based meta-analysis. 
Thus, such variants are likely to be the causative ones.

In conclusion, our study reports the first GWAS meta-analysis ever carried out on FT4 
levels, adds to the existing knowledge novel TSH- and FT4-associated loci and reveals 
genetic factors that differentially affect thyroid function in males and females. Several 
detected loci have potential clinical relevance and have been previously implicated both 
in Mendelian endocrine disorders (LHX3 [MIMM#221750], FOXE1[MIMM#241850], PDE8B 
[MIMM#614190], NR3C2 [MIMM#177735], INSR [MIMM#609968], GLIS3 [MIMM#610199]) 
and thyroid cancer (FOXE1 [19], VEGFA [53], IGFBP5 [54], INSR [55], NGR1 [32], MBIP [32], 
FGF7 [56]). Furthermore, the TSH-associated variants were found to contribute to TSH 
levels outside the reference range. Overall, our findings add to the developing landscape 
of the regulation of hypothalamic-pituitary-thyroid axis function and the consequences 
of genetic variation for hypo- or hyperthyroidism.
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ABSTRACT

Autoimmune thyroid diseases (AITD) are common, affecting 2-5% of the general popula-
tion. Individuals with positive thyroid peroxidase antibodies (TPOAbs) have an increased 
risk of autoimmune hypothyroidism (Hashimoto’s thyroiditis), as well as autoimmune 
hyperthyroidism (Graves’ disease). As the possible causative genes of TPOAbs and AITD 
remain largely unknown, we performed GWAS meta-analyses in 18,297 individuals for 
TPOAb-positivity (1769 TPOAb-positives and 16,528 TPOAb-negatives) and in 12,353 
individuals for TPOAb serum levels, with replication in 8,990 individuals.

Significant associations (P<5x10-8) were detected at TPO-rs11675434, ATXN2-rs653178, 
and BACH2-rs10944479 for TPOAb-positivity, and at TPO-rs11675434, MAGI3-rs1230666, 
and KALRN-rs2010099 for TPOAb levels. Individual and combined effects (genetic risk 
scores) of these variants on (subclinical) hypo- and hyperthyroidism, goiter and thyroid 
cancer were studied. Individuals with a high genetic risk score had, besides an increased 
risk of TPOAb-positivity (OR: 2.18, 95% CI 1.68-2.81, P=8.1x10-8), a higher risk of increased 
thyroid-stimulating hormone levels (OR: 1.51, 95% CI 1.26-1.82, P=2.9x10-6), as well as a 
decreased risk of goiter (OR: 0.77, 95% CI 0.66-0.89, P=6.5x10-4). The MAGI3 and BACH2 
variants were associated with an increased risk of hyperthyroidism, which was replicated 
in an independent cohort of patients with Graves’ disease (OR: 1.37, 95% CI 1.22–1.54, 
P=1.2x10-7 and OR: 1.25, 95% CI 1.12-1.39, P=6.2x10-5). The MAGI3 variant was also associ-
ated with an increased risk of hypothyroidism (OR: 1.57, 95% CI 1.18-2.10, P=1.9x10-3).

This first GWAS meta-analysis for TPOAbs identified five newly associated loci, three of 
which were also associated with clinical thyroid disease. With these markers we identi-
fied a large subgroup in the general population with a substantially increased risk of 
TPOAbs. The results provide insight into why individuals with thyroid autoimmunity do 
or do not eventually develop thyroid disease, and these markers may therefore predict 
which TPOAb-positives are particularly at risk of developing clinical thyroid dysfunction.
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INTRODUCTION

Autoimmune thyroid disease (AITD), including Hashimoto’s thyroiditis and Graves’ dis-
ease, is one of the most common autoimmune diseases, affecting 2-5% of the general 
population [1,2,3]. Thyroid dysfunction has been associated with osteoporosis, depres-
sion, atrial fibrillation, heart failure, metabolic syndrome, and mortality [4,5,6,7,8,9,10,11]. 
High serum antibodies against the enzyme thyroid peroxidase (TPO), which is located 
in the thyroid and plays a key role in thyroid hormone synthesis, are present in 90% of 
patients with Hashimoto’s thyroiditis [12,13], the most frequent cause of hypothyroid-
ism and goiter. Although TPO antibodies (TPOAbs) are a useful clinical marker for the 
detection of early AITD, it remains controversial if these antibodies play a causative role 
in the pathogenesis of Hashimoto’s thyroiditis [14,15,16].

Interestingly, TPOAb-positive persons also have an increased risk of developing 
autoimmune hyperthyroidism (Graves’ disease) [17,18], which is caused by stimulating 
antibodies against the thyroid stimulating hormone (TSH) receptor [19]. Numerous 
studies have shown that Graves’ hyperthyroidism and Hashimoto’s thyroiditis show co-
inheritance [17,20,21]. Finally, thyroid autoimmunity is the most common autoimmune 
disorder in women of childbearing age, and TPOAb-positive women have an increased 
risk of developing pregnancy complications such as miscarriage and pre-term delivery 
[17,18,22,23,24,25,26].

The prevalence of TPOAb-positivity in the general population ranges from 5-24%, 
but it is currently unknown why these people develop TPOAbs, nor is it known why not 
all individuals with thyroid autoimmunity develop clinical thyroid disease [27,28]. It is 
estimated that around 70% of the susceptibility to develop thyroid autoantibodies is 
due to genetic factors [29]. In this context it is remarkable to note that little is known 
about the genetic factors that determine TPOAb-positivity and the risk of AITD.

We therefore performed a genome wide association study (GWAS) meta-analysis for 
TPOAbs in the general population in 18,297 individuals from 11 populations. Newly 
identified genetic variants were studied in relation to subclinical and overt hypo- and 
hyperthyroidism, goiter, thyroid autoimmunity during pregnancy and thyroid cancer risk.

MATERIALS AND METHODS

Study cohorts

For the TPOAb GWAS stage 1 and 2 analyses, and the hypothyroidism, hyperthyroidism 
and goiter analyses, individuals were recruited from 16 independent community-based 
and family studies. For the Graves’ disease analyses, cases were recruited from the United 
Kingdom Graves’ disease cohort and controls from the British 1958 Birth Cohort. Thyroid 
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cancer cases and controls were recruited from the Nijmegen and Ohio thyroid cancer 
cohorts. A detailed description of the original cohorts contributing samples is provided 
in Table 1 and in the Supplementary text. The supplementary text, tables and figures are 
available in Appendix 2. All participants provided written informed consent and proto-
cols were approved by the institutional review boards or research ethics committees at 
the respective institutions, and conducted according to the Declaration of Helsinki.

Phenotype definitions

Serum TPOAb levels were determined with a range of assays. TPOAb-positives were 
defined as subjects with TPOAb levels above the assay-specific TPOAb-positivity cut-
off, as defined by the manufacturer (Table 1). Serum TSH and free thyroxine (FT4) levels 
were determined using a range of assays (Table 1). Assay-specific TSH and FT4 reference 
ranges were used, as provided by the manufacturer (Table 1). Overt hypothyroidism was 
defined as a high TSH (i.e., a TSH level above the TSH reference range) and a low FT4. 
Increased TSH was defined as a high TSH, including persons with overt hypothyroidism 
or subclinical hypothyroidism (i.e., high TSH with a normal FT4). Overt hyperthyroidism 
was defined as a low TSH and a high FT4. Decreased TSH was defined as a low TSH, 
including persons with subclinical or overt hyperthyroidism.

The diagnosis of goiter is described in the Supplementary Material, and the diagnosis 
of Graves’ disease and thyroid cancer in the respective cohorts have been described 
previously [41].

Genotyping

Samples were genotyped with a range of GWAS genotyping arrays (Supplementary Table 
S1). Sample and SNP quality control procedures were undertaken within each study. For 
each GWAS, over 2.5 million SNPs were imputed using CEU samples from Phase 2 of the 
International HapMap project (www.hapmap.org). Genotyping procedures in the stage 2, 
Graves’ disease and thyroid cancer populations are described in the Supplementary Material.

Association analyses

The heritabilities of TPOAb-positivity and serum TPOAb levels were estimated, as de-
scribed in the Supplementary Material.

In stage 1, we performed a GWAS on TPOAb-positivity as well as a GWAS on continuous 
TPOAb levels. Persons taking thyroid medication were excluded. Each SNP was tested for 
association with TPOAb-positivity using logistic regression analyses, adjusting for age 
and sex. For cohorts with family structure, we approximated the probability of being 
affected with a linear mixed model adjusting for age and sex. The produced model was 
used to predict the expected proportion of “risk” (effective)  alleles in cases and con-
trols, hence giving the means to estimate odds ratios. Only unrelated individuals were 



TPO-antibody GWAS 167

CH
A

PT
ER

 9

considered for the SardiNIA cohort. For the GWAS of continuous TPOAb levels, samples 
with a TPOAb level lower than the minimum TPOAb assay detection limit (Table 1) were 
excluded. TPOAb levels were natural log-transformed, and sex-specific, age adjusted 
standardized residuals were calculated. Each SNP was tested for association with these 
TPOAb level residuals using linear regression analyses (additive model), correcting for 
relatedness in studies with family structure. See Supplementary Table S1 for the software 
used for these analyses.

Before meta-analysis, SNPs with a minor allele frequency (MAF) < 1% or a low imputa-
tion quality were excluded (Supplementary Material), after which the results of each 
GWAS were combined in a population size weighted z-score based meta-analysis using 
METAL [71]. Genomic control was applied to individual studies if λ > 1.0.

In stage 2, we followed-up stage 1 GWAS significant SNPs, as well as promising SNPs 
not reaching GWAS significance, in an attempt to reach GWAS significant associations 
by increasing sample size (Supplementary Material). Results from stage 1 and 2 were 
combined in a population size weighted z-score based meta-analysis using METAL [71]. 
A z-score based meta-analysis was used to reduce bias that might be induced by differ-
ent assays. As this method does not provide betas, and we wanted to provide a rough 
estimate of the actual effect sizes for convenience, we calculated betas using the fixed 
effects (inverse variance based) meta-analysis method. Heterogeneity was tested, apply-
ing bonferroni based P-value thresholds of P = 0.004 for the TPOAb-positivity analyses 
and P = 0.005 for the TPOAb level analyses.

All studies assessed and, if present, corrected for population stratification using 
principal-component analysis (PCA) and/or multidimensional-scaling (MDS), with the 
exception of SardiNIA and ValBorbera where the high isolation substantiates a lack of 
stratification (Table S1) [72,73]. Lambda values were all ~1, indicating that population 
stratification was overall properly accounted for (Table S1). To fully remove residual 
effects, we applied genomic correction to studies were lambda was > 1. The final meta-
analyses reported a lambda of 1.01 for both the TPOAb-positivity and the TPOAb level 
GWAS, thus no genomic correction was applied. 

The variances explained by the GWAS significant SNPs were calculated. We subse-
quently studied the individual as well as the combined effects of the GWAS significant 
SNPs on the risk of clinical thyroid disease, as specified in the Supplementary Material. 
In short, to study combined effects, a genetic risk score was calculated for every person 
as the weighted sum of TPOAb risk alleles. The associations between the individual 
SNPs, genetic risk scores and the risk of abnormal thyroid function tests were studied 
using logistic regression analyses. Logistic regression analyses were used to study the 
associations with goiter, Graves’ disease and thyroid cancer (Supplementary Material). 
The results of each study were combined in a population size weighted z-score based 
meta-analysis using METAL [71].
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Various bioinformatic tools were searched for evidence for functional relevance of the 
GWAS significant SNPs and pathway analyses were performed on the Stage 1 lead SNPs 
(see Supplementary Material).

RESULTS

Characteristics of the studied populations are shown in Table 1 and the Supplementary 
Material S1. Heritability estimates in the family-based cohorts SardiNIA, TwinsUK and Val 
Borbera were, respectively, 0.65, 0.66, and 0.54 for TPOAb-positivity, and 0.43, 0.66, and 
0.30 for TPOAb levels.

Loci associated with TPOAb-positivity and TPOAb levels

See Table 1 and Supplementary Figure S1 for TPOAb measurements and Supplementary 
Table S1 for genotyping procedures. The supplementary text, tables and figures are 
available in Appendix 2. In most autoimmune diseases, both the presence and the level 
of autoantibodies are relevant for the disease onset [18,30,31]. Furthermore, different 
pathophysiological processes may be involved in the initiation and severity of the au-
toimmune response. We therefore performed a GWAS on TPOAb-positivity (including 
1769 TPOAb-positives and 16,528 TPOAb–negatives), as well as a GWAS on continuous 
TPOAb levels (including 12,353 individuals) in stage 1. See Supplementary Figures S2 
and S3 for QQ (quantile-quantile) and Manhattan plots.

In stage 2, we followed-up 20 stage 1 SNPs (P <5x10-6; 13 TPOAb-positivity and 10 
TPOAb level SNPs, with 3 SNPs overlapping) in 5 populations, including up to 8,990 
individuals for TPOAb-positivity (922 TPOAb-positives and 8068 TPOAb–negatives) and 
8,159 individuals for TPOAb level analyses (see Supplementary Material S1). Results of 
the combined stage 1 and 2 meta-analyses, including heterogeneity analyses, are shown 
in Supplementary Tables S2 and S3. Regional association plots are shown in Supplemen-
tary Figures S4 and S5. In the combined stage 1 and 2 meta-analyses GWAS significant 
associations (P <5x10-8) were observed near TPO (Chr 2p25; rs11675434), at ATXN2 (Chr 
12q24.1; rs653178), and BACH2 (Chr 6q15; rs10944479) for TPOAb-positivity, and near 
TPO (rs11675434), at MAGI3 (Chr 6q15; rs1230666), and KALRN (Chr 3q21; rs2010099) 
for TPOAb levels (Table 2 and Figure 1). The TPOAb level meta-analysis P-values for the 
3 GWAS significant TPOAb-positivity loci were: TPO-rs11675434: P = 7.4 x 10-13, ATXN2-
rs653178: P = 1.3 x 10-7, and BACH2-rs10944479: P = 2.0 x 10-4.

As the 3 GWAS significant loci for TPOAb levels also showed associations with TPOAb-
positivity (TPO-rs11675434: OR, 1.21 [95% CI, 1.15-1.28)], P = 1.5x10-16; MAGI3-rs1230666: 
OR, 1.23 [95% CI, 1.14-1.33], P = 1.5x10-6; KALRN-rs2010099: OR, 1.24 [95% CI, 1.12-1.37], P = 
7.4x10-5), we subsequently studied the (combined) effects of these 5 SNPs on clinical thyroid 
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disease. Genetic risk scores were calculated as described in the Supplementary Material. The 
variance explained by these 5 SNPs was 3.1 % for TPOAb-positivity and 3.2 % for TPOAb lev-
els. Subjects with a high genetic risk score had a 2.2 times increased risk of TPOAb-positivity 
compared to subjects with a low genetic risk score (P = 8.1 x 10-8) (Table 3).

Table S4 shows the stage 1 TPOAb-positivity and TPOAb level meta-analyses results 
for GWAS significant SNPs reported in previous GWAS on thyroid related phenotypes.

Associations with hypo- and hyperthyroidism

The associations between the 5 GWAS significant SNPs and the risk of abnormal thyroid 
function tests are shown in Table 4. MAGI3- rs1230666 was associated with an increased 
risk of overt hypothyroidism and increased TSH levels below the Bonferroni threshold (i.e., P 
= 0.05/5 = 0.01). Borderline significant signals were observed at BACH2- rs10944479 with a 
higher risk of increased TSH levels as well as overt hyperthyroidism (P = 0.011 and P = 0.012), 
and at the KALRN-rs2010099 SNP with a lower risk of decreased TSH levels (P = 0.010).

Furthermore, a higher genetic risk score was associated with a higher risk of increased 
TSH levels (Supplementary Table S5). No effects of the genetic risk score on the risk of 
overt hypothyroidism, hyperthyroidism or decreased TSH levels were observed.

Associations with goiter

Individuals with a high genetic risk score had a 30.4% risk of sonographically-proven 
goiter, compared to 35.2% in subjects with a low score (P = 6.5x10-4) (Table 5). None of 
the individual SNPs was significantly associated with goiter risk.

Thyroid autoimmunity during pregnancy

As autoimmunity significantly changes during pregnancy [25], we additionally studied 
these effects in an independent pregnant population. Pregnant women with a high 
genetic risk score had a 2.4 times increased risk of TPOAb-positivity compared to women 
with a low score (10.3% vs 4.8%, P = 0.03). These women did not have a higher risk of in-
creased TSH levels. However, a borderline significant signal with a lower risk of increased 
TSH levels was observed at ATXN2- rs653178 (OR, 0.54 [95% CI, 0.34-0.87], P = 0.012).

Table 3. Genetic risk score and the risk of TPOAb-positivity

GRS Quartile
% TPOAb-positivity

(N cases/total)
OR (95% CI)a P value

1 (reference) 5.4 % (89 / 1637) - -

2 7.0 % (114 / 1637) 1.29 (0.98-1.69) 0.07

3 9.0 % (152 / 1695) 1.64 (1.26-2.13) 1.3 x 10-4

4 10.4 % (158 / 1523) 2.18 (1.68-2.81) 8.1 x 10-8

GRS, genetic risk score (based on rs11675434, rs653178, rs10944479, rs1230666, rs2010099).
a Adjusted for age and gender
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Associations with thyroid disease in independent populations

Graves’ disease
As MAGI3- rs1230666 and BACH2- rs10944479 showed promising associations (i.e., 
P ≤ 0.05) with hyperthyroidism in our meta-analyses, we tested these SNPs in an in-
dependent population of 2478 patients with Graves’ disease and 2682 controls (see 
Supplementary Material for further details). Both were associated with an increased risk 
of Graves’ disease (MAGI3- rs1230666: OR, 1.37 [95% CI, 1.22–1.54]; P = 1.2x10-7; BACH2- 
rs10944479: OR, 1.25 [1.12-1.39]; P = 6.2x10-5).

Thyroid cancer
Supplementary Table S6 shows the associations of the 5 GWAS significant SNPs with 
thyroid cancer. No statistically significant associations were detected, but a borderline 
significant signal with an increased risk of thyroid cancer was observed at ATXN2- 
rs653178 (OR, 1.32 [95% CI, 1.02-1.70], P = 0.03).

Pathway analyses

Ingenuity Pathway Analyses (IPA; Ingenuity Systems, Ca, USA) and GRAIL analyses [32] 
were performed to identify potential pathways involved in AITD, the results of which are 
shown in Supplementary Tables S7 and S8, and Figure S6. The identified top pathways 
involved cell death, survival, movement, and OX40 signalling.

DISCUSSION

This is the first GWAS meta-analysis investigating the genetics of TPOAbs in the normal 
population in up to 18,297 individuals from 11 populations with replication in up to 
8,990 individuals from 5 populations. We identified 5 GWAS significant loci associated 
with TPOAb-positivity and/or levels.

The most significant hit for both TPOAb-positivity and TPOAb levels was located near 
the TPO gene itself. TPO is a membrane-bound protein located on the apical membranes 
of the thyroid follicular cell, catalyzing key reactions in thyroid hormone synthesis [33]. 
Mutations in TPO have been found in patients with congenital hypothyroidism [34,35]. 
Although TPOAbs are valid clinical biomarkers of AITD, they are generally considered to be 
secondary to the thyroid damage inflicted by T-cells.

The FOXE1 gene has been previously associated with hypothyroidism [36,37] and is known 
to regulate transcription of TPO [38]. In this context it is interesting to note that we did not 
find any associations of the variant near TPO with hypothyroidism. Most genes that have 
been associated with AITD (predominantly Graves’ disease) by candidate gene and GWAS 
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studies so far are located in the HLA class I and II regions, or in genes involved in T-cell (i.e., 
CTLA-4, PTPN22) or other autoimmune responses [28,39]. Until now, the TPO gene itself 
had not been associated with AITD, except in one recent candidate gene analysis in a small 
cohort (n=188) without replication [40]. A variant near TPO (rs11694732), which is in LD 
with rs11675434 (r2=0.97 in HapMap2), has previously been associated with TSH levels by 
Gudmundsson et al [41]. However, various other GWAS on serum TSH and FT4 levels have 
not found any significant associations in or near this locus, including a recent similar sized 
GWAS by Porcu et al [42].

Three of the other four loci identified here are located in or are in linkage disequilibrium (LD) 
with genes previously associated with other autoimmune diseases. Rs1230666 is located in in-
tron 9 of MAGI3, encoding a protein that modulates activity of AKT/PKB. AKT/PKB is expressed 
in the thyroid and regulates apoptosis [43], which seems to play an important role in the devel-
opment of AITD [44,45]. In addition, rs1230666 is in LD with rs2476601 (r2=0.70 in HapMap2), 
a variant causing a R620W substitution in PTPN22. PTPN22 is a lymphoid-specific intracellular 
phosphatase involved in the T-cell receptor signaling pathway. Variations in PTPN22, and spe-
cifically R620W, are associated with various autoimmune disorders including type 1 diabetes, 
rheumatoid arthritis, systemic lupus erythematosus and Graves’ disease [46,47,48,49]. The as-
sociations of the MAGI3 locus with TPOAb-positivity and Graves’ disease may therefore also be 
explained by linkage with disease-associated variants in PTPN22 [50]. Of note, the association 
signal at rs2476601 is one order weaker than that of the top variant rs1230666.

The BACH2 locus has been implicated in the susceptibility to several autoimmune dis-
eases, including celiac disease, type 1 diabetes, vitiligo, Crohn’s disease, and multiple scle-
rosis [46,51,52,53,54]. A recent candidate gene analysis associated the BACH2 locus with an 
increased risk of AITD, including Hashimoto’s thyroiditis and Graves’ disease [55]. However, 
the associations were not significant when Hashimoto’s thyroiditis and Graves’ disease were 
studied separately. BACH2 is specifically expressed in early stages of B-cell differentiation 
and represses different immunoglobulin genes [56]. Interestingly, BACH2 can bind to the 
co-repressor SMRT (silencing mediator of retinoid and thyroid receptor), which may suggest 
a more direct effect on thyroid hormone secretion and action as well.

Polymorphisms in ATXN2 have been associated with multiple neurodegenerative diseases, 
including spinocerebellar ataxia and Parkinson’s disease [57,58,59]. Different epidemiologi-
cal studies have associated thyroid dysfunction with cerebellar ataxia [60,61]. Furthermore, 
the identified SNP in ATXN2 has been previously associated with renal function, serum 
urate levels and blood pressure [62,63,64]. However, this SNP is in high LD with rs3184504 
(r2=0.873), a variant causing a Trp262Arg substitution of SH2B adaptor protein 3 (SH2B3). 
SH2B3 encodes the adaptor protein LNK, a key negative regulator of cytokine signaling play-
ing a critical role in hematopoiesis. This variant is associated with susceptibility to several 
autoimmune diseases, including celiac disease, type 1 diabetes, vitiligo, and rheumatoid 
arthritis [46,51,53,65], suggesting more relevance for TPOAb levels than ATXN2. This is sup-
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ported by a recent study which showed that variants in LD with SH2B3, BACH2, and PTPN22 
are associated with TPOAb levels in patients with type 1 diabetes [66].

Whereas the above four loci are located in genes involved in the immune response or 
the autoantigen, the KALRN (Kalirin) gene encodes a multi-domain guanine nucleotide 
exchange factor for GTP-binding proteins of the Rho family. The relation of KALRN with levels 
of TPOAbs is unclear. This gene has recently been found to be associated with megakaryo-
poiesis and platelet formation [67], which may suggest a function in the immune system 
[68]. We furthermore performed pathway analyses on the stage 1 TPOAb-positivity and 
TPOAb level lead SNPs, and identified the cell death, survival and movement pathway as an 
important pathway for TPOAbs. This finding is supported by previous studies, which show 
an important role for apoptosis in the development of AITD [44,45]. Another top pathway 
involved was the OX40 signalling pathway, and it is of interest to note that OX40 is a T-cell 
activator promoting the survival of CD4+ T-cells at sites of inflammation [69].

Our results have potential clinical relevance for several reasons. Genetic risk scores based 
on these novel common (risk allele frequencies: 9-40%) TPOAb-associated SNPs enabled 
us to identify a large subgroup in the general population with a two-fold increased risk of 
TPOAb-positivity (10.4% vs 5.4%). These individuals also have a higher risk of increased TSH 
levels and a lower risk of goiter, suggesting an advanced stage of destruction of the thyroid 
due to autoimmune processes. Furthermore, pregnant women with high genetic risk scores 
had a 2.4 times increased risk of TPOAb-positivity during pregnancy. In this context it is inter-
esting to note that TPOAb-positive pregnant women have an increased risk of miscarriages 
and preterm births independent of thyroid function [70].

Associations with thyroid disease were also found on an individual SNP level. The MAGI3 
SNP was associated with a substantially increased risk of hypothyroidism, and the BACH2 
SNP showed a borderline significant association (P = 0.011) with a higher risk of increased 
TSH levels, which includes subjects with subclinical and overt hypothyroidism. Furthermore, 
both loci were significantly associated with an increased risk of Graves’ hyperthyroidism in 
an independent population. To predict which patients with first or second degree relatives 
with documented Hashimoto’s or Graves’ disease will develop clinical thyroid disease, a clini-
cal algorithm has been developed (i.e., the THEA score) [18]. Future studies should analyze 
if these genetic markers increase the sensitivity of the THEA score. Graves’ hyperthyroidism 
and Hashimoto’s thyroiditis co-segregate in families and subjects with TPOAbs have an 
increased risk of both diseases [17,18,20,21,22,26]. The current study provides insight into 
this phenomenon by showing that specific loci associated with TPOAbs and (subclinical) 
hypothyroidism, i.e. MAGI3 and BACH2, are also associated with Graves’ hyperthyroidism in 
an independent case-control study.

The prevalence of TPOAb-positivity in the general population is high (5-24%), but it is 
currently unknown why part of the individuals with thyroid autoimmunity develop clinical 
thyroid disease whereas others do not [27,28]. In this context it is interesting to note that the 
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TPOAb-associated SNPs located in TPO and ATXN2 were not associated with clinical thyroid 
disease. This suggests that the TPOAbs in these individuals may be of less clinical relevance, 
providing insight into why TPOAb-positive individuals do or do not eventually develop clinical 
thyroid disease.

Our study has some limitations. The validity of the results is restricted to individuals from 
populations of European ancestry. Future GWASs in populations from non-European de-
scent will be required to determine to which extent our results can be generalized to other 
ethnic groups. Secondly, we did not perform conditional analyses to further identify second-
ary association signals within the identified loci, nor did we perform functional studies for 
the identified variants. Further research is therefore needed to unravel the exact biological 
mechanism behind the observed associations. The fact that various TPOAb assays were 
used across the participating cohorts could lead to bias. We therefore used TPOAb-positivity 
cut-off values as provided by the respective assay manufacturer, instead of using one fixed 
cut-off value. This is also of clinical importance as in clinical practice most institutions rely 
on the TPOAb-positivity cut-off as provided by the assay manufacturer. Furthermore, we did 
not detect heterogeneity in our results, supporting the fact that results obtained with differ-
ent assays can be combined across cohorts using the z-score based meta-analysis. Finally, 
as AITD coincides with other autoimmune diseases, our results could be driven by indirect 
associations with other autoimmune diseases. However, AITD is the most common autoim-
mune disease in the general population. We furthermore show that carriage of multiple 
risk alleles is associated with an increased risk of thyroid dysfunction, which underlines the 
clinical importance of our findings.

In conclusion, this first GWAS for TPOAbs identified five newly associated loci, three of which 
were also associated with clinical thyroid disease. Furthermore, we show that carriage of mul-
tiple risk variants is not only associated with a substantial increased risk of TPOAb-positivity, 
but also with a higher risk of increased TSH levels (including subclinical and overt hypothyroid-
ism) and a lower risk of goiter. These genetic markers not only help to identify large groups in 
the general population with an increased risk of TPOAb-positivity, but may also predict which 
TPOAb-positive persons are particularly at risk of developing clinical thyroid disease.

ACKNOWLEDGMENTS

We thank all study participants, volunteers and study personnel that made this work possible.
The Asklepios study is indebted to Femke van Hoeke, Bianca Leydens, and Caroline van 

Daele, and the residents and general practitioners of Erpe-Mere and Nieuwerkerken for their 
help in completing the study.

The Busselton Health Study thanks the Busselton Population Medical Research Foundation 
for approving the study. We thank Siemens Ltd. Australia and New Zealand Healthcare Sector 



TPO-antibody GWAS 179

CH
A

PT
ER

 9

for donating assay reagents.
The Rotterdam Study thanks Pascal Arp, Mila Jhamai, Marijn Verkerk, Lizbeth Herrera and 

Marjolein Peters for their help in creating the GWAS database, and Karol Estrada and Maksim V. 
Struchalin for their support in creation and analysis of imputed data. The authors are grateful 
to the study participants, the staff from the Rotterdam Study and the participating general 
practitioners and pharmacists. We would like to thank Karol Estrada, Dr. Fernando Rivadeneira, 
Dr. Tobias A. Knoch, Anis Abuseiris, Luc V. de Zeeuw, and Rob de Graaf (Erasmus MC Rotterdam, 
The Netherlands), for their help in creating GRIMP, and BigGRID, MediGRID, and Services@
MediGRID/D-Grid for access to their grid computing resources. We would like to thank Symen 
Ligthart for his help with the IPA and GRIMP pathway analyses.

The SardiNIA study thanks the many individuals who generously participated in this study, 
Monsignore Piseddu, Bishop of Ogliastra, the mayors and citizens of the Sardinian towns 
(Lanusei, Ilbono, Arzana, and Elini), and the head of the Public Health Unit ASL4 for their volun-
teerism and cooperation; the team also thanks the physicians, Marco Orrù, Maria Grazia Pilia, 
Liana Ferreli, Francesco Loi, Stefano Angius, nurses Paola Loi, Monica Lai and Anna Cau who 
carried out participant physical exams, and the recruitment personnel Susanna Murino. We 
thank Francesco Cucca, PI of the SardiNIA study.

The SHIP study is grateful to the contribution of Florian Ernst, Anja Wiechert and Astrid 
Petersmann in generating the SNP data.

The SHIP–Trend study is grateful to Mario Stanke for the opportunity to use his Server 
Cluster for the SNP imputation as well as to Holger Prokisch and Thomas Meitinger 
(Helmholtz Zentrum München) for the genotyping of the SHIP-TREND cohort.

TwinsUK thanks the staff from the Genotyping Facilities at the Wellcome Trust Sanger 
Institute, UK, for sample preparation, quality control, and genotyping; Le Centre Na-
tional de Génotypage, France, for genotyping; Duke University, NC, USA, for genotyping; 
and the Finnish Institute of Molecular Medicine, Finnish Genome Center, University of 
Helsinki. We thank the volunteer twins who made available their time.

The United Kingdom (UK) Graves’ disease cohort would like to thank all principle 
investigators (Amit Allahabadia, Northern General Hospital; Sheffield, UK, Mary Armit-
age Royal Bournemouth Hospital, Bournemouth, UK; Krishna V. Chatterjee, University of 
Cambridge, Addenbrookes Hospital, Cambridge, UK; John H. Lazarus Centre for Endo-
crine and Diabetes Sciences, Cardiff University, Cardiff, UK; Simon H. Pearce, Institute of 
Human Genetics, Newcastle University, Newcastle-upon-Tyne, Newcastle, UK and Bijay 
Viadya, Royal Devon and Exeter Hospital, Exeter, UK), doctors and nurses for recruiting 
AITD subjects into the AITD National Collection. 

Val Borbera thanks the inhabitants of the Val Borbera for participating in the study, the lo-
cal administrations and the ASL-Novi Ligure for support and Fiammetta Viganò for technical 
help. We also thank Prof. Clara Camaschella, Prof Federico Caligaris-Cappio and the MDs of 
the Medicine Dept. of the San Raffaele Hospital for help with clinical data collection.



180 Chapter 9

REFERENCES

 1. Gough SC (2000) The genetics of Graves’ disease. Endocrinol Metab Clin North Am 29: 255-266.
 2. Simmonds MJ, Gough SC (2004) Unravelling the genetic complexity of autoimmune thyroid 

disease: HLA, CTLA-4 and beyond. Clin Exp Immunol 136: 1-10.
 3. Tunbridge WM, Evered DC, Hall R, Appleton D, Brewis M, et al. (1977) The spectrum of thyroid 

disease in a community: the Whickham survey. Clin Endocrinol (Oxf ) 7: 481-493.
 4. Biondi B (2012) Mechanisms in endocrinology: Heart failure and thyroid dysfunction. Eur J Endocri-

nol 167: 609-618.
 5. Collet TH, Gussekloo J, Bauer DC, den Elzen WP, Cappola AR, et al. (2012) Subclinical hyperthy-

roidism and the risk of coronary heart disease and mortality. Arch Intern Med 172: 799-809.
 6. Davis JD, Tremont G (2007) Neuropsychiatric aspects of hypothyroidism and treatment revers-

ibility. Minerva Endocrinol 32: 49-65.
 7. Gencer B, Collet TH, Virgini V, Bauer DC, Gussekloo J, et al. (2012) Subclinical thyroid dysfunc-

tion and the risk of heart failure events: an individual participant data analysis from 6 prospective 
cohorts. Circulation 126: 1040-1049.

 8. Nicholls JJ, Brassill MJ, Williams GR, Bassett JH (2012) The skeletal consequences of thyrotoxico-
sis. J Endocrinol 213: 209-221.

 9. Rodondi N, den Elzen WP, Bauer DC, Cappola AR, Razvi S, et al. (201) Subclinical hypothyroidism 
and the risk of coronary heart disease and mortality. Jama 304: 1365-1374.

 10. Ruhla S, Weickert MO, Arafat AM, Osterhoff M, Isken F, et al. (2010) A high normal TSH is associ-
ated with the metabolic syndrome. Clin Endocrinol (Oxf ) 72: 696-701.

 11. Selmer C, Olesen JB, Hansen ML, Lindhardsen J, Olsen AM, et al. (2012) The spectrum of thyroid 
disease and risk of new onset atrial fibrillation: a large population cohort study. Bmj 345: e7895.

 12. Pearce EN, Farwell AP, Braverman LE (2003) Thyroiditis. N Engl J Med 348: 2646-2655.
 13. Schweizer U, Chiu J, Kohrle J (2008) Peroxides and peroxide-degrading enzymes in the thyroid. 

Antioxid Redox Signal 10: 1577-1592.
 14. Brix TH, Hegedus L, Gardas A, Banga JP, Nielsen CH (2011) Monozygotic twin pairs discordant 

for Hashimoto’s thyroiditis share a high proportion of thyroid peroxidase autoantibodies to the 
immunodominant region A. Further evidence for genetic transmission of epitopic “fingerprints”. 
Autoimmunity 44: 188-194.

 15. Huber G, Staub JJ, Meier C, Mitrache C, Guglielmetti M, et al. (2002) Prospective study of the 
spontaneous course of subclinical hypothyroidism: prognostic value of thyrotropin, thyroid reserve, 
and thyroid antibodies. J Clin Endocrinol Metab 87: 3221-3226.

 16. Nielsen CH, Brix TH, Leslie RG, Hegedus L (2009) A role for autoantibodies in enhancement of 
pro-inflammatory cytokine responses to a self-antigen, thyroid peroxidase. Clin Immunol 133: 218-
227.

 17. Strieder TG, Prummel MF, Tijssen JG, Endert E, Wiersinga WM (2003) Risk factors for and preva-
lence of thyroid disorders in a cross-sectional study among healthy female relatives of patients with 
autoimmune thyroid disease. Clin Endocrinol (Oxf ) 59: 396-401.

 18. Strieder TG, Tijssen JG, Wenzel BE, Endert E, Wiersinga WM (2008) Prediction of progression to 
overt hypothyroidism or hyperthyroidism in female relatives of patients with autoimmune thyroid 
disease using the Thyroid Events Amsterdam (THEA) score. Arch Intern Med 168: 1657-1663.

 19. Weetman AP (2000) Graves’ disease. N Engl J Med 343: 1236-1248.
 20. Brix TH, Hegedus L (2011) Twins as a tool for evaluating the influence of genetic susceptibility in 

thyroid autoimmunity. Ann Endocrinol (Paris) 72: 103-107.



TPO-antibody GWAS 181

CH
A

PT
ER

 9

 21. Tomer Y, Davies TF (2003) Searching for the autoimmune thyroid disease susceptibility genes: 
from gene mapping to gene function. Endocr Rev 24: 694-717.

 22. Kordonouri O, Deiss D, Danne T, Dorow A, Bassir C, et al. (2002) Predictivity of thyroid autoanti-
bodies for the development of thyroid disorders in children and adolescents with Type 1 diabetes. 
Diabet Med 19: 518-521.

 23. Medici M, de Rijke YB, Peeters RP, Visser W, de Muinck Keizer-Schrama SM, et al. (2012) Ma-
ternal early pregnancy and newborn thyroid hormone parameters: the Generation R study. J Clin 
Endocrinol Metab 97: 646-652.

 24. Negro R, Mestman JH (2011) Thyroid disease in pregnancy. Best Pract Res Clin Endocrinol Metab 
25: 927-943.

 25. Poppe K, Velkeniers B, Glinoer D (2008) The role of thyroid autoimmunity in fertility and preg-
nancy. Nat Clin Pract Endocrinol Metab 4: 394-405.

 26. Vanderpump MP, Tunbridge WM, French JM, Appleton D, Bates D, et al. (1995) The incidence of 
thyroid disorders in the community: a twenty-year follow-up of the Whickham Survey. Clin Endocri-
nol (Oxf ) 43: 55-68.

 27. Hollowell JG, Staehling NW, Flanders WD, Hannon WH, Gunter EW, et al. (2002) Serum TSH, 
T(4), and thyroid antibodies in the United States population (1988 to 1994): National Health and 
Nutrition Examination Survey (NHANES III). J Clin Endocrinol Metab 87: 489-499.

 28. Weetman AP (2011) Diseases associated with thyroid autoimmunity: explanations for the expand-
ing spectrum. Clin Endocrinol (Oxf ) 74: 411-418.

 29. Hansen PS, Brix TH, Iachine I, Kyvik KO, Hegedus L (2006) The relative importance of genetic and 
environmental effects for the early stages of thyroid autoimmunity: a study of healthy Danish twins. 
Eur J Endocrinol 154: 29-38.

 30. Linnik MD, Hu JZ, Heilbrunn KR, Strand V, Hurley FL, et al. (2005) Relationship between anti-
double-stranded DNA antibodies and exacerbation of renal disease in patients with systemic lupus 
erythematosus. Arthritis Rheum 52: 1129-1137.

 31. Nielsen SF, Bojesen SE, Schnohr P, Nordestgaard BG (2012) Elevated rheumatoid factor and long 
term risk of rheumatoid arthritis: a prospective cohort study. Bmj 345: e5244.

 32. Raychaudhuri S, Plenge RM, Rossin EJ, Ng AC, Purcell SM, et al. (2009) Identifying relationships 
among genomic disease regions: predicting genes at pathogenic SNP associations and rare dele-
tions. PLoS Genet 5: e1000534.

 33. Ruf J, Carayon P (2006) Structural and functional aspects of thyroid peroxidase. Arch Biochem 
Biophys 445: 269-277.

 34. Bakker B, Bikker H, Vulsma T, de Randamie JS, Wiedijk BM, et al. (2000) Two decades of 
screening for congenital hypothyroidism in The Netherlands: TPO gene mutations in total iodide 
organification defects (an update). J Clin Endocrinol Metab 85: 3708-3712.

 35. Bikker H, Baas F, De Vijlder JJ (1997) Molecular analysis of mutated thyroid peroxidase detected in 
patients with total iodide organification defects. J Clin Endocrinol Metab 82: 649-653.

 36. Denny JC, Crawford DC, Ritchie MD, Bielinski SJ, Basford MA, et al. (2011) Variants near FOXE1 
are associated with hypothyroidism and other thyroid conditions: using electronic medical records 
for genome- and phenome-wide studies. Am J Hum Genet 89: 529-542.

 37. Eriksson N, Tung JY, Kiefer AK, Hinds DA, Francke U, et al. (2012) Novel associations for hypothy-
roidism include known autoimmune risk loci. PLoS One 7: e34442.

 38. Ortiz L, Aza-Blanc P, Zannini M, Cato AC, Santisteban P (1999) The interaction between the fork-
head thyroid transcription factor TTF-2 and the constitutive factor CTF/NF-1 is required for efficient 
hormonal regulation of the thyroperoxidase gene transcription. J Biol Chem 274: 15213-15221.



182 Chapter 9

 39. Simmonds MJ (2013) GWAS in autoimmune thyroid disease: redefining our understanding of 
pathogenesis. Nat Rev Endocrinol 9: 277-287.

 40. Faam B, Daneshpour MS, Azizi F, Salehi M, Hedayati M (2012) Association between TPO gene 
polymorphisms and Anti-TPO level in Tehranian population: TLGS. Gene 498: 116-119.

 41. Gudmundsson J, Sulem P, Gudbjartsson DF, Jonasson JG, Masson G, et al. (2012) Discovery of 
common variants associated with low TSH levels and thyroid cancer risk. Nat Genet 44: 319-322.

 42. Porcu E, Medici M, Pistis G, Volpato CB, Wilson SG, et al. (2013) A meta-analysis of thyroid-related 
traits reveals novel loci and gender-specific differences in the regulation of thyroid function. PLoS 
Genet 9: e1003266.

 43. Wu Y, Dowbenko D, Spencer S, Laura R, Lee J, et al. (2000) Interaction of the tumor suppressor 
PTEN/MMAC with a PDZ domain of MAGI3, a novel membrane-associated guanylate kinase. J Biol 
Chem 275: 21477-21485.

 44. Bossowski A, Czarnocka B, Bardadin K, Stasiak-Barmuta A, Urban M, et al. (2008) Identification 
of apoptotic proteins in thyroid gland from patients with Graves’ disease and Hashimoto’s thyroid-
itis. Autoimmunity 41: 163-173.

 45. Wang SH, Baker JR (2007) The role of apoptosis in thyroid autoimmunity. Thyroid 17: 975-979.
 46. Barrett JC, Clayton DG, Concannon P, Akolkar B, Cooper JD, et al. (2009) Genome-wide asso-

ciation study and meta-analysis find that over 40 loci affect risk of type 1 diabetes. Nat Genet 41: 
703-707.

 47. Orru V, Tsai SJ, Rueda B, Fiorillo E, Stanford SM, et al. (2009) A loss-of-function variant of PTPN22 
is associated with reduced risk of systemic lupus erythematosus. Hum Mol Genet 18: 569-579.

 48. Raychaudhuri S, Remmers EF, Lee AT, Hackett R, Guiducci C, et al. (2008) Common variants at 
CD40 and other loci confer risk of rheumatoid arthritis. Nat Genet 40: 1216-1223.

 49. Velaga MR, Wilson V, Jennings CE, Owen CJ, Herington S, et al. (2004) The codon 620 tryptophan 
allele of the lymphoid tyrosine phosphatase (LYP) gene is a major determinant of Graves’ disease. J 
Clin Endocrinol Metab 89: 5862-5865.

 50. Steer S, Abkevich V, Gutin A, Cordell HJ, Gendall KL, et al. (2007) Genomic DNA pooling for 
whole-genome association scans in complex disease: empirical demonstration of efficacy in rheu-
matoid arthritis. Genes Immun 8: 57-68.

 51. Dubois PC, Trynka G, Franke L, Hunt KA, Romanos J, et al. (2010) Multiple common variants for 
celiac disease influencing immune gene expression. Nat Genet 42: 295-302.

 52. Franke A, McGovern DP, Barrett JC, Wang K, Radford-Smith GL, et al. (2010) Genome-wide 
meta-analysis increases to 71 the number of confirmed Crohn’s disease susceptibility loci. Nat 
Genet 42: 1118-1125.

 53. Jin Y, Birlea SA, Fain PR, Ferrara TM, Ben S, et al. (2012) Genome-wide association analyses 
identify 13 new susceptibility loci for generalized vitiligo. Nat Genet 44: 676-680.

 54. Sawcer S, Hellenthal G, Pirinen M, Spencer CC, Patsopoulos NA, et al. (2011) Genetic risk and a 
primary role for cell-mediated immune mechanisms in multiple sclerosis. Nature 476: 214-219.

 55. Cooper JD, Simmonds MJ, Walker NM, Burren O, Brand OJ, et al. (2012) Seven newly identified 
loci for autoimmune thyroid disease. Hum Mol Genet 21: 5202-5208.

 56. Muto A, Hoshino H, Madisen L, Yanai N, Obinata M, et al. (1998) Identification of Bach2 as a 
B-cell-specific partner for small maf proteins that negatively regulate the immunoglobulin heavy 
chain gene 3’ enhancer. Embo J 17: 5734-5743.

 57. Houlden H, Singleton AB (2012) The genetics and neuropathology of Parkinson’s disease. Acta 
Neuropathol 124: 325-338.



TPO-antibody GWAS 183

CH
A

PT
ER

 9

 58. Liu X, Lu M, Tang L, Zhang N, Chui D, et al. (2013) ATXN2 CAG repeat expansions increase the risk 
for Chinese patients with amyotrophic lateral sclerosis. Neurobiol Aging 34: 2236.e5-8.

 59. Magana JJ, Velazquez-Perez L, Cisneros B (2013) Spinocerebellar ataxia type 2: clinical presenta-
tion, molecular mechanisms, and therapeutic perspectives. Mol Neurobiol 47: 90-104.

 60. Bonuccelli U, Nuti A, Monzani F, De Negri F, Muratorio A (1991) Familial occurrence of hypothy-
roidism and cerebellar ataxia. Funct Neurol 6: 171-175.

 61. Tandeter H, Levy A, Gutman G, Shvartzman P (2001) Subclinical thyroid disease in patients with 
Parkinson’s disease. Arch Gerontol Geriatr 33: 295-300.

 62. Kottgen A, Albrecht E, Teumer A, Vitart V, Krumsiek J, et al. (2013) Genome-wide association 
analyses identify 18 new loci associated with serum urate concentrations. Nat Genet 45: 145-154.

 63. Kottgen A, Pattaro C, Boger CA, Fuchsberger C, Olden M, et al. (2010) New loci associated with 
kidney function and chronic kidney disease. Nat Genet 42: 376-384.

 64. Wain LV, Verwoert GC, O’Reilly PF, Shi G, Johnson T, et al. (2011) Genome-wide association study 
identifies six new loci influencing pulse pressure and mean arterial pressure. Nat Genet 43: 1005-
1011.

 65. Stahl EA, Raychaudhuri S, Remmers EF, Xie G, Eyre S, et al. (2010) Genome-wide association 
study meta-analysis identifies seven new rheumatoid arthritis risk loci. Nat Genet 42: 508-514.

 66. Plagnol V, Howson JM, Smyth DJ, Walker N, Hafler JP, et al. (2011) Genome-wide association 
analysis of autoantibody positivity in type 1 diabetes cases. PLoS Genet 7: e1002216.

 67. Gieger C, Radhakrishnan A, Cvejic A, Tang W, Porcu E, et al. (2011) New gene functions in mega-
karyopoiesis and platelet formation. Nature 480: 201-208.

 68. Knaus UG (2000) Rho GTPase signaling in inflammation and transformation. Immunol Res 21: 103-
109.

 69. Gramaglia I, Weinberg AD, Lemon M, Croft M (1998) Ox-40 ligand: a potent costimulatory mol-
ecule for sustaining primary CD4 T cell responses. J Immunol 161: 6510-6517.

 70. Thangaratinam S, Tan A, Knox E, Kilby MD, Franklyn J, et al. (2011) Association between 
thyroid autoantibodies and miscarriage and preterm birth: meta-analysis of evidence. Bmj 342: 
d2616.

 71. Willer CJ, Li Y, Abecasis GR (2010) METAL: fast and efficient meta-analysis of genomewide as-
sociation scans. Bioinformatics 26: 2190-2191.

 72. Milani G, Masciullo C, Sala C, Bellazzi R, Buetti I, et al. (2011) Computer-based genealogy 
reconstruction in founder populations. J Biomed Inform 44: 997-1003.

 73. Pilia G, Chen WM, Scuteri A, Orru M, Albai G, et al. (2006) Heritability of cardiovascular and 
personality traits in 6,148 Sardinians. PLoS Genet 2: e132.





Chapter 10
A large-scale population-based analysis of 

common genetic variation in the thyroid 
hormone receptor α locus and bone.

M. Medici, F. Rivadeneira, W.M. van der Deure, A. Hofman, J.B. van Meurs, U. 
Styrkársdottir, C.M. van Duijn, T. Spector, D.P. Kiel; GEFOS Consortium, A.G. 

Uitterlinden, T.J. Visser, R.P. Peeters

Thyroid 2012; 22:223-4.



186 Chapter 10

ABSTRACT

Background: Thyroid hormone receptor alpha (TRα) is the predominant TR in bone, and 
mice with a mutant TRα have a delayed bone development and osteosclerosis in adult-
hood. REV-ERBα is a circadian clock gene located on the opposite chromosomal strand 
of TRα, which overlaps and interferes with TRα expression. Although these data suggest 
an important role for the TRα/REV-ERBα locus in bone health, limited data are available 
on the effects of genetic variation in this locus on human bone. We therefore studied the 
effects of genetic variation in the TRα/REV-ERBα locus on human bone.

Methods: 14 Polymorphisms, covering the TRα/REV-ERBα locus, were genotyped and 
studied in multiple Caucasian populations. Associations with bone mineral density 
(BMD) were studied in GEFOS (n = 19,195). Associations with incident osteoporotic frac-
ture risk were studied in RS1 and RS2 (n = 8,131). Associations with vertebral fracture 
risk, BMD change and bone geometry were studied in RS1 (n = 5,974). Analyses were 
corrected for multiple testing.

Results: None of the studied polymorphisms were associated with BMD, fracture risk, 
BMD change or geometric outcomes. The study was powered to detect small differences 
in BMD (0.04-0.05 SD), and at least moderate differences in vertebral (RR = 1.42) and 
incident osteoporotic (RR = 1.23) fracture risk, BMD change (0.13 SD) and geometric 
outcomes (0.10 SD).

Conclusions: Genetic variation in the TRα/REV-ERBα locus does not have an important 
contribution to variation in BMD, fracture risk and bone geometry in the elderly popula-
tion.
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INTRODUCTION

Thyroid hormone (TH) is essential for normal bone development and the maintenance 
of adult bone mass (1). Childhood hypothyroidism leads to growth retardation, delayed 
bone age and short stature, whereas hyperthyroidism accelerates growth and advances 
bone age. In adults, hyperthyroidism leads to osteoporosis and increased fracture risk (1).

TH action is mediated via nuclear TH receptors (TRs), thereby regulating gene expres-
sion. TRα is the predominant TR in bone (1). No human patients with mutations in TRα 
have been described. Mice with different mutations in the ligand-binding domain of TRα 
(2-5) show signs of a hypothyroid skeleton, characterized by a delay in bone develop-
ment. In adulthood, osteosclerosis is seen.

The circadian clock gene REV-ERBα is located on the opposite chromosomal strand of 
TRα. The TRα and REV-ERBα genes partially overlap and REV-ERBα expression has been 
shown to influence splicing and expression of TRα (6, 7).

To date, limited data exist on the role of the TRα/REV-ERBα locus in human bone 
physiology. Therefore, we studied the effects of genetic variation in the TRα/REV-ERBα 
locus on human bone health. The effects on bone mineral density (BMD) were studied in 
a large consortium including 19,195 subjects. The effects on BMD change, fracture risk 
and bone geometry were studied in 5,974 subjects from the Rotterdam Study.

MATERIALS AND METHODS

Study populations

Associations with BMD were studied in aggregate results from 5 populations of the GE-
FOS consortium. Associations with BMD change, bone geometry and vertebral fractures 
were studied in the Rotterdam Study (RS1). Associations with osteoporotic fractures 
were studied in RS1 and RS2 (which is an extension of RS1).

GEFOS
The Genetic Factors for Osteoporosis (GEFOS) consortium is a coalition of investigators 
working on the genetics of osteoporosis. Analyses described in this study were based on 
19,195 Caucasians (74.4% women, age: 60.9 (11.9) yrs). Details have been described pre-
viously (8). The study includes the deCODE Genetics Study (n = 6,743), the Framingham 
Osteoporosis Study (n = 3,503), the Twins UK Study (n = 2,734), the Erasmus Rucphen 
Family Study (n = 1,228) and RS1 (n = 4,987).
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RS1 and RS2
RS1 is a prospective population-based cohort study in 7,983 Caucasians aged ≥ 55 years. 
Details have been described previously (9). At baseline (1989-1993) blood was drawn, and 
BMD measurements and radiographs were taken. In the present study, 5,974 subjects 
(59.4% women, age: 69.4 (9.1) yrs) from RS1 were included. In 1999, RS1 was expanded (RS2) 
with 3,011 subjects who had become 55 years of age or moved into the study district. In the 
present study, 2,157 subjects (54.4% women, age: 64.8 (8.0) yrs) from RS2 were included.

Outcome assessment

Thyroid hormone measurements:
In RS1, serum TSH (TSH lumitest, Henning, Berlin, Germany) and FT4 levels (Vitros, ECI 
Immunodiagnostic System, Ortho-Clinical Diagnostics, Amersham, UK) were determined 
in 1,350 subjects of whom DNA was available.

BMD and BMD change:
In GEFOS, femoral neck and lumbar spine BMD were measured in 19,195 subjects with 
available genotype data with similar methods using DXA (8). In RS1, femoral neck BMD 
measurements were performed at baseline and at the second follow-up visit (follow-up: 
6.51 (0.38) yrs) (9). Rates of BMD loss were calculated as annual percentages of change 
in femoral neck BMD in 2,366 subjects with available genotype data.

Vertebral fractures:
In RS1, lateral radiographs of the thoracolumbar spine were obtained at baseline and 
at the second follow-up visit (follow-up: 6.43 (0.38) yrs). All second follow-up visit 
radiographs from 2,994 subjects with available genotype data were scored for the pres-
ence of vertebral fractures (9). If the vertebral fracture was present at baseline, it was 
considered a baseline prevalent fracture (n = 220), otherwise the fracture was defined 
to be incident (n = 151).

Incident osteoporotic fractures:
Information on incident osteoporotic fractures was retrieved from computerized records 
of the general practitioners (GPs), and by research physicians from GP patient records. 
For the classification of osteoporotic fractures (n = 900 in RS1; n = 131 in RS2), foot, hand, 
face, skull and pathological fractures were excluded. Information on incident osteopo-
rotic fractures was collected in 5,974 RS1 subjects with genotype data from baseline until 
December 31st 2001 (follow-up: 7.79 (3.04) yrs), and in 2,157 RS2 subjects with genotype 
data from baseline until December 31st 2004 (follow-up: 3.95 (0.84) yrs) (9).
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Bone geometry:
In RS1, hip bone geometry was measured from DXA scans at baseline (10). Four geo-
metric outcomes measured at the narrow-neck region in 4,131 subjects with available 
genotype data were used: the narrow-neck width, narrow-neck cortical thickness, buck-
ling ratio and section modulus. The buckling ratio is an index of bone instability and the 
section modulus an index of bending strength (10).

Selection and genotyping of polymorphisms

Based on linkage disequilibrium (LD) analysis (http://www.hapmap.org) and previous 
sequencing results (11), a tagging set of 14 polymorphisms with a minor allele frequency 
(MAF) above 5% were selected to cover most of the genetic variation in the TRα/REV-
ERBα locus and the 10 kb upstream and downstream regions (Fig.1).

For GEFOS, (imputed) genotypes were available from various genotyping platforms 
(8). For RS1 and RS2, (imputed) genotypes were extracted from the Illumina HumanHap 
550K (Duo) array. Imputation procedures have been described previously (8).

Using genotype data from 5,974 subjects from RS1, the LD structure of the TRα/REV-
ERBα locus was analyzed using Haploview 4.1 (12).

Statistical methods

Genotype and allele frequencies were tested for Hardy-Weinberg equilibrium. Linear 
regression was used to compare baseline characteristics between genotype groups.

All GEFOS populations studied the association with femoral neck and lumbar spine 
BMD using sex-specific, age- and weight-adjusted standardized residuals analyzed 
under an additive (per allele) genetic model. Inverse-variance weighted fixed-effects 
meta-analyses were conducted using METAL (http://www.sph.umich.edu/csg/abecasis/
Metal).

In RS1, the association with BMD change and bone geometry was analyzed by linear 
regression. For vertebral fractures, odds ratios (OR) with 95% confidence intervals (95%CI) 
were calculated using logistic regression (considering time-to-event was unknown). For 
incident osteoporotic fractures, hazard ratios (HR) with 95%CI were assessed by a Cox 
proportional-hazards model (taking time-to-event into account), using pooled data 
from RS1 and RS2. All analyses were adjusted for age, gender, height and weight. SPSS 
15.0 for Windows (SPSS, Chicago, IL, USA) was used for all analyses.

The number of independent polymorphisms tested was calculated in RS1 using 
PLINKv1.07 (13), for which an LD threshold of r2 > 0.2 was used. To control for multiple 
testing, a p-value threshold to declare statistical significance was calculated by dividing 
P = 0.05 by the number of independent tests. Consequently, the p-value thresholds were 
P = 0.005 (lumbar spine BMD, BMD change, narrow-neck width, narrow-neck cortical 
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thickness and section modulus), P = 0.006 (buckling ratio) and P = 0.007 (femoral neck 
BMD, vertebral and osteoporotic fractures).

Power calculations for detectable effect sizes were performed at β = 0.80 and α-values 
corresponding to the respective p-value thresholds.

RESULTS

Allele and genotype frequencies of all polymorphisms were in Hardy Weinberg equilib-
rium with similar frequencies as reported in literature (11) and established databases, 
such as dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/) and HapMap (http://www.

Figure 1. A. The genomic organization of the TRα/REV-ERBα locus is shown in the upper part of the figure. 
Exons are indicated by boxes. Selected polymorphisms are shown in the lower part of the figure, together 
with the minor allele frequencies in RS1. B. LD structure of the TRα/REV-ERBα locus based on 5974 subjects 
from RS1, calculated by Haploview 4.1. LD values (D’) are shown. In case of maximum LD (i.e., D’ = 100), 
the value is not shown. The higher the LD, the more reddish the boxes. Two blocks of high LD can be 
identified (i.e., ‘Block 1’ and ‘Block 2’). A color figure is available at: http://online.liebertpub.com/doi/
abs/10.1089/thy.2011.0245
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hapmap.org) (Fig.1). The LD structure of the TRα/REV-ERBα locus, with 2 blocks of high 
LD, is shown in Fig.1.

None of the studied polymorphisms were associated with baseline characteristics, 
including serum TSH and FT4.

As shown in Table 1, none of the studied TRα or REV-ERBα polymorphisms were as-
sociated with BMD, BMD change, vertebral or incident osteoporotic fractures below the 
multiple testing corrected p-value threshold. None of the studied polymorphisms were 
associated with narrow-neck width, narrow-neck cortical thickness, buckling ratio or 
section modulus either (data not shown).

For polymorphisms with a minor allele frequency of 10%, 20% and 30%, we had power 
to detect differences in femoral and lumbar spine BMD of 0.06, 0.04, 0.04 SD, and 0.06, 
0.05, 0.04 SD respectively. Similarly, we had power to detect differences in BMD change 
of 0.18, 0.13, and 0.12 SD (1 SD = 1.04% / yr). For vertebral and osteoporotic fractures, we 
had power to detect relative risks of 1.56, 1.42, 1.37, and 1.31, 1.23, 1.20, respectively. For 
the geometric outcomes, we had power to detect differences of 0.13, 0.10 and 0.09 SD.

DISCUSSION

In this study, we investigated the effects of genetic variation in the TRα/REV-ERBα locus 
on BMD (change), fracture risk and geometric parameters, thereby covering various 
aspects of bone (patho)physiology. Despite a very large sample size, no effects of ge-
netic variation in the TRα/REV-ERBα locus on bone were identified. This was unexpected, 
considering the essential role of TH in bone physiology (1). TRα, the predominant TR in 
bone, is expressed in both osteoblasts and chondrocytes. Mouse models with different 
TRα mutants display, depending on the mutation, a modest or severe delay in bone 
development and osteosclerosis (2-5). TRα0/0 mice, lacking all TRα transcripts, show a 
similar bone phenotype (14, 15). In addition, patients with thyroid hormone resistance 
due to mutations in TRβ have increased TH serum levels and an increased risk of os-
teoporosis, which is thought to result from overstimulation of TRα leading to increased 
bone turnover (1).

It has been shown that core circadian clock transcription factors (including REV-ERBα) 
and multiple metabolic bone homeostasis pathways display a circadian expression 
profile in bone (16), and that mice lacking circadian clock components display abnormal 
bone remodeling (17). Nevertheless, polymorphisms in the circadian clock gene REV-
ERBα, which has been shown to influence splicing and expression of TRα (6, 7), were 
not associated with bone physiology either. Recently, genetic variation in REV-ERBα has 
been associated with bipolar disorder (18).
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Strength of this study is that, due to the large sample size, we were fully powered 
to detect even small differences in BMD. For fractures, BMD change and geometric 
outcomes, we were powered to detect at least moderate effects. To our knowledge, 
the role of REV-ERBα in bone has not been studied in humans, and previous studies 
analyzing TRα in relation to BMD had limited sample sizes and analyses were restricted 
to a subgroup of the population (i.e., older men) (19, 20). In this study, we analysed 
a substantial number of polymorphisms in the TRα/REV-ERBα locus, thereby tagging 
most of the genetic variation in this locus (Fig.1). However, we cannot exclude potential 
(small) effects of low frequency polymorphisms, which will have a minor contribution 
to the variation in these parameters in the general population. Finally, it is important to 
note that the apparent absence of (common) functional variation in this locus does not 
negate its importance in bone.

Although TRα is the major TR in bone, mediating important effects of thyroid hormone 
on bone development and turnover, our study excludes an important contribution of 
common genetic variation in the TRα/REV-ERBα locus to variation in BMD, fracture risk 
and bone geometry in the elderly population.
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ABSTRACT

Background: Thyroid disorders are associated with an increased risk of cognitive impair-
ment and Alzheimer’s Disease. Both small vessel disease and neurodegeneration have 
a role in the pathogenesis of cognitive impairment and Alzheimer’s Disease. Thyroid 
hormone receptor alpha (TRα) is the predominant TR in brain. The circadian clock gene 
REV-ERBα overlaps with the TRα gene and interferes with TRα expression. Limited data 
are available on the role of the TRα/REV-ERBα locus in small vessel disease and neurode-
generation. We therefore studied genetic variation in the TRα/REV-ERBα locus in relation 
to brain imaging data, as early markers for small vessel disease and neurodegeneration.

Methods: Fifteen polymorphisms, covering the TRα/REV-ERBα locus, were studied in 
relation to white matter lesion (WML), total brain and hippocampal volumes in the 
Rotterdam Study I (RS-I, n=454). Associations that remained significant after multiple 
testing correction were subsequently studied in an independent population for replica-
tion (RS-II (n=607)).

Results: No associations with total brain or hippocampal volumes were detected. A hap-
lotype block in REV-ERBα was associated with WML volumes in RS-I. Absence of this hap-
lotype was associated with larger WML volumes in women (0.38±0.18% (β±SE), P=0.007), 
but not in men (0.04±0.11%, P=0.24), which was replicated in RS-II (women: 0.15±0.05%, 
P=0.04; men: 0.05±0.07%, P=0.80). Meta-analysis of the two populations showed that 
women lacking this haplotype have a 1.9 times larger WML volume (P=0.001).

Conclusion: Our results suggest a role for REV-ERBα in the pathogenesis of WMLs.
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INTRODUCTION

Thyroid hormone (TH) plays an essential role in the mature human brain. Its importance 
is illustrated by the effects of thyroid disorders in the elderly, including cognitive impair-
ment and Alzheimer’s Disease (1-3).

The actions of the active TH T3 (3,5,3’-triiodo-L-thyronine) are mediated through 
binding to nuclear TH receptors (TRs), thereby regulating gene expression. TRα is the 
predominant receptor in the brain (4). In mice, a knock-in mutation in TRα leading to a 
lower affinity to T3 results in, besides a bone and metabolic phenotype, memory impair-
ment in adulthood (5).

On the opposite chromosomal strand of TRα, the circadian clock gene REV-ERBα is 
located. These genes partially overlap and REV-ERBα expression has been shown to 
influence splicing of TRα (6-8). Given that circadian rhythm abnormalities have been as-
sociated with cognitive impairment and Alzheimer’s Disease (9), it is of interest to study 
genes involved in the circadian clock.

To date, limited data are available on the role of the TRα/REV-ERBα locus in the mature 
human brain, and in cognitive impairment and Alzheimer’s Disease in particular. In 
recent years, it has been shown that both neurodegeneration and small vessel disease 
have a role in the pathogenesis of cognitive impairment and Alzheimer’s Disease (10-
13). Therefore, we studied genetic variation in the TRα/REV-ERBα locus in relation to 
(early) markers of small vessel disease and neurodegeneration derived from MR brain 
imaging data. White matter lesion (WML) volume was used as a marker for small ves-
sel disease (14), and hippocampal and total brain volumes were used as markers for 
neurodegeneration (15-18).

The associations of the TRα/REV-ERBα locus with WML, hippocampal and total brain 
volumes were studied in a population-based cohort study. Associations that remained 
significant after multiple testing correction were tested in an independent population 
for replication.

MATERIALS AND METHODS

2.1 Participants

The Rotterdam Study I (RS-I) is a prospective population-based cohort study from 1990 
onwards in 7,983 Caucasians aged ≥ 55 years, aimed at investigating determinants of 
various chronic diseases among elderly persons (19). In 1995, a structured interview, 
physical examination, blood drawing and brain magnetic resonance imaging (MRI) were 
performed in a random subset of 536 nondemented subjects of RS-I.
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In 1999, RS-I was expanded (RS-II) with 3,011 subjects who had become 55 years of 
age or moved into the study district. In 2005, a structured interview, physical examina-
tion, blood drawing and brain MRI scans were performed in a random subset of 895 
nondemented subjects of RS-II.

The medical ethical committee of the Erasmus MC, University Medical Center, Rot-
terdam, approved both studies and all participants gave written informed consent.

2.2 MRI measures

2.2.1 Rotterdam Study I (RS-I)
Brain scans were performed on a 1.5 T MRI System (VISION MR, Siemens AG, Erlangen, 
Germany). In 490 participants we obtained a proton-density, a T2-weighted, and a high-
resolution inversion-recovery double contrast 3D HASTE sequence for multi-spectral 
volumetry (15, 20). Image preprocessing and automated measurements of WML and 
total brain volume have been described in detail previously (15). Hippocampal volumes 
were measured based on manual segmentations (15).

2.2.2 Rotterdam Study II (RS-II)
Brain scans were performed in 895 participants on a 1.5 T MRI System (General Electric 
Healthcare, Milwaukee, WI, USA) (21). For all participants a T1-weighted, proton-density 
and FLAIR sequence were acquired. Preprocessing of these images and the automated 
measurement of WML, total brain and hippocampal volume have been described in 
detail previously (21, 22).

2.3 Thyroid hormone measurements

In RS-I, blood samples were collected at the time of MRI. Serum TSH (Thyroid-Stimulating 
Hormone), FT4 (Free 3,5,3’,5’-tetraiodo-L-thyronine) and T3 levels (n=470) were measured 
with chemoluminescence assays (Vitros ECI Immunodiagnostic System, Ortho-Clinical 
Diagnostics, Rochester, USA).

2.4 Selection and genotyping of polymorphisms

Based on linkage disequilibrium (LD) analysis (http://www.hapmap.org) and previous 
sequencing results (23), a tagging set of 15 polymorphisms with a minor allele frequency 
(MAF) above 5% was selected to cover most of the genetic variation in the TRα/REV-ERBα 
locus and the 10 kb upstream and downstream regions (Fig. 1). As no rs number has yet 
been assigned to A2390G, we named it by its (TRα 3’ UTR) nucleotide substitution (23).

For RS-I and RS-II, genotypes were extracted from the Illumina HumanHap 550K (Duo) 
array. Genotypes for rs2230701 and A2390G were determined with Taqman Allelic 
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Discrimination (Applied Biosystems, Nieuwerkerk a/d IJssel, the Netherlands). Genotype 
data were available in 454 (RS-I) and 607 (RS-II) subjects with imaging data.

Using genotype data from 470 subjects from RS-I, the LD structure of the TRα/REV-
ERBα locus was analyzed using Haploview 4.1 (24).

2.5 Statistical analysis

Genotype and allele frequencies were tested for Hardy-Weinberg equilibrium. Linear 
regression was used to compare baseline characteristics between genotype groups. 
WML, total brain and hippocampal volumes were expressed as percentage of total intra-
cranial volume to adjust for head size differences. WML volume was additionally natural 
log transformed because of skewness of the untransformed measure. The associations 
with WML, total brain and hippocampal volumes were tested using linear regression. All 
analyses were adjusted for age and gender. To minimize the risk of false-positive findings, 

Figure 1. A. The genomic organization of the TRα/REV-ERBα locus is shown in the upper part of the figure. 
Exons are indicated by boxes. Selected polymorphisms are shown in the lower part of the figure, together 
with minor allele frequencies in RS-I. B. LD structure of the TRα/REV-ERBα locus based on 470 subjects 
from RS-I, calculated by Haploview 4.1. LD values (D’) are shown. In case of maximum LD (i.e., D’ = 100), 
the value is not shown. The higher the LD, the more reddish the boxes. Blue boxes indicate high D’ but 
low logarithm of odds (LOD) scores. Frequencies of the haplotypes defined by REV-ERBα-rs12941497, 
-rs939347 and –rs2071570 are shown for RS-I. A color figure is available at: http://online.liebertpub.com/
doi/abs/10.1089/thy.2012.0198
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multiple testing correction by permutation analysis was performed, thereby taking the 
LD structure between these polymorphisms into account. Results were obtained after 
10,000 permutations, using PLINKv1.07 (25). As REV-ERBα is a circadian clock gene and 
gender-related differences in circadian rhythm regulation have long been recognized 
(26-29), we investigated the gender-specific effects of REV-ERBα polymorphisms that 
remained significant after multiple testing correction at P = 0.05.

Associations that remained significant after multiple testing correction at P = 0.05 in 
RS-I, were tested in RS-II for replication. Meta-analyses were conducted using the METAL 
software package applying inverse-variance weighted fixed-effects methodology 
(http://www.sph.umich.edu/csg/abecasis/Metal). SPSS 15.0 for Windows (SPSS, Chicago, 
IL, USA) was used for all analyses, unless stated otherwise. Haplotypes were determined 
by indirect haplotyping using PHASE (30).

Power calculations for detectable effect sizes in RS-I and RS-II combined, and in RS-I 
alone were performed at β = 0.80 and α-values corresponding to the multiple testing cor-
rected p-value thresholds. In RS-I and RS-II, we had power to detect differences in WML, 
total brain and hippocampal volumes of 0.27, 0.20 and 0.17 SD, for polymorphisms with a 
minor allele frequency of 10 %, 20 %, and 30 % respectively. Similarly, in RS-I alone, we had 
power to detect differences of 0.41, 0.31 and 0.27 SD. 1 SD WML volume equals 1.53 % and 
0.66 % in RS-I and RS-II, respectively. 1 SD hippocampal volume equals 0.10 % and 0.05 % 
in RS-I and RS-II, respectively. Similarly, 1 SD total brain volume equals 3.66 % and 3.41 %.

RESULTS

Allele and genotype frequencies of all polymorphisms were in Hardy-Weinberg equilib-
rium with similar frequencies as reported in literature (23) and established databases, 
such as HapMap (http://www.hapmap.org) and dbSNP (http://www.ncbi.nlm.nih.gov/
projects/SNP/) (Fig. 1). The LD structure of the TRα/REV-ERBα locus is shown in Fig. 1.

Both RS-I and RS-II consisted of 51% women. Mean ages were 73.4±7.9 (mean±SD) 
and 67.5±5.5 years, respectively. None of the studied polymorphisms were associated 
with baseline characteristics, including serum TSH, FT4 and T3 levels.

In RS-I, REV-ERBα-rs939347-A was associated with larger WML volumes (β = 0.26±0.10 
% (mean±SE), P = 0.002), which remained significant after multiple-testing correction 
(P = 0.021) (Table 1). As this polymorphism is located in a region of high LD, haplotypes 
defined by REV-ERBα-rs12941497, -rs939347 and –rs2071570 were created (‘Block 1’ in 
Fig. 1). Absence of haplotype 1 was associated with larger WML volumes (β = 0.20±0.10 
%, P = 0.007). We additionally investigated the gender-specific effects of haplotype 1 on 
WML volumes. This effect was largely driven by women (women: β = 0.38±0.18 %, P = 
0.007; men: β = 0.04±0.11 %, P = 0.24) (Fig. 2). This effect was replicated in RS-II, which 



TRα/REV-ERBα locus and white matter lesions 205

CH
A

PT
ER

 1
1

also showed a significant association with larger WML volumes in women (β = 0.15±0.05 
%, P = 0.041), but not in men (β = 0.05±0.07 %, P = 0.795) (Fig. 2). Meta-analysis of the 
two populations resulted in β = 0.17±0.05 % (P = 0.001) in women, and in β = 0.05±0.06 
% (P = 0.42) in men. None of the other studied polymorphisms were associated with 
WML (Table 1) or total brain volumes (data not shown).

Table 1. Effects of polymorphisms in TRα/REV-ERBα on white matter lesion volumes in men and women 
from RS-I

Gene Polymorphism β (mean (SE))* p (uncorrected) p (corrected)**

TRα rs868150-C/T -0.07 (0.10) 0.241 0.932

rs7502966-T/C 0.13 (0.10) 0.080 0.560

rs1568400-A/G 0.04 (0.11) 0.645 0.999

rs939348-C/T 0.07 (0.09) 0.669 0.999

rs2230701-C/T -0.11 (0.18) 0.886 0.999

A2390G-A/G 0.28 (0.13) 0.677 0.996

rs3744805-G/A 0.32 (0.14) 0.208 0.897

REV-ERBα rs4794826-G/A 0.23 (0.16) 0.338 0.982

rs2314339-C/T 0.32 (0.13) 0.124 0.727

rs2071427-G/A 0.10 (0.11) 0.527 0.999

rs2269457-A/G 0.06 (0.11) 0.135 0.757

rs12941497-G/A 0.22 (0.10) 0.006 0.069

rs939347-G/A 0.26 (0.10) 0.002 0.021

rs2071570-G/T 0.21 (0.11) 0.005 0.059

rs16965644-A/G -0.10 (0.14) 0.087 0.591
* Expressed as white matter lesion volume percentage. Volume is expressed as percentage of intracranial 
volume to adjust for head size differences. Effects are adjusted for age and gender.
** Obtained after multiple testing correction by permutation analysis (10,000 permutations).
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Figure 2. White matter lesion volumes in women by number of REV-ERBα haplotype 1 copies
White matter lesion volumes by number of REV-ERBα haplotype 1 copies in 218 women from RS-I and 
293 women from RS-II. Volume is expressed as percentage of intracranial volume to adjust for head size 
differences. Meta-analysis of the two populations resulted in β = 0.17±0.05 % (P = 0.001).



206 Chapter 11

In RS-I, TRα-A2390G-G was associated with smaller hippocampal volumes (β = 
-0.03±0.01 %, P = 0.002), which remained significant after multiple-testing correction 
(P = 0.027). However, this effect could not be replicated in RS-II (β = 0.01±0.01 %, P = 
0.28). Meta-analysis of the two populations resulted in β = -0.02±0.05 % (P = 0.63). None 
of the other studied polymorphisms were associated with hippocampal volumes (data 
not shown).

DISCUSSION

In the present study, we investigated the effects of genetic variation in the TRα/REV-
ERBα locus on WML, total brain and hippocampal volumes. A haplotype block covering 
exon 1 of the REV-ERBα gene was associated with larger WML volumes. REV-ERBα is a 
nuclear hormone receptor with a key role in the regulation of the circadian rhythm, 
which is generated by feedback loops of gene expression (31). In this system, REV-ERBα 
acts as a constitutive repressive transcription factor, as it has an atypical ligand-binding 
domain lacking the carboxy-terminal activation function-2, required for recognition of 
co-activators (32).

WMLs, presumed to result from cerebral small vessel disease, range from reduced 
myelination and edema to gliosis and complete axonal destruction (14). WMLs are asso-
ciated with a substantial increased risk of cognitive decline, dementia, stroke and death 
(33). In the present study, the association of the REV-ERBα haplotype was exclusively 
driven by its association in women. We show that women lacking REV-ERBα haplotype 
1 have a 1.9 times larger WML volume compared to women with 1 or 2 copies of this 
haplotype (Fig. 2).

Gender differences in circadian rhythm regulation have long been recognized (26-
29). Barger et al. found differences in the circadian timing system of body temperature, 
heart rate, physical activity, and feeding between male and female rhesus monkeys 
(26). In humans, others have shown gender differences in the circadian rhythms of body 
temperature and sleep regulation as well (27). Also at the level of the individual clock 
components, a number of studies have shown gender differences in circadian rhythm 
regulation. For example, the type of depression in relation to variants in the clock gene 
TIMELESS is dependent on gender (34). Recently, Hadden et al. studied the effects of cir-
cadian disruption on mouse lung mechanics, and demonstrated that the effects on the 
lungs, as well as the changes in REV-ERBα expression patterns, were different between 
men and women (35).

Taken together, various studies have shown that the regulation of circadian clock 
genes, as well as the effects of dysregulation of those genes, including REV-ERBα, can 
differ between genders. However, no studies are available on the gender-specific effects 
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of REV-ERBα on the pathogenesis of white matter lesions. The exact mechanism behind 
the gender-specific effects of REV-ERBα on white matter lesions therefore needs to be 
clarified in future studies.

The associated haplotype block in REV-ERBα covers exon 1 and the promoter region of 
the gene, and may therefore influence splicing or the transcriptional level of REV-ERBα. 
In addition to a direct effect of the REV-ERBα haplotype, the effects of this haplotype on 
WML volumes may also be mediated via TRα. As can be expected from the genomic or-
ganization of the TRα/REV-ERBα locus (see Fig. 1), REV-ERBα transcription also influences 
splicing of TRα (6-8). There are two major TRα isoforms, the T3-binding TRα1 and the 
non-T3-binding TRα2, which has an antagonistic function. Basepairing with REV-ERBα 
mRNA blocks splicing of TRα2 mRNA, thereby favoring formation of TRα1 mRNA. In this 
way, REV-ERBα expression influences the TRα1/ TRα2 ratio, thereby regulating local T3 
action (6-8).

Recently, the first three patients with a mutation in TRα have been described (36, 37). 
Patients suffered from growth retardation, as well as from motor and cognitive dysfunc-
tion. However, no brain imaging data were available in these patients.

Little is known about the exact role of circadian clock components in the pathogenesis 
of WMLs. Our results suggest a role for the circadian system, and for REV-ERBα in particu-
lar, in the pathogenesis of WMLs, the exact molecular mechanism of which needs to be 
clarified in future studies. In this context it is interesting to note that circadian rhythm 
disturbances are frequently observed in patients with Alzheimer’s Disease, and even in 
non-demented patients with the earliest signs of Alzheimer’s neuropathology (9).

Genetic variation in TRα has previously been studied in relation to Alzheimer’s disease, 
which did not reveal significant associations (38). This is in line with the results of the 
present study, which do not show an association of genetic variation in TRα with early 
markers of neurodegeneration or small vessel disease.

Strengths of our study include the high coverage of genetic variation in the studied 
locus. In addition, due to the relatively large sample size, we were powered to detect at 
least moderate differences in WML, total brain and hippocampal volumes. However, we 
cannot exclude other potential (small) effects of low frequency polymorphisms.

A point for concern in genetic association studies is the risk of false-positive findings. 
To minimize this risk, we applied both a multiple testing correction and replicated sig-
nificant results in an independent population. Furthermore, the relation between the 
REV-ERBα haplotype 1 and WML volume was similar in RS-I and RS-II: absence of both 
haplotype 1 copies was associated with higher WML volumes, whereas carriage of only 
one haplotype 1 copy was not (Fig. 2). It is therefore highly unlikely that these observed 
effects are false-positive findings.

In conclusion, we have shown that genetic variation in the circadian clock compo-
nent REV-ERBα is associated with WML volumes in women. Future studies are needed 
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to clarify the exact role of the TRα/REV-ERBα locus, and the circadian rhythm system in 
general, in the pathogenesis of WMLs. Given the close relation between TRα and REV-
ERBα, these studies should identify the independent contributions of REV-ERBα and TRα 
to the observed effects on WMLs.
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ABSTRACT

Context: Overt hypo- and hyperthyroidism are associated with an increased risk of 
depression. Little is known about the effects of variation in thyroid function within the 
normal range on the risk of depression.

Objective: To examine the association between normal range thyroid function and the 
risk of depression.

Design, Setting and Participants: Cohort study in 1503 Dutch men and women, aged 
70.6 (7.3) years. At baseline, serum TSH, TPO-antibody levels, and depressive symptoms 
(Center for Epidemiologic Studies Depression Scale (CES-D)) were assessed. A CES-D ≥16 
is indicative of a depressive disorder. During follow-up (mean 8.0 years), participants 
were continuously monitored for the occurrence of incident depressive syndromes 
(n=156).

Results: Cross-sectionally, persons in the lowest TSH tertile (0.3-1.0 mU/L) had more 
depressive symptoms (CES-D score (mean): 7.95 vs 6.63, P=0.014), as well as an increased 
risk of a CES-D ≥16 (10.7 vs 5.0 %, OR (95% CI) = 2.22 (1.18-4.17)), compared to persons in 
the highest normal range TSH tertile (1.6-4.0 mU/L). In the prospective analyses, persons 
in the lowest TSH tertile who were depression-free at baseline had a higher risk of inci-
dent depressive syndromes (12.3 vs 7.6 %, OR (95% CI) = 1.85 (1.10-3.11)).
Thyroid autoimmunity (TPOAb-positivity) was not associated with CES-D scores or 
incident depressive syndromes.

Conclusions: Elderly persons with low-normal TSH levels have more concurrent de-
pressive symptoms, as well as a substantially increased risk of developing a depressive 
syndrome in the subsequent years. This study identifies low-normal TSH as an important 
risk factor for depression in the elderly.
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INTRODUCTION

Thyroid abnormalities are associated with the occurrence of psychiatric diseases, includ-
ing depression (1, 2). Classically, hypothyroidism is associated with an increased risk of 
depression. However, a number of studies have also shown an increased risk of depres-
sion in patients with hyperthyroidism (1, 3-5). In this context it is remarkable to note that 
only limited and mainly cross-sectional data are available on the effects of variation in 
thyroid function within the normal range on the risk of depression.

Thyroperoxidase antibodies (TPOAb) are antibodies against thyroperoxidase, which 
plays a key role in thyroid hormone (TH) synthesis. TPOAb-positive persons have an 
increased risk of developing hypothyroidism. Various autoimmune diseases have 
been associated with an increased risk of depression (6, 7). Although TPOAb-positivity 
is a common finding in the general population, the relation between depression and 
TPOAb-positivity has only been studied in a limited number of studies with conflicting 
results (8-12).

Although severe thyroid dysfunction has been shown to influence the risk of depres-
sion, depression itself may also have an effect on thyroid parameters (1, 2). Decreased 
food intake and chronic illness can cause important changes in thyroid function tests, 
known as the non-thyroidal illness syndrome (13, 14). It is therefore of importance to 
study the relation between thyroid function and depression not only cross-sectionally 
but also in a prospective study design.

For these reasons, we studied the effects of variation in thyroid function within the 
normal range on depression, both cross-sectionally and prospectively, in a population-
based cohort study. In addition, the relation between thyroid autoimmunity and depres-
sion was studied.

MATERIALS AND METHODS

Study Population

The Rotterdam Study is a prospective population-based cohort study in 7,983 Caucasians 
aged ≥ 55 years from Rotterdam, the Netherlands. Depressive symptoms and syndromes 
were assessed from the second examination round (September 1993 - December 1995) 
onward, which constituted the baseline of the present study (15).

The Medical Ethics Committee of the Erasmus Medical Center, Rotterdam, approved 
the study, and written informed consent was obtained from all adult participants.
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Population for Analysis

For the thyroid-stimulating hormone (TSH) analyses, data on CES-D scores and incident 
depressive syndromes were complete for 1093 and 1369 persons with available TSH 
data. TPOAb-positives, those on thyroid therapy, or with abnormal TSH levels (see sta-
tistical analyses section) were excluded. Persons with dementia were also excluded, as 
depression is difficult to assess in demented persons, and thyroid dysfunction has been 
associated with dementia (16). In the incident depressive syndrome analyses, only per-
sons who were depression-free at baseline were included. Thus, in total, 943 and 1110 
persons were included in the cross-sectional and prospective analyses, respectively.

For the TPOAb analyses, data on CES-D scores and incident depressive syndromes 
were complete for 1273 and 1503 dementia-free persons, respectively.

Assessment of Thyroid Function

In 2009, serum TSH (TSH Lumitest; Henning, Berlin, Germany) and TPOAb (ELISA; Milenia, 
DPC, Los Angeles, USA) levels were determined in a random subset of the baseline serum 
samples. TSH and TPOAb levels were available in 1110 and 1503 persons, respectively. 
TPOAb levels > 10 IU/mL were regarded as positive.

In an examination round after baseline of the current study (4.27 (0.44) yrs), serum 
TSH (TSH Lumitest; Henning, Berlin, Germany) and FT4 (Vitros, ECI Immunodiagnostic 
System, Ortho-Clinical Diagnostics, Amersham, UK) levels were determined in 1071 
samples.

As shown in Table 1, the use of thyroid medication was almost 10-fold higher in wom-
en compared to men, whereas the prevalence of TPOAb-positivity was only 2.7 times 
higher in women. This may (in part) be explained by the fact that not only Hashimoto’s 
thyroiditis, but also other thyroid diseases are more prevalent among women. These 
include for example Graves’ disease and thyroid cancer, which are respectively 7 and 3 
times more common in women than in men (17, 18). We did not have specific data on 
these diseases, but it is unlikely that this has affected our analyses, as we restricted our 
TSH analyses to TPOAb-negative persons with normal-range TSH levels, and excluded all 
persons using thyroid medication.

Assessment of Depression

At baseline, assessment of depressive symptoms was performed using the validated 
Dutch version of the Center for Epidemiologic Studies Depression Scale (CES-D) (15). The 
CES-D is a 20-item self-report measure of depressive symptoms experienced in the last 
week. Items are scored on a scale of 0 to 3 points. A score of ≥16 is considered indicative 
of a depressive disorder (15, 19).

During follow-up, from baseline until October 2005 (mean: 8.0 yrs), depressive 
episodes were identified using different methods, as has been described in detail 
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previously (15). During the 2 follow-up examination rounds (March 1997 - December 
1999 and January 2002 - July 2004), participants were screened with the CES-D, and 
screen-positive participants were invited for a clinical psychiatric interview to diagnose 
depression. A psychiatrist, psychogeriatrician, or clinical psychologist, each with exten-
sive clinical experience, conducted the interview using the Dutch version of the Present 
State Examination (15). This is a semi-structured psychiatric interview included in the 
Schedules for Clinical Assessment in Neuropsychiatry. Scoring of items is conservative 
and relies on clinical judgment instead of the participant’s answer only. Each interviewer 
was trained in the certified Dutch World Health Organization center. With a comput-
erized diagnostic algorithm based on the item scores, major and minor depressive 
disorders and dysthymia were classified according to DSM-IV (Diagnostic and Statistical 
Manual of Mental Disorders version 4) criteria. Additionally, a medical history was taken 
to assess if depressive episodes had occurred between follow-up rounds. From baseline 
onward, trained research assistants systematically scrutinized all information contained 
in the medical records of the general practitioners (GPs), for instance, hospital discharge 
letters, specialist reports, and notes of the GP, for a number of predefined cues such 
as symptoms of depression, prescriptions of psychiatric medication, the occurrence of 
major life events, and psychosocial problems. Next, 2 physicians and a research psy-
chologist independently read all information and categorized each depression accord-

Table 1. Population characteristics

Total
(n = 1503)

Men
(n = 576)

Women
(n = 927)

P

Age (y, mean (SD)) 70.6 (7.3) 70.2 (7.1) 70.8 (7.4)  0.133

BMI (kg/m2, mean (SD)) 26.5 (3.6) 26.0 (2.9) 26.7 (4.0) < 0.001

Smoking status (%)

 Current 19.9% 23.6% 17.5%  0.004

 Past 44.0% 65.8% 30.1% < 0.001

 Never 36.1% 10.6% 52.4% < 0.001

Dementia (%) 0.9% 1.2% 0.7% 0.23

TSH (mU/L, median (IQR)) 1.30 (0.90-2.00) 1.30 (0.90-1.90) 1.40 (0.90-2.00) 0.032

TPOAb-positives (%) 5.1% 2.5% 6.8% < 0.001

Thyroid therapy (%) 3.3% 0.5% 4.9% < 0.001

CES-D score (mean (SD)) 7.63 (6.98) 6.52 (6.21) 8.42 (7.38) < 0.001

Incident depressive
syndromes (%)

9.2% 6.6% 10.9%  0.005

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters 
squared); IQR, interquartile range; TSH, Thyroid-Stimulating Hormone; TPOAb, Thyroid Peroxidase 
Antibody; CES-D, Center for Epidemiologic Studies Depression Scale.
TPOAb-positives were defined as subjects with TPOAb >10 IU/mL.
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ing to a predefined protocol. All discordant categorizations were discussed in consensus 
meetings (15).

Using the above mentioned methods, we recorded depression that fulfilled DSM-IV 
criteria, as well as depressive episodes that were clinically relevant but did not fulfill 
DSM criteria. The GPs frequently diagnosed depression without using or documenting 
the formal DSM criteria. Depressive syndromes therefore included DSM-IV major depres-
sive disorder and dysthymia, as well as depression recorded by a GP or a physician, 
self-reported depression for which the participant consulted a GP or mental health 
professional, and DSM-IV minor depression. Grief, adjustment disorder, and burnout, 
characterized by emotional exhaustion and reduced satisfaction in personal accom-
plishment, were not regarded as depression.

Covariates

Information on smoking status and thyroid therapy were obtained by questionnaires at 
baseline and during follow-up examination rounds. Smoking was categorized as never, 
past and current. Height and weight were measured to calculate body mass index (BMI, 
kg/m2). The presence of dementia was assessed at baseline and during follow-up, as has 
been described in detail previously (20).

Statistical Analyses

The TSH reference range was 0.3 - 4.0 mU/L, defined as the range between the 2.5th and 
97.5th percentiles after exclusion of subjects with thyroid therapy or TPOAb-positivity. 
The group with normal-range TSH levels was divided in tertiles. Due to the skewed dis-
tribution of TSH and high clustering of TSH levels around 1.0 mU/L, it was not possible 
to make 3 equal-sized groups. At baseline, the cross-sectional relations between TSH 
tertiles, continuous CES-D scores, and the risk of a CES-D score ≥16 were studied using 
AN(C)OVA and logistic regression analyses, respectively. In the prospective analysis, 
logistic regression was used to study the relation between TSH tertiles and the incidence 
of depressive syndromes.

Similarly, TPOAb-status was studied in relation to CES-D using AN(C)OVA. Logistic 
regression was used to study the relation between TPOAb-status, the risk of a CES-D 
score ≥16, and the incidence of depressive syndromes.

Analyses were additionally corrected for gender, age, BMI and smoking status. All 
analyses were repeated in men and women separately and gender*TSH tertile interac-
tion terms were calculated to investigate the presence of gender-specific effects.

IBM SPSS Statistics for Windows, Version 20.0 (IBM Corp, Armonk, New York, USA) was 
used for all analyses.
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Power calculations

Power calculations for detectable effect sizes were performed at β = 0.80 and α = 0.05. 
For the TSH tertiles analyses, we had power to detect differences in CES-D of 0.15 SD 
(1 SD = 6.98), and to detect ORs of 1.79 and 1.72 for CES-D scores ≥16 and depressive 
syndromes, respectively. For the TPOAb-positivity analyses, we had power to detect dif-
ferences in CES-D of 0.26 SD (1 SD = 6.98), and to detect ORs of 2.37 and 2.29 for CES-D 
scores ≥16 and depressive syndromes, respectively.

RESULTS

Characteristics of the studied population are shown in Table 1. Compared to men, 
women had a higher BMI, smoked less, had a higher median TSH level, as well as more 
TPOAb-positivity and thyroid therapy. In addition, women had a higher mean CES-D 
score, as well as a higher incidence of depressive syndromes. All further analyses were 
performed in non-demented persons who were not on thyroid therapy.

Normal Range TSH Levels and Depression

Table 2 shows the cross-sectional relations between normal range TSH tertiles, con-
tinuous CES-D scores and the risk of a CES-D score ≥16, as well as the longitudinal rela-
tion between normal range TSH tertiles and the incidence of depressive syndromes. 
At baseline, persons with lower normal range TSH levels had higher CES-D scores, also 
after correction for gender, age, BMI and smoking status. Persons in the lowest normal 
range TSH tertile had a higher risk of a CES-D score ≥16 (OR = 2.09 (95% CI 1.16-3.76), 
P = 0.015), compared to persons in the highest tertile. These effects remained similar 
after correction for gender, age, BMI and smoking status (OR = 2.22 (1.18-4.17), P = 
0.013).

In the prospective analyses of persons free of depression at baseline, those in the 
lowest normal range TSH tertile had a higher incidence of depressive syndromes during 
follow-up (OR = 1.75 (1.06-2.88), P = 0.029). This association remained significant after 
correction for gender, age, BMI and smoking (OR = 1.85 (1.10-3.11), P = 0.020).

No gender-specific effects were observed in the TSH tertile vs CES-D score ≥16, and 
incident depressive syndrome analyses, with gender*TSH tertile interaction term P-
values of 0.28 and 0.82, respectively. The association between TSH tertiles and CES-D 
scores was mainly driven by women (gender*TSH tertile interaction term P = 0.012): 
CES-D scores in the low, middle and high TSH tertiles were 6.36 (0.44) (mean (SE)), 6.11 
(0.51), and 6.58 (0.51) in men (P = 0.75) and 9.49 (0.52), 8.22 (0.60), and 7.00 (0.55) in 
women (P = 0.002).
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In the examination round after baseline of the current study, TSH and FT4 levels were 
negatively correlated (r = -0.19, P = 1.5x10-8; β = 0.06 (0.01) mU/pmol, P < 0.001).

Thyroid Autoimmunity (TPOAb-positivity) and Depression

As shown in Table 3, TPOAb-status did not show any associations with continuous CES-D 
scores, and the risk of a CES-D score ≥16. Neither were there associations with the risk 
of incident depressive syndromes. No gender-specific effects were observed (data not 
shown).

Table 2. Normal range TSH levels, CES-D scores and the risk of Incident Depressive Disorders

TSH Tertiles

Tertile 1
(0.30-1.00 

mU/L)

Tertile 2
(1.01-1.60 

mU/L)

Tertile 3
(1.61-4.00 

mU/L)

OR
(95% CI)

P

Cross-sectional analyses

N 365 273 305

CES-D score 
(continuous)

Model 1 *
(mean (SE))

8.03 (0.35) 7.24 (0.41) 6.83 (0.39) - 0.025

Model 2 †

(mean (SE))
7.95 (0.36) 7.37 (0.42) 6.63 (0.39) - 0.014

N 365 273 305

CES-D ≥16
Model 1 *

(% (SE))
11.0 (1.4) 6.7 (1.6) 5.6 (1.5)

2.09
(1.16 – 3.76)

0.015

Model 2 †

(% (SE))
10.7 (1.5) 7.6 (1.7) 5.0 (1.6)

2.22
(1.18 – 4.17)

0.013

Prospective analyses

N 416 327 367

Incident 
Depressive 
Syndromes

Model 1*
(% (SE))

12.0 (1.4) 8.3 (1.6) 7.6 (1.6)
1.75

(1.06 – 2.88)
0.029

Model 2 †

(% (SE))
12.3 (1.5) 8.9 (1.7) 7.6 (1.6)

1.85
(1.10 – 3.11)

0.020

Analyses were performed in TPOAb-negative non-demented persons who were not on thyroid therapy.
Abbreviations: TSH, Thyroid-Stimulating Hormone; CES-D, Center for Epidemiologic Studies Depression 
Scale.
Normal range TSH tertiles vs CES-D scores, the risk of a CES-D score ≥16, and the risk of incident 
depressive syndromes (in baseline depression-free subjects). Subjects receiving thyroid therapy, TPOAb-
positives, subjects with abnormal TSH levels, and dementia cases were excluded. The OR comparing low-
normal with high-normal TSH levels is indicated.
* Model 1 No adjustments.
† Model 2 Adjusted for gender, age, BMI and smoking status.
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DISCUSSION

In the current study, we investigated the effects of variation in thyroid function within 
the normal range on the risk of depression, as well as the relation between thyroid auto-
immunity and depression. Various studies have shown an increased risk of depression in 
both hypo- and hyperthyroidism, but little is known about the effects of normal range 
thyroid function on depression (1-5). This is the first individual study to demonstrate a 
relation between low-normal TSH levels and depression, and this relation was demon-
strated both cross-sectionally and longitudinally.

The only other study that has previously reported a relation between high-normal 
thyroid function and depression concerned a meta-analysis of 6 studies (21), but the 
included studies in this meta-analysis differed substantially in age ranges (e.g., 17-39 
vs 85-89 yrs), type and sensitivity of depression scale and assessment methods used, 
and no data on thyroid autoimmunity were available (21-26). Furthermore, only two 
of the included studies investigated the associations between thyroid status and the 
risk of depression prospectively (21, 24), whereas the other studies were cross-sectional 

Table 3. TPOAb-status, CES-D scores and the risk of Incident Depressive Disorders

TPOAb-
negatives

TPOAb-
positives

OR
(95% CI)

P

Cross-sectional analyses

N 1201 72

CES-D score 
(continuous)

Model 1 *
(mean (SE))

7.55 (0.20) 8.10 (0.82) - 0.51

Model 2 †

(mean (SE))
7.52 (0.20) 7.52 (0.82) - 0.99

N 1201 72

CES-D ≥16
Model 1 *

(% (SE))
8.6 (0.8) 12.5 (3.3)

1.52
(0.74 – 3.15)

0.26

Model 2 †

(% (SE))
8.7 (0.8) 11.4 (3.4)

1.31
(0.63 – 2.75)

0.47

Prospective analyses

N 1427 76

Incident 
Depressive 
Syndromes

Model 1 *
(% (SE))

9.2 (0.8) 9.2 (3.3)
1.12

(0.49 – 2.56)
0.79

Model 2 †

(% (SE))
9.4 (0.8) 8.5 (3.4)

1.04
(0.45 – 2.44)

0.92

Analyses were performed in non-demented persons who were not on thyroid therapy.
Abbreviations: TPOAb, Thyroid Peroxidase Antibody; CES-D, Center for Epidemiologic Studies Depression 
Scale.
TPOAb-status vs CES-D score, the risk of a CES-D score ≥16, and the risk of incident depressive syndromes 
(in baseline depression-free subjects). Dementia cases were excluded. TPOAb-positives were defined as 
TPOAb > 10 IU/mL.
* Model 1 No adjustments.
† Model 2 Adjusted for gender, age, BMI and smoking status.



222 Chapter 12

(22, 23, 25, 26). These prospective studies were limited by the fact that they were either 
restricted to men (21) or included a smaller sample size with a shorter follow-up period 
(599 participants with follow-up of 3.7 years) (24). In the current study, we show an 
increased risk of depressive syndromes in persons with low-normal TSH levels by in-
tensively monitoring a large group of elderly persons for eight years for the occurrence 
of depressive episodes, additionally taking the effects of potentially interfering factors 
such as TPOAbs, age, gender, dementia and smoking into account. In addition, persons 
with low-normal TSH levels had more concurrent depressive symptoms, and were more 
likely to have a CES-D score ≥16, which is considered indicative of a depressive disorder 
(15, 19). These results show that even minor variation in thyroid function within the 
normal range can have important effects on affective behaviour.

Based on the fact that both hypo- and hyperthyroidism have been associated with 
an increased risk of depression, one could expect a U-shaped relation between thyroid 
function within the normal range and depression. However, such a relation was not ob-
served, as only low-normal TSH levels were found to be associated with an increased risk 
of depression, both cross-sectionally and longitudinally. A number of conditions could 
underlie the observed low-normal TSH levels. Illness in general can lead to changes in 
thyroid parameters via a wide range of mechanisms (13, 14). This condition is called the 
non-thyroidal illness syndrome (NTIS), and is characterized by low serum T3 levels. In 
addition, this condition can lead to a decrease in TSH and FT4 levels (13, 14). Therefore, 
the low-normal TSH levels in the current study could be a reflection of NTIS. Serum FT4 
levels were not determined at baseline, but both TSH and FT4 levels were available 4.3 
yrs after baseline. The fact that we observed an inverse correlation between TSH and FT4 
at this timepoint, makes NTIS a less likely explanation for the observed low-normal TSH 
levels, and could point towards mild autonomous thyroid function, which is common in 
the elderly (27). In addition, in the previously discussed meta-analysis by Williams et al., 
higher normal range FT4 levels were found to be positively associated with depression 
(21). Taken together, our data suggest a high-normal thyroid function in these subjects, 
and in this context it is interesting to note that TH regulates neuronal cell survival, and 
interferes with serotonergic neurotransmission, which play a key role in affective behav-
iour (28, 29). However, the exact biological mechanism behind the association between 
a higher thyroid function, both outside and within the normal range, and depression 
remains to be clarified in future studies.

Various studies have found a higher prevalence of depression in women, which is in 
line with the results from the current study (30). Gender-related differences have been 
observed in various aspects of the pathophysiology of depression (31), and we therefore 
investigated the gender-specific effects of TSH levels and TPOAb status on depression. 
The association between a low-normal TSH and more depressive symptoms was found 
to be driven by women. However, these gender-specific differences were only observed 
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for mean CES-D scores, and not for the risk of CES-D scores ≥16 or incident depressive 
syndromes, which therefore seems to be of less clinical relevance.

Thyroid autoimmunity (TPOAb-positivity) is a common finding in the general popu-
lation, especially in the elderly, with a prevalence in the current population of 5.1%. 
Autoimmune diseases, such as systemic lupus erythematosus and Sjogren’s syndrome, 
have been associated with an increased risk of depression (7, 32), but little is known 
about the effects of TPOAb-positivity on the risk of depression. A few cross-sectional 
studies have investigated the relation between TPOAb-positivity and depression, with 
conflicting results (8-12). The largest of these studies did not find an association between 
TPOAb-positivity and depression in men and women (9). This is in line with the results 
from the current study, in which we did not find an association of TPOAb-positivity with 
concurrent depressive symptoms. We did not find an association with the risk of incident 
depressive syndromes either.

Our study has some limitations. As mentioned, no serum FT4 levels were available 
at baseline. Both serum TSH and FT4 levels were available 4.3 yrs after baseline, and 
their inverse correlation helped us to exclude NTIS as an important explanation for the 
observed low-normal TSH levels. However, we cannot exclude the possibility that there 
were persons with subclinical forms of pituitary insufficiency present in our analyses. 
Also, although we excluded persons using thyroid medication and there were no per-
sons using amiodarone, we cannot exclude the possibility that our analyses still included 
subclinical persons using other thyroid interfering medication, such as glucocorticoids, 
as we did not have complete data on other medication use in our cohort.

Finally, we have not studied if an increase of the low-normal TSH levels with antithy-
roid drugs reduces the risk of depression. This should be clarified in future studies.

The fact that the current study identifies low-normal TSH levels as an important 
risk factor for developing a depressive syndrome will likely be of clinical importance 
for various reasons. The treatment of depression with conventional therapies such as 
antidepressants and psychotherapy is suboptimal, as 70% of treated depressed patients 
have residual symptoms, and 20% is treatment-resistant (33, 34). To exclude underly-
ing thyroid disease, clinical guidelines advise to measure serum TSH in persons with a 
new-onset depressive disorder (35). When TSH levels fall within the reference ranges, a 
thyroidal origin of the depression is excluded, and conventional depression treatment 
is started. Our results show that a low-normal TSH level results in an increased risk of 
depression, and it is tempting to speculate if these persons may benefit from additional 
treatment with antithyroid drugs.

Furthermore, thyroid disorders are common in the general population and the target 
of treatment of both hypo- and hyperthyroidism is to maintain TSH within the normal 
range (36). However, it has been shown that patients on thyroxine therapy with a TSH 
within the normal range have a significant impairment in psychological well-being 



224 Chapter 12

compared to controls of similar age and sex (37). As the TSH reference range is wide 
(generally around 0.4 – 4.0 mU/L), it is remarkable to note that little data are available on 
the benefits of targeting treatment on low-normal vs high-normal TSH levels, especially 
with respect to the risk of affective complaints. Walsh et al. performed a double-blind 
randomized cross-over trial in thyroxine treated hypothyroid patients to investigate the 
effects of adjustments in thyroxine dose (38). No differences in well-being and quality of 
life were found between patients with low-normal and high-normal TSH levels. However, 
this trial included only a limited number of patients (i.e., 56 patients), no depression-
specific questionnaires were used, and treatment and follow-up periods were short (i.e., 
8 wks). Saravanan et al. studied the relation between TH parameters and well-being in 
697 patients on thyroxine therapy (39). A positive correlation between serum TSH levels 
and continuous depression scores, as measured by the Hospital Anxiety and Depression 
Scale (HADS), was found. However, this relation was not seen when HADS depression 
score was used as a categorical variable, and no data on the incidence of depressive 
episodes were available. In a large study of more than 1000 women with thyroid disease 
who were taking thyroxine, Panicker et al. found that higher TSH levels were associated 
with more depression and anxiety (40). However, these results were only based on cross-
sectional (and not prospective) analyses, and the study was unfortunately not powered 
to investigate these relations in men. As this is the first individual study to demonstrate 
a relation between low-normal TSH levels and depression in men and women, results 
should be first replicated in an independent study. If replicated, large randomized 
controlled trials should investigate the psychological well-being and risk of depressive 
syndromes when targeting patients on low-normal vs high-normal TSH levels.

In conclusion, this study identifies low-normal TSH as an important risk factor for 
depression in the elderly, which is independent of thyroid autoimmunity.
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GENERAL DISCUSSION

The studies described in this thesis consist of three major parts. In the first part, we studied 
determinants and effects of thyroid function during pregnancy. We calculated population-
based TSH and FT4 reference ranges in the Generation R Study, and showed that a sub-
stantial part of the women with normal range TSH levels had a TSH level above the fixed 
cut-offs recommended by international guidelines. We also found that even minor varia-
tion in thyroid function within the normal range can have substantial effects on the risk of 
maternal and child complications, including the risk of preeclampsia and low-birth-weight 
newborns. The results of these studies are put into perspective in Chapter 13, in which we 
review the available literature on thyroid function during pregnancy, as well as the effects 
of thyroid dysfunction during pregnancy on maternal and child complications.

In the second part of this thesis, we searched for new genetic determinants of thyroid 
function and autoimmunity. In our GWAS we identified new loci associated with serum 
TSH, FT4 and/or TPOAbs, part of which was also associated with clinical thyroid disease. 
A few of these variants were tested in relation to thyroid function during pregnancy. 
The loci that have been detected in these and other recent thyroid GWAS are discussed 
in Chapter 14. This chapter aims to provide a comprehensive overview of the genetic 
basis of the HPT-axis by discussing both monogenic and polygenic causes of thyroid 
dysfunction and altered thyroid function. Furthermore, new techniques are discussed 
which will further unravel the genetic basis of thyroid (dys)function in the near future.

The results of our studies on the effects of common genetic variation in the thyroid 
hormone receptor alpha (THRA) locus on human bone and brain are also put into per-
spective in Chapter 14, in a separate section on the effects of various thyroid hormone 
pathway genes on clinical endpoints. Finally, in the last study of this thesis, we showed 
that in the elderly even variation in thyroid function within the normal range is associ-
ated with an increased risk of developing a depressive syndrome.

A logical bridge between the different parts of this thesis would be to study the ef-
fects of all identified genetic loci in relation to thyroid function in pregnancy, as well as 
on the risk of adverse pregnancy outcomes and/or depression, as many of these loci 
were also associated with thyroid function within the normal range. Besides the effects 
of the individual polymorphisms, it would be especially interesting to study the risk 
of depression when carrying multiple risk alleles, by applying the genetic risk scores 
that we calculated in our studies. However, these effects may very well be different in 
pregnancy, as pregnancy induces many changes in thyroid hormone synthesis and 
metabolism. Furthermore, there can be many interfering factors in the relation between 
thyroid function and pregnancy complications, such as hCG levels, iodine status and 
smoking behaviour. Future studies should therefore first investigate the effects of these 
loci on thyroid function during pregnancy, before investigating their effects on the risk 
of pregnancy complications.
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INTRODUCTION

As discussed in the introduction of this thesis, reference ranges for TSH and FT4 are 
different in the pregnant state. For this reason, the guidelines of the Endocrine Society 
and American Thyroid Association recommend to calculate trimester-specific reference 
ranges per center (1, 2). If these calculated ranges are not available in the laboratory, 
TSH reference ranges of 0.1–2.5 mU/liter for the first trimester and of 0.2–3.0 mU/liter 
for the second trimester are recommended (1, 2). These fixed reference ranges are also 
the recommended ranges for the diagnosis and treatment of thyroid disorders during 
pregnancy. The importance of calculating trimester specific RRs per centre is illustrated 
by the fact that in the Generation R Study 8.6 and 4.9 % of the TPOAb-negative women 
with normal range TSH levels had a TSH level above 2.5 mU/L and 3.0 mU/L in the first 
and second trimesters, respectively (Figure 1).

Overt hypothyroidism has clearly been linked to obstetrical complications, adverse 
pregnancy outcomes and impaired neurocognitive development (3-6). An increased 
risk of these complications has been published for subclinical hypothyroidism as well, 
but different studies show conflicting results. However, comparison of these studies is 
difficult since several studies combine patients with hypothyroidism and subclinical 
hypothyroidism in the analyses (7). In addition, different cut-offs for TSH are used in 
the different studies (non-pregnant cut-offs, fixed upper limits, or calculated reference 
ranges).
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Fig. 1 Distribution of normal range serum TSH levels in the first and second trimester in a Dutch cohort of 
TPOAb negative pregnant women
Distribution of normal range serum TSH levels (2.5th – 97.5th percentiles) in the first and second trimester 
in 5186 Dutch women, after exclusion of women with TPOAb positivity, known thyroid disease, thyroid 
(interfering) medication usage, twin pregnancies, and pregnancies after fertility treatment. In the first 
trimester, 8.6 % of the women with normal range TSH levels had a TSH level > 2.50 mU/L. In the second 
trimester, 4.9 % of the women with normal range TSH levels had a TSH level > 3.00 mU/L.
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The fixed TSH cut-offs of 2.5 and 3.0 mU/L as advocated in the current guidelines are 
based on 6 studies in less than 6,000 pregnant women (8-13). These cut-offs are recom-
mended to be used for the diagnosis of (subclinical) hypothyroidism during pregnancy, 
and a TSH < 2.5 mU/L has been defined as the treatment goal for these conditions (1, 2). 
Since the publication of these guidelines, additional studies in >30,000 pregnant women 
have been published (14-16). In the current review we therefore discuss the definition 
of normal serum thyroid parameter reference ranges during pregnancy, different factors 
that contribute to these reference ranges, as well as the association of subclinical thyroid 
disease and the risk of maternal and child complications in relation to these reference 
ranges.

STUDIES ON THYROID FUNCTION REFERENCE RANGES DURING PREGNANCY

The distribution of serum thyroid parameters in pregnant populations is the first 
thing to be studied when trying to define limits for a normal thyroid function during 
pregnancy. It is currently well recognized that pregnancy reference ranges for TSH and 
FT4 largely differ from non-pregnancy reference ranges (11, 17). However, pregnancy-
specific reference ranges for TSH and FT4 also differ considerably worldwide (10, 11, 
16). Furthermore, substantial differences may even occur when reference ranges are 
stratified e.g. for ethnicity and body mass index (BMI). Given the substantial differences 
in reported thyroid reference ranges between various pregnancy cohorts, the guide-
lines of the Endocrine Society and American Thyroid Association advocate the use of 
pregnancy-specific population-based reference ranges (P2.5-97.5) (18, 19). This is in ac-
cordance with recommendations by the International Federation of Clinical Chemistry 
(20). It is important to perform these analyses in a sufficiently sized population which 
consists of ‘healthy’ reference subjects. A basic rule of thumb is that a minimum of 400 
individual measurements is required (21). Although the term “healthy subjects” can be 
interpreted in many ways for TSH and FT4 reference range determinations, this at least 
means a population free of major known thyroid function inhibiting or stimulating 
factors. Preferably, such a population would consist of TPO-antibody (TPOAb) negative 
women without pre-existing thyroid disease or other thyroid interfering factors (such as 
medication use, twin pregnancies etc.).

Table 1 shows reference ranges for TSH and FT4 during early pregnancy calculated 
according to the international guidelines in sufficiently sized cohorts amongst TPOAb-
negative women (8, 13-16, 22-30). For both hormones, a wide range of normal values has 
been reported. These data underline the importance of calculating population-based 
pregnancy-specific thyroid parameter reference ranges.
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FACTORS INFLUENCING THYROID FUNCTION REFERENCE RANGES DURING 
PREGNANCY

Various commercial TSH and FT4 assays have been used to evaluate thyroid function 
during pregnancy. While previous studies have shown that the inter-assay differences 
for TSH are relatively small (r=0.91-0.98), FT4 measurements seem much more prone 
to interference and have larger inter-assay differences (r=0.68-0.89) (31, 32). These 
differences are mostly attributed to differences in susceptibility for interference with 
pregnancy-specific proteins or antibodies per assay. However, considering the large 
differences depicted in Table 1, it is unlikely that use of different assays fully explains 
the differences between the studies. As recently suggested by Bestwick et al., TSH and 
FT4 values can be expressed as multiple of medians (MoM), in order to interpret and 
compare the upper and lower limits obtained via different assays (14). Table 2 shows 
the lower and upper limits expressed as MoM values for the same studies as Table 1. It is 
noticeable that the large inter-study differences in TSH remain, whereas the numbers are 
much more uniform for FT4. As such, these data suggest that especially TSH is subject to 
change by non-analytical factors.

Severe iodine deficiency has well known adverse effects on maternal thyroid function 
and child (neuro)development (33). More recently, an increased risk of child neurocogni-
tive impairment has also been found in moderately to mildly iodine deficient populations 
(34, 35). Unfortunately, there is only limited data on the effects of iodine fortification 
programs on population based FT4 and TSH reference ranges (36, 37). A number of stud-
ies have found that thyroid antibodies, thyroid size, multinodular goiter, baseline TSH 
level, baseline urinary iodine level and the increase in urinary iodine level are all factors 
associated with changes in population TSH levels after iodine supplementation (36, 38, 
39). Taken together, it is very likely that population iodine status is a major determinant 
of pregnancy-specific thyroid function reference ranges, and alteration in iodine status 
may shift the serum thyroid parameter distribution curves, especially for TSH. However, 
there are too little data to quantify the extent and/or timing of these changes.

A group of major determinants that are much better quantifiable are differences in 
population characteristics. Characteristics such as ethnicity, BMI and smoking have all 
been associated with differences in serum thyroid parameters (14, 15, 25, 29, 30, 40-47). 
As is in accordance with Table 2, TSH is most often affected, although specific associa-
tions for FT4 and TPOAb-positivity have also been reported.

La’ulu et al. found that both upper and lower limits for a wide range of serum thyroid 
function tests differ according to ethnic background in the first and second trimester. 
Once again, especially upper limits for TSH differed, ranging from 2.73 in blacks to 3.64 
mU/L in Asians (29, 30). We have shown similar results in the Generation R Study (Chapter 
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3), and also found that these ethnic differences in thyroid parameter reference ranges 
may lead to considerable misclassification of thyroid disease in up to 18% of cases (43).

BMI has been associated with both TSH and FT4 levels during pregnancy (14, 15, 41, 
45). Männisto et al. found that the upper limit (P95) for TSH increased from 2.86 mU/L in 
women with a BMI <20 kg/m2, to 3.50 mU/L amongst women with a BMI >30 kg/m2. For 
the same groups, they also showed that the lower limit for FT4 (P5) decreased from 12.3 
pmol/L to 11.6 pmol/L, respectively (15). Bestwick et al. expressed these values in MoMs 
and found an increase in TSH of 0.025 MoM, and a decrease in FT4 of 0.009 MoMs per 10 
kg increase in body weight (14).

Different effects of smoking on thyroid function during pregnancy have been de-
scribed. If any effect is present, smoking is associated with both lower mean TSH and 
FT4 levels (14, 25, 40, 44, 46, 48). In line with this, we found in the Generation R study that 
TSH (1.46 vs. 1.38 mU/L; p=0.07), FT4 (15.1 vs. 14.6 pmol/L; p<0.01) and T4 (151 vs. 148 
pmol/L; p<0.05) were all lower in smoking vs. non-smoking TPOAb-negative euthyroid 

Table 2. Reference ranges for TSH and FT4 during early pregnancy in various populations expressed as 
multiple of medians (MoMs)

MoM TSH MoM FT4

Author, Country (reference) P2.5-P97.5  P2.5-P97.5 Iodine insufficiency

Gilbert et al., Australia (22) 0.03 - 2.91 0.77 - 1.32 Borderline

Bocos-Terraz et al., Spain (8) 0.44 - 2.80 0.78 - 1.28 Mild

Lambert-Messerlian et al., USA (23)
0.12 - 3.37 0.73 - 1.52

Mild
0.29 - 2.82 0.70 - 1.45

Bestwick et al. UK (14) 0.05 - 3.15 0.78 - 1.29 Moderate-Mild

Bestwick et al. Italy (14) 0.04 - 2.98 0.80 - 1.31 Moderate-Mild

Li et al., China (24) 0.07 - 2.95 0.78 - 1.32 Proven sufficient a

Männisto et al., Finland (15)
0.07 - 3.19 0.76 - 1.49

Sufficient
0.08 - 3.09 0.77 - 1.60

Medici et al., the Netherlands (16) 0.01 - 2.84 0.71 - 1.53 Proven sufficient a

Pearce et al., USA (25) 0.04 - 3.27 - - Borderline

Quinn et al., Russia (26)
0.05 - 2.81 - -

Moderate
0.10 - 2.34 - -

Springer et al., Czech Republic (27) 0.05 - 3.03 - - Mild

Vaidya et al. UK (28) 0.13 - 2.95 0.73 - 1.33 Mild-Moderate

Stricker et al., Switserland (13)
0.07 - 2.97 0.76 - 1.33

Sufficient
0.20 - 2.74 0.78 - 1.29

La’ulu et al., USA (29,30)
0.02 - 2.86 0.78 - 1.27

Mild
0.13 - 2.73 0.78 - 1.27

a According to iodine measurements in study population.
MoM values were calculated by dividing each individuals’ TSH or FT4 level by the (trimester-specific) 
median level.



240 Chapter 13

women (unpublished results). However, given the described effect sizes, it seems un-
likely that population differences in smoking prevalence have any noteworthy influence 
on TSH and FT4 reference ranges.

THYROID FUNCTION DURING PREGNANCY AND THE RISK OF MATERNAL AND 
CHILD COMPLICATIONS

When defining a normal thyroid function during pregnancy, one should not only con-
sider the distribution of serum thyroid parameters in the healthy pregnant population 
of interest, but also the potential adverse effects of variations in thyroid function on 
both the mother and child. For long, it has been known that both overt hypo- and hy-
perthyroidism during pregnancy are associated with pregnancy complications, and also 
subclinical thyroid abnormalities have been associated with pregnancy complications. 
In the last few years it has become clear that also minor variations in thyroid function 
can have negative effects on both the mother and the child. The interpretation of these 
studies is complicated by the fact that most did not use population-based reference 
ranges and used different serum thyroid parameter reference ranges limits. Further-
more, many of these studies did not take potentially interfering factors into account, 
such as antibody status, hCG levels, BMI, smoking and parity, which may confound the 
associations between the studied thyroid parameters and pregnancy complications. 
We will provide an overview of the effects of thyroid dysfunction during pregnancy on 

Table 3. Overview of the effects of thyroid dysfunction during pregnancy on the risk of maternal and child 
adverse outcomes

Thyroid (dys)
function group

Pregnancy loss Prematurity
Hypertensive 

disorders
Low birth 

weight
Neurodevelopmental 

delay

Overt 
hypothyroidism

↑ (+++) ↑ (+++) ↑ (+++) ? (+++) ↑ (+++)

Subclinical 
hypothyroidism

↑ (+++) ? (+++) ↑ (++) ? (+++) ↑ (+++)

Hypothyroxinemia ↔ (+) ↔ (+++) ↔ (++) ↔ (+) ↑ (+++)

Overt 
hyperthyroidism

↑ (+++) ↑ (+++) ↑ (+++) ↑ (+++) ↔ (+)

Subclinical 
hyperthyroidism

- ? (+++) ↔ (++) - ↔ (+)

TPOAb-positivity ↑ (+++) ↑ (+++) ↔ (++) ↔ (+++) ↑ (++)

Normal-range FT4 
levels

- ↔ (+) ? (++) ↑ (++)* -

*Compared to low-normal FT4 levels (10.38-12.80 pmol/L), high-normal FT4 levels (17.01-22.00 pmol/L) 
were associated with a lower birth weight (98).
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the risk of a number of important and well-studied maternal and child complications, 
including pregnancy loss, prematurity, hypertensive disorders, low birth weight and 
neurodevelopmental delay, as summarized in Table 3.

Pregnancy loss

It has clearly been demonstrated that both overt hypo- and hyperthyroidism are as-
sociated with an increased risk of pregnancy loss (4, 49, 50). Later studies have shown 
that the risk of pregnancy loss is also higher in women with subclinical hypothyroidism 
during pregnancy (51-54). In a Dutch cohort of 2497 pregnant women, it was shown 
that the incidence of child loss increased by 60% by every doubling of the maternal 
TSH concentration (53). In 2002, Abalovich et al. followed 35 pregnancies with subclini-
cal hypothyroidism (> 5 mU/L; non-pregnancy specific TSH cut-off ) that were treated 
with levothyroxine and found that inadequately treated women had a 71.4% risk of an 
abortion, while none of the adequately treated women had an abortion (51). To study 
the effects of thyroid antibodies on the risk of pregnancy loss, independent of subclini-
cal or overt hypothyroidism, Thangaratinam et al. performed a meta-analysis including 
12,126 women and showed that euthyroid women with thyroid antibodies had a 1.8 to 
3.9-fold increased risk of pregnancy loss (55). Negro et al. studied these relations in a 
group of TPOAb-negative pregnant women and concluded that women with serum TSH 
levels of 2.5-5.0 mU/L had a 6.1% risk of pregnancy loss, compared to 3.6% in women 
with a TSH level below 2.5 mU/L (54), showing that the association between subclinical 
hypothyroidism and pregnancy loss is only partly driven by thyroid autoimmunity.

Premature delivery

Premature delivery has been identified as the most important direct cause of child 
death in almost all high- and middle- income countries and is associated with psy-
chiatric, metabolic, cardiovascular, and renal disease later in life (56-59). Although the 
pathophysiological mechanism remains poorly understood, thyroid dysfunction during 
pregnancy has been associated with an increased risk of a premature delivery. This has 
been shown for both hypo-and hyperthyroidism in various studies, the largest of which 
is a study by Mannisto et al. in 223,512 pregnancies, which concluded that hypo- and 
hyperthyroidism during pregnancy were associated with a 1.34- and 1.81-fold increased 
risk of prematurity (5). However, the effects of more subtle variations in thyroid function 
are less clear. Subclinical hypothyroidism has been described as a risk factor for pre-
mature deliveries, while other studies did not find any associations (51, 54, 60-67). This 
could be partly explained by the fact that different TSH cut-off values were used in the 
different studies. We therefore studied the association between increased TSH levels and 
the risk of premature deliveries using the population-based P97.5 (4.0 mU/L) or the fixed 
2.5 mU/L cut-off. While no associations were seen with a TSH >2.5 mU/L, a 1.9-2.5 times 
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increased risk of prematurity was seen among women with a TSH >4.0 mU/L (68). This 
association no longer persisted after exclusion of TPOAb-positive women and women 
with comorbidities, suggesting that these factors underlie the observed association 
between thyroid dysfunction and prematurity. These results underline the importance 
of performing in-depth analyses in a detailed cohort, taking the interfering role of 
various confounders into account, when analyzing the effects of thyroid dysfunction on 
pregnancy outcomes.

Furthermore, limited data are available on the effects of hypothyroxinemia on the risk 
of premature deliveries, and most of the available studies did not find any effects (61, 
62, 68, 69). TPOAb-positivity during pregnancy is generally considered to be associated 
with an increased risk of premature deliveries. This is supported by a meta-analysis of 
He et al., which showed a 1.69 fold increased risk of prematurity among TPOAb-positive 
euthyroid women, which has been suggested to be independent of thyroid function 
(68, 70).

Hypertensive disorders

Hypertensive disorders, including pregnancy-induced hypertension (PIH) and (pre)
eclampsia, are common during pregnancy and are a major cause of maternal and fetal 
morbidity and mortality (71-76). Both hypo- and hyperthyroidism have been shown 
to have important vascular effects, including endothelial cell dysfunction (77-80), and 
therefore a number of studies have investigated the effects of thyroid dysfunction on 
the risk of hypertensive disorders during pregnancy (5, 62-64, 81-87). While various 
studies have shown conflicting results on the associations between overt thyroid dys-
function and hypertensive disorders (62, 64, 83-86), the largest study by Mannisto et 
al. showed that both hypo- and hyperthyroidism were significantly associated with a 
1.5-3.6 fold increased risk of (superimposed) preeclampsia (5). Unfortunately, this study 
lacked information on treatment of thyroid disease during pregnancy and the authors 
were not able to investigate the effects of more subtle alterations in thyroid function, 
such as subclinical hypo- and hyperthyroidism. In a prospective cohort study in nearly 
25,000 pregnancies by Wilson et al., subclinical hypothyroidism was associated with a 
1.6-fold increased risk of severe pre-eclampsia, even after correction for confounding 
factors (87). Subclinical hypothyroidism was defined as a serum FT4 between P2.5 and 
P97.5 (0.9-2.0 ng/dL) and a TSH above P97.5 (>4.13 mU/L).

Low birth weight

Birth weight is frequently used as a proxy for fetal growth and development. A low birth 
weight can either be due to intrauterine growth retardation (SGA; small size for gesta-
tional age) or prematurity, and has been associated with an increased risk of perinatal 



Thyroid function during pregnancy 243

CH
A

PT
ER

 1
3

mortality and the development of various cardiovascular, renal and psychiatric diseases 
in later life (88-92).

Overt hyperthyroidism during pregnancy increases the risk of low-birth weight 
children (83, 85, 93). In a pregnant US population, Millar et al. found that hyperthyroid-
ism was associated with a 9.2-fold increased risk of low birth weight (LBW; <2500 g) 
newborns, while a study from Thailand found a 2.7-fold increased risk of LBW newborns 
(85, 93). These substantial differences in risk estimates are likely caused by the limited 
number of cases included in these studies (N<60).

Conflicting results have been published on the relation between subclinical and overt 
hypothyroidism and birth weight. A few studies with a limited number of hypothyroid 
cases suggested an increased risk of LBW and SGA children in hypothyroid pregnancies 
(63, 86, 94). However, the largest study on this relation has been performed by Mannisto 
et al. in a cohort of 5805 pregnancies, in which population-based reference ranges for 
TSH and FT4 were calculated. No effects of overt hypothyroidism (TSH >P95 and FT4 <P5; 
n=54) and subclinical hypothyroidism (TSH >P95 and FT4 P5-P95; n=224) were detected 
on birth weight (67). This is line with results from the study by Karagiannis et al., who 
measured early-pregnancy serum thyroid parameters in pregnancies that subsequently 
delivered SGA neonates and did not find any differences compared to a control cohort 
of uncomplicated pregnancies (95). While Mannisto et al. found that TPOAb-positive 
women had an increased risk of a high-birth weight newborn, this finding could not 
be replicated in other large population-based cohorts, and may therefore be due to a 
chance finding (67, 92, 96).

In Chapter 5, we studied the birth weights of children from 4464 mothers with 
normal-range TSH and FT4 levels during pregnancy (92). Compared to low-normal FT4 
levels (10.38-12.80 pmol/L), high-normal FT4 levels (17.01-22.00 pmol/L) during early 
pregnancy were associated with a 2.8-times increased risk of LBW children, while no 
effects on the risk of prematurity were found. Similar effects were detected in the study 
by Haddow et al. (97).

Neurodevelopmental delay

The detrimental effects of low maternal TH levels on fetal brain development have been 
appreciated for long (98). In 1999, Pop et al. showed that children born to mothers with 
low early-pregnancy FT4 levels (<P10, n = 22) have an impaired psychomotor develop-
ment (99). A later study by Henrichs et al. in 3700 mother-child pairs showed associa-
tions between early-pregnancy severe and mild hypothyroxinemia (FT4 <P5 and <P10, 
respectively) and an increased risk of expressive language delay at 18 and 30 months 
(OR = 1.80). In addition, severe hypothyroxinemia was also associated with an increased 
risk of nonverbal cognitive delay at 30 months of age (OR = 2.03) (100). These results 
were also confirmed by other studies (101-103). As most of these studies investigated 
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the effects of hypothyroxinemia, less is known about the effects of overt and subclinical 
hypothyroidism on child neurocognitive development. In a hallmark study published in 
1999, Haddow et al. studied the IQ scores of 7 to 9 year old children born to mothers with 
an early-pregnancy TSH >P99.7, and showed that their IQs were on average 7 points 
lower compared to 124 controls born to mothers with a normal TSH during pregnancy 
(3). A later study in a Chinese pregnancy cohort confirmed that mothers with subclinical 
hypothyroidism (population-based TSH >P95 and FT4 P5 – P95) have an increased risk 
of newborns with neurodevelopmental delay (OR = 10.4) (94). Limited data are available 
on the role of TPOAbs in these associations, but the few available studies suggest that 
maternal TPOAb-positivity is associated with an increased risk of child neurocognitive 
delay (104, 105).

Treatment of thyroid disorders during pregnancy

Although treatment of overt hypo- and hyperthyroidism during pregnancy is universally 
accepted, this is less clear for the subclinical forms. A study on the benefits of universal 
screening versus case-finding of thyroid disorders during pregnancy suggested that 
levothyroxine (LT4) treatment of TPOAb-positive pregnant women with a TSH > 2.5 
mU/L results in less pregnancy complications (106). Lepoutre et al. showed that LT4 
treatment of TPOAb-positive pregnant women with a TSH > 1.0 mU/L was associated 
with less miscarriages (107). However, these studies did not use population-based refer-
ence ranges, results were based on a limited number of treated cases, and analyses were 
not restricted to only women with subclinical hypothyroidism. Therefore, large RCTs are 
needed to clarify if subclinical hypo- and hyperthyroidism during pregnancy should 
be treated. Finally, Negro et al. showed that LT4 treatment of pregnant TPOAb-positive 
euthyroid women is associated with a decreased risk of pregnancy loss and premature 
births (108). As this has not been studied in other pregnancy cohorts, large RCTs are 
currently investigating the benefits of treating TPOAb-positive euthyroid women with 
LT4, including the TABLET (Thyroid AntiBodies and LEvoThyroxine) trial (UK) and the T4 
Life trial (The Netherlands).

CONCLUSIONS

In the last decade a large number of studies have been published on thyroid reference 
ranges during pregnancy. These studies show substantial differences in serum TSH and 
FT4 reference ranges between populations, which can be partly explained by the use 
of different assays, as well as by population-specific characteristics such as ethnicity, 
iodine status and BMI. Given these substantial differences between studies (Table 1), it 
is crucial that institutions calculate their own population-based ranges, and do not rely 
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on reference ranges from other populations or fixed universal TSH cut-off values. Conse-
quently, clinicians should also use these population-based ranges for the diagnosis and 
treatment of thyroid diseases, instead of using the fixed serum TSH cut-off levels of 2.5 
and 3.0 mU/L.

The use of MoMs illustrated that part of the differences in thyroid parameter reference 
ranges between populations can be explained by the use of different assays. Provided 
that institutions determine their own population-based ranges, there is no direct need 
for using MoMs in daily clinical practice. However, the use of MoMs could be useful 
in clinical studies on the effects of thyroid dysfunction during pregnancy. In this way, 
results from studies using different assays could be easily compared and combined. 
Furthermore, by reporting MoMs, the individual clinician could more easily interpret 
published results in light of his/her patient population and assay used.

Besides data on reference ranges, these pregnancy cohorts also provided insight into 
the effects of maternal thyroid dysfunction on both maternal and child outcomes. The 
interpretation of part of these studies is hampered by the fact that different cut-offs 
were used to define thyroid dysfunction; while some cohorts calculated population-
based pregnancy-specific reference ranges, others used the fixed guideline cut-offs, 
or non-pregnancy ranges. Despite this, these studies have shown that, besides overt 
hypo- and hyperthyroidism, also more subtle variations in thyroid function are associ-
ated with an increased risk of various pregnancy complications. This especially holds 
true for subclinical hypothyroidism, which has been associated with pregnancy loss, 
hypertensive disorders, and neurodevelopmental delay, while conflicting effects have 
been reported on the risk of prematurity and birth weight. These studies underline the 
importance of not only maintaining serum FT4 but also serum TSH levels within the 
normal range. Less is known about the effects of subclinical hyperthyroidism, or even 
variation in normal-range TSH and F4 levels. This should therefore be the focus of future 
studies, while large RCTs are needed to clarify if subclinical hypo- and hyperthyroidism 
during pregnancy should be treated.

In conclusion, given the substantial differences in pregnancy-specific TSH and FT4 
reference ranges between populations, it is essential that institutions calculate their 
own pregnancy-specific populated-based reference ranges. These should also be used 
for the diagnosis and treatment of thyroid disorders during pregnancy.
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I. INTRODUCTION

In the past 5 years, advances in genetic research have led to the identification of a large 
number of new candidate genes for thyroid function and autoimmunity. The genetic 
architecture of the HPT axis is similar to other complex traits, with contributions from 
several genes, most of which have small effects, but some of which have large effects, 
as illustrated in Figure 1. Therefore, this review will first discuss monogenic causes of 
thyroid dysfunction and altered thyroid function tests (i.e., rare variants, large effects). 
We will then discuss the polygenic causes of thyroid (dys)function (i.e., common vari-
ants, small effects), including the new candidate genes identified by GWAS, and what 
insights these genes provide about the genetic basis of thyroid (dys)function. Finally, 
we will discuss new techniques which will help to further unravel the genetic basis of 
thyroid (dys)function in the near future, which will likely lead to a better understanding 
of disease identification and treatment.
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Figure 1 

Figure 1 Adapted from Ralston and Uitterlinden, Endocr Rev 2010. The genetic architecture of the HPT 
axis, with contributions from various genetic variants with different frequencies and effects. Most of the 
common variants have small effects, while some rare variants have large effects. Common variants with 
large effects have not been found, and probably do not exist. Rare variants with small to moderate effects 
are likely to be identified by future sequencing efforts.
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II. SINGLE GENE DISORDERS CAUSING THYROID DISEASE

A. Hypothyroidism

The incidence of congenital hypothyroidism (CH) has been estimated to be around 1 in 
3500 live-born infants, and is two times more frequent in women than in men (1-4). 75-
85% of the cases are due to thyroid dysgenesis, 15-20% are due to abnormalities in TH 
synthesis (dyshormonogenesis), and only a minor fraction has a central origin (5, 6). Up 
to 15% of the CH cases have a hereditary basis, while the others are considered sporadic 
forms. An overview of the monogenic causes of CH is shown in Table 1, together with the 
monogenic causes of hyperthyroidism and altered thyroid function tests.

Single gene disorders causing central hypothyroidism
Congenital CH is rare, with an estimated prevalence of 1 in 50,000 live-born infants. No 
human mutations in the TRH gene have yet been identified. So far, only one patient 
with a compound heterozygote TRH receptor gene mutation has been described, pre-
senting with severe CH, short stature and mental retardation (7). However, a number of 
patients with loss-of-function mutations of the TSHβ gene have been identified (8-14). 
The phenotypes of these patients ranged from mild to severe CH. Most of these patients 
had a developmental delay and were identified by a very low TSH, which could not be 
stimulated by TRH.

Mutations in transcription factors which are important for pituitary development can 
lead to various forms of combined pituitary hormone deficiency. These patients present 
with impaired secretion of one or more pituitary hormones, frequently including TSH 
deficiency.

POU1F1 (PIT1) plays an important role in pituitary development and hormone secre-
tion. Mutations in POU1F1 lead to a clinical picture in which CH is the leading symptom, 
with a delayed manifestation of growth hormone and prolactin deficiencies (15-18). The 
mode of inheritance can be recessive or dominant, depending on the location of the 
mutation.

The expression of PROP1 precedes POU1F1 expression. Various families with PROP1 
mutations have been described, frequently leading to not only growth hormone, TH, 
and prolactin deficiency, but also to LH and FSH deficiency (19-22). These patients there-
fore do not enter puberty spontaneously.

LHX3 plays an important role in the development of the anterior pituitary, and muta-
tions in LHX3 have been described for the first time in 2000 in two families (23). Affected 
individuals had deficiencies of all pituitary hormones, except for ACTH, and displayed 
rigidity of the cervical spine.

Finally, Sun et al. more recently identified IGFS1 mutations as a cause of X-linked 
central hypothyroidism (24). IGSF1 is a membrane glycoprotein highly expressed in the 
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anterior pituitary. In males, clinical characteristics include CH, testicular enlargement, 
hypoprolactinemia, delayed puberty and increased body weight, while in females only 
a subset of carriers exhibits CH or hypoprolactinemia (25, 26).

TSH receptor mutations causing resistance to TSH
Mutations in TSHR can lead to TSH resistance. This has been extensively reviewed by 
Persani et al. and Cassio et al. (27, 28). Depending on the type of mutation, the clinical 
presentation may vary considerably, ranging from severe CH to only limited elevations 
in TSH with a normal T4 level in the absence of clinical symptoms of hypothyroidism. 
Complete resistance to TSH was first described by Abramowicz et al. in 1997, who found a 
homozygous loss-of-function mutation in TSHR in a brother and sister from consanguin-
eous parents (29). These patients suffered from severe CH, and were initially diagnosed 
with thyroid agenesis at scintigraphy due to the severe hypoplasia and greatly impaired 
iodine uptake. However, the presence of thyroid tissue was ensured by detectable Tg 
levels. Since then, various loss-of-function mutations in TSHR have been described in 
patients with resistance to TSH (27).

Single gene disorders causing thyroid dysgenesis
In patients with CH, mutations have also been identified in genes involved in thyroid 
development, including PAX8, FOXE1 and NKX2.1. PAX8 is a paired domain transcription 
factor involved in thyroid development and the expression of the TPO and Tg genes. 
Several patients with heterozygous PAX8 mutations have been identified. This disorder 
has a variable penetrance, ranging from ectopy and hypoplasia of the thyroid associated 
with severe CH to an eutopic thyroid associated with mild hypothyroidism (30-32). The 
molecular mechanisms underlying this phenomenon remain to be elucidated.

FOXE1, also known as thyroid transcription factor 2 (TTF-2), is an intronless transcrip-
tion factor that binds DNA through a forkhead domain. During development, FOXE1 is 
expressed in the thyroid anlage, Rathke’s pouch, pharyngeal structures and hair follicles. 
Mutations in FOXE1 are the first described genetic causes of thyroid agenesis in humans, 
leading to the so-called Bamforth-Lazarus syndrome (33). Besides CH, characteristics 
include developmental delay, cleft palate, choanal atresia, bifid epiglottis and spiky hair.

Belonging to the family of homeobox domain containing transcription factors, NKX2.1 
(also known as thyroid transcription factor 1 (TTF-1)) has a wide expression pattern, 
including thyroid, forebrain, basal ganglia, pituitary and lung. Human NKX2.1 mutations 
can lead to a wide spectrum of thyroid and pulmonary manifestations ranging from 
hyperthyrotropinaemia to CH due to thyroid agenesis, and from severe neonatal respira-
tory distress syndrome to a slightly increased sensitivity to pulmonary infections (34-36). 
Neurological complications may include global developmental delay, hypotonia, ataxia, 
microcephaly and choreoathetosis.
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Single gene disorders causing thyroid dyshormogenesis
In addition to the genetic defects leading to central hypothyroidism and thyroid dysgen-
esis, mutations have also been identified in the various steps involved in TH synthesis. 
These include the substrate for TH synthesis (Tg), iodide trapping (NIS), iodide efflux 
across the apical membrane (Pendrin), organification of iodide (TPO, DUOX2, DUOXA2), 
and the ability to recover and retain intrathyroidal iodide (DEHAL).

NIS mutations have been identified in patients with CH, but the onset of hypothyroid-
ism varies from birth to childhood and correlates with the residual activity of the mutant 
transporter (37-40). A radioactive iodide scan typically shows blunted or absent uptake 
in a normally located thyroid gland. Besides its expression in the apical thyrocyte mem-
brane, the SLC26A4 transporter is furthermore expressed in the inner ear and kidney. 
Patients with biallelic SLC26A4 mutations (Pendred syndrome) typically present with 
deafness, and only part of these patients suffer from an impaired thyroid function (41-
43). Iodine status is an important modifier of the thyroid phenotype in this syndrome, 
as 90% of patients with sufficient iodine intake are both biochemically and clinically 
euthyroid (44).

Since the first description of a mutation in the Tg gene in a patient with congenital 
goiter and hypothyroidism by Ieri et al. in 1991, over 50 other Tg mutations have been 
described (45, 46). Although phenotypes of Tg gene mutants can vary depending on the 
mutation, patients typically present with a large goiter and are biochemically character-
ized by a high serum TSH and a low Tg level. In addition, serum T3 levels are dispro-
portionately high compared to the T4 level, which is thought to be due to increased 
intrathyroidal D2 activity (47).

TPO gene mutations are the most frequent cause of inherited dyshormonogenesis 
with permanent CH and homozygous mutations are characterized by a total iodide 
organification defect, as extensively reviewed by Ris-Stalpers et al. (48). These patients 
therefore require lifelong thyroxine treatment. Heterozygous TPO mutations are not a 
direct cause of permanent hypothyroidism. However, a study in 260 Chinese children 
with neonatal transient hypothyroidism and 1000 controls showed that a common TPO 
founder mutation was 16 times more common in the children with neonatal transient 
hypothyroidism, suggesting that these mutations may play a role in the susceptibility 
for neonatal transient hypothyroidism (49).

Various monoallelic DUOX2 mutations have been identified in newborns with CH, but 
follow-up studies revealed the only transient nature of this hypothyroidism, as no thy-
roxine substitution was needed to maintain euthyroidism in later life (50, 51). However, 
biallelic DUOX2 mutations are characterized by permanent CH (38, 51). In contrast to TPO 
mutants, these patients have only a partial iodide organification defect. This residual 
organification capacity is likely explained by the expression of DUOX1 in thyrocytes.
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It was not until 2008 that the first mutation in DUOXA2 has been identified in a patient 
with mild permanent CH and a partial iodide organification defect (52). Since then, one 
other DUOXA2 mutation has been identified in a Chinese patient with mild CH (53).

Genetic defects in intrathyroidal iodine recycling can also lead to hypothyroidism. 
DEHAL mutations have been identified in a number of patients that tested normal at 
CH screening, but presented with clinical signs of hypothyroidism in early childhood 
(54, 55). It is interesting to note that, besides the classical clinical and biochemical signs 
of hypothyroidism, these patients also had higher urinary MIT and DIT concentrations, 
which could be a useful future diagnostic tool.

Finally, in 2003 Taha et al. described a syndrome characterized by neonatal diabetes, 
CH and facial anomalies, which was later found to be caused by mutations in the GLIS3 
gene (56, 57). GLIS3 is a transcription factor highly expressed in the thyroid and pancreas, 
and later studies showed that the phenotype can furthermore include hepatic fibrosis, 
polycystic kidney disease, glaucoma, osteopenia, bilateral sensorineural deafness and 
pancreatic exocrine insufficiency (56, 58). Until now, only 5 families with this syndrome 
have been described.

B. Hyperthyroidism

Whereas inactivating TSHR mutations can lead to CH, activating TSHR mutations can 
lead to constitutive activation of the cAMP cascade and induce growth and hyperfunc-
tioning of the thyroid follicular cells, leading to thyroid autonomy. This has previously 
been reviewed by Gozu et al. and Hébrant et al (59, 60).

The first activating TSHR mutation leading to this so-called familial non-autoimmune 
hyperthyroidism was detected in a French family, which had already been described 
in 1982 by Thomas et al. (61) Since then, various activating TSHR mutations have been 
identified in families with familial non-autoimmune hyperthyroidism (59, 60). The 
degree of hyperthyroidism varies from subclinical hyperthyroidism (62) to overt hyper-
thyroidism with severe complications, including facial hypoplasia, advanced bone age, 
neurodevelopmental delay, jaundice and cerebral ventriculomegaly (63). Also the age 
of presentation varies greatly, ranging from the neonatal period to 60 years. Besides a 
positive family history for hyperthyroidism and the absence of clinical signs of thyroid 
autoimmunity, it is characterized by a clinical course with multiple relapses, even after 
radioiodine therapy or partial thyroidectomy.

Activating TSHR mutations have also been detected in sporadic forms of non-
autoimmune hyperthyroidism, as first described by Kopp et al (64). The sporadic form is 
characterized by an earlier and more severe onset compared to the hereditary form. Part 
of these patients presents with complications of fetal hyperthyroidism, such as prema-
turity, advanced bone age, craniosynostosis or mental retardation. Giving the relapsing 
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nature of the hyperthyroidism, even after subtotal thyroidectomy, some patients need 
combined treatment with near-total thyroidectomy and radioiodine therapy (59, 60).

Finally, although also mutations in the Gsα gene have been detected in patients with 
non-autoimmune hyperthyroidism, the prevalence and exact functional significance of 
these mutations still remain to be established (65, 66).

III. SINGLE GENE DISORDERS AFFECTING THE HPT-AXIS DUE TO DEFECTS IN 
TH SIGNALING

Not all single gene disorders affecting TH pathway genes lead to hypo- or hyperthyroid-
ism. This is clearly illustrated by various monogenetic disorders in which mutations in TH 
pathway genes lead to alterations in thyroid function tests, without a classical pheno-
type of hyper- or hypothyroidism. The HPT-axis can be affected at different levels of TH 
signaling. In addition to a decreased capacity of the thyroid to produce TH, variations in 
response of the thyroid to TSH, in the peripheral metabolism of TH, in the cellular uptake 
of TH, and variations in the intracellular response to TH may all contribute to a thyroid 
function setpoint that is different for each individual. These single gene disorders sug-
gest that common polymorphic variants with even more subtle consequences in the 
same genes affect serum TSH and FT4 levels within the normal range, and may lead to 
subtle defects in TH signaling in specific tissues as well, depending on the gene involved.

Decreased thyroid reserve due to mutations in genes involved in TH synthesis

Most inborn errors of TH synthesis are caused by defects in iodide organification. As 
discussed, mutations in the genes encoding TPO, Tg, Pendrin, NIS and DUOX2 (DUOXA2) 
have been demonstrated in patients with organification defects, as discussed in section 
II (38, 50, 51). One could speculate that less detrimental defects in these genes involved 
in TH synthesis may lead to a decreased thyroid reserve. This has been shown for the 
DUOX2 gene. Whereas bi-allelic inactivating mutations lead to a severe and permanent 
CH (50), mono-allelic mutations lead to a milder, transient hypothyroidism. This is 
caused by insufficient capacity to produce TH at the beginning of life, when there is an 
increased TH requirement. These patients have a decreased thyroid reserve and may 
be at risk for subclinical or overt hypothyroidism, goiter, or both in adolescence and 
adulthood, especially during pregnancy, when the need for TH increases (50).

Decreased sensitivity to TSH due to mutations in the TSH receptor

Complete TSH resistance due to bi-allelic loss of function mutations in the TSH recep-
tor can lead to non-syndromic CH or severe thyroid hypoplasia (section II). However, 
depending on the severity of the mutation and on the number of mutated alleles, the 
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clinical phenotype may be much more subtle (27, 28). In these cases elevated serum TSH 
levels with a very variable pattern may compensate for the mild functional impairment 
of the mutant receptor, leading to FT4 and T3 concentrations within the normal range. 
Whereas early substitution treatment with LT4 is mandatory in all patients with CH due 
to complete and uncompensated TSH resistance, the benefit of LT4 therapy is less clear 
in patients with partial TSH resistance and subclinical hypothyroidism. In these cases, 
careful long-term follow-up can be recommended as well. When the TSH resistance is 
not fully compensated, LT4 treatment should aim to normalize serum TSH levels, since 
these individuals have normal responsiveness to TH.

Interestingly, mutations in the PAX8 gene, which is essential for the formation of T4-
producing follicular cells, and defects in the long arm of chromosome 15 can cause TSH 
resistance as well. Patients often are indistinguishable clinically and by thyroid tests from 
those with loss-of-function mutations in the TSHR gene (67-69). An impaired association 
of the mutant PAX8 with other transcription factors regulating the TSHR, Tg and/or TPO 
genes appear to be responsible for the TSH resistance. The exact mechanism of how the 
defect in chromosome 15 causes TSH resistance is not yet known.

Decreased sensitivity of the pituitary to T4 due to a defect in TH metabolism

TH metabolism is predominantly controlled by the iodothyronine deiodinases. All three 
deiodinases contain the rare amino acid selenocysteine (Sec) in their catalytic center, 
which is essential for normal enzyme function. The incorporation of a Sec requires the 
presence of a Sec insertion sequence (SECIS), which is recognized by SECIS-binding 
protein SBP2. Subsequently, various factors are recruited ultimately leading to the 
incorporation of Sec.

So far, no mutations in these deiodinases have been reported. However, a novel clini-
cal syndrome of abnormal thyroid parameters and growth retardation due to mutations 
in SBP2 was described in 2005 (70). Patients with SBP2 mutations have elevated serum 
(F)T4 and rT3 levels, low to low-normal serum T3 levels and normal to slightly elevated 
serum TSH levels. This is very similar to what is observed in Dio1 and Dio2 knock-out (KO) 
mice. In skin fibroblasts of SBP2 patients it was shown that D2 activity was significantly 
decreased. Similar to Dio2 KO mice, patients with SBP2 mutations require much higher 
LT4 doses to suppress serum TSH, whereas the response to LT3 treatment is normal. This 
is in line with an important role of pituitary D2 in the regulation of the HPT-axis.

Until now, a total of 8 families with mutations in SBP2 have been identified (71). Growth 
retardation is the most prominent clinical feature, but in addition to these altered thyroid 
function tests and growth retardation, patients may also suffer form (mild) mental and 
motor retardation, muscle weakness, hypoglycaemia, impaired hearing and infertility 
(72). SBP2 mutations will result in impaired synthesis of all selenoproteins (about 30 
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have been identified so far). At this point, it is unknown which part of the phenotype can 
be attributed to each of the deiodinases. For a recent excellent review see reference 71.

Decreased sensitivity to TH due to a defect in cellular uptake of TH

The only clinical syndrome due to a defect in TH transport that is known so far, is the Allan-
Herndon-Dudley syndrome (AHDS), caused by mutations in the MCT8 gene. The MCT8 
gene is located on the X-chromosome. Affected males suffer from severe psychomotor 
retardation and abnormal thyroid function tests (73-75). Serum FT4 concentrations are 
low or low-normal, whereas serum T3 levels are markedly elevated. In particular during 
childhood serum T3 levels are far above the upper reference limit. TSH levels vary from 
normal to elevated. Female carriers do not exhibit neurological features. However, they 
have serum FT4 levels in between those in affected males and unaffected relatives (76).

The mechanisms behind the altered serum thyroid function tests in patients with 
AHDS are only partially understood. The identified MCT8 mutations largely or com-
pletely impair TH uptake suggesting that this is the basis of the disease (77). Although 
FT4 levels are low, TSH levels appear inappropriately high in the context of the high 
serum T3 concentrations pointing towards a disturbed negative feedback of TH at the 
level of the MCT8 expressing pituitary and/or hypothalamus (76). It was recently shown 
that TH secretion is disturbed in MCT8 KO mice (78, 79). This accumulation of T4 within 
the thyroid gland of patients with AHDS may subsequently lead to an increased intra-
thyroidal conversion to T3. This will result in an increased T3/T4 ratio in the thyroid and 
a net increase in T3 secretion via other efflux pathways. Furthermore, kidney T4 levels 
are increased in MCT8 KO mice despite the low serum T4 levels, suggesting that T4 is 
accumulated in the kidney (79). Liver and kidney D1 activity are markedly increased, 
further increasing the T4 to T3 conversion. The low serum rT3 levels are due to a reduced 
availability of T4 as well due to the elevated D1 activity, for which rT3 is the preferred 
substrate.

The neurological phenotype of AHDS patients is much less understood, but a disturbed 
TH homeostasis in the brain is likely to be the mechanism since neuronal differentiation 
and myelination are TH-dependent processes (80).

Resistance to TH due to mutations in TRβ (RTHβ)

The THRB gene has two splice variants, TRβ1 and TRβ2. Secretion of TSH and TRH is 
downregulated via binding of T3 to TRβ2 in the hypothalamus and pituitary. More than 
20 years ago it was demonstrated that heterozygous mutations in the ligand-binding 
domain (LBD) of TRβ1 or TRβ2, impairing their hormone binding and/or transcriptional 
activity, result in elevated serum TH levels and a non-suppressed TSH (81). The mutant 
TRβ interferes with the function of wild-type (WT) TRβ, resulting in a dominant-negative 
effect and dominant inheritance (82). Diffuse goiter and sinus tachycardia are the most 



Genetic determinants of thyroid function and autoimmunity 267

CH
A

PT
ER

 1
4

common clinical findings in this syndrome of resistance to TH (RTH) due to inactivating 
mutations in THRB (RTHb). RTHb patients treated by thyroidectomy and/or radioiodine 
therapy and substituted with different doses of LT4 show a negative log-linear TSH-FT4 
relationship with a slope lower than non-RTHb patients. This is in agreement with the 
decreased affinity of the mutated TRβ receptor for T3 (83). Homozygous mutations in 
TRβ are rare and result in a more severe phenotype (84). The high serum levels of T4 and 
T3 in patients with RTHβ are accompanied by relatively few symptoms. Symptoms are 
due to a combination of low TH action in predominantly TRβ-expressing tissues, and 
TH overexposure in TRα-expressing tissues (85). Until now, more than 1000 patients 
with mutations in THRB have been described, belonging to more than 350 families. 
See references (71, 86, 87) for a more detailed discussion of the clinical phenotype and 
underlying pathophysiological mechanism.

Resistance to TH due to mutations in TRα (RTHα)

More recently, the first human patients with heterozygous inactivating mutations in 
TRα1 were identified (88-90). Because TRβ (and more specifically TRβ2) is the predomi-
nant isoform expressed in the pituitary and hypothalamus, patients with TRα1 muta-
tions were expected to have normal levels of TH. However, patients with RTHα have clear 
alterations of the HPT-axis as well. Despite normal TSH levels, these patients have low 
(F)T4, high T3, and low rT3 levels. The high T3/T4 ratio as well as the low rT3 levels in 
all four patients with TRα1 mutations identified so far suggest an altered metabolism 
of TH. TRα1-PV mutant mice, with a similar frame-shift mutation in TRα1 as two of the 
three patients, have increased levels of hepatic D1, resulting in an increased T4 to T3 
conversion and degradation of rT3 (91). TRα1-/- mice have an impaired regulation of D3, 
leading to a reduced production of rT3 and degradation of T3 (92, 93). Both an increased 
D1 and decreased D3 expression may contribute to the particular TH changes in patients 
with TRα1 mutations. However, this remains to be established in future studies. In addi-
tion to the altered HPT-axis setpoint, patients suffer from growth retardation, delayed 
bone development, delayed motor and mental development, and constipation (88-90, 
94). This is in line with an important role of TRα1 in bone, brain, and intestine. All muta-
tions identified so far result in a complete lack of T3 affinity of the receptor but it can be 
expected that less severe mutations will be identified in the near future. Whether these 
more subtle mutations in TRα1 will lead to a similar biochemical profile remains to be 
determined. Please see the original publications for a more detailed description of the 
phenotype (88-90, 94).
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IV. COMMON GENETIC VARIANTS ASSOCIATED WITH THYROID  
(DYS)FUNCTION (PRE-GWAS)

In the previous chapters we have discussed monogenic causes of thyroid diseases and 
altered thyroid function tests (i.e., rare variants with large effects). Below, we will discuss 
the polygenic causes of thyroid diseases and altered thyroid function tests (i.e., common 
variants with small effects), as identified in linkage and candidate gene studies.

A. Linkage studies

Linkage studies use microsatellite markers spread across the entire genome to detect 
co-segregation with the phenotype of interest. This technique has been very successful 
in identifying rare causative variants with large effects for monogenic diseases. To date, 
only one linkage study on serum TH parameters has been published (95). This study 
by Panicker et al. was performed in 613 dizygotic female twin pairs, and linkage peaks 
were detected on chr 2q36, 4q32, and 9q34 for TSH, on chr 14q13 and 18q21 for FT4, 
and on chr 7q36, 8q22, and 18q21 for FT3. No further mutational screening was done to 
identify the causative variants within the detected linkage region. Furthermore, Liu et al. 
performed a linkage scan in a Chinese family with non-autoimmune hyperthyroidism 
and detected a linkage peak on chr 14q24.2–31.3 (96). Further mutational screening in 
this region led to the identification of a new mutation in the TSHR gene.

B. Candidate gene analyses on HPT-axis setpoint

Candidate gene association studies have been widely used to study the genetics of 
complex diseases in the last 10-15 years. Regarding the HPT-axis setpoint they involve 
the analysis of polymorphic variants in candidate genes (i.e., genes with a role in the 
regulation of TH production and/or activity) in relation to serum thyroid function tests, 
thyroid disease and/or TH related endpoints. These studies are relatively easy to perform 
and can be powered to detect small effects of specific alleles, but replication in inde-
pendent cohorts is mandatory to avoid false-positive results. Causes of false-positive 
findings may be small sample size, lack of standardized phenotyping and genotyping, 
and population stratification when insufficient care has been paid to matching cases 
and controls (97). However, this can usually be avoided by careful study design and 
statistical correction for confounding factors (98). Although most studies nowadays take 
a genome-wide approach by genotyping large numbers of polymorphisms across the 
genome instead of focusing on a single candidate gene, candidate gene analyses can 
still be very useful. This is especially the case for variants in which the effects on gene 
function have been demonstrated in vitro.
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The first candidate gene study analyzing the effect of genetic variation in relation to 
the HPT axis studied several TH pathway genes, i.e. all 3 deiodinases, TSHR, THRB, and 
MCT8 (99). Since then, multiple studies have been published analyzing the association 
between polymorphisms in candidate genes and the HPT-axis setpoint. Studies vary in 
quality, and not all studies have been replicated by independent cohorts. Below we aim 
to give an overview of the consistent findings in literature, as well as the controversies 
for the different candidate genes that have been analyzed. For genetic variants in genes 
that were initially identified by GWAS, and that were subsequently confirmed or studied 
in specific populations by candidate gene analysis, the reader is referred to section V of 
this review.

Deiodinases
Peripheral TH metabolism is mediated importantly by the 3 deiodinases that catalyze 
the inner ring and/or outer ring deiodination of the different iodothyronines (100-102). 
Outer ring deiodination is regarded as an activating pathway, whereas inner ring de-
iodination is an inactivating pathway. D1 is present in liver, kidney, and thyroid, and 
plays a key-role in the production of serum T3 from T4 and in the breakdown of the 
metabolite rT3. Deiodination of rT3 is the most efficient reaction catalyzed by D1. D2 is 
present in brain, anterior pituitary, brown adipose tissue, thyroid, skeletal muscle, and 
D2 mRNA has also been detected in the human heart. D2 only has outer ring deiodinase 
activity and catalyzes the conversion of T4 to T3 and of rT3 to 3,3’-diiodothyronine (3,3’-
T2). In tissues such as the brain, D2 is important for local production of T3, whereas 
D2 in skeletal muscle may also contribute to plasma T3 production. D3 is present in 
brain, skin, placenta, pregnant uterus, and various fetal tissues. D3 has only inner ring 
deiodinase activity, and catalyzes the inactivation of T4 and T3 by deiodination to rT3 
and 3,3’-T2, respectively. It is the major T3 and T4 inactivating enzyme and contributes 
to TH homeostasis by protecting tissues from excess TH.

DIO1
Candidate gene analyses of DIO1 have predominantly focused on 3 polymorphisms, 2 
located in the 3’-UTR (DIO1-C785T (rs11206244) and DIO1-A1814G (rs12095080)) and 
one located in intron 3 of DIO1 (rs2235544). Initial studies focused on the 2 SNPs in the 
3’UTR. In general, The DIO1-785T allele is associated with higher serum (F)T4 and rT3 
levels in combination with lower serum (F)T3 concentrations (99, 103-110). As a conse-
quence, this variant allele is associated with lower T3/rT3 and T3/T4 ratios. These data 
suggest a negative effect of the DIO1-785T variant on D1 activity, since liver D1 plays a 
key role in the production of serum T3 from T4 and in the breakdown of rT3. The DIO1-
A1814G polymorphism has been studies in fewer studies, in which it showed opposite 
results from the DIO1-785T allele. The DIO1-1814G allele was associated with a higher 
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T3/rT3 ratio in 2 independent cohorts, suggesting that this variant is associated with an 
increased D1 activity (99, 103). Based on stronger effects of these variants on serum T3 
levels in elderly subjects, it has been proposed that the relative contribution of D2 to se-
rum T3 production decreases with an increase in age (111), but this hypothesis remains 
to be demonstrated. No effects on mRNA levels, mRNA decay rate or enzyme activity 
have been demonstrated for any of these two variants in the 3’-UTR of DIO1 (110).

A candidate gene analysis using a set of 9 tagging polymorphisms to capture the 
majority of common variation across the DIO1 gene demonstrated that the intronic SNP 
rs2235544 is associated with decreased levels of FT4 and rT3 and an increased FT3/FT4 
ratio (105). This suggests an increased D1 activity as well in carriers of the variant allele. 
A similar tagging approach in a large-scale candidate gene analysis of 68 genes also 
showed a significant association of rs2235544 with FT4 in the same direction (104). This 
association was recently confirmed in a meta-analysis of GWAS for TSH and FT4 (see 
section VI (112)). None of the DIO1 SNPs is associated with serum TSH levels, which is 
likely due to the fact that circulating T4 and T3 are affected in opposite directions.

DIO2
Candidate gene analyses of DIO2 have predominantly focused on 2 polymorphisms, 
located in exon 1 (DIO2-ORFa-Glu3Asp, rs12885300) and exon 2 (DIO2-Thr92Ala, 
rs225014). DIO2- Thr92Ala, the best studied polymorphism in DIO2 in vitro as well as in 
vivo, is not associated with any change in circulating TH and/or TSH levels. This has been 
demonstrated in multiple populations with and without thyroid disease (99, 103, 105, 
109, 113-117). The DIO2-Thr92Ala polymorphism is located in a part of the protein that 
is important for stability (118), but in-vitro studies have produced inconsistent results 
about its functionality. DIO2-92Ala was associated with decreased D2 activity in skeletal 
muscle and thyroid samples of homozygous patients with type 2 diabetes mellitus (119). 
In contrast, cells transiently expressing the Thr92Ala form of D2 display similar kinetic 
properties with either T4 or rT3 as substrate as compared to wild-type D2 (99, 119). This 
discrepancy might be explained by linkage to a functional variant elsewhere in the 
genome.

In contrast, the DIO2-ORFa-Gly3Asp polymorphism was associated with an increased 
T3/T4 ratio in one study, suggesting an increase in deiodinase activity (117). However, 
this finding has not been replicated in other cohorts (103). This could be due to differ-
ences in population characteristics such as age (111, 117), or could be due to a chance 
finding.

DIO2-ORFa-Glu3Asp is located in a short open reading frame (sORF) within the 5’-UTR. 
This sORF is considered to be primarily responsible for the inhibitory effect of the 5′-UTR 
on DIO2 translation, since mutation of the start codon of the sORF completely abolished 
this inhibitory effect (120). In vitro analysis of the DIO2-ORFa-Glu3Asp polymorphism 
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showed that the minor Asp variant was associated with an increased gene transcription 
and increased D2 activity (121), suggesting that the observed associations with the T3/
T4 ratio may very well be true effects.

Although none of the D2 variants were associated with serum TSH levels, there is evi-
dence that the HPT axis setpoint is affected. Hoftijzer et al. studied the relations between 
serum TSH and FT4 levels in patients treated for differentiated thyroid carcinoma and 
showed that the negative feedback of FT4 on TSH was weaker in homozygous carri-
ers of the DIO2-ORFa-3Asp allele (122). Furthermore, homozygous subjects showed a 
delayed rise in serum T3 for DIO2-92Ala and a blunted rise in FT4 for DIO2-ORFa-3Asp, 
respectively, indicating subtle alterations in intrathyroidal conversion of T4 into T3 (123, 
124). Finally, there is one study in patients with differentiated thyroid cancer after thyre-
oidectomy reporting that carriers of the DIO2-92Ala allele need a higher dose of LT4 to 
suppress TSH (125). However, the fact that serum FT4 and FT3 levels were not different 
between the genotype groups in this study, and the fact that the findings could not be 
replicated in a similar cohort of patients with DTC, does not support an altered pituitary 
setpoint in these patients (126).

DIO3
The DIO3 gene is an imprinted gene (127), hampering candidate gene analysis studies. 
The few candidate studies that have studied the DIO3 gene in relation to the HPT-axis 
setpoint, did not find any association (99, 104, 105).

TSH receptor
A variety of activating as well as inactivating mutations have been identified within 
the TSHR gene (128), as discussed in sections II and III. One of the best studied poly-
morphisms within the TSHR gene is a C-to-G transition at position 2281 resulting in a 
Asp727Glu substitution in the cytoplasmic tail of TSHR. Several candidate gene analyses 
have shown that this genetic variant is significantly associated with serum TSH levels (99, 
129, 130). A study analyzing the effect of this particular SNP in a healthy population of 
twins demonstrated that, although the effect on TSH was clearly significant, the propor-
tion of genetic variation that could be accounted for by this Asp727Glu polymorphism 
was very small (0.91% of the overall variation in TSH) (129). No statistically significant 
evidence was found for interaction between the genotype and environmental factors 
such as iodine intake and cigarette smoking. This polymorphism is associated with 
lower TSH levels but normal FT4 levels in all 3 studies (99, 129, 130), a finding we were 
able to replicate in another independent Dutch population of more than 1,000 subjects 
(unpublished data by van der Deure, Peeters and Visser). A study in preeclamptic women 
also showed lower levels of TSH but no data on FT4 were provided in this study (131). 
These results suggest that the setpoint of the HPT axis is affected by this particular poly-
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morphism, due to an altered sensitivity of the receptor. An increased activity of TSHR in 
carriers of the Glu727 allele would require less TSH to produce normal FT4 levels. There 
is indeed one in vitro study showing that the TSHR-Glu727 variant results in an increased 
cAMP response of the receptor to TSH (132). However, others have not been able to 
replicate this finding (133, 134). This suggests that the Asp727Glu polymorphism might 
also be linked to another functional polymorphism elsewhere in the TSHR gene.

It should be noted, however, that these findings were not confirmed in a large-scale 
association analysis of 68 TH pathway genes nor in several GWAS (see section V) (104, 
112, 135-137).

Thyroid hormone receptors
While many studies have been published on associations between clinical endpoints 
and polymorphisms in other nuclear receptors, such as the estrogen and glucocorti-
coid receptors, relatively little is known about functional polymorphisms in TRs. Since 
patients with mutations in TRα and TRβ have clear alterations in serum thyroid function 
tests (71, 87, 138), it could be expected that polymorphisms in these receptors would 
also be associated with alterations in the HPT axis setpoint.

By sequencing all THRA and THRB exons and their flanking regions in more than 100 
alleles, 8 SNPs were identified in THRA and 7 in THRB (99, 139). The SNPs in THRA were 
not associated with serum thyroid parameters. One SNP in THRB was associated with 
higher levels of TSH in one population, but this could not be replicated in a second, older 
population. Genetic variation in these receptors did not show a significant association 
in the large-scale association analysis of 68 TH pathway genes or the GWAS performed 
so far (104, 112, 136, 137).

Thyroid hormone transporters
The first TH transporter identified at the molecular level was organic anion transporter 
subtype 3 (OATP3) (140). In subsequent years, it has been demonstrated that thyroid 
hormones are transported by various types of transporters, including the Na+/taurocho-
late cotransporting polypeptide (NTCP, SLC10A1) (141, 142), the heterodimeric L-type 
amino acid transporters LAT1 and LAT2 (143), various members of the OATP family (144, 
145), and MCT8 (SL10A2) and MCT10 (SLC16A10) (146, 147). Most of these transporters 
accept a variety of ligands, with MCT8, and to a lesser extent MCT10 and OATP1C1 as 
exceptions. Very little is known about the possible effects of genetic variation in NTCP, 
LAT1 and LAT2 (148). For this reason we will only discuss MCT8, MCT10, and several 
members of the OATP family.
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MCT8 and MCT10

Only few studies exist on the relationship between polymorphisms in MCT8, located on 
the X-chromosome, and serum TH levels (104, 148-150). The largest and most recent 
study by Roef et al. found that 2 SNPs in MCT8 were related to circulating TH levels in men 
but not in women. The rs5937843 polymorphism (G/T) in intron 5 of the MCT8 gene was 
inversely associated with FT4 levels (150). This is in line with a previous, smaller study 
in which carriers of another polymorphism in intron 5 of the MCT8 gene (rs5937843) 
had lower FT4 levels than WT male subjects. This finding could not be replicated in the 
homozygous female carriers in the same population (148). Roef et al. also found that 
a nonsynonymous polymorphism (Ser107Pro; rs6647476) was significantly associated 
with lower serum FT3 levels in males (150), which is in contrast to previous smaller stud-
ies (148, 149). No in vitro effects of this polymorphism could be demonstrated so far 
(148, 149).

The few studies of genetic variation in the MCT10 gene failed to show any significant 
association with serum thyroid parameters (104, 148, 149).

OATPs

The OATPs are a large family of transporters responsible for Na+-independent transmem-
brane transport of amphipathic organic compounds, including bile salts, bromosul-
fophthalein (BSP), steroid conjugates, and numerous drugs (145). In humans, 11 OATPs 
have been identified, all containing 12 transmembrane domains. Whereas most OATPs 
proteins are expressed in multiple tissues, some members show a more tissue-specific 
distribution (151). OATP1B1 and OATP1B3 are exclusively expressed in liver (152, 153), 
whereas OATP1C1 is only present in the brain and in the Leydig cells of the testis (154).

Several members of the large OATP family facilitate uptake of TH, including mem-
bers of the OATP1 subfamily: OATP1A2 (155), OATP1B1 (156, 157), OATP1B3 (157), and 
OATP1C1 (154). This family has best been studied in relation to genetic variation and 
thyroid function.

Although the OATP1A2-Glu172Asp (rs11568563) variant showed decreased transport 
activity in vitro, this variant was not associated with serum thyroid parameters in 2 Cau-
casian populations (145).

Polymorphisms in the OATP1B1 and OATP1B3 genes have been extensively studied 
as they impact on the interindividual variability of drug disposition and drug response 
(158). To date, only one study has focused on associations between a polymorphism 
in the OATP1B1 gene, OATP1B1-Val174Ala, and serum TH levels. OATP1B1 preferentially 
transports sulfated hormones, i.e. T4S, T3S, rT3S, and E1S and the OATP1B1-Ala174 vari-
ant shows 40% lower transport of these substrates than OATP1B1-Val174 (159). This is 
in line with a decreased activity of this variant in transporting other substrates as well 
(160). These in vitro data are supported by population-based data, showing that this 
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polymorphism is associated with higher serum T4S and E1S levels (159). No studies on 
associations between genetic variation in the OATP1B3 gene and serum TH levels have 
yet been published.

OATP1C1, which is capable of T4, T4S, and rT3 transport, is almost exclusively ex-
pressed at the blood–brain barrier, suggesting a critical role for T4 uptake into the brain. 
Polymorphisms in the OATP1C1 gene are not consistently associated with serum TH 
levels (150, 161).

None of the SNPs in these transporters showed a significant association in the previ-
ously mentioned large-scale association analysis of 68 TH pathway genes or the GWAS 
performed so far (104, 112, 135-137).

C. Candidate gene analyses of TH related clinical endpoints

Since TH is such a pleiotropic hormone, with effects on almost all tissues and organ 
systems, it can be expected that polymorphic variants affecting local TH action will have 
consequences for a variety of clinical phenotypes (111, 162). Although the effects of 
common variants are usually very small, they exert their effects throughout life. In recent 
years, multiple studies have studied the association between genetic variation and TH 
pathway genes (especially DIO1 and DIO2) and a large variety of clinical endpoints, 
varying from osteoporosis to vulnerability to disease. Interestingly, most of the effects 
of genetic variation were seen independently of serum TH levels, highlighting the im-
portance of local regulation of TH in tissues.

Neurocognitive function

In euthyroid patients

The brain is particularly sensitive to relatively small changes in TH, as is illustrated by 
the increased risk of cognitive complaints and depression in patients with clinical and 
subclinical thyroid disease (163, 164). In two relatively small studies of patients treated 
for depression (n=96 and n=64 respectively), D2 polymorphisms were not associated 
with response to paroxetine (165) or potentiation of sertraline by T3 addition (166). 
However, genetic variation associated with a lower D1 activity was associated with a 
better response to potentiation of sertraline by T3 addition in depressed patients (166). 
In a large study of 3 cohorts with high-risk subjects (total N>1300 subjects), DIO1-785T 
(rs11206244) was associated with increased FT4 levels, as well as with increased risk of 
lifetime major depression in white females (107). In a Chinese population, D2 polymor-
phisms were associated with an increased risk of bipolar disorder (167), but these data 
have not been replicated in a separate cohort.

Thyroid disorders have also been associated with dementia (168, 169). However, stud-
ies using MRI did not find any association between DIO1, DIO2, or THRA polymorphisms 
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and markers of early Alzheimers’dementia (170, 171). Interestingly, the circadian clock 
gene REV-ERBα, which overlaps with the THRA gene and interferes with THRA expression, 
was associated with white matter lesions (Chapter 11) (171).

In patients with TH replacement therapy

Although no clear effects of polymorphisms in TH pathway genes have yet been de-
scribed on cognition and depression in euthyroid subjects, effects may be more clear 
in patients on TH substitution therapy (172, 173). A small but significant proportion of 
thyroidectomized patients on LT4 replacement have low serum T3 despite normal TSH 
and high-normal FT4 levels (174). These patients may be more vulnerable to genetic 
variants affecting local T3 production. Perhaps in these patients a reduced D2 activ-
ity cannot fully compensate for the absence of the thyroidal T3 production (162). This 
might explain why a subgroup of patients who receive TH replacement have decreased 
wellbeing (175). Two studies analyzed the effects of genetic variation in deiodinases in 
hypothyroid patients (113, 172). Both studies were secondary analyses of prospective 
trials comparing LT3/LT4 combination therapy to LT4 alone in primary hypothyroidism. 
The largest study showed that genetic variation in DIO2 (i.e. Thr92Ala, rs225014) was 
associated with impaired psychological wellbeing at baseline (172). It should be noted 
that although 16 polymorphisms were tested in this study, no multiple testing correction 
was applied because the study was underpowered to detect all but very large differen-
tial gene-treatment effects. Therefore, these results need replication in an independent 
cohort. Interestingly, this polymorphism was also associated with the response to 
combination LT3/LT4 treatment in this study of 552 patients. This is in contrast with the 
second study (in 141 patients), which did not find an association of D2 polymorphisms 
with measures of well-being, neurocognitive functioning or treatment preference (113). 
However, the DIO2-Thr92Ala polymorphism did show a similar but non-significant trend 
with impaired wellbeing.

The third study analyzed OATP1C1, a T4 transporter expressed at the blood brain bar-
rier (see above), in the same 141 patients (173). Polymorphisms in this transporter were 
associated with fatigue and depression, but did not explain differences in neurocognitive 
functioning or preference for LT3/LT4 combination therapy. It should be realized that all 
these studies retrospectively genotyped the participants. Therefore, these results have 
to be confirmed in randomized prospective studies.

Osteoporosis and other bone related phenotypes
TH is crucial for bone development and maintenance. Hyperthyroidism results in bone 
loss, osteoporosis and an increased risk of fractures, whereas hypothyroidism has been 
reported to result in increased cortical thickness (176). Both subclinical hyper- and 
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hypothyroidism have been related to fracture risk as well, although conflicting results 
have been reported (163, 177).

Several studies have investigated variation in TH pathway genes and osteoporosis. 
The D2-Thr92Ala polymorphism was associated with a decreased bone mineral density 
(BMD) as well as markers of bone turnover in 154 patients with differentiated thyroid 
cancer (178), suggesting a role in bone homeostasis. This is in line with data from Dio2 
KO mice, which have increased fracture susceptibility due to an essential role for D2 in 
osteoblasts in reaching optimal bone strength and mineralization (179). Polymorphisms 
in TSHR have been related to bone formation as well. Carriers of the TSHR-727Glu allele 
had 2.3% higher femoral neck BMD in almost 5000 subjects (130). This association with 
BMD persisted when TSH was added to the regression model. This finding was recently 
confirmed in a smaller population of 150 males with osteoporosis (180).

Genetic variation in the deiodinases has also been associated with osteoarthritis. A 
genomewide linkage scan identified an association between the DIO2-Thr92Ala poly-
morphism and generalized osteoarthritis, which was replicated in three independent 
cohorts with a total of more than 4000 subjects (181). The same authors later demon-
strated increased D2 protein in cartilage of patients with osteoarthritis, as well as allelic 
imbalance of the DIO2 mRNA. In heterozygous carriers, mRNA from the variant allele 
was more abundant than from the WT allele (182).

Also genetic variation in DIO3 has been implicated in osteoarthritis. The minor allele 
of DIO3-rs945006 showed suggestive evidence for a protective association in a meta-
analyses of 4 European populations containing more than 3000 cases of osteoarthritis 
(183), but these findings still require independent replication. As discussed in Chapter 
10, we did not find any associations of common genetic variation in the THRA locus with 
BMD, bone geometry or fracture risk.

Metabolic syndrome
The first study that associated a TH pathway gene with a clinical endpoint concerned 
the DIO2-Thr92Ala polymorphism in relation to insulin resistance (184). Since then, vari-
ous studies have analyzed polymorphisms in different TH pathway genes in relation to 
insulin resistance and other parameters of the metabolic syndrome.

Diabetes and insulin resistance

The initial study by Mentuccia et al. analyzed a population of 135 non-diabetic women 
undergoing euglycemic-hyperinsulinemic clamps to determine insulin sensitivity (184). 
In these women, a consistent strong relationship between the Thr92Ala polymorphism 
and lower glucose disposal rate was observed, pointing towards an increased risk for 
insulin resistance. Subsequent studies in larger populations showed conflicting results 
in populations with different characteristics. In multiple non-diabetic cohorts of varying 



Genetic determinants of thyroid function and autoimmunity 277

CH
A

PT
ER

 1
4

size but with a total of more than 10,000 subjects, no association of this polymorphism 
with diabetes or insulin resistance could be demonstrated (115, 116, 185-189). However, 
in one case-control study of 1057 type 2 diabetic (DM2) and 516 non-diabetic subjects, 
the DIO2-THr92Ala variant was associated with a significantly increased risk of DM2 
(190). A subsequent meta-analysis of the available case-control studies in 2010 resulted 
in a significantly increased risk as well, with a pooled odds ratio of 1.18 (95% CI 1.03-1.36, 
P=0.02) (190).

Three studies analyzed insulin sensitivity in patients with DM2, using HOMA-IR and 
fasting insulin. All 3 studies showed an increased insulin resistance in homozygous 
carriers of the DIO2-Thr92Ala variant allele (119, 190, 191). Altogether, these data sug-
gest that genetic variation in DIO2 is indeed associated with a mild increase in insulin 
resistance. So far, however, large GWAS of diabetes have not identified the DIO2 gene 
as a susceptibility locus. One study found an association between the TSHR-Asp727Glu 
polymorphism (TSHR is known to be expressed in adipose tissue) and insulin resistance 
in 349 non-diabetic elderly men, but this finding has not yet been confirmed in an inde-
pendent replication cohort (189).

Blood pressure

Studies analyzing the association of the DIO2-Thr92Ala variant in relation to blood 
pressure show conflicting results as well. Two studies in relatively small populations 
(n=372-590) showed a positive association between the DIO2-Thr92Ala variant and 
blood pressure (115, 185), but this finding was not replicated in 4 larger studies of non-
diabetic and diabetic patients (190, 192-194).

One study has reported on the association of genetic variation in the TRHR gene and 
hypertension, but this study has not been replicated either (195). In a population-based 
study of normotensive subjects, we did not find any associations of these TRHR SNPs 
with blood pressure (van der Deure, unpublished results).

Dyslipidemia

Hypothyroidism results in a marked increase in total and LDL cholesterol levels, and 
several (but not all) cross-sectional studies have suggested an association of subclinical 
hypothyroidism with total and LDL cholesterol levels as well (163). As a consequence, 
several studies analyzing TH pathway genes (more specifically DIO2) in relation to insulin 
resitance also studied its relation with total, HDL and LDL cholesterol as well as triglyc-
erides, but none of these studies found significant associations (116, 119, 185, 186, 
191). However, considering the fact that D2 is not expressed in liver and DIO2-Thr92Ala 
does not affect circulating TH levels, a direct effect of this polymorphism on cholesterol 
metabolism would not be expected either.
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To the best of our knowledge, no candidate gene studies have been published on 
the association between genes involved in TH uptake or metabolism in the liver, such 
as NTCP, OATP1B1 and DIO1, and dyslipidemia. Interestingly, OATP1B1 is also involved in 
liver uptake of statins. A GWAS in patients using statins revealed that a polymorphism 
in this transporter (rs4363657) is associated with statin induced myopathy (196). This is 
variant is in almost complete linkage disequilibrium with rs4149056 (R2=0.97), which is 
associated with increased serum T4S levels (159).

Body composition

The only study reporting on the association between genetic variation in DIO1 and BMI 
was negative (106). However, DIO1 polymorphisms putatively associated with decreased 
D1 activity were also associated with higher serum free IGF-1 levels in 2 independent 
populations (106). The pathophysiological significance of this association with IGF-1 
was supported by increased muscle strength and muscle mass in elderly carriers of this 
variant allele. However, these data have not yet been replicated, nor have other studies 
been pulished to date on IGF-1 related endpoints such as body length. Almost all studies 
of the DIO2-Thr92Ala polymorphism in relation to body composition showed a lack of 
association with BMI (116, 119, 125, 126, 185-187), except for one small study (n = 139) 
which showed that treated Hashimoto’s thyroiditis patients homozygous for the Ala 
allele have an increased BMI (126).

Susceptibility to disease

Considering the importance of TH for development and functioning of almost all tissues 
and organ systems, including the immune system, one could speculate that genetic 
variation in TH pathway genes might also be associated with susceptibility to disease. 
It has for example been shown that D3 is highly expressed in infiltrating neutrophilic 
granulocytes in response to acute bacterial infection and that Dio3 KO mice have an 
impaired bacterial clearance (197, 198). Furthermore, increased lung D2 expression has 
been observed in a mouse model of acute lung injury, with expression directly increas-
ing with the extent of lung injury (199). Mice with reduced levels of D2 expression 
(by silencing RNA) showed increased bronchoalveolar lavage protein and leukocytes 
pointing to increased lung injury, suggesting a protective role of D2 in severe sepsis-
associated acute lung injury. In the same study it was also reported that the DIO2-92Ala 
allele was protective in patients with severe sepsis and severe sepsis-associated acute 
lung injury. These findings, suggesting that increased DIO2 expression may dampen the 
acute lung injury inflammatory response are in contrast with in vitro studies suggesting 
that the DIO2-92Ala variant is associated with a decreased activity (119). No data on 
genetic variants of DIO3 with regard to inflammatory response are yet available.
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TH and its essential trace element iodine are crucial for normal brain development. 
Two studies investigated if the risk of mental retardation was associated with genetic 
variation in DIO2, both of which were conducted in an iodine-deficient area (200, 201). 
Several SNPs were associated with mental retardation, but DIO2-Thr92Ala was only in-
vestigated in the study by Zhang et al., and was not associated with mental retardation 
(201). Genetic variation in the TSHR was also studied in one of these populations, but no 
associations with mental retardation were found (202).

Both hypo- and hyperthyroidism can have important vascular consequences, such as 
endothelial cell dysfunction (203), and thyroid dysfunction during pregnancy is associ-
ated with hypertensive disorders during pregnancy (204). A small case-control study of 
50 cases of preeclampsia showed an association of TSHR-Asp727Glu and DIO1-C785T 
with severity of preeclampsia (108, 131). However, these results first need to be repli-
cated in larger independent cohorts.

D. Linkage and candidate gene studies in autoimmune thyroid disease

Since the 1970s, a number of loci have been consistently associated with the risk of 
AITD, including HLA Class I and II, CTLA4, PTPN22, IL2RA, TSHR and FCRL3. The discussion 
of these studies is beyond the scope of this review and we therefore refer to a number 
of comprehensive reviews published over the years (205-210). For the results of a large 
AITD candidate gene analysis using the ImmunoChip, please see the original publication 
by Cooper et al. and the review by Simmonds et al. (208, 211). The new loci more recently 
discovered by GWAS are covered in section V.

V. COMMON GENETIC VARIANTS ASSOCIATED WITH THYROID  
(DYS)FUNCTION (GWAS)

As discussed above, linkage and candidate gene studies have identified only a limited 
number of genes consistently associated with thyroid function or dysfunction. More 
recently, GWAS have had much more success in identifying genetic variants associated 
with thyroid-related traits. These studies have been made possible by advances in geno-
typing techniques, in which 100,000 to 500,000 variants are genotyped across the whole 
genome, and tested against the phenotype of interest. A stringent p-value threshold 
of P < 5x10-8 is used to prevent false-positive results due to multiple testing. As can be 
expected for ‘common’ variants with an allele frequency > 1-5%, effect sizes are small 
and therefore large populations and often meta-analyses of populations are needed to 
reach sufficient statistical power. In this way, in the last 7 years GWAS have identified 
many genetic variants associated with thyroid-related traits, the results of which are 
discussed below.
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A. GWAS on hypothyroidism

Only two GWAS on hypothyroidism have been published. Using electronic medical 
records for case identification, Denny et al. published the first GWAS on hypothyroidism 
in 2011 (212). A drawback of the second hypothyroidism GWAS by Eriksson et al. was 
that the identification of hypothyroidism cases was based on web-based questionnaires 
(213). The five GWAS significant hits in these studies are discussed below.

Loci with an established role in autoimmunity
Four of the GWAS significant hypothyroidism loci had an established role in autoim-
munity and include the HLA class I region, PTPN22, SH2B3 and VAV3 loci. The HLA class I 
region emerged as a possible candidate region in the hypothyroidism GWAS by Eriksson 
et al (213). The detected rs2517532 SNP is located between the HLA-E and HLA-C genes. 
Variation in HLA-C has previously been also associated with Graves’ disease (214). These 
HLA class I region molecules play an important role in antigen presentation, including 
viral antigens, which have been suggested to play an important role in triggering AITD 
(208, 215). However, the exact effects of these SNPs on antigen presentation remain 
unclear at present.

As discussed, early candidate gene studies had already associated genetic variation in 
PTPN22 with AITD (206, 208, 209). The Eriksson et al. hypothyroidism GWAS also detected 
a significant association with rs6679677, which is located near PTPN22 (213). This SNP is 
in high LD with the missense mutation R620W, which has been previously associated 
with Hashimoto’s thyroiditis (216). The results of a study by Menard et al. suggested that 
this mutation results in impaired removal of autoreactive B cells, as well as the upregula-
tion of genes such as CD40, TRAF1, and IRF5, which encode proteins that promote B cell 
activation and have been identified as susceptibility genes also associated with other 
autoimmune disorders (217). Furthermore, variations in PTPN22, and specifically R620W, 
have been associated with various autoimmune disorders, such as type 1 diabetes, 
rheumatoid arthritis, and systemic lupus erythematosus (218-221).

SH2B3 encodes the adaptor protein LNK, a key negative regulator of T-cell cytokine 
signaling, which plays a critical role in hematopoiesis (222). Furthermore, LNK has been 
shown to play an important role in the expansion and function of early hematopoietic 
progenitors (223). Eriksson et al. were the first to find an association of genetic variation 
in SH2B3 with hypothyroidism (213). The identified variant rs3184504 causes a Trp262Arg 
substitution, and had already been associated with other autoimmune diseases, such as 
celiac disease, DM1, vitiligo, and rheumatoid arthritis (218, 224-226). It remains to be 
determined how this mutation affects the protein structure and its function.

Finally, the VAV3 locus emerged as a potential candidate locus in the hypothyroidism 
GWAS by Eriksson et al (213). VAV3 is a guanine nucleotide exchange factor for Rho and 
Rac family GTPases. VAV3 is expressed in the thyroid and has been shown to be down 
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regulated in some subtypes of thyroid tumors (227). However, there is no clear role for 
VAV3 in human thyroid physiology or autoimmunity. However, Fujikawa et al. has shown 
in mice that the VAV family proteins, including VAV3, play an important role in lympho-
cyte development and activation (228). Mouse VAV3 has furthermore been suggested as 
a candidate gene for type 1 diabetes (229). Future human studies should investigate the 
potential role of VAV3 in human thyroid autoimmunity.

FOXE1
As discussed in section II, FOXE1 is a transcription factor essential in thyroid development, 
mutations in which can lead to CH. FOXE1 was also identified as a candidate gene for hy-
pothyroidism in the GWAS by Denny et al. (212). Associations were detected with 4 SNPs 
which were in strong LD, located 58-71 kb upstream from the FOXE1 gene. The strongest 
association was with rs7850258, which was replicated in an independent set. One of the 
4 SNPs (rs925489) was also the strongest hit in the hypothyroidism GWAS by Eriksson et 
al (213). The identified SNPs in these studies have also been associated with other types 
of thyroid diseases. Several studies have detected associations between FOXE1 SNPs and 
the risk of follicular and papillary thyroid cancer (230-232). In this context it is interesting 
to note that higher TSH levels have been associated with an increased risk of thyroid 
cancer and advanced-stage disease (233). As a second part of the hypothyroidism GWAS 
of Denny et al., a so-called phenome-wide association analysis was performed of the 
identified top FOXE1 SNP (rs7850258) (212). In this way, associations were found with 
thyroiditis, nodular and multinodular goiters, and thyrotoxicosis. However, the associa-
tions in this phenome-wide approach need replication in independent cohorts and the 
underlying biological mechanisms need to be clarified in future studies.

B. GWAS on hyperthyroidism

Two GWAS have been published for Graves’ disease. Chu et al. performed the first Graves’ 
disease GWAS in the Chinese Han population (234), and an extension of this study was 
published in 2013 by Zhao et al (235). These studies confirmed previously identified 
candidate genes, including HLA class II region genes, TSHR, CTLA4, and FCRL3, but also 
identified new candidates, which are discussed below.

Loci with an established role in autoimmunity
Similar to the hypothyroidism associated loci, most of the GWAS significant loci for 
hyperthyroidism have a known role in autoimmunity or immunity in general, including 
Tg, GPR174-ITM2A, the C1QTNF6-RAC2 locus, SLAMF6, and the 6q27 and 14q32.2 loci.

Various studies have investigated the relation between genetic variation in the Tg 
locus and AITD, which have led to conflicting results (209, 210, 236). Zhao et al. was the 
first to report an association between Tg and Graves’ disease (GD) in a GWAS setting 
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(235). The authors additionally showed that the top SNP rs2294025 influenced Tg splic-
ing, skipping exon 46. Tg is located on chrom. 8q24.22, and is a key auto-antigen in the 
pathogenesis of GD with 40-70 % of the GD patients having Tg-antibodies (TgAbs) (237). 
The role of Tg in AITD is underlined by the fact that Jacobsen et al. generated an AITD 
mouse model by immunizing mice with human Tg (238). Furthermore, Nielsen et al. have 
shown that TgAbs promote the formation of complement-activating complexes, bind-
ing of immune complexes to B-cells, and the proliferation of B- and T-cell subsets (239).

The GPR174-ITM2A was the most significant new hit in the GD GWAS by Zhao et al 
(235). It is located on chrom. Xq21.1, which is of interest as GD is more prevalent among 
women. The top SNP, rs5912838, lies between the GPR174 and ITM2A genes. ITM2A has 
been shown to escape X-chromosome inactivation, and is induced during thymocyte 
selection and T-cell activation (240-242). By then, little was known about GPR174, encod-
ing a protein belonging to G-protein coupled receptor family. However, a X-chromosome 
specific follow-up study on the GWAS by Chu et al., showed that a non-synonymous SNP 
located in GPR174 (rs3827440) was significantly associated with GD and affected GPR174 
mRNA levels (243). GPR174 was furthermore shown to be widely expressed in immune 
related tissues such as spleen, lymph nodes, thymus, bone marrow, and leucocytes, with 
a moderate expression in the thyroid. Therefore, future studies should investigate the 
distinct roles of GPR174 and ITM2A in the pathogenesis of GD.

Also genetic variation in the C1QTNF6-RAC2 locus has been associated with GD in 
the GWAS by Zhao et al. (235). This locus has previously been associated with various 
autoimmune diseases, such as Crohn’s disease, DM1 and multiple sclerosis (244, 245). 
RAC2 has been shown to play an important role in both T- and B-cell development 
and signaling (246-249) and RAC2 mutations have been detected in human neutrophil 
immunodeficiency syndrome (250). However, the role of C1QTNF6 in (thyroid) autoim-
munity remains to be established.

It is already known for several years that the signaling lymphocytic activation molecule 
(SLAM) pathway members, including SLAMF6, have an important role in T-cell stimula-
tion as well as in the pathogenesis of lupus in mice (251, 252). Recently, it has also been 
shown by Menard et al. that this pathway also influences B-cell tolerance in humans, 
which has an important role in autoimmunity (253). SLAMF6 is located on chrom. 1q23.2, 
encoding Ly108. This locus was also among the newly identified hits in the GWAS by 
Zhao et al., in which rs1265883 in intron 1 of SLAMF6 was associated with an increased 
risk of GD (235).

The most significant new hit in the GD GWAS by Chu et al. was the 6q27 locus (234). 
This locus contains the RNASET2, FGFR1OP, and CCR6 genes. The top SNP rs9355610 
was associated with RNASET2 and FGFR1OP expression levels. Previous GWAS have also 
associated this locus with other autoimmune diseases, including rheumatoid arthritis, 
Crohn’s disease, and vitiligo (226, 254, 255). Although these studies suggest a role for 
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these genes in immune regulation, little is known about the exact molecular mechanisms 
behind the observed associations, which needs to be investigated in future studies.

Finally, the 14q32.2 locus emerged as a possible GD candidate gene in the GWAS by 
Zhao et al. (235). The top SNP was located in an intergenic region, where the authors 
identified 2 new non-coding RNAs which they designated C14orf64 and “GD Candidate 
Gene at 14q32.2” (GDCG14q32.2). These were shown to be highly expressed in immune 
related tissues, including thymus and CD4+ and CD8+ T-cells. Finally, it is interesting to 
note that the 14q32.2 locus has previously been identified as a DM1 susceptibility locus 
(218).

Other loci
The ABO and 4p14 loci were also detected as susceptibility loci for hyperthyroidism, but 
do not have an established role in (auto)immunity (234, 235). The ABO gene encodes 
a glycosyltransferase that catalyzes the transfer of carbohydrates to the H antigen, 
forming the antigenic structure of the ABO blood groups. In recent years, the ABO gene 
has been associated with a wide range of diseases, such as myocardial infarction (256), 
ischemic stroke (257), venous thromboembolism (258), and oesophageal and pancreatic 
cancer (259). However, there is no clear documented role for ABO in thyroid physiology 
or autoimmunity. The mechanisms by which genetic variation in ABO alters the risk of 
GD therefore remain to be explored.

The 4p14 locus was identified as a new GD candidate locus in the GWAS by Chu et 
al (234). The top SNP rs683215 is located between the CHRNA9 and RHOH genes, but 
is not in LD with variants in these genes. However, the authors identified a new gene 
5 kb downstream of rs683215, which they designated “GD Candidate Gene at 4p14“ 
(GDCG4p14), which was shown to be highly expressed in CD4+ and CD8+ T-cell subsets. 
Finally, rs683215 was shown to be correlated with GDCG4p14 and CHRNA9 expression 
levels. However, the exact roles of these genes in the pathogenesis of GD need to be 
established in future studies.

C. GWAS on TPO-antibodies

Whereas the previously discussed GWAS included cases with GD or hypothyroidism, we 
recently took a different approach to identify new AITD susceptibility loci, namely by 
performing a GWAS on TPOAbs including 27,200 subjects from 16 populations (Figure 2) 
(260). As TPOAb-positivity is not only associated with an increased risk of hypothyroid-
ism (Hashimoto’s thyroiditis), but also with an increased risk of hyperthyroidism (GD), 
GWAS significant hits were additionally tested in relation to hypo- and hyperthyroidism. 
We refer the reader to Chapter 9, where the results and potential implications of these 
findings have been extensively discussed.
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D. GWAS on hypothalamus-pituitary-thyroid axis setpoint

In the last 6 years, 5 GWAS on serum TSH and/or FT4 levels have been published (112, 
135-137, 261), the largest being the GWAS by Porcu et al. (Figure 3) and Gudmundsson et 
al (112, 135). These GWAS have led to an enormous increase in the number of identified 
susceptibility loci for serum TSH and FT4 levels, as illustrated in Figure 4. Porcu et al. 
performed a GWAS on normal-range TSH and FT4 levels in 26,400 and 17,500 individu-

Figure 3 Manhattan plots from GWAS meta-analysis results of serum TSH (panel A) and FT4 (panel B) 
levels (112). SNPs are plotted on the x axis according to their position (build 36) on each chromosome 
against association with TSH (A) and FT4 (B) on the y axis (shown as –log10 P value) in. The loci 
highlighted in green are those that reached genome-wide significance. In each panel, quantile-quantile 
plots obtained with all SNPs (red dots) and after removal of SNPs within associated regions (blue dots) are 
also shown. The gray area corresponds to the 90% confidence region from a null distribution of P values 
(generated from 100 simulations). A color figure is available at: http://www.plosgenetics.org/article/
info%3Adoi%2F10.1371%2Fjournal.pgen.1003266#s5

A

B
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als, respectively, from 18 populations, resulting in the identification of 26 genome-wide 
significant hits (112). A genetic risk score was calculated based on these new hits, 
indicating that carriage of multiple risk alleles was associated with a higher risk of an 
increased TSH level. Gudmundsson et al. performed a GWAS on TSH in 27,700 Icelanders 
and identified 22 GWAS significant loci, 3 of which were also associated with thyroid 
cancer (135). Part of the identified loci in these GWAS included genes that were already 
known to affect thyroid parameters, such as DIO1, FOXE1, GLIS3, LHX3, TPO and VAV3, 
but also included a large number of new candidate genes, which are discussed below.

Hits in the TSH signaling cascade
Part of the recently discovered candidate genes for serum thyroid parameters include 
genes with a role in the TSH signaling cascade. After binding of TSH to TSHR, the cAMP 
signaling cascade is activated, and the family of phosphodiesterases is responsible for 
cAMP degradation, thereby inactivating this pathway. Genetic variation in intron 1 of 
the PDE8B gene is the most consistently reported significant hit in the various GWAS on 
serum TSH levels (112, 135, 136, 261). PDE8B is highly expressed in the thyroid and has 
the highest affinity for cAMP of any known phosphodiesterase (262). Their associations 
with serum FT4 levels remain controversial (104, 112, 135, 263-265), but it is speculated 
that the identified variants increase PDE8B activity, resulting in lower cAMP levels in 
response to TSH. Consequently, a higher TSH level is required to maintain normal levels 
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Figure 4. Identified serum TSH and/or FT4 associated single nucleotide polymorphisms (SNPs) over time, 
using different study techniques. Candidate gene analyses hits were included when associations were 
replicated in at least one independent population (N >500) or in case of in-vitro evidence for functionality.
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of TH. More recent studies have shown that genetic variation in PDE8B is associated 
with subclinical hypothyroidism in pregnancy and recurrent miscarriage (266, 267). In 
addition, Jorde et al. found in a large population study in Norway that genetic variation 
in PDE8B was not only associated with higher serum TSH levels, but also with a smaller 
height and an increased risk of myocardial infarction (263). However, the association 
with myocardial infarction was not corrected for thyroid function, in order to see if the 
association was mediated by TH.

PDE10A is another PDE which is also highly expressed in the thyroid and has been 
associated with TSH levels in 2 GWAS (112, 135). It has been shown to degrade both 
cAMP and cGMP (268). Furthermore, genetic variation in PDE10A was associated with 
increased serum TSH levels in a large Alpine population (269).

In turn, the activities of not only PDE10A but also of CAPZB are modulated by cAMP 
(270, 271). Genetic variation in CAPZB has been associated with serum TSH levels in vari-
ous GWAS (112, 135, 261, 272). CAPZB is highly expressed in the thyroid and encodes 
the two β subunit isoforms of the capping protein, also known as the barbed-end actin-
binding protein. The TSH-induced extension of microvilli and filopedia protruding from 
the thyrocyte surface in the follicular lumen is an important step in TH production. In 
this way, Tg is endocytosed, endocytotic vesicles fuse with lysosomes, and proteolysis 
of Tg leads to the release of the iodothyronines. Teumer et al. postulated that the CAPZB 
variants result in an altered capping capacity, thereby affecting TH synthesis and leading 
to altered TSH levels (271). Depending on the directions of the effects, one could also 
expect compensatory hypo- or hyperplasia of the thyroid. In this respect it is noteworthy 
that CAPZB was indeed one of the genome-wide significant hits in the thyroid volume 
and goiter GWAS by Teumer et al (271).

Another candidate gene in the TSH signaling cascade was identified in the GWAS by 
Porcu et al. (112). An intergenic SNP on chr 14q31 (rs11624776) was associated with 
serum TSH levels. This locus contained ITPK1, encoding the enzyme inositol 1,3,4-tri-
sphosphate 5/6-kinase, which catalyzes the rate-limiting step in the formation of 
phosphorylated forms of inositol. It has been known for several years that TSHR does 
not only couple to Gs, leading to cAMP activation, but also to Gq, activating the inositol 
phosphatase pathway (273). These data therefore suggest that ITPK1 plays a role in the 
TSH signaling cascade.

Hits in the GH/IGF1 signaling pathway
It has already been known for long that the GH/IGF1 and TH signaling pathways interact 
(274, 275). TH influences GH/IGF1 production and signaling at various levels, but several 
lines of evidence also suggest that GH/IGF1 influences thyroid growth, TH production, 
production of TH-binding proteins and peripheral deiodination (274, 275). It is therefore 
interesting that a number of hits in the serum TSH and FT4 GWAS were located in or near 
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members of the GH/IGF1 signaling pathway. Hits included the INSR, encoding the insulin 
receptor, and IGFBP5, a member of the IGF-1 binding protein family (112, 135). Enhanced 
thyroidal IGFBP5 production is correlated with inhibition of thyroid function, and has 
been shown to be significantly down-regulated in GD patients with ophthalmopathy 
compared to GD patients without ophthalmopathy (276, 277). Further hits associated 
with serum TSH levels included SASH1 and FOXA2 (112, 135), which are downstream 
targets of the GH/IGF1 signaling pathway, while Lantz et al. have shown that FOXA2 also 
regulates insulin secretion (278-280).

Hits encoding transcription factors expressed in the thyroid
Two of the newly identified loci in GWAS of serum thyroid parameters included tran-
scription factors expressed in the thyroid. In the GWAS by Porcu et al., a SNP on chr 
17q23 located 5 kb downstream of SOX9 (rs9915657) was associated with serum TSH 
levels (112). Besides being a transcription factor involved in chondrocyte differentiation 
and male sex determination, SOX9 is highly expressed in the thyroid. In 2002, Zhou et al. 
showed that SOX9 interacts with TRAP230, a component of the T3 receptor‐associated 
protein (TRAP) complex, suggesting an interaction between the TH signaling and SOX9 
pathways (281).

Furthermore, genetic variation in NF1A has also been associated with serum TSH levels 
(112, 135). NF1A encodes a member of the NF1 (nuclear factor 1) family of transcription 
factors, which play a pivotal role in various developmental processes (282). However, 
several lines of evidence support an important role of these transcription factors in the 
control of TH synthesis. Fernandez et al. showed that NF1 binds simultaneously with 
FOXE1 to the NIS upstream enhancer region, both of which can also activate the NIS 
promoter (283). Nakazato et al. have found that NF1 proteins, including NF1A, control 
constitutive repression of TTF1 expression (284). Finally, NF1 proteins have been shown 
to interact with TTF-2 to control the expression of TPO (285).

Hits encoding growth factors expressed in the thyroid
VEGFA is a growth factor with a well-established role in angiogenesis, and since long has 
been associated with benign and malignant tumors of the thyroid (286). However, in the 
GWAS by Gudmundsson et al. and Porcu et al., genetic variation in VEGFA was also found 
to be associated with serum TSH levels (112, 135). Angiogenesis is particularly essential 
for the thyroid as the microvasculature continuously supplies iodine, a key element in 
TH synthesis, and iodine deficiency stimulates VEGFA secretion from thyrocytes (287). 
In addition, it has been shown that in the developing mouse thyroid, epithelial VEGFA 
production is necessary for endothelial cells recruitment and expansion, controlling 
epithelial reorganization in follicles and C-cell differentiation (288).
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Fibroblast growth factor 7 (FGF7) has also been identified as a candidate gene for 
serum TSH levels. FGFs play an important role in the development of the thyroid, as well 
as in the progression of thyroid cancer (289, 290). Furthermore, FGF7 was one of the 
significant hits in the goiter GWAS by Teumer et al. (271). Future studies should clarify 
the exact molecular mechanism behind the observed associations between genetic 
variation in FGF7, serum thyroid parameters, and goiter.

Finally, there are a number of GWAS significant hits associated with serum thyroid pa-
rameters which do not have a documented role in thyroid signaling pathways, including 
AADAT, NETO1/FBXO15, LPCAT2/CAPNS2, PRDM11, MIR1179, NRG1, MAF, DIRC3, NR3C2, 
MBIP, NKX2.3, SIVA1 and ELK3 (112, 135). We refer to the respective GWAS for further 
details on these genes (112, 135). Future studies should obviously clarify the biological 
mechanisms behind the observed associations, possibly elucidating new pathways in 
thyroid (patho)physiology.

VII. DISCUSSION AND FUTURE PERSPECTIVES

Over the past few years, the introduction of GWAS has led to the identification of a large 
number of new candidate genes for thyroid (dys)function. As a proof of concept it is 
reassuring to note that the hits also included well-known genes that had already been 
identified in candidate and linkage analyses. As effect sizes are small, the individual vari-
ants have no direct clinical relevance in predicting thyroid disease, but the observed 
associations could elucidate new pathways in the pathogenesis of thyroid dysfunc-
tion. Many of the identified new variants are non-coding, located intergenic or in loci 
that have no known role in TH signaling or autoimmunity. Unfortunately, for most of 
these variants no attempts have been made to further understand the exact biological 
mechanism behind the observed associations, which is a crucial step in unravelling the 
pathogenesis of thyroid diseases.

Identification of new candidate genes and associated pathways can be of clinical 
importance for a number of reasons. First of all, new pathways might form a focus for 
the design of new drugs that could be used in the treatment of thyroid diseases. Genetic 
variation may furthermore have a role in the choice and prediction of drug dosing and 
response. This has been nicely shown for a number of drugs in the cardiovascular field, 
including the cytochrome P450 (CYP)2C9 and vitamin K epoxide reductase (VKORC1) 
for warfarin treatment (291). Despite the few reports on the effects of D1 and D2 on 
treatment response, much remains to be learned about the role of genetic variation in 
TH pathway genes in the treatment of thyroid disorders (113, 172, 173).
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The identification of new candidate gene variants can also be of potential use in the 
field of thyroid diagnostics. Porcu et al. have shown that subgroups with a substantially 
increased risk of hypothyroidism can be identified by combining multiple risk alleles 
(112). In our GWAS on TPOAbs, we have shown that with the use of only 5 SNPs, a large 
subgroup with an increased risk of both TPOAb-positivity as well as increased TSH levels 
can be identified (260). Despite this, these currently available genetic markers for thy-
roid disorders lack sensitivity and specificity to be clinically useful. Further studies are 
therefore required to explain the remainder of the variation.

Studies have shown that patients on LT4 replacement therapy have a decreased well-
being, despite having serum TH parameters within the normal range (175, 292). This 
suggests that these “normal” serum TH parameters do not match the patient’s physi-
ological set-point. Therefore, the ultimate application of genetics in the treatment of 
thyroid diseases would be the use of genetic markers to reliably estimate an individual’s 
set-point, towards which then a personalized treatment can be directed. We are still very 
far from personalized treatment, although many risk loci have been identified in GWAS 
over the last few years. This is illustrated by the fact that, when combining all identified 
risk loci in the GWAS by Porcu et al., only 5.6% and 2.3% of the total variation in serum 
TSH and FT4 levels, respectively, could be explained (112).

Various approaches can be taken in the continuing search of this missing genetic 
heritability. One obvious way is performing GWAS including larger number of samples, 
thereby increasing power. The benefits of increasing sample size in GWAS has been com-
prehensively reviewed by Lindquist et al., who estimated that only one-fifth of all GWAS 
detectable SNPs underlying chronic diseases have been detected by GWAS so far (293). 
They furthermore conclude that increasing sample size has a much larger impact than 
increasing coverage on the potential of future GWAS to detect additional SNP-disease 
associations and heritability. This also seems to hold true for the thyroid field, where the 
benefits of increasing GWAS sample size have been illustrated by the fact that the more 
recent GWAS including more than 15,000 samples have been much more successful in 
identifying risk loci than the first GWAS including 2,000 – 4,000 samples (Fig. 4) (112, 
135-137, 261). It has been known for long that there are substantial differences in the 
prevalence of thyroid diseases between men and women, and the GWAS by Porcu et 
al. on serum TSH and FT4 levels detected a number of loci with gender-specific effects 
(112). It would therefore be interesting to also include the X-chromosome in these analy-
ses, which has not been studied in most of the published thyroid GWAS. Furthermore, 
finemapping involves screening all known risk variants from any available data sources, 
including HapMap, sequencing data etc, around the GWAS identified variant. In this 
way, one can determine if the identified effect is actually driven by another (more rare) 
marker which is in LD with the identified SNP. As previously mentioned, finemapping 
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is not only important to further unravel the molecular mechanism underlying the ob-
served associations, but also to determine the true effects of a locus on thyroid function.

In recent years it has become increasingly clear that various autoimmune disease 
have a shared genetic basis (294). This is illustrated by the fact that a large part of the 
discussed GWAS hits in section VI had also been associated with other autoimmune 
diseases. Newly identified susceptibility genes for other autoimmune diseases should 
therefore also be considered as potential candidate genes for thyroid (dys)function.

However, besides candidate gene analyses, GWAS and finemapping, a number of novel 
methods and approaches have emerged that will further improve our understanding of 
the genetic basis of thyroid (dys)function in the coming years. Copy number variations 
(CNVs) are genetic variations of a larger part of the genome, including duplications, dele-
tions and inversions. For long, it has been known that CNVs play an important role in the 
genetic basis of intellectual deficiencies, congenital anomalies, and autism spectrum 
disorders. However, very little is known about the role of CNVs in human thyroid (dys)
function. Huber et al. studied the effects of CNVs in PTPN22 and CD40 on GD, but these 
were too rare to be informative (295). Therefore, the potential role of CNVs in thyroid 
(dys)function still needs to be clarified by large-scale studies.

The fact that various loci associated with thyroid (dys)function are located within the 
same pathways, suggests that also gene-gene interactions could occur. However, also 
gene-environment interactions should be taken into consideration in explaining the 
remaining part of the susceptibility and variability of thyroid (dys)function. Despite the 
various challenges involved in these kind of studies (296), including the requirement of 
even larger sample sizes, studies on gene-environment interactions would be especially 
interesting for thyroid disease, considering the multiple environmental factors that play 
a role in its pathogenesis, such as iodine status, smoking, and viral infection (208, 215, 
297, 298).

Furthermore, GWAS only assesses 0.1% of the nucleotides of the genome, and there-
fore much can be expected from exome and whole-genome sequencing, providing a 
complete catalog of all variants within the studied genomic region, rather than relying 
on markers or LD. Sequencing only the part of the genome that is protein coding (i.e., 
the exome), is more cost-effective and targets the part that is most likely to directly af-
fect protein structure/function, simplifying its biological interpretation. This technique 
has already proved itself in the thyroid field, elucidating mutations involved in the 
pathogenesis of familial goiter and thyroid cancer, and more recently the detection of 
mutations in THRA as a novel cause of RTH (24, 88, 90, 299, 300). Besides higher labora-
tory and computational costs, more challenges have to be faced when sequencing the 
whole genome, mainly because of the fact that this technique identifies thousands of 
new variants in each individual, requiring an effective way to filter out the non-causing 
mutations by sequencing non-affected related family members (301). Despite this, 
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much is expected from this approach, given its success in identifying the genetic causes 
of many other human disorders in the past few years (302). Above discussed techniques 
will likely lead to the identification of variants over the entire spectrum depicted in Fig-
ure 1, ranging from rare variants with large effects causing monogenic thyroid diseases 
to common variants with small effects causing polygenic thyroid diseases and variations 
in thyroid function tests.

Finally, besides investigating genetic variants, new technologies have emerged that 
investigate gene expression and its regulation. Epigenetics study the control of gene 
expression, including DNA methylation, micro RNAs and histone modification, whereas 
transcriptomics study the actual RNA levels. These techniques have also entered the 
thyroid field. For example, Ambrosio et al. have shown that LSD-1 and FoxO3 play an 
important role in the epigenetic control of DIO2 and DIO3 in myogenesis (303). As dis-
cussed, after DIO2 had been suggested as a susceptibility locus for osteoarthritis, Bos et 
al. showed an increased amount of D2 protein in osteoarthritic versus normal cartilage 
(182). The addition of these dynamic expression data to the available data on genetic 
variation of the static DNA backbone is a crucial next step in unraveling the molecular 
mechanisms underlying thyroid function and dysfunction.
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COHORT DESCRIPTION

The following cohorts are part of the Meta-Thyroid consortium:
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Baltimore longitudinal study on Aging (BLSA): BLSA is a population-based study 
aimed to evaluate contributors of healthy aging in the older population residing pre-
dominantly in the Baltimore-Washington DC area [1]. Starting in 1958, participants are 
examined every one to four years depending on their age. Currently there are approxi-
mately 1100 active participants enrolled in the study. The BLSA has continuing approval 
from the Institutional Review Board (IRB) of Medstar Research Institute.

Cardiovascular Health Study (CHS): CHS is a population-based cohort study of risk 
factors for coronary heart disease and stroke in adults aged 65 years or older conducted 
across four field centers in the United States [2]. The original cohort of 5,201 persons 
consisting of 4,925 Caucasians was recruited in 1989-1990 from a random sample of 
people on Medicare eligibility lists. An additional 687 African-Americans were enrolled 
subsequently. African American participants were excluded from this analysis of indi-
viduals of European ancestry. CHS participants completed standardized clinical exami-
nations and questionnaires at study baseline and at nine annual follow-up visits. DNA 
was extracted from blood samples drawn on all participants who consented to genetic 
testing at the 1989-90 examination.

Framingham Heart Study (FHS): The original cohort of FHS was recruited in 1953 in 
the town of Framingham in Massachusetts. In 1971, an Offspring cohort of 5,124 (2,483 
men with average age of 37 and 2,641 women with average age of 36) was recruited and 
has been examined every four years. The subjects in the Offspring cohort include adult 
children of Original cohort and spouses of offspring. All participants provided a written 
informed consent and all study protocols were approved by Boston University [3,4].

Genetics, Arthrosis, and Progression study (GARP): The GARP study has been de-
scribed in detail previously [5]. It aimed at identifying determinants of osteoarthritis and 
the progression of this disease. The study is based on sibships of white Dutch ancestry 
with clinical- and radiographically-confirmed osteoarthritis at two or more joint sites of 
the hand, spine (cervical or lumbar), knee or hip. In the current analyses we included 359 
subjects from whom we had genome wide scan data and thyroid levels available.

Helsinki Birth Cohort Study (HBCS): The HBCS is composed of 8,760 individuals born 
between the years 1934-44 in one of the two main maternity hospitals in Helsinki, 
Finland. Between 2001 and 2003, a randomly selected sample of 928 males and 1,075 
females participated in a clinical follow-up study with a focus on cardiovascular, meta-
bolic and reproductive health, cognitive function and depressive symptoms. Detailed 
information on the selection of the HBCS participants and on the study design can 
be found elsewhere [6]. Research plan of the HBCS was approved by the Institutional 
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Review Board of the National Public Health Insitute and all participants have signed an 
informed consent.

Invecchiare in Chianti study (InCHIANTI): The InCHIANTI study is a population-based 
epidemiological study aimed at evaluating the factors that influence mobility in the 
older population living in the Chianti region in Tuscany, Italy. The details of the study 
have been previously reported [7,8]. Briefly, 1616 residents were selected from the 
population registry of Greve in Chianti (a rural area: 11,709 residents with 19.3% of the 
population > 65 years of age), and Bagno a Ripoli (Antella village near Florence; 4,704 
inhabitants, with 20.3% of the population > 65 years of age). The participation rate was 
90% (n=1453), and the subjects ranged between 21-102 years of age.

LBC1921: The LBC1921 cohort consists of 550 relatively healthy individuals, 316 females 
and 234 males, assessed on cognitive and medical traits at around 79 years of age. They 
were born in 1921, most took part in the Scottish Mental Survey of 1932, and almost all 
lived independently in the Lothian region (Edinburgh City and surrounding area) in Scot-
land. When tested, the sample had a mean age of 79.1 years (SD = 0.6). A full description 
of participant recruitment and testing can be found elsewhere [9]. Ethics permission for 
the study was obtained from the Multi-Centre Research Ethics Committee for Scotland 
(MREC/01/0/56) and from Lothian Research Ethics Committee (LREC/1998/4/183). The 
research was carried out in compliance with the Helsinki Declaration. All subjects gave 
written, informed consent.

LBC1936: The LBC1936 consists of 1,091 relatively healthy individuals assessed on cog-
nitive and medical traits at around 70 years of age. They were born in 1936, most took 
part in the Scottish Mental Survey of 1947, and almost all lived independently in the 
Lothian region of Scotland. The sample of 548 men and 543 women had a mean age 69.6 
years (SD = 0.8). A full description of participant recruitment and testing can be found 
elsewhere [10]. Ethics permission for the study was obtained from the Multi-Centre 
Research Ethics Committee for Scotland (MREC/01/0/56) and from Lothian Research 
Ethics Committee (LREC/2003/2/29). The research was carried out in compliance with 
the Helsinki Declaration. All subjects gave written, informed consent.

LifeLines: The LifeLines Cohort Study is a multi-disciplinary prospective population-
based cohort study examining in a unique three-generation design the health and 
health-related behaviours of 165,000 persons living in the North East region of The 
Netherlands [11]. It employs a broad range of investigative procedures in assessing the 
biomedical, socio-demographic, behavioural, physical and psychological factors which 
contribute to the health and disease of the general population, with a special focus on 
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multimorbidity. All survey participants are between 18 and 90 years old at the time of 
enrollment. Recruitment has been going on since the end of 2006, and until January 
2011 over 40,000 participants have been included.

Leiden Longevity Study (LLS): For the Leiden Longevity Study, long-lived siblings 
of European descent were recruited together with their offspring and the partners of 
the offspring. Families were recruited if at least two long-lived siblings were alive and 
fulfilled the age criterion of 89 years or older for males and 91 years or older for females, 
representing less than 0.5% of the Dutch population in 2001 [12]. In total 944 long-lived 
siblings were included with a mean age of 94 years (range 89-104), 1671 offspring (61 
years, 39-81) and 744 partners (60 years, 36-79). DNA from the Leiden Longevity Study 
was extracted from samples at baseline using conventional methods [13].

MICROS: The MICROS study is part of the genomic health care program ‘GenNova’ and 
was carried out in three villages of the Val Venosta, South Tyrol (Italy), in 2001-2003. It 
comprised members of the populations of Stelvio, Vallelunga and Martello. A detailed 
description of the MICROS study is available elsewhere [14]. Briefly, study participants 
were volunteers from three isolated villages located in the Italian Alps, in a German-
speaking region bordering with Austria and Switzerland. Owing to geographical, histori-
cal and political reasons, the entire region experienced a prolonged period of isolation 
from surrounding populations. The study participants are connected among each other 
in a unique genealogy for the three villages. Information on the participant’s health 
status was collected through a standardized questionnaire.

Nijmegen Biomedical Study (NBS): Details of the NBS have been described before.[15] 
In brief, the Nijmegen Biomedical Study is a population- based cross-sectional study 
conducted by the Radboud University Nijmegen Medical Centre. Approval to conduct 
the study was obtained from the Institutional Review Board. Nijmegen is a town in the 
eastern part of The Netherlands with 156,000 inhabitants, approximately 87% of Cau-
casian descent. Age and sex stratified randomly selected adult (age 18 years and older) 
inhabitants of Nijmegen (N=22,452) received an invitation to fill out a postal question-
naire on lifestyle and medical history. A total of 6,434 participants donated blood for 
measurement of thyroid function and DNA-isolation. Informed consent was obtained 
from each participant, and the Institutional Review Board of the Radboud University 
Nijmegen Medical Centre approved the study.

Old Order Amish (OOA): The Old Order Amish (OOA) study participants reported here 
were from ongoing studies of cardiovascular disease and longevity [16,17]. Nearly all 
of the enrolled individuals are descendants of a small number of Amish who settled in 
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Lancaster County, Pennsylvania, in the mid-eighteenth century. A total of 1,136 indi-
viduals from these two studies had serum TSH measured by Immulite 2000 (Siemens), 
using a standardized third generation assay, and were previously genotyped with the 
500K Affymetrix Mapping Array set. This study was approved by the Institutional Review 
Boards of the University of Maryland and the National Cancer Institute.

PROSPER/PHASE: All data come from the PROspective Study of Pravastatin in the Elderly 
at Risk (PROSPER). A detailed description of the study has been published elsewhere 
[18,19]. PROSPER was a prospective multicenter randomized placebo-controlled trial to 
assess whether treatment with pravastatin diminishes the risk of major vascular events 
in elderly. Between December 1997 and May 1999, we screened and enrolled subjects 
in Scotland (Glasgow), Ireland (Cork), and the Netherlands (Leiden). Men and women 
aged 70-82 years were recruited if they had pre-existing vascular disease or increased 
risk of such disease because of smoking, hypertension, or diabetes. A total number of 
5,804 subjects were randomly assigned to pravastatin or placebo. A large number of 
prospective tests were performed including Biobank tests and cognitive function mea-
surements.

Rotterdam Study (RS): The RS is a prospective population-based cohort study on deter-
minants of chronic diseases in the elderly, which has been described previously [20,21]. 
The study comprised 7983 men and women aged 55 years and over, living in a district 
of Rotterdam, The Netherlands. Informed consent was obtained from each participant, 
and the Medical Ethics Committee of the Erasmus Medical Center Rotterdam approved 
the study.

SardiNIA: The SardiNIA study consists of 6,148 volunteers, males and females, ages 
14–102 yr, recruited and phenotyped from a cluster of four towns in the Ogliastra prov-
ince of Sardinia [22,23] The local ethical committee approved the study protocol and all 
participants provided a written informed consent.

Twins UK: The Twins UK cohort consists of 2,217 female twins of northern European/
UK ancestry (1,831 dizygotic and 386 monozygotic), aged 18–82 yr, from St Thomas’ 
UK Adult Twin Registry (TwinsUK), a volunteer sample recruited in the United Kingdom 
without selection for particular traits (www.twinsuk.ac.uk/) [24].

ValBorbera (INGI): The Val Borbera (INGI) population is a collection of 1,664 genotyped 
samples collected in the Val Borbera Valley, a geographically isolated valley located 
within the Appennine Mountains in NorthWest Italy [25]. The valley is inhabited by about 
3000 descendants from the original population, living in 7 villages along the valley and 
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in the mountains. The valley was inhabited by about 10,000 people in the 19th century 
when endogamy was >80%. Participants were healthy people between 18 and 102 years 
of age that had at least one grandfather living in the valley.

SUPPLEMENTAL MATERIALS AND METHODS

Genotyping and imputation

Nine different genotyping platforms were used by the cohorts included in this meta-
analysis: Illumina HumanHap 610K (HBCS, LBC1921, LBC1936), Illumina HumanHap 550K 
(BLSA, InCHIANTI, RS), Illumina HumanHap 660K (LLS, PROSPER), Illumina HumanHap 
370K (CHS, NBS, ValBorbera), Illumina Cyto-SNP12 v2- 300K (LifeLines), Illumina Human-
Hap 300K (MICROS), the Affymetrix 500K in combination with the 10K supplemental 
array (SardiNIA), the Affymetrix 500K in combination with the 50K supplemental array 
(FHS), the Illumina HumanHap 300K, 550K and 610K arrays (TwinsUK). Each study 
performed genotyping quality control checks based on duplicate sample genotyping, 
SNP call rate, Hardy-Weinberg equilibrium, Mendelian inconsistencies, sex mismatch, 
and principle components methods were used to evaluate the presence of population 
stratification. Each study imputed 2.5 million HapMap SNPs for each participant using 
currently available imputation methods. BLSA, FHS, HBCS, InCHIANTI, LBC1921, LBC1936, 
MICROS, PROSPER, RS, SardiNIA, and ValBorbera used the MACH algorithm (http://www.
sph.umich.edu/csg/abecasis/MaCH/); LifeLines, LLS and TwinsUK used IMPUTE (http://
www.stats.ox.ac.uk/~marchini/software/gwas /impute), and CHS used BimBam. Further 
details are summarized in Table S1.

Thyroid function measurements

Methods used by each study cohort to measure TSH and FT4 levels are reported in Table S1.

Statistical analyses

All cohorts excluded subjects with thyroid medication, thyroid surgery, or with out-
of-range TSH values (TSH > 4.0 mIU/L or TSH < 0.4 mIU/L). Linear regression analyses 
(additive model) were performed after applying inverse normal transformation to both 
TSH and FT4. Age, age-squared, and gender were used as covariates, as well as principal 
components axes or additional variables, when needed. Further details are summarized 
in Table S1.

Association of TSH SNPs in pregnant women

Association of TSH lead SNPs was tested in pregnant women of the Exeter Family Study of 
Childhood Health (EFSOCH). EFSOCH is a consecutive birth cohort consisting of children 
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born between 2000 and 2004 in central Exeter, UK, and their parents [26]. Both parents 
attended a study visit at 28 weeks of gestation, at which DNA was collected and a fasting 
blood sample was taken for biochemical assays. The local research ethics committees 
approved the study, and all adult participants gave informed written consent. Serum 
TSH and FT4 levels were determined in 974 pregnant women using an electrochemilu-
minescent immunoassay, run on the Modular E170 Analyzer (Roche, Burgess Hill, UK). 
The manufacturer’s population reference ranges (for non-pregnant samples) were: TSH, 
0.35–4.5 mIU/L; and FT4, 11–24 pmol/L. For the analyses of the pregnant women, we 
used reference ranges specific for the assay and 28th week of gestation based on our 
own set of TPOAb-negative, healthy, pregnant women (n=901): TSH, 0.49–4.21 mIU/L 
and FT4, 9.13–15.17 pmol/L [27]. Serum TPOAb levels were determined using the 
competitive immunoassay (Roche) in 970 pregnant women. A titer above 34 IU/mL was 
considered positive.

DNA samples were genotyped at KBiosciences (Hoddesdon, UK; www.kbioscience.
co.uk), using their own system of fluorescence-based competitive allele-specific PCR 
(KASPar). Call rates of the 9 SNPs analyzed were >95% and there was no evidence of 
deviation from Hardy-Weinberg equilibrium (P > 0.05). Concordance between duplicate 
samples (10% of total) was >99% for all SNPs.

Association analyses were carried out using Stata SE v.10 (StataCorp, Texas, USA). A 
total of 862 pregnant women with TSH levels and genotype were available for analysis 
(mean age 30.4 years, s.d. 5.3 years). Women taking medication for thyroid disorders 
were excluded (n = 14). We used linear regression to analyse the association between 
TSH level (inverse normal transformation) and each individual SNP (coded as 0, 1 or 2 
TSH-increasing alleles), with age and age-squared as covariables. We then constructed a 
genetic risk score (GRS) for all women with at least 7 available SNPs:

GRS = weighted score x N available SNPs / sum of weights of available SNPs, where 
weighted score = w1 x SNP1 + w2 x SNP2 +…wi x SNPi and wi is the beta coefficient 
from the association between TSH levels and SNPi. We performed linear regression of 
TSH level against the GRS (additive model), with age and age-squared as covariables. 
We performed all analyses twice: first including, and then excluding the women who 
tested positive for TPO antibodies (7.5% of the sample). We also verified that the results 
were not materially altered on adjustment for fetal genotype at all 9 SNPs. Finally, we 
used logistic regression to assess the association between subclinical hypothyroidism 
in pregnancy and the GRS, again adjusting for age and age-squared. We defined cases 
as TSH > 4.21 mIU/L (the upper limit of the reference range) and controls as TSH <=4.21 
mIU/L [27].
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Figure S1 Manhattan plots from GWAS meta-analysis results of serum TSH (panel A) and FT4 (panel B) 
levels. SNPs are plotted on the x axis according to their position (build 36) on each chromosome against 
association with TSH (A) and FT4 (B) on the y axis (shown as –log10 P value) in. The loci highlighted 
in green are those that reached genome-wide significance. In each panel, quantile-quantile plots 
obtained with all SNPs (red dots) and after removal of SNPs within associated regions (blue dots) are 
also shown. The gray area corresponds to the 90% confidence region from a null distribution of P values 
(generated from 100 simulations). A color figure is available at: http://www.plosgenetics.org/article/
info%3Adoi%2F10.1371%2Fjournal.pgen.1003266#s5
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Figure S2
Panel A. Manhattan plots from meta-analysis results of serum TSH and FT4 levels for men and women 
separately are shown as indicated. SNPs are plotted on the x axis according to their position (build 
36) on each chromosome; association with TSH and FT4 is indicated on the y axis (as –log10 P value). 
Signals reaching genome-wide statistical significance in the gender specific analysis are shown in 
green. Panel B. Quantile-quantile plots are shown for all SNPs (red dots) and after removal of SNPs 
within associated regions (blue dots). A color figure is available at: http://www.plosgenetics.org/article/
info%3Adoi%2F10.1371%2Fjournal.pgen.1003266#s5
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Figure S3 Ingenuity Pathway Analysis of the TSH and FT4 top hits

Tables S1 and S2 are available at: http://www.plosgenetics.org/article/
info%3Adoi%2F10.1371%2Fjournal.pgen.1003266#s5
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Table S5. Genotype risk score for TSH alleles in pregnant women.

Modela N Betab SE P-value

GRSc 858 0.109 0.015 3 X 10-12

GRS in TPO-Ab negative women 794 0.117 0.015 3 X 10-14

GRS adjusted for fetal genotypes 561 0.106 0.023 8 X 10-6

a Linear regression of TSH level in pregnancy (inverse-normal transformation) against genotype risk score, 
with age and age-squared as covariates, excluding women on thyroid function medication and those of 
non-European descent.
b beta per TSH-raising allele.
c GRS= Genotype risk score was calculated as described in the Supplementary Methods in women with up 
to 2/9 SNPs missing.

Table S6. Association between TSH genetic risk score in pregnant women and subclinical hypothyroidism 
in pregnancy.

Modela N Effectc StdErr OR P

GRSb 858 0.162 0.078 1.176 0.039

GRS in TPO-Ab negative women 794 0.257 0.093 1.292 0.006

a Logistic regression of outcome against genotype risk score, with age and age-squared as covariates, 
excluding women taking thyroid function medication and those non-European descent.
b GRS= Genotype risk score was calculated as described in the Supplementary Methods in women with up 
to 2/9 SNPs missing
c beta per TSH-raising allele.
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SUPPLEMENTARY TEXT S1

COHORT DESCRIPTIONS

Stage 1 cohorts

Busselton Health Study (BHS): The BHS includes a series of cross-sectional health sur-
veys carried out since 1966 of residents of Busselton, a rural town with a predominantly 
Caucasian population, located in the southwest of Western Australia [74]. In 1994-5, 
there was a follow-up study of people who had participated in previous studies. Partici-
pants completed a health questionnaire, underwent physical examination, and gave a 
venous blood sample in the morning after an overnight fast.

Cardiovascular Health Study (CHS): The CHS is a population-based cohort study of risk 
factors for coronary heart disease and stroke in adults aged 65 years or older conducted 
across four field centers in the United States [75]. The original cohort of 5,201 persons 
consisting of 4,925 Caucasians was recruited in 1989-1990 from a random sample of 
people on Medicare eligibility lists. CHS participants completed standardized clinical 
examinations and questionnaires at study baseline and at nine annual follow-up visits.

Helsinki Birth Cohort Study (HBCS): The HBCS is composed of 8,760 individuals born 
between the years 1934-44 in one of the two main maternity hospitals in Helsinki, 
Finland. Between 2001 and 2003, a randomly selected sample of 928 males and 1,075 
females participated in a clinical follow-up study with a focus on cardiovascular, meta-
bolic and reproductive health, cognitive function and depressive symptoms. Detailed 
information on the selection of the HBCS participants and on the study design can be 
found elsewhere [76,77]. Details of the thyroid studies have been described for women 
and are similar for men in the cohort [78].

KORA: The KORA discovery study is a population-based cohort study including 1287 
probands aged 32 to 79 from the Cooperative Health Research in the Region of Augs-
burg Study (KORA F4, Southern Germany), which has been described in detail previously 
[79]. All individuals were of European ancestry.

Nijmegen Biomedical Study (NBS): The NBS is a population-based survey on lifestyle 
and medical history in 9350 men and women living in Nijmegen, The Netherlands. 
Rationale and design have been described previously [80].
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Rotterdam Study (RS): The Rotterdam Study is a prospective population-based cohort 
study on determinants of chronic diseases in the elderly, which has been described 
previously [81,82]. The study comprised 7983 men and women aged 55 years and over, 
living in a district of Rotterdam, The Netherlands.

SardiNIA: The SardiNIA study consists of 6,148 volunteers, males and females, ages 
14–102 years, recruited and phenotyped from a cluster of four towns in the Ogliastra 
province of Sardinia [73]. The local ethical committee approved the study protocol 
and all participants provided a written informed consent. Genotyping was performed 
in 4,694 individuals using either the Affymetrix 10K, Affymetrix 500K or Affymetrix 6.0 
arrays, and missing genotypes imputed using a within-families approach, as previously 
described [83].

Study of Health in Pomerania (SHIP): The SHIP is a cross-sectional survey in West 
Pomerania, the north-east area of Germany [84,85]. A sample from the population aged 
20 to 79 years was drawn from population registries. First, the three cities of the region 
(with 17,076 to 65,977 inhabitants) and the 12 towns (with 1,516 to 3,044 inhabitants) 
were selected, and then 17 out of 97 smaller towns (with less than 1,500 inhabitants), 
were drawn at random. Second, from each of the selected communities, subjects were 
drawn at random, proportional to the population size of each community and stratified 
by age and gender. Only individuals with German citizenship and main residency in 
the study area were included. Finally, 7,008 subjects were sampled, with 292 persons of 
each gender in each of the twelve five-year age strata. In order to minimize drop-outs 
by migration or death, subjects were selected in two waves. The net sample (without 
migrated or deceased persons) comprised 6,267 eligible subjects. The SHIP population 
finally comprised 4,308 participants (corresponding to a final response of 68.7%).

SHIP–Trend: The SHIP-Trend is a longitudinal population-based cohort study assessing 
the prevalence and incidence of common, population relevant diseases and their risk 
factors [85]. Baseline examinations have started in 2008 and were finished in 2012. The 
study region is essentially the same as the study region of the initial SHIP cohort. The 
sample was drawn randomly from population registries.

TwinsUK: The TwinsUK cohort consists of 2455 female twins of Western European/UK 
ancestry, aged 18–82 years, from St Thomas’ UK Adult Twin Registry, a volunteer sample 
recruited in the United Kingdom without selection for particular traits, which has previ-
ously been shown to be representative of singleton populations and the UK population 
in general [86].
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Val Borbera: The INGI‐Val Borbera population is a collection of 1,664 genotyped samples 
collected in the Val Borbera Valley, a geographically isolated valley located within the 
Appennine Mountains in Northwest Italy [87]. The valley is inhabited by about 3,000 
descendants from the original population, living in 7 villages along the valley and in the 
mountains. Participants were healthy people 18-102 years of age that had at least one 
grandfather living in the valley.

Stage 2 cohorts

Asklepios: The Asklepios Study is a longitudinal population study focusing on better 
understanding of –and the interplay between- cardiovascular function and human ag-
ing with an eventual goal of developing better risk prevention models [88]. The 2524 
participants are a population-representative cohort of 35-55 year old men and women, 
free from cardiovascular disease at study initiation (2002), randomly sampled from the 
twinned Belgian communities of Erpe-Mere and Nieuwerkerken.

CARLA: The CARLA study is an ongoing cohort study of a representative sample of the 
inhabitants of the city of Halle, eastern Germany, comprising 1,779 men and women 
aged 45–83 years at baseline [89]. The baseline examination took place between De-
cember 2002 and January 2006. A multi-step recruitment strategy aimed to achieve a 
high response rate. The final response rate after subtracting exclusions (individuals who 
were deceased prior to the invitation, had moved away, or were unable to participate 
due to illness) was 64.1%.

Exeter Family of Childhood Health (EFSOCH): The EFSOCH is a consecutive birth co-
hort consisting of children born between 2000 and 2004 in central Exeter, UK, and their 
parents [90]. Both parents attended a study visit at 28 weeks of gestation, at which DNA 
was collected and a fasting blood sample was taken for biochemical assays. In addition, 
a sample of mothers attended a follow-up visit at a median of 5 years post-pregnancy, 
at which a further fasting blood sample was taken. 1289 fathers and post-pregnancy 
mothers were included in the stage 2 analyses. The effects of the 5 GWAS significant 
SNPs on clinical thyroid disease in pregnancy was studied in 859 pregnant mothers.

Health2006 Study: The Health2006 Study is a cross-sectional population-based cohort 
study on lifestyle factors in relation to risk of chronic disease. The participants in the 
Health2006 Study were drawn as a random sample from the background population 
aged 18 to 69 years living in 11 municipalities in the South-western part of the greater 
Copenhagen area. A sample of 7770 persons eligible for invitation with Danish citizen-
ship and born in Denmark was obtained from the Danish Central Personal Register, Min-
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istry of Internal Affairs. A total of 3471 persons entered the study and participated in the 
health examinations at the RCPH which took place between June 2006 and June 2008. In 
addition, the study was registered at www.clinical.trials.com (Unique ID: KA20060011).

SardiNIA2: The SardiNIA stage 2 cohort consist of 1,392 individuals from the SardiNIA 
cohort unrelated (kinship coefficient=0) to the individuals in Stage 1 [73,91].

Graves’ disease and thyroid cancer cohorts

Graves’ disease and controls cohorts: The United Kingdom (UK) Graves’ disease cases 
consisted of 2478 patients, with a mean age of 32 years and consisted of 82% females 
[92]. The control population consisted of 2682 geographically matched subjects drawn 
from the British 1958 Birth Cohort [93] (http://www.b58cgene.sgul.ac.uk/index.php). 
All subjects from the 1958 Birth Cohort were between the ages of 44-46 years when 
DNA was obtained and consisted of 50% females. All subjects were of white European 
ancestry with written informed consent and Ethics Committee/Institutional Review 
Board approval.

Nijmegen thyroid cancer and controls cohorts: Participants consisted of 154 individu-
als with non-medullary thyroid cancer (73% females, mean age at diagnosis 39.3 (SD 
12.7)) and 2019 cancer-free individuals (51% females, mean age 61.5 (SD 10.3)). Affected 
individuals were recruited from the Department of Endocrinology, Radboud University 
Nijmegen Medical Centre (RUNMC), Nijmegen, The Netherlands from November 2009 
to June 2010. All affected individuals were of self-reported European descent. The unaf-
fected individuals were recruited from the Nijmegen Biomedical Study (NBS) [94]. The 
study was approved by the Ethical Committee and the Institutional Review Board of 
the RUNMC, Nijmegen, The Netherlands and all study subjects gave writ ten informed 
consent.

Ohio thyroid cancer and controls cohorts: The study was approved by the Institu-
tional Review Board of the Ohio State University. All subjects gave written informed 
consent before participation. Cases (n= 181) were histologically confirmed papillary 
thyroid carcinoma (PTC) patients (including traditional PTC and follicular variant PTC). 
These patients were admitted to the Ohio State University (OSU) Comprehensive Cancer 
Center. All cases were Caucasian; 39 men, 142 women, with a mean age at diagnosis of 
39 (median age 38 years, range 12 to 88). Controls (n= 192) were individuals without 
clinically diagnosed thyroid cancer from the central Ohio area who were randomly 
picked from a pool of controls for genetics projects. All controls were Caucasian, 53 men, 
139 women, with a mean age of 49 (median age 50 years, range 18 to 82).
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SUPPLEMENTARY MATERIALS AND METHODS

Genotyping methods

Stage 2 cohorts

Asklepios: Genomic DNA was extracted from samples of peripheral venous blood ac-
cording to standard procedures. DNA was available in all 2524 subjects. Genotypes for 
all 20 stage 1 SNPs were determined by Kbioscience (Unit 7, Maple Park, Hoddesdon, 
Herts, England UK) using the KASP on demand genotyping reagent system.

CARLA: Genomic DNA was extracted from samples of peripheral venous blood accord-
ing to standard procedures. 1491 subjects were genotyped for rs11675434, rs653178, 
rs3094228, rs301799, and rs1230666. Genotypes were determined using the pre-devel-
oped TaqMan® SNP Genotyping Assays (Applied Biosystems, Darmstadt, Germany).

EFSOCH: Genomic DNA was extracted from samples of peripheral venous blood ac-
cording to standard procedures. DNA was available in 1842 fathers and mothers with 
TPOAb data. Subjects were genotyped for all 20 stage 1 SNPs, except for rs3094228, 
rs1894407, and rs9277555. DNA samples were genotyped at KBiosciences (Hoddesdon, 
UK; www.kbioscience.co.uk), using their own system of fluorescence-based competitive 
allele-specific PCR (KASPar).

Of note, serum TSH levels were determined in 964 men and 974 pregnant women, 
and again in 572 women post-pregnancy. Serum FT4 levels were determined in 973 
men, 974 pregnant women and 567 women post-pregnancy. Serum TSH and FT4 were 
analyzed using an electrochemiluminescent immunoassay, run on the Modular E170 
Analyzer (Roche, Burgess Hill, UK). The manufacturer’s population reference ranges (for 
non-pregnant samples) were: TSH, 0.35–4.5 mIU/L; and FT4, 11–24 pmol/L. For the analy-
ses of the pregnant women, we used reference ranges specific for the assay and 28th 
week of gestation based on our own set of TPOAb-negative, healthy, pregnant women 
(n=901): TSH, 0.49–4.21 mIU/L and FT4, 9.13–15.17 pmol/L [95].

Health2006 Study: Genomic DNA was extracted from samples of peripheral venous 
blood according to standard procedures. DNA was available in 3287 subjects with 
TPOAb data. Genotypes for all 20 stage 1 SNPs were determined using KBiosciences 
allele-specific PCR (KASPar) (KBiosciences, Hoddesdon, UK).

SardiNIA2: Genomic DNA was extracted from samples of peripheral venous blood 
according to standard procedures. DNA was available in all subjects with TPOAb data. 
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Genotypes for rs1230666, rs3094228, rs1894407, rs9277555, rs10944479, and rs653178 
were determined by ImmunoChip array, which was recently genotyped in the full Sar-
dinia cohort but not included in the current GWAS data set. Genotyping was performed 
according to manufacturer’s protocol, and quality control criteria have been described 
previously [73].

Graves’ disease and thyroid cancer cohorts

Graves’ disease and controls cohorts: Both rs10944479 and rs1230666 genotyping 
assays were purchased from Applied Biosystems, UK as pre-validated assays on demand. 
All genotyping was performed using Taqman genotyping technology on an ABI7900HT 
(Applied Biosystems, Warrington, UK) and all genotyping plots were independently veri-
fied by two investigators to prevent sample miscalling.

Nijmegen thyroid cancer and controls cohorts: Genotype data of most (N=1832) of 
the Dutch controls were already available at the start of the study and were obtained 
by Illumina HumanHap300 or HumanCNV370-Duo BeadChips [96]. Genotyping of the 
thyroid cancer cases (N=154) and the remaining controls (N=187) was performed by 
either TaqMan single nucleotide polymorphism (SNP) assays (rs11675434, rs653178, 
rs10944479 and rs1230666) on the 7300 ABI Real-Time polymerase chain reaction system 
(Applied Biosystems, CA, USA) or conventional PCR and Sanger sequencing (rs2010099).

Ohio thyroid cancer and controls cohorts: For both cases and controls, genomic DNA 
from blood samples was extracted by a standard phenol-chloroform procedure. To gen-
otype the five SNPs, SNaPshot assay (ABI) was used as described [97]. Primer extension 
was carried out using the SNaPshot Multiplex Kit (ABI) according to the manufacturer’s 
instructions. The allele analysis was performed using an ABI 3730 DNA Analyzer.

Thyroid ultrasound measurements and diagnosis of goiter

Thyroid ultrasound measurements in SHIP/SHIP-Trend and KORA were performed using 
the Ultrasound VST-Gateway 5 MHz linear array transducer (Diasonics) and the SONO-
LINE G50 5 MHz linear array transducer (Siemens Medical), respectively. Thyroid volume 
was calculated as length * width * depth * 0.479 (mL) for each lobe. Goiter was defined 
as a thyroid volume > 18 mL in women and > 25 mL in men, as has been described in 
detail previously [98].

Heritability analyses of TPOAb-positivity and TPOAb levels

Heritability analyses for TPOAb-positivity and TPOAb levels were performed in SardiNIA, 
TwinsUK and Val Borbera using SOLAR (Sequential Oligogenic Linkage Analysis Routines; 
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http://bioweb2.pasteur.fr/docs/solar/). For the TPOAb levels a rank-based transforma-
tion method, using an inverse normal transformation as performed by SOLAR, was used 
to deal with kurtosis and skewness. For both traits, age and sex were included in the 
analyses. A basic model was used to estimate the additive polygenic component σa

2 and 
environmental component σe

2 of each trait variance due to mean effects of single alleles. 
Polygenic model as performed by solar quantified heritability as h2  = σa

2/σa
2+σe

2  and 
provided an estimate of the degree to which the offspring phenotypes are explained by 
parental phenotypes.

Stage 1 meta-analyses

Before meta-analysis, SNPs with a minor allele frequency (MAF) < 1% or a low imputation 
quality (< 0.3 for MACH and < 0.4 for IMPUTE/BIMBAM) were excluded. In addition, SNPs 
were excluded from the GWAS on TPOAb-positives and –negatives if (2 * N * MAF * im-
putation quality) < 30, where N was the total number of subjects included in the analysis 
of the respective SNP. The results of each GWAS were combined using a population size 
weighted z-score based meta-analysis, as TPOAb levels were determined with a range of 
different TPOAb assays (Table S1).

Selection of stage 2 SNPs

Stage 1 SNPs with a P-value ≤ 10-5 were separated into independent loci by clumping 
based on LD (r2>0.2) using PLINK. SNPs with MAF < 5 % or high heterogeneity (I2 ≥ 50 
%) were excluded. In this way, based on I2 = 80.8 and heterogeneity P-value = 1.5x10-6, 
we excluded rs133994 from the TPOAb level analyses. Based on the MAF criteria, we ex-
cluded rs547165 (MAF = 0.01) in the TPOAb level analyses, and rs9563708 (MAF = 0.03) 
in the TPOAb-positivity analyses. To make the most efficient use of available resources, 
not all promising stage 1 SNPs had to be followed up in all stage 2 replication cohorts 
(see Supplementary Material S1section on genotyping methods). In this way, taking 
sample size and financial constraints of the stage 2 replication cohorts into account, we 
calculated that we were powered to establish associations at GWAS significant levels for 
stage 1 SNPs with P < 5 x 10-6.

Variance explained

To evaluate the variance explained for TPOAb-positivity and serum TPOAb levels by the 
GWAS significant hits, we subtracted, in each GWAS study, the variance explained by the 
basic regression model (only including the covariates age and sex) from that explained 
by the full model, in which also the 5 GWAS significant SNPs were included. A weighted 
average of study-specific variances was calculated by combining the variance explained 
with weights proportional to the study sample size.
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Association analyses clinical thyroid disease

In clinical practice, the TPOAb status (positive or negative) rather than the TPOAb level 
is important in decision making. As the identified 3 GWAS significant SNPs for TPOAb 
levels also showed associations with TPOAb-positivity (TPO-rs11675434: OR, 1.21 [95% 
CI, 1.15-1.28)], P = 1.5x10-16; MAGI3-rs1230666: OR, 1.23 [95% CI, 1.14-1.33], P = 1.5x10-6; 
KALRN-rs2010099: OR, 1.24 [95% CI, 1.12-1.37], P = 7.4x10-5), we studied the (combined) 
effects of all 5 SNPs on clinical thyroid disease as specified below.

Genetic risk score and TPOAb-positivity
A genetic risk score based on the 5 GWAS significant SNPs was calculated for every indi-
vidual as the weighted sum of TPOAb-positivity risk alleles, with weights proportional to 
the effect estimated in the stage 1 + 2 meta-analysis. As a z-score based meta-analysis 
does not provide betas, we calculated betas using a fixed effects (inverse variance based) 
meta-analysis for TPOAb-positivity.

In each stage 2 study, we calculated genetic risk score quartiles from the global dis-
tribution of the scores. The number of TPOAb-positives and –negatives were compared 
between the genetic risk score quartiles, using logistic regression analyses, adjusting for 
age and sex. The results of each study were combined using a population size weighted 
z-score based meta-analysis.

Associations with hypo- and hyperthyroidism
The associations between genetic risk score quartiles and the risk of increased TSH levels, 
overt hypothyroidism, decreased TSH levels and overt hyperthyroidism were studied as 
well, using the same method as for the genetic risk score vs TPOAb-positivity analyses. 
The associations with the individual SNPs were studied as well, using logistic regression 
analyses, adjusting for age and sex. The results of each study were combined using a 
population size weighted z-score based meta-analysis. Bonferroni threshold was used 
to define significance of associations.

As thyroid hormone metabolism significantly changes during pregnancy [24], we 
additionally studied the individual and combined effects of the GWAS significant SNPs 
on the risk of thyroid dysfunction during pregnancy. These effects were studied in 859 
pregnant women from the EFSOCH cohort, including 59 TPOAb-positives, 38 women 
with increased TSH and 13 women with suppressed TSH levels. As there were only 2 
overt hypothyroid and 7 overt hyperthyroid women, we were unable to study the effects 
on overt hypo- and hyperthyroidism during pregnancy.

Associations with goiter
Thyroid ultrasound data were available in 3614 SHIP, 887 SHIP-Trend, and 1290 KORA 
subjects. Subjects using thyroid medication and pregnant women were excluded, ex-
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cept in SHIP-Trend in which pregnancy data were unavailable. The associations between 
the individual SNPs, genetic risk scores and goiter were studied using logistic regression 
analyses, adjusting for age, sex and body surface area (BSA). BSA was calculated as 
0.007184 x (weight[kg])0.425 x (height[cm])0.725. The results of each study were combined 
using a population size weighted z-score based meta-analysis.

Associations with thyroid disease in independent populations
Since Graves’ disease is the major cause of hyperthyroidism, and considering the fact 
that Hashimoto’s thyroiditis and Graves’ disease co-segregate in families [17,20,21], we 
selected those SNPs that showed promising associations with hyperthyroidism in our 
meta-analyses (i.e., P ≤ 0.05). These SNPs were tested in an independent population of 
2478 patients with Graves’ disease and 2682 controls using logistic regression analyses, 
adjusting for age and sex.

As both thyroid autoimmunity and abnormal TSH levels have been implicated in the 
development of thyroid cancer [99,100], we tested the risk of thyroid cancer for the 
GWAS significant SNPs in the Nijmegen and Ohio cohorts, including in total 333 cases 
and 2209 controls. Associations were studied using logistic regression analyses, adjust-
ing for age and sex. The results of these studies were combined using a population size 
weighted z-score based meta-analysis.

Effects of previously identified thyroid related SNPs in the stage 1 TPOAb-
positivity and TPOAb level meta-analyses

Table S4 shows the stage 1 TPOAb-positivity and TPOAb level meta-analyses results for 
GWAS significant SNPs reported in 15 previous GWAS on thyroid related phenotypes 
[36,37,41,91,101-107]. We reported a proxy (r2>0.8) and the relative r2 in case the marker 
was not available. The most significant associations were found for SNPs in or near CTLA4, 
PTPN22, SH2B3, and MAF. The rs11694732 variant, which is in LD with our top hit TPO-
rs11675434 (r2=0.97 in HapMap2), was also associated with both TPOAb-positivity and 
TPOAb levels. However, given the higher P-value this association is most likely driven by 
TPO-rs11675434.

Bioinformatics tools search for functional relevance

For the GWAS significant SNPs, bioinformatics tools were searched for functional rel-
evance including Gwava (www.sanger.ac.uk/sanger/StatGen_Gwava), Haploreg [108], 
and eQTL resources (http://eqtl.uchicago.edu). However, this did not lead to additional 
insights (data not shown).
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Pathway analyses

Pathway analyses were performed using the Ingenuity Pathway Analysis software tool 
Network (IPA; Ingenuity Systems, Ca, USA) in order to get more insight into possible 
pathways and networks involved. Focus genes for network inquiry were selected us-
ing the top 20 stage 1 GWAS SNPs (Tables S2 and S3). Molecules and/or relationships 
considered were the ones available in the IPA Knowledge Base for mammals (human, 
mouse or rat). Confidence filters were set to consider only relationships where the con-
fidence is Experimentally Observed or High (Predicted). Networks were generated with 
a maximum size of 35 genes and allowing up to 25 networks per analysis. The networks 
are constructed using the IPA algorithm which generates a score as well as a P-value. 
IPA computes a score for each network according to the fit of that network to the set 
of focus genes. The P-value is calculated using the right-tailed Fisher Exact test. The 20 
promising loci were mapped in the Ingenuity Knowledge base and all were considered 
for network construction on available interactions. In this way, Ingenuity generated 4 
networks (Table S7) which included 196 nodes. There were no overlapping networks. 
The top 2 networks incorporated genes that code for cell death, survival and movement 
as well as molecular transport and carbohydrate metabolism. We assessed how genes 
in the networks overlap with canonical pathways in the Ingenuity database (Table S8.). 
The top three networks included the OX40 Signaling Pathway, Antigen Presentation 
Pathway and Autoimmune Thyroid Disease Signaling pathways.

The same 20 loci were used to examine functional connectivity with the Gene Relation-
ships Among Implicated Loci Package (GRAIL; www.broad.mit.edu/mpg/grail/) [109]. In 
short, GRAIL is a tool that searches for relationships between genes in different disease 
associated loci for a given set of genes or SNP’s. GRAIL mines PubMed archives looking 
for similarities in the published scientific text among the associated genes. Genes for 
text mining of the functional data source were identified using HapMap2 Release 22 CEU 
samples. The search included indexed abstracts from PubMed last curated on December 
2006. The results of GRAIL are summarized in Figure S6. The most significant relation 
was found between BACH2 and MAF, which were also both prominent in the cell death, 
survival and movement IPA pathway (Table S7). In humans, MAF has been shown to play 
a role in IL10 and IL4 expression [110] and CD4+ T-lymphocytes transcription [111].
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Figure S1 TPOab level distribution in the stage 1 and 2 cohorts

N = 210  

Range = 10 – 1000 U/mL  

N = 1829 

Range = 9 – 3100 U/mL  

Figure S1. TPOAb  level distributions in persons with detectable  TPOAb levels in Stage 1 and 2 populations  (cont.)  
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Figure S1 (Continued)

N = 1257  

Range = 10 – 1000 U/mL  

N = 1818  

Range = 1 – 3000 U/mL  

Figure S1. TPOAb  level distributions in persons with detectable  TPOAb levels in Stage 1 and 2 populations  (cont.)  

N = 887 

Range = 5 – 2470 U/mL 

N = 774 

Range = 1 – 5559 U/mL 

Figure S1. TPOAb level distributions in persons with detectable TPOAb levels in Stage 1 and 2 populations (cont.) 

N = 452 

Range = 6 – 3000 U/mL 

N = 2185 

Range = 5 – 600 U/mL 

Figure S1. TPOAb level distributions in persons with detectable TPOAb levels in Stage 1 and 2 populations (cont.) 
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Figure S1 (Continued)

N = 1190 

Range = 5 – 600 U/mL 

N = 1233 

Range = 5 – 600 U/mL 

Figure S1. TPOAb level distributions in persons with detectable TPOAb levels in Stage 1 and 2 populations (cont.) 

N = 3285 

Range = 2 – 4182 U/mL 

N = 375 

Range = 10 – 1000 U/mL 

Figure S1. TPOAb level distributions in persons with detectable TPOAb levels in Stage 1 and 2 populations (cont.) 

Figure S1 TPOAb level distributions in stage 1 and 2 cohorts.

Figure S2. Quantile-quantile (QQ) plots for the TPOAb-positivity and TPOAb level stage 1 meta-analyses
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Figure S3. Manhattan plots for stage 1 meta-analyses for TPOAb-positivity (a) and TPOAb levels (b).
SNPs are plotted on the x-axis according to their chromosomal position against TPOAb-positivity 
(a) or TPOAb levels (b) (shown as – log10 P value) on the y-axis. The horizontal grey line indicates the 
threshold for genome-wide statistical significance (P <5x10-8). Genome-wide significant associations 
were observed near TPO (Chr 2p25; P = 1.5x10-12), at ATXN2 (Chr 12q24.1; P = 1.6x10-9) and near HCP5 
(Chr 6p21.3; P = 4.1x10-8) for TPOAb-positivity, and near TPO (Chr 2p25; P = 5.4x10-13) and at ATXN2 (Chr 
12q24.1; P = 1.1x10-8) for TPOAb levels. A color figure is available at: http://www.plosgenetics.org/article/
info%3Adoi%2F10.1371%2Fjournal.pgen.1004123#s5
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Figure S4. Regional association plots of stage 1 lead loci for TPOAb-positivity.
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The y-axis on the left indicates the – log10 P value for the association with TPOAb –positivity. SNPs 
are plotted on the x-axis according to their chromosomal position. The most significant stage 1 SNP 
is indicated in purple. The combined stage 1 and 2 result of this SNP is indicated in yellow. The SNPs 
surrounding the most significant SNP are color-coded to reflect their LD with this SNP. Symbols reflect 
functional genomic annotation, as indicated in the legend. The blue y-axes on the right of each plot 
indicate the estimated recombination rates (based on HapMap Phase II); the bottom of each panel shows 
the respective annotated genes at the locus and their transcriptional direction. Mb, megabases
A color figure is available at: http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.1004123#s5
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Figure S4 (continued). 
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Figure S5. Regional association plots of stage 1 lead loci for TPOAb levels.

a b

c d

e f

chr1p13.2

0

2

4

6

8

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs1230666

�
�

�

�

�

�

� �
�

�
�

�

��

�

�

�

� �

�
�

�

� ��

�

�
� �

�

� �

�

�

�

�

� ��
�

� �
�

�
�

�

� �

�

�

���

�

�
�

�
�

�

�

�

�

� � �

�

�
�

�

�

�

��
�

�

�

�

��

�

��

�

� �

���
�

�

�
���
�

�

�
�

�
�

�����

�

�

�

�

�
��

� �

� ��

�
�

�

���

��

�

�

�
�

�

�
�

�

�

�

�

� �� ��

�
�

�
�

��

�
�

�

� �

�
�

�

��

�
�

�
� �

�

�

�

�
� ��

�

�
�

�

��
��

��
�

�
�
�

�
�

�

�

�

� �

�

�
�

��

�
�

���
��

�

�

�

�

�

�

�

�

� �

�

�

�

�

��

�

�
� �

���

�

��

�

��

�

�

�

�

� �

�

� �

�

�
�� �

�

�

�

� �
�

�

��
� �

�

�
�

� ���
�

�
�� �� �

�

� ��

�

�
�

�

�

�
�

�

�

� ��
�

�

��

�

�

� �

�

�
��

�

�

�

�
�

�

�

�

�
��

�

�

����
��

��

�

�

�

�
�

�

�

�

�� �

�

�
�

��

�

�

�

�

�

�

�

�

�

�

��

���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

� � �

�

�
�

�
�

����

�

�

�

�
�

���

�

�

�

�

��
�

� � �
�

��� � ��
�� �

�
��

��
�

�

�

�
�

�

��

�

�
�

�
�

�
� �

�

�

0.2

0.4

0.6

0.8

r2

MAGI3 PHTF1

RSBN1

PTPN22

BCL2L15

AP4B1

DCLRE1B

HIPK1

OLFML3

113.7 113.8 113.9 114 114.1 114.2 114.3

position on chr1 (Mb)

�

chr1p36.13

0

1

2

3

4

5

6

7

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs1192621

�

�
�

� � �

�

�

�
�

�

�

�

�

���

�

� �
�

�

�

�

�

�

�

�

� �

�

�

�

�

� � ��

�

�

��
��

�

�
�

�
�

�

�
�

�

�

�

�

�

�

�

���

�

�

�

�

�

�

�

�

��

�
��

�
�� � �

�
��

� �

�

�

�

�
�

�

��

�
�

�

�

��

�

�

�

�

�

�
�

�

�

��

� �

�

�

�

� �
�

�

�
�

�
�

��

�
�

�
�

�

�

�

�

�
�

�

��

�

�

�
�

�

�

�

�

�

�

��

�

�

�
�

�
�

�

�

�

�
�

�

�
�

�
�

�

�

� � ��

� �
�

�

���

�

� ����
�

�

��

�

�

�

�

�

�

�

�

�

�

��

�

�

�

��

�

�

�

�

�� �

�

� ��

�

��
�

�

�

�

�

� �

� �

�

�

�

�

�

�

�

�
�

�

�

��

�

�
�

�

�

�

� �

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�
��

�

�

�

� �

� �

�

�

�

�
�

�

�
�

�
�

�

�

��

�

�

�

�

�

�

�
�

�

�

�

�
�

�

�

�

�

�

��

�

� �

�

�

�

�
�

�

�

�

��
�

�

�

�

�

� �

�

�

�
��

� �

�

��

�

�

�

�

��

�

�

�

�
�

�

�

�

�

�

�

�

�
�

�

���
��

�

�

�

�
�

�

��

�

� �

�

�
� ���

�
���

�

�

��

�

�

�

�

��
�

�

�

�
���

�
�

�
�

�
�

�
�

�

�

�

�
�

� �

�
�

�

�

�

�

� �

�

�
�

�

�

�

�

��

�
��

�

�

�

�

�

�

�

�
��

�

�

�

�

�

�� �

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�
�

�

�

����

�

� �

�

��

�

�
�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

� �

�

�

�
�

�
�

�

�
�

�
�

�
�� ��
� ���

�

� �
��

�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�

��

�
�

�

�

� �

�
�

�

�

�
���

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

��

�

�

�

�

�

�

�

�

�

�
�

��

�

�
�

�

�

��

�

�

�

�

�
�

�� ��

�

�

�

�

�

�

��

�

�

��

�

�

�

�

�

�
�

�

�

�

�

�

�

��

��
� �

�

�

�

�

�

�

�

��

�

�

�

�

�

�

��

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

0.2

0.4

0.6

0.8

r2

ACTL8 IGSF21

18 18.1 18.2 18.3 18.4

position on chr1 (Mb)

�

chr2p25.3

0

2

4

6

8

10

12

14

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100
recom

bination rate (cM
/M

b)
rs11675434

� �� �� �

�

�

�

�

�
�

�

�

�

�
�� �

�
�

��

�
�

�

� ���

�

�

�

�

�

�

��

�

�

�

�

�

� ��

�

�

�
�

�

� �
�

�

�

�

�

�

�

�

�
�

�
�

�
� �

�

�

�

�

�

�

�

�

�
���

�

���

�

��

�

�

�
�

�
�

�

�
��

�
�

�

�

�

�

��

���

�

�

�� �
�

�

�

�

����
����

�
�

� �

� �

�

�

�
� ���

�

�
�

�

�

�

�
� �

�

�

�

�

�

��

�
�

�
� �

�

�

�

� � �

�

��

�

�

�

�

���
�
���

��

�

�
�

�

�

�

�

�
�

�

�

�

�

�

�

�

��

�
��

�

�

�� ����

�

�

�

�

�

�

�

�

�

�

���

�

�
��

�

�� �

�

�

��

�

�

�
�

��

�

�

�

�
�

�

�

�
�

�

��

�

�

�

�

� �
�

�
�

�

�

�
��

�

�

�

�

�
�

�

�

�

�

�
�

��

�

�

�
� � �

�
�
�

�

�

�� �
�

�

�

�

�

�
�

�

�����

�

��� � �

�

�

�

�

�

��

�

�
�

�

�

��
�

�

�

��
�

��

�

�

�

�

�
�

�

��

�

� �

�

�

�
�

�

�

�� ��
�

��
�

�

��

�

��
�

�
��

�

�

��
�

��
�

�

� � �

��

�

�

�

�

�

��

�

�

�
�

� � ��

�

�� �

�

�

�

�� �

�

�
�
�

�

�
�

�

��

�

�

�

�
��
�

�

�

����

�

������

�

�

������

�

�

�

����

�

���

�

�
�
�

�
�

���
�

�

�

0.2

0.4

0.6

0.8

r2

SNTG2 TPO PXDN

1.2 1.3 1.4 1.5 1.6

position on chr2 (Mb)

�

chr3p26.1

0

1

2

3

4

5

6

7

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs17048919

�

�
� �

�
�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�
��

�
�

�

�
� �

���
� �

�
�

��
�

�

�

�

�

�

�

�
�

�

��

�

�

�
� �

�

�
��

�

�

�

�
�

�

�

�
�

�

�

�

� �

�

�

�
�

��

� �
��

�

� �

�
�

� �

��

�
�

�

�

�

�

�

�

� �

�

� ��

�

�

�

�

�

��
�

�

�

��

�

�

��

��

�

�

�

�

�
�

� ��

�

�� �
�

�
��

�

�

�
�

�

�

��
�� �

�

�

� ��
�

�
�

���

�

��

�

�

�

��
��

�
�

�

��

�

�

�
�
�

�

�

�

�

�

�

�
�

�

�

�
�

�

�
� �

�
�

���

���

�
�

�

��

� �

�� �

��
� �

��

�

��

�

�

� �

�

�

�

�
�

�

�

�

�����

�

��

��

�

� �
� ��

�

�
�

�

�

�

�����
�
���

�
�

�
�

������
�

�
��

�

��

�

�

�

�

�

�
���

�

�

�

�

�
�
���
�

���� �
��

�

�
��

�� �
�

���

��
����

�

�

������
� �����

�
��

�
� �

�
��

�

�

�

�

�

�

��

�
� ���

�

�

�
��

�

�

��

� �

� �

�

�
��

��

�
�

�

�

��
�

�

�
��

�

�

�

�

�

� �

�

�

�

�

�

��

�

� �

�
�
�

��

�

�

�

�

�

�

�
�

�

� ��

�

�

�

� �
�

�

�

�

�

�
�

�

�� �
��

�

�

�

�

�

�

�

� �
�

�

�

�

�

�

�

�

� �
� �

�

�

�

�
�

�

���
�

��

�

�

� �
�

�

�

�

�
�

�

� � ��

�

��

�

�

���

�

�

�

��
�

��

�
�

�

�
�

� �

�

� � ��
�

� �

��

�

�

�

�

��

�

�

�

�

�

�

� �
�

�

�

�

��

�

�
�

��

�

�

�

�

�

�

�
�

�

�

�

�

��
�

� �
�

�

�

� ��

�

��
�

�

� �

��

�
�

� �
� �

�

�

�

��
�

� �

�
�
�

�

� �
��

�
�

�

��
��

�

�

�

�

�

�

�

�
�� �

��
�

�

�

�

� �

��� �

�

�

�

�
��

�

��
�

� �

�
�

�
�

�

�

�

�

�

�

�

�

�

0.2

0.4

0.6

0.8

r2

LMCD1

8.1 8.2 8.3 8.4 8.5

position on chr3 (Mb)

�

chr3q21.2

0

2

4

6

8

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs2010099

� �

��
�

�

�

�

�

��

�
�

�

�

��

�

�

�

�

�

�
��

�

�

�
�

�

�

� �
�

�
�

�

�

�
�

�

�
� � �

�
�

�
�

�

�

�

�

�

�
� �

�

�

�
�

�
�

�
� �

�

�

�
�

�

� �
�� �

�
�

�
�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�
�

� �
�

�

�
���

�

�
� �

�

�

� ���
��

�

� � �

�

�

�

�

�

���

�

� ��

�
�

�

� �

�

������

�

�

�

�

�

�

� �

�

��
� �

��
�

�
���

�

�
�

�
��

�

�

�
�

�
�

�

�

��

�

��

��

�

�

�
�

�

�

�

�

� �
�

�

��
�

�
�

�

��
� �����

�

�

�

��

�

�

�

�

����
�

�

� �

�

�
�

�

�

�

��

�

�

�

�

��

�

�

�
�

�

�

�
� ��

�

�

��
� �

�

�

��

�

���

�

���������

��

��

��

��

�

�
�

���
�

�

�

�

�

��

�

�
� �

� � �

�

�

�

�
�

�

�

��
�

�
�

�
�

���

�

�

�

�

�

��� �

�

�

�

�
���
���

�
� ���� �

��
�

�

�
�

� �

�� �

�

�
�

�� �
�

�
�

�

�� ��

�

�

�

� �
����

�

�

�

�

�

�

������

�

�

�

�
� ��

�

��
�

�

�

��

�

�
�

�

�

�

�

�
�

�

�� �

�

� �

�

�
�

�
�

�
�

�
� �

�

�

�

�

�
�

��

�
�

�

�

��� � ��

�

�

�

�

�

� �
�

� �

�

�
�

�

�
�

� �

��
�

�

�
�

�

�
�

��

�

�

�
�

�

�
��

�

�
�

�
�

��� �

�

�

��
�

�

�

�

�

�

�

�

��

�

� �

�

�

�

�

� �
�

�

�
�

��
�

�

�

� �

�
� ��

�

�

� �
�

� �

�

� �

�

�

��
�

�

��

�

�

�

�
�� ��

�
�

� �

�

�

�
�

� �
�

�

�
� � �

�

��
�

�

���

��

��

��

��

�

�

�

�

����

�����
�

��
�

�

�

�

�

�
�

�

�

�
0.2

0.4

0.6

0.8

r2

KALRN

UMPS

ITGB5

125.6 125.7 125.8 125.9 126

position on chr3 (Mb)

�

chr6p21.33

0

2

4

6

8

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs3094228

�

�

�

�
�

�

�

�
�

� � �
�

�

�
�

� �

�
�

��
�

�
�

�
���

�

�

�����
�

�

�

�

�

�

�
�

�
�

�

�

�

�

�

�

�

�
�

��

�

�

�
� �

�

�
�

�

�

�

�
� �

�

�

�

�
�

�

�

�

�

�
�

�
�

�

�

�
�

���

�

�
�

�

�

� �

�
�

�
��

�

�

�

�

�

�

�
��

�

�

� �

�

�
�

�

�

�
��

�

�

� �

�
�

�

� �

�

�

�

�

��

�
�

��� �

�

�

�

�

�

� �

�

�

�

�

�

�
���

�

�

�

��

�

�
�� ���

�

�
����

�

�

�

��
�

��
��

�

��� �

�

�

�� �
�
�

�

�

�

�

�

�

� �

�

�

�

�

�

�
�

�
�

�

� �
��

�
�

�

�
�

�

�
�

�

�
�

�

�

�

� �

�
��

�

�

�

���

�

�
� �

�

�

�

��
��

��

�

�

�

�

�

�

�
����

�

�

�
��

�
�

�

�

�
���

���

�

�
��
�

�

��
�
��

��

�
�

�
���

�

�
�����

�
�

��
�
�

��

�

�

�

�

�

�

�

�
�

�

�

��

�
�

�

�
��
�

�

�
�

�

���

�

�

�

�

�

�

�
��

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�
��

�����
�

�

�

�

�

�
�

�

� �

�

�
��

�

��

�

���
�

�

�

�
�

��

�

�
����

�

�

��� �

�

�

��
�

�
�

�

��

���

��

��

�

�
��

�

�

�

� �

�

��

�
�

�

�

� �

��

�

���
�

�

�

�

�

�

� �

�

�
��

�

� � �

�

�

� �
���

��
��

�
�� ����

�

��
�

�

��
��

��

�

�

�
�
��

�

��

�

�

�

�

�

�
� �

��� ���

�

�
�

��

��
�

��� �

�

��� � � �

�

�

�

�

�

�

�

�

�

�

�

�
�

�
����

���
���

�
�

� �

�

�

�

�

��

�

�

�

�

�

��

��

� � �

�

�
����

��
��

�
��

�
�

�
��

�

�

��

�

�

�
�

�

��

�

���� �
�

�

�

�

� �

�

�
� �

�

� ��� �

�
�

�

�

�
��

� �
��

�

�
�

�
� �

�

�������

�
�����
�
����

�

���

�

�

���

�

�

�

�
�

�

��

�

�

�
��
�

�

�

�

�

���

�

� �

�

�
�
���

�

�

�
�

����
����

��

�

�

�

�

��

�

� �
���

�
���

�

�

� � � �
��

�

�

�

�

�

�

�
�

��

�

�

��

� ��

�
�

��

��

�

��

�
�

�

�

�

�

��

�

�

�

��

�

�

�
��

��

�����

�

�

�

�

���
�

���

�

�

�

�

�

��
���

�

�

�

�

�

�

�

�

�

�

��

�

�

�

��

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

0.2

0.4

0.6

0.8

r2

HLA−B MICA HCP5

HCG26

MICB

MCCD1

BAT1

SNORD117

SNORD84

ATP6V1G2

NFKBIL1

LTA

TNF

LTB

LST1

NCR3

31.4 31.45 31.5 31.55 31.6 31.65

position on chr6 (Mb)

�

chr12q24.12

0

2

4

6

8

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs653178

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
� ��

�

�
�

�

�

�

��

��

�

�

�

�

��

�

�

�

�

�

�

�

�

� ��

�

�

�

�

�

�

�
�

�

�

�

�� �
�

�
��

�

�
�
��

�

� �

�

�

�

�

�
�

�
�

�

�
�

�

�

�

�

��

�

�

�

�
�

�

� �

�

�
�

�

�
� �

��
�

�
�

�
��

��

� �
�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�
�

� �

�

��

�

�

�

� �

�

�

�

�

�

�

�

�

��

� �

�

�

�
�

�

�

�

�
�

�
��

��

� �

�
� ��� ��� �

�

�
�

��

�

�

�

�

��

�

0.2

0.4

0.6

0.8

r2

CUX2

FAM109A

SH2B3

ATXN2

BRAP

ACAD10

ALDH2

C12orf47

MAPKAPK5

110.2 110.3 110.4 110.5 110.6 110.7 110.8

position on chr12 (Mb)

�

chr14q13.2

0

1

2

3

4

5

6

7

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs8008408

�

�

�

� �

�

�

�

�

�

�

� �� �

�

�

�� � ��

�
�

�
�

�

���� ��
��

�

�
� �

�

�

�

�
�

�

�

� �

�

�
� �

�

�

�

�
�

�

��
�

�

�

�
� �

�

�

�

�

�

�

�

�

�
�

�

�

�

�

� �

�
�

�
�

�

�

�

�

�

�
�

�
�

�
� �

�

�
�

�

�
�

�

�

�

�
�

�

�

�

�
�

�

�

��

�

�
�

��

� �

�

�

�

�
�

�

�

��
�

�
� ��

�

�

�

�
� �

�

�

� �
��

��

�

�

�
� �

�

�
�

�

�

�

�

�

�

�

� �

�

�
�

�
�

�

�

�

�

��

�

�

�
� �

�
� �

�

�

� ��

��

�
�

�

��
�� �

�

�
�

�

�

�

�
�
�

�

�

�

�

��

�

�

�
��

�

� � �

��

�

�

�

�
�

�

�

�

�

�

�

�
�

�
�

�

�

�

� � �
�

�

� � �

�
�

�

�

�

�

�

�

����

�

�

�
�

�
�

�

�

�

�

�

�

��

�

�

�
�

�

�

�

�

�
�

�

�

��� �

�

� � �
��

�

�
�

�
�

�

�

�
�

�
��

�

�

0.2

0.4

0.6

0.8

r2

KIAA0391 PSMA6 NFKBIA INSM2

RALGAPA1

34.7 34.8 34.9 35 35.1

position on chr14 (Mb)

�

chr19p13.12

0

2

4

6

8

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs1273522

�
�

��
�

�

��

�

�

�

�

�

�

�

�

�

�

�

��

�

�

��

�

�

�

�
�

�

�

�

�

��

�

�

�

�
��

�

�

�

�

�
�

� �

�

�

�

�
�

�

��

�

�

�

�

�
�

�

�
�
�

� ��� �

�

�

�
�

�

� � �
�

�

�

��

� ��

���

�

��
��

�

�
�

�

�

�

�

�

�

�

�

�
��

�

�
�

� �

�
�

��

�
� �

�

�

�
�

�
� �

�� ��
�

�

�� �

�

�

�

�
���

�

�

�
�

��

��

�
�
�

� �
��
�

�

�

�
�

��

�

�
�

�

��

�

�

��

� ���
�

�

��

�

�

�

��

�

���

�

�

�

�
�

�

�� �

�
��

�
�

�
� �

� � ��

�

�

�

�

�

� �

�

�

�
�

�
�

�

�

�

�

��

�

�

�

��

�

�

��

�

�

�

��

�

�

��

�

�

��

�

�

�

�
�

��

�
�

�

�
�

�

�
�

��

��

�
����

��

�

�
��

�
�

� �

�
�
�

�

�
�

�

�

� ��

�

�

�
�

�

�

�

�
� �

�

� �

�
�

�
�

�

�

�

�

�

�

��

��
�

�
�� �

�

��

� ��
�
��

�

�

� � �

�

��
��

�

�

�
������ �

�
��

�

� � ��� � � �

�

�

�
�

�

�

� � �
�

�
�

�

��

� �

� �
�

�

�����
� ��
�

�

�

��� ��
�

� �
�

�

� �

�

� �

�
�

�
�

�

�
�

�

�

� �
�

�

��
�
�

�

�

�
�

�
�

�

�

�

�

��

�
�

���

� �

�

��

�

��
� �� �

�
�

�
�

�

�
� �

� �

�

�

��

��

�

�
� �

�

���

��
�

� ��

�

��� �

�
�

�
�

�

� �

�

�

�

�

�

�

�� ���

�

�

�

�

�

�

�

�

�

�

�
�

��

�

�
�
�
�

0.2

0.4

0.6

0.8

r2

BRD4 AKAP8

AKAP8L

WIZ

MIR1470

RASAL3

PGLYRP2

CYP4F22 CYP4F8

CYP4F3

CYP4F12

OR10H2

OR10H3

15.3 15.4 15.5 15.6 15.7

position on chr19 (Mb)

�

chr6p21.32

0

2

4

6

8

−
lo

g 1
0(
p−

va
lu

e)

0

20

40

60

80

100

recom
bination rate (cM

/M
b)

rs9277555

�

�

�

�

�

�

�

�

�
�

�

�

�
� �

�
�� �

�

�
�

�

�

�
�

� � �

��

�

�
�

�
�

��

�
��

�

�

�

�

�

�

�

�

�

��
�

�

�

�

�

�

�

��

�

�

�

�

�

��

��
�

�

�

�
�

�

�

�

�

�� �
�

� �

��

�

�
� � �

�

�

�
�

� �

�
�

�
�

�

�

�

�
�

� ��

�

�
�

�

�

�

�

�

�

� �

�

�
��

�

�

�

��������

�
�

�
�

�

�

�

�
� �

�
�

� ���

�

��

��

�

� �

�

��

�

�

�
��

� ��

���
� � �� �

�

�

�� �� ���
�

�

�

�

�

�

��

�

�

� �

�

�

�

�

�

�
��

�

�

�
�
���

� �

�

�
�

�

�
�

�

�

��� ��
� �

�

�
�

� ��
�

�
��

�
� �

�

��

�

���
�

�

�
���

�

�

�

��

�

�

��
�

�

�

�

�
�

�� ���

�

�

�� �
�

�
�

�

�

�

�

��

�

�

�

�

�

�
�

�
�
�

�
�

��

�
�

� ���

�

�
�

�

�
�

����
��
�
�

��
�� �

�
�

�

��
��

�
�
��� �

�

�

�

�

� �

�

�

�

�
�

�

�

�

�

�

�

�

�
�

��

��

�

�

��
��

�

�

�
�

�

�

�

�

��
�

�

��
��
�

��

�

�

��

��
�

�

�
�

�

�

�
�

�
�

�

� �

� �

�

�

�
���

�
��

�

�

�

�

��

��

�

� �

�

�

�

�

�

�

�

�

�� �

�

�
�

�
���

�

�

�
�

�

�

�

�

�

�
�

�
�

��
�

�

�
� ��

�
� �

� �

�

�

�
�

�

�

�
��

�

�

�

�

�
�

�

�

�

�

�

�
�

�

��
�

�

�

� � �
�
�

�

�

��

��
�

� ��

�

�

��

�

�

�

��
��

����

�

�

�

�
�� �

�

�
�

��

�

�

�
�

�

�

�

�

�

��

�

�

�
�

�
�

��
�

�

�

�
�

�

��
�

�

��

�

�

�

�� �

��
�

�
� �

�

�

�
�

�

�

�

� ��

�

�
�

�

�
�

�

�

�

�

���

�

�

�

��

� �

�
� �

� ���

�

�

�

�

�

�

�

�

� �

��

�

� ��

� �
�
���
���������

���
���������

��

��

���
�

�
�
�

�
�

�

��
�
��

��

�
�

� ��
�
�

�� �� �

�

�

�

�

��

�

���

� ��
��

�

�

�

�

� ��
�

�

�

��

�
�

�

�
�

� ���
�

�

�

�

�

�
�

�

�

�

�

� �

�

�

�

�

�

�

�

�

�
��
�

�

�

�

�

�

�

���

�

�

� �

��

�

�

�

��
�

����
�

�

�

�

�

�

�
�

�
�

��
�

��

��

�

�

�

�

�

�

�
�
�

�

�

�

���

�

�

�

� �

�

�

�

�

�

�

�

�

�
��

�

�

�

�

�

�

�
�

�

��

�

�
�

�

�

�
��

�

�

�

�

�
�

�
�

�

�

�

�
�

�

�

�

��

��
�

�

�

�
�

��

�

��

��

�

�

���

�

�

�

�

�
�

�

�

�

���
�

�
�

�������������

�

���

�

�����

��

��������������

��

�

�
�

�

�

0.2

0.4

0.6

0.8

r2

HLA−DMB

HLA−DMA

BRD2

HLA−DOA HLA−DPA1

HLA−DPB1

HLA−DPB2 COL11A2

RXRB

SLC39A7

HSD17B8

MIR219−1

RING1

VPS52

RPS18

B3GALT4

WDR46

33 33.1 33.2 33.3

position on chr6 (Mb)

�

g h

i j



362 Appendix 2

Figure S5 (Continued). 

The y-axis on the left indicates the – log10 P value for the association with TPOAb levels. SNPs are plotted 
on the x-axis according to their chromosomal position. The most significant stage 1 SNP is indicated in 
purple. The combined stage 1 and 2 result of this SNP is indicated in yellow. The SNPs surrounding the 
most significant SNP are color-coded to reflect their LD with this SNP. Symbols reflect functional genomic 
annotation, as indicated in the legend. The blue y-axes on the right of each plot indicate the estimated 
recombination rates (based on HapMap Phase II); the bottom of each panel shows the respective 
annotated genes at the locus and their transcriptional direction. Mb, megabases
A color figure is available at: http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.1004123#s5
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Figure S6. GRAIL results for the stage 1 TPOAb-positivity and TPOAb level lead SNPs
GRAIL circle plot of locus connectivity where each locus is plotted in a circle, where significant 
connections (P < 0.05) based on PubMed abstracts are drawn spanning the circle. Analyses were based on 
the 20 stage 1 TPOAb-positivity and TPOAb level lead SNPs.
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Table S4 is available at: http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.
pgen.1004123#s5

Table S5. Genetic risk score and the risk of increased TSH levels

GRS Quartile
% Increased TSH levels

(N cases/total)
OR (95% CI)a P value

1 (reference) 4.2 % (212 / 5051) - -

2 5.7 % (290 / 5050) 1.37 (1.13-1.66) 1.5 x 10-3

3 5.8 % (299 / 5185) 1.45 (1.20-1.75) 6.8 x 10-4

4 6.2 % (309 / 5013) 1.51 (1.26-1.82) 2.9 x 10-6

GRS, genetic risk score (based on rs11675434, rs653178, rs10944479, rs1230666, rs2010099).
a Adjusted for age and gender

Table S6. Newly identified TPOAb associated loci and the risk of thyroid cancer

Alleles
Nijmegen cohort
(154 cases/ 2019 

controls)

Ohio cohort
(179 cases / 190 

controls)

Combined
(333 cases / 2209 

controls)

Nearby 
Gene

SNP Risk Other OR (95% CI) P OR (95% CI) P OR (95% CI) P

TPO rs11675434 T C
1.01

(0.68-1.50)
0.97

1.04
(0.75-1.43)

0.83
1.03

(0.80-1.32)
0.85

ATXN2 rs653178 C T
1.36

(0.87-2.12)
0.17

1.30
(0.95-1.77)

0.10
1.32

(1.02-1.70)
0.03

BACH2 rs10944479 A G
1.69

(1.14-2.53)
0.01

0.86
(0.56-1.33)

0.50
1.24

(0.92-1.66)
0.15

MAGI3 rs1230666 A G
0.99

(0.63-1.55)
0.95

0.92
(0.57-1.52)

0.75
0.89

(0.64-1.25)
0.51

KALRN rs2010099 C T
1.22

(0.77-1.94)
0.40

1.51
(0.97-2.34)

0.07
1.37

(0.99-1.88)
0.06

Adjusted for age and gender
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Table S7. Top IPA associated networks for the stage 1 TPOAb-positivity and TPOAb level lead SNPs

Associated Network Functions Score Focus
Molecules

Molecules in Network

Cell Death and Survival, Renal Necrosis/
Cell Death, Cellular Movement

24 10

ARHGEF1, BACH2, CD3, CD44, CYB5R3, 
DOK3, DR4/5, EZH2, FUCA1, GZMK, 
HCP5, Igm, ITGB1, Jnk, KALRN, MAF, 
MAGI3, NFkB (complex), NFKBIA, PELI3, 
PRMT2, RAC1, RERE, RIOK3, RTKN, SCFD1, 
SUMO4,Taok2,TNIP3, TPO, VOPP1, ZFAND6, 
ZFP64, Zfp125, ZMYND11

Carbohydrate Metabolism, Molecular 
Transport, Small Molecule Biochemistry

5 3

ATXN2, CD36, FABP4, FBP1, FEM1A, FFAR4, 
GCG, HADHA, IGF2, Ins1, INSR, IRS2, LCP1, 
LRP5, MIF, NDUFV2, NKX2-2, NOS3, PDE3B, 
PDK4, PDX1, PIK3R2, PLA2G1B, PPARGC1A, 
PRKCI, PTPN1, PTPRN, RPS6KB1, SIRT1, 
SIRT6, SLC2A1, SLC2A4, TFAM, UCP2, UCP3

Cellular Growth and Proliferation, 
Respiratory System Development and 
Function, Immunological Disease

3 1 HLA-DPB1, MAGEA3/MAGEA6

Immunological Disease, Infectious 
Disease, Cell Morphology

2 1
CD63, CD82, EBI3, HLA-DOB, Hla-Drb, IL27,
mir-223

Physical function analysis for the 20 stage 1 lead SNPs using IPA (Ingenuity Pathway Analysis). Four 
networks were generated which are ordered by a score denoting significance.

Table S8. Top IPA associated canonical pathways for the stage 1 TPOAb-positivity and TPOAb level lead SNPs

Canonical Pathways P-value

OX40 Signaling Pathway 7.6 x 10-5

Antigen Presentation Pathway 5.9 x 10-4

Autoimmune Thyroid Disease Signaling 1.0 x 10-3

Cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells 2.8 x 10-3

Allograft Rejection Signaling 2.9 x 10-3

Top Canonical Pathways for the 20 stage 1 lead SNPs using IPA (Ingenuity Pathway Analysis).



Supplemental data Chapter 9 369

A
PP

EN
D

IX
 2

REFERENCES:

 74. Walsh JP, Bremner AP, Feddema P, Leedman PJ, Brown SJ, et al. (2010) Thyrotropin and thyroid 
antibodies as predictors of hypothyroidism: a 13-year, longitudinal study of a community-based 
cohort using current immunoassay techniques. J Clin Endocrinol Metab. 95: 1095-1104.

 75. Fried LP, Borhani NO, Enright P, Furberg CD, Gardin JM, et al. (1991) The Cardiovascular Health 
Study: design and rationale. Ann Epidemiol. 1: 263-276.

 76. Barker DJ, Osmond C, Forsen TJ, Kajantie E, Eriksson JG (2005) Trajectories of growth among 
children who have coronary events as adults. N Engl J Med. 353: 1802-1809.

 77. Rikkonen K, Pesonen AK, Heinonen K, Lahti J, Kajantie E, et al. (2008) Infant growth and 
hostility in adult life. Psychosom Med. 70: 306-313.

 78. Kajantie E, Phillips DI, Osmond C, Barker DJ, Forsen T, et al. (2006) Spontaneous hypothy-
roidism in adult women is predicted by small body size at birth and during childhood. J Clin 
Endocrinol Metab. 91: 4953-4956.

 79. Wichmann HE, Gieger C, Illig T (2005) KORA-gen—resource for population genetics, controls 
and a broad spectrum of disease phenotypes. Gesundheitswesen. 67: S26-30.

 80. Hoogendoorn EH, Hermus AR, de Vegt F, Ross HA, Verbeek AL, et al. (2006) Thyroid function 
and prevalence of anti-thyroperoxidase antibodies in a population with borderline sufficient 
iodine intake: influences of age and sex. Clin Chem. 52: 104-111.

 81. Hofman A, Grobbee DE, de Jong PT, van den Ouweland FA (1991) Determinants of disease and 
disability in the elderly: the Rotterdam Elderly Study. Eur J Epidemiol. 7: 403-422.

 82. Hofman A, van Duijn CM, Franco OH, Ikram MA, Janssen HL, et al. (2011) The Rotterdam 
Study: 2012 objectives and design update. Eur J Epidemiol. 26: 657-686.

 83. Naitza S, Porcu E, Steri M, Taub DD, Mulas A, et al. (2012) A genome-wide association scan on 
the levels of markers of inflammation in Sardinians reveals associations that underpin its complex 
regulation. PLoS Genet. 8: e1002480.

 84. John U, Greiner B, Hensel E, Ludemann J, Piek M, et al. (2001) Study of Health In Pomerania 
(SHIP): a health examination survey in an east German region: objectives and design. Soz Praven-
tivmed. 46: 186-194.

 85. Volzke H, Alte D, Schmidt CO, Radke D, Lorbeer R, et al. (2011) Cohort profile: the study of 
health in Pomerania. Int J Epidemiol. 40: 294-307.

 86. Spector TD, Williams FM (2006) The UK Adult Twin Registry (TwinsUK). Twin Res Hum Genet. 9: 
899-906.

 87. Traglia M, Sala C, Masciullo C, Cverhova V, Lori F, et al. (2009) Heritability and demographic 
analyses in the large isolated population of Val Borbera suggest advantages in mapping complex 
traits genes. PLoS One. 4: e7554.

 88. Rietzschel ER, De Buyzere ML, Bekaert S, Segers P, De Bacquer D, et al. (2007) Rationale, de-
sign, methods and baseline characteristics of the Asklepios Study. Eur J Cardiovasc Prev Rehabil. 
14: 179-191.

 89. Greiser KH, Kluttig A, Schumann B, Kors JA, Swenne CA, et al. (2005) Cardiovascular disease, 
risk factors and heart rate variability in the elderly general population: design and objectives of 
the CARdiovascular disease, Living and Ageing in Halle (CARLA) Study. BMC Cardiovasc Disord. 5: 
33.

 90. Knight B, Shields BM, Hattersley AT (2006) The Exeter Family Study of Childhood Health (EF-
SOCH): study protocol and methodology. Paediatr Perinat Epidemiol. 20: 172-179.



370 Appendix 2

 91. Arnaud-Lopez L, Usala G, Ceresini G, Mitchell BD, Pilia MG, et al. (2008) Phosphodiesterase 
8B gene variants are associated with serum TSH levels and thyroid function. Am J Hum Genet. 82: 
1270-1280.

 92. Manji N, Carr-Smith JD, Boelaert K, Allahabadia A, Armitage M, et al. (2006) Influences of 
age, gender, smoking, and family history on autoimmune thyroid disease phenotype. J Clin 
Endocrinol Metab. 91: 4873-4880.

 93. Todd JA, Walker NM, Cooper JD, Smyth DJ, Downes K, et al. (2007) Robust associations of 
four new chromosome regions from genome-wide analyses of type 1 diabetes. Nat Genet. 39: 
857-864.

 94. Wetzels JF, Kiemeney LA, Swinkels DW, Willems HL, den Heijer M (2007) Age- and gender-
specific reference values of estimated GFR in Caucasians: the Nijmegen Biomedical Study. Kidney 
Int. 72: 632-637.

 95. Shields BM, Freathy RM, Knight BA, Hill A, Weedon MN, et al. (2009) Phosphodiesterase 8B 
gene polymorphism is associated with subclinical hypothyroidism in pregnancy. J Clin Endocri-
nol Metab. 94: 4608-4612.

 96. Kiemeney LA, Sulem P, Besenbacher S, Vermeulen SH, Sigurdsson A, et al. (2010) A sequence 
variant at 4p16.3 confers susceptibility to urinary bladder cancer. Nat Genet. 42: 415-419.

 97. He H, Olesnanik K, Nagy R, Liyanarachchi S, Prasad ML, et al. (2005) Allelic variation in gene 
expression in thyroid tissue. Thyroid. 15: 660-667.

 98. Teumer A, Rawal R, Homuth G, Ernst F, Heier M, et al. (2011) Genome-wide association study 
identifies four genetic loci associated with thyroid volume and goiter risk. Am J Hum Genet. 88: 
664-673.

 99. Feldt-Rasmussen U, Rasmussen AK (2010) Autoimmunity in differentiated thyroid cancer: 
significance and related clinical problems. Hormones (Athens). 9: 109-117.

 100. McLeod DS, Watters KF, Carpenter AD, Ladenson PW, Cooper DS, et al. (2012) Thyrotropin and 
thyroid cancer diagnosis: a systematic review and dose-response meta-analysis. J Clin Endocrinol 
Metab. 97: 2682-2692.

 101. Chu X, Pan CM, Zhao SX, Liang J, Gao GQ, et al. (2011) A genome-wide association study identi-
fies two new risk loci for Graves’ disease. Nat Genet 43: 897-901.

 102. Gudmundsson J, Sulem P, Gudbjartsson DF, Jonasson JG, Sigurdsson A, et al. (2009) Com-
mon variants on 9q22.33 and 14q13.3 predispose to thyroid cancer in European populations. Nat 
Genet 41: 460-464.

 103. Hwang SJ, Yang Q, Meigs JB, Pearce EN, Fox CS (2007) A genome-wide association for kidney 
function and endocrine-related traits in the NHLBI’s Framingham Heart Study. BMC Med Genet 8 
Suppl 1: S10.

 104. Nakabayashi K, Tajima A, Yamamoto K, Takahashi A, Hata K, et al. (2011) Identification of 
independent risk loci for Graves’ disease within the MHC in the Japanese population. J Hum 
Genet 56: 772-778.

 105. Panicker V, Wilson SG, Walsh JP, Richards JB, Brown SJ, et al. (2010) A locus on chromosome 
1p36 is associated with thyrotropin and thyroid function as identified by genome-wide associa-
tion study. Am J Hum Genet 87: 430-435.

 106. Rawal R, Teumer A, Volzke H, Wallaschofski H, Ittermann T, et al. (2012) Meta-analysis of two 
genome-wide association studies identifies four genetic loci associated with thyroid function. 
Hum Mol Genet 21: 3275-3282.

 107. Zhao SX, Xue LQ, Liu W, Gu ZH, Pan CM, et al. (2013) Robust evidence for five new Graves’ 
disease risk loci from a staged genome-wide association analysis. Hum Mol Genet 22: 3347-3362.



Supplemental data Chapter 9 371

A
PP

EN
D

IX
 2

 108. Ward LD, Kellis M (2012) HaploReg: a resource for exploring chromatin states, conservation, and 
regulatory motif alterations within sets of genetically linked variants. Nucleic Acids Res 40: D930-
934.

 109. Raychaudhuri S, Plenge RM, Rossin EJ, Ng ACY, International Schizophrenia Consortium, 
et al. (2009) Identifying Relationships Among Genomic Disease Regions: Predicting Genes at 
Pathogenic SNP Associations and Rare Deletions. PLoS Genet 5:e1000534.

 110. Cao S, Liu J, Chesi M, Bergsagel PL, Ho IC, et al. (2002) Differential Regulation of IL-12 and 
IL-10 Gene Expression in Macrophages by the Basic Leucine Zipper Transcription Factor c-Maf 
Fibrosarcoma. J Immunol 169: 5715-5725.

 111. Zhang M, Clausell A, Robinson T, Yin J, Chen E, et al. (2012) Host Factor Transcriptional Regula-
tion Contributes to Preferential Expression of HIV Type 1 in IL-4-Producing CD4 T Cells. J Immunol 
189: 2746-2757.





Summary





Summary 375

SU
M

M
A

RY

SUMMARY

Although it has been appreciated for long that thyroid hormone is crucial for the 
development and function of virtually all tissues, much remains to be learned about 
the determinants and effects of thyroid function throughout life. In the introduction 
(Chapter 1), a brief overview of thyroid hormone synthesis, metabolism, and action is 
given, and we provide a general background for the studies described in this thesis. 
These studies can be divided in three parts.

The first part of this thesis (Chapters 2-6) involves studies on determinants and effects 
of thyroid function during pregnancy. Reference ranges for TSH and FT4 are different in 
the pregnant state compared to the non-pregnant state. For this reason, the guidelines 
of the Endocrine Society and American Thyroid Association recommend to calculate 
trimester specific reference ranges per centre. If these calculated ranges are not avail-
able in the laboratory, TSH reference ranges of 0.1–2.5 mU/L for the first trimester and of 
0.2–3.0 mU/L for the second trimester are recommended. In Chapter 2, we calculated 
pregnancy-specific population-based TSH and FT4 reference ranges in the Generation R 
Study. The importance of calculating population-based reference ranges was illustrated 
by the fact that 8.6 and 4.9 % of the TPOAb-negative women with normal range TSH 
levels had a TSH level above 2.5 mU/L and 3.0 mU/L in the first and second trimesters, 
respectively. The effects of ethnicity on serum thyroid parameter reference ranges were 
studied in Chapter 3. Ethnic differences were shown in serum TSH, T4, and TPO-antibody 
positivity and we found significant diagnostic discrepancies depending on whether 
population or ethnicity-specific reference ranges were used to diagnose thyroid disease.

Little is known about the effects of maternal iodine status on maternal and child 
thyroid function in iodine-sufficient areas. In Chapter 4, we studied these associations 
in the iodine-sufficient Generation R Study, and showed that mothers with higher early-
pregnancy urinary iodine levels have an increased risk of hyperthyroid newborns. These 
data should prompt further studies on the identification and closer monitoring of these 
mothers with a higher iodine status during pregnancy.

Various studies have shown that, in the non-pregnant state, even minor variation in 
thyroid function within the normal range is associated with detrimental health out-
comes. However, little is known about the effects of normal-range thyroid function on 
the risk of pregnancy complications. The associations between early-pregnancy mater-
nal thyroid status and child birth weight were analyzed in Chapter 5. We showed that 
high-normal FT4 levels are associated with lower birth weight and an increased risk of 
small size for gestational age at birth (SGA) newborns. In Chapter 6, we investigated the 
effects of early-pregnancy maternal thyroid status on the risk of hypertensive disorders 
of pregnancy, including pregnancy-induced hypertension and preeclampsia. We show 
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that not only hyperthyroidism but also high-normal FT4 levels during early-pregnancy 
are associated with an increased risk of hypertensive disorders. These data demonstrate 
that even mild variation in thyroid function within the normal range can have important 
maternal and fetal consequences. The results of the third part of this thesis are put into 
perspective in the first part of the discussion (Chapter 13). In this chapter, we discuss 
the definition of normal serum thyroid parameter reference ranges during pregnancy, 
different factors that contribute to these reference ranges, as well as the association of 
subclinical thyroid disease and the risk of maternal and child complications in relation 
to these ranges. Based on these results, we conclude that it is essential that institutions 
calculate their own pregnancy-specific populated-based reference ranges.

Consequently, clinicians should also use these population-based ranges for the di-
agnosis and treatment of thyroid diseases, instead of using the fixed serum TSH cut-off 
levels of 2.5 and 3.0 mU/L.

The second part (Chapters 7-9) of this thesis involves multi-centre studies in which we 
searched for new genetic determinants of thyroid function and thyroid autoimmunity. 
In Chapter 7, we studied the effects of common genetic variation in 68 thyroid hormone 
pathway genes on serum TSH and FT4 levels in the Rotterdam Study, and promising 
results were replicated in 3 independent populations. Significant associations were 
found for PDE8B polymorphisms with serum TSH levels, and DIO1 and FOXE1 polymor-
phisms with serum FT4 levels. As the identified variants in this study and other previous 
candidate gene analyses only explained a minor part of the total variation in thyroid 
function, a consortium was started in order to perform large-scale genome-wide asso-
ciation studies (GWAS). Chapter 8 describes a GWAS on serum TSH and FT4 levels in up 
to 26,420 and 17,520 euthyroid individuals, respectively. This resulted in 26 significant 
loci, including several novel loci for TSH (PDE10A, VEGFA, IGFBP5, NFIA, SOX9, PRDM11, 
FGF7, INSR, ABO, MIR1179, NRG1, MBIP, ITPK1, SASH1, GLIS3) and FT4 (LHX3, FOXE1, AADAT, 
NETO1/FBXO15, LPCAT2/CAPNS2). The TSH-associated loci contributed not only to varia-
tion within the normal range, but also to TSH values outside the reference range, sug-
gesting that they may be involved in thyroid dysfunction. In Chapter 9, we performed 
a GWAS in 18,297 individuals for TPO-antibody positivity and in 12,353 individuals for 
TPOAb serum levels, with replication in 8,990 individuals. Significant associations were 
detected at TPO, ATXN2, BACH2, MAGI3, and KALRN. By combining multiple risk alleles, 
we were able to identify a subgroup with a substantially increased risk of TPO-antibody 
positivity. Additionally, the MAGI3 and BACH2 variants were associated with an increased 
risk of hyperthyroidism, which was replicated in an independent cohort of patients with 
Graves’ disease. The MAGI3 variant was also associated with an increased risk of hypothy-
roidism. These results are put into perspective in the first part of the discussion (Chapter 
14), in which we provide an overview of the current literature on genetic determinants 
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of thyroid function. This review discusses both monogenic and polygenic causes of thy-
roid dysfunction and altered thyroid function, including new candidate genes identified 
by GWAS, and what insights these genes provide about the genetic basis of thyroid (dys)
function. New techniques are discussed which will help to further unravel the genetic 
basis of thyroid (dys)function in the near future.

In the third part of this thesis (Chapters 10-12) we investigated the effects of genetic 
variation in the thyroid hormone receptor alpha (THRA) locus on human bone and brain. 
Chapter 10 demonstrates that common genetic variation in this locus is not associated 
with bone mineral density, bone geometry and fracture risk. In Chapter 11, we inves-
tigated the effects of genetic variation in this locus on MRI-derived brain volumes. The 
circadian clock gene REV-ERBα overlaps with THRA, and this study demonstrated that a 
haplotype block in REV-ERBα was associated with more white matter lesions in women.

Although both hypo- and hyperthyroidism have been associated with an increased 
risk of depression, little is known about the effects of normal-range thyroid function on 
the risk of depression. In Chapter 12, we therefore investigated these effects in elderly 
from a population-based cohort study, who were depression-free at baseline and were 
followed-up for 8 years for the occurrence of depressive syndromes. Elderly with low-
normal TSH levels had an increased risk of developing a depressive syndrome, compared 
to individuals with high-normal TSH levels. This study therefore identified low-normal 
TSH as an important risk factor for depression in the elderly.
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De essentiële rol van schildklierhormoon in de ontwikkeling en functie van verscheidene 
weefsels is al lang geleden onderkend. Desondanks is er nog veel onbekend over de 
determinanten en effecten van schildklierfunctie. In de introductie van dit proefschrift 
(Hoofdstuk 1) werd een overzicht gegeven van schildklierhormoonproduktie, -metabo-
lisme en –actie. Tevens werden de navolgende hoofdstukken geintroduceerd, die in drie 
delen zijn opgedeeld.

Het eerste deel van dit proefschrift (hoofdstukken 2-6) omvat studies die betrekking 
hebben op de determinanten en effecten van schildklierfunctie tijdens de zwangersc-
hap. Referentiewaarden voor TSH (schildklier stimulerend hormoon) en FT4 (schildklier-
hormoon) verschillen tussen zwangeren en niet-zwangeren. Om deze reden adviseren 
de Endocrine Society en de American Thyroid Association het gebruik van trimester-
specifieke referentiewaarden. Indien deze referentiewaarden niet in het betreffende 
laboratorium of kliniek beschikbaar zijn, wordt het gebruik van TSH referentiewaarden 
van 0.1-2.5 mU/L (eerste trimester) en 0.2-3.0 mU/L (tweede en derde trimester) aan-
bevolen. 

In hoofdstuk 2 zijn zwangerschapsspecifieke TSH en FT4 referentiewaarden berekend 
in een groot zwangerencohort (de Generation R studie). 8.6% en 4.9% van de TPO-
antilichaam negatieve zwangeren met normale TSH waarden had een TSH boven de 2.5 
muU/L (eerste trimester) of 3.0 mU/L (tweede trimester). Deze resultaten illustreren het 
belang van het berekenen van zwangerschapsspecifieke populatie-gebaseerde referen-
tiewaarden voor TSH en FT4. In hoofdstuk 3 werden de effecten van etniciteit op TSH 
en FT4 referentiewaarden in de zwangerschap bestudeerd. TSH, FT4 en TPO-antilichaam 
serumwaarden verschilden tussen de ethische groepen. Daarnaast toonden wij aan dat 
het gebruik van etniciteitsspecifieke referentiewaarden een significante invloed had op 
de diagnostiek van schildklierafwijkingen tijdens de zwangerschap.

Jodium is essentieel voor de synthese van schildklierhormoon. Desondanks is er in 
jodium sufficiënte gebieden maar weinig bekend over de invloed van jodium status 
op de schildklierfunctie van de zwangere en het kind. In hoofdstuk 4 werden deze as-
sociaties in de Generation R studie bestudeerd, waarbij zwangeren met hogere jodium 
concentraties in de urine een hoger risico hadden op een hyperthyreoot kind. Het is 
daarom van belang dat toekomstige studies zich richten op de identificatie en monitor-
ing van deze vrouwen met een hogere jodium status tijdens de zwangerschap.

Studies in niet-zwangere populaties hebben aangetoond dat zelfs kleine variaties 
in schildklierfunctie binnen de normale referentiewaarden geassocieerd zijn met een 
hoger risico op verscheidene ziektebeelden. Er is echter weinig bekend over de effecten 
van variatie in schildklierfunctie binnen de normale range op het risico op zwanger-
schapscomplicaties. De associaties tussen schildklierfunctie van de zwangere en het 
geboortegewicht van het kind werden daarom bestudeerd in hoofdstuk 5. Zwangeren 
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met hoog-normale FT4 concentraties hadden een hoger risico op een kind met een lager 
geboortegewicht. In hoofdstuk 6 analyseerden wij de relaties tussen schildklierfunctie 
van de zwangere en het risico op hypertensieve aandoeningen in de zwangerschap 
(zwangerschapshypertensie en pre-eclampsie). Niet alleen hyperthyreoïdie maar ook 
hoog-normale FT4 concentraties waren geassocieerd met een hoger risico op deze 
hypertensieve complicaties. Deze resultaten tonen aan dat zelfs kleine variaties in schil-
dklierfunctie van de zwangere belangrijke effecten kunnen hebben op zowel moeder 
als kind.

De resultaten van het eerste deel van dit proefschrift werden in perspectief gezet 
in hoofdstuk 13. In dit hoofdstuk werden de definitie en determinanten van TSH en 
FT4 referentiewaarden tijdens de zwangerschap bediscussieerd, alsmede de effecten 
van subklinische schildklieraandoeningen op het risico op complicaties bij moeder en 
kind. Daarbij concludeerden wij dat het essentieel is dat instituten hun eigen zwanger-
schapsspecifieke populatiegebaseerde TSH en FT4 referentiewaarden berekenen. Deze 
referentiewaarden dienen gebruikt te worden voor zowel de diagnose als behandeling 
van schildklierziekten in de zwangerschap, in plaats van de TSH afkapwaarden van 2.5 
en 3.0 mU/L. 

Het tweede deel van dit proefschrift (hoofdstukken 7-9) omvat multicenter studies 
waarin werd gezocht naar nieuwe genetische determinanten van schildklierfunctie 
en –autoimmuniteit. In hoofdstuk 7 werden de effecten van frequent voorkomende 
genetische varianten (polymorfismen) in 68 schildklier gerelateerde genen op TSH en 
FT4 concentraties in de Rotterdam Studie bestudeerd, waarbij veelbelovende asso-
ciaties werden gerepliceerd in drie onafhankelijke populaties. Significante associaties 
werden gevonden voor PDE8B polymorfismen met TSH concentraties en DIO1 en FOXE1 
polymorfismen met FT4 concentraties. Aangezien deze varianten maar een klein deel 
van de totale variatie in schildklierfunctie konden verklaren, werd een consortium 
opgezet om grootschalige zogenaamde genoom-wijde associatie studies (GWAS) uit 
te kunnen voeren. Hoofdstuk 8 beschreef een GWAS voor serum normale range TSH 
en FT4 concentraties in 26420 en 17520 participanten. Dit resulteerde in 26 significant 
geassocieerde genetische loci, waaronder nieuwe loci voor TSH (PDE10A, VEGFA, IGFBP5, 
NFIA, SOX9, PRDM11, FGF7, INSR, ABO, MIR1179, NRG1, MBIP, ITPK1, SASH1, GLIS3) en FT4 
(LHX3, FOXE1, AADAT, NETO1/FBXO15, LPCAT2/CAPNS2). De TSH geassocieerde loci waren 
niet alleen geassocieerd met TSH concentraties binnen de referentierange, maar ook 
met TSH concentraties buiten de referentierange, wat suggereert dat deze loci tevens 
een rol spelen in schildklierziekten. In hoofdstuk 9 werd een GWAS uitgevoerd in 18297 
participanten voor TPO-antilichaam positiviteit en in 12353 participanten voor TPO-
antilichaam serum concentraties. Significante associaties werden gevonden voor TPO, 
ATXN2, BACH2, MAGI3, en KALRN. Door het combineren van meerdere risicoallelen in een 
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risicoscore kon een subgroep worden geidentificeerd met een substantieel verhoogd 
risico op TPO-antilichaam positiviteit. Daarnaast waren de MAGI3 en BACH2 polymor-
fismen geassocieerd met een verhoogd risico op hyperthyreoïdie, wat gerepliceerd 
werd in een onafhankelijk cohort van patiënten met de ziekte van Graves. Het MAGI3 
polymorfisme was tevens geassocieerd met een verhoogd risico op hypothyreoïdie.

De resultaten van het tweede deel van dit proefschrift werden bediscussieerd in 
hoofdstuk 14, waarin een overzicht werd gegeven van de beschikbare literatuur 
rond genetische determinanten van schildklierfunctie. Deze review behandelde zowel 
mono- als polygenetische oorzaken van schildklierdysfunctie en afwijkende schildklier 
serum parameters, inclusief nieuw geidentificeerde kandidaatgenen in GWAS. Tevens 
werden nieuwe technieken besproken die in de nabije toekomst zullen bijdragen aan 
de ontrafeling van de genetische basis van schildklier(dys)functie. 

In het derde deel van dit proefschrift (hoofdstukken 10-12) werden de effecten van 
genetische variatie in de schildklierhormoon receptor alfa (THRA) locus op humaan bot 
en hersenen bestudeerd. Hoofdstuk 10 toonde aan dat polymorfismen in deze locus 
niet geassocieerd waren met botdichtheid, botgeometrie en risico op fracturen. In 
hoofdstuk 11 werden de effecten van deze polymorfismen bestudeerd op hersenvo-
lumina, verkregen via MRI scans. Het circadiane klokgen REV-ERBα overlapt met THRA, 
waarbij een haplotype blok in REV-ERBα geassocieerd was met meer witte stof laesies in 
vrouwen. 

De laatste studie in dit proefschrift (hoofdstuk 12) bestudeerde de relatie tussen 
schildklierfunctie en de kans op depressie. Zowel hypo- als hyperthyreoïdie zijn geasso-
cieerd met een verhoogd risico op het ontwikkelen van een depressie. Er is echter maar 
weinig bekend over de effecten van een schildklierfunctie binnen de normale range 
op het risico op een depressie. In hoofdstuk 12 bestudeerden wij deze effecten in een 
populatie ouderen die bij het begin van de studie geen depressie hadden en vervolgens 
8 jaar gevolgd werden voor het ontwikkelen van depressieve syndromen. Ouderen 
met een laag-normaal TSH hadden een verhoogd risico op het ontwikkelen van een 
depressief syndroom, in vergelijking tot ouderen met een hoog-normaal TSH. Zodoende 
identificeerde deze studie een laag-normaal TSH als een belangrijke risicofactor voor 
depressie in ouderen. Dankwoord





Dankwoord  
Acknowledgements





Dankwoord/Acknowledgements 387

D
AN

KW
O

O
RD

Onderzoek doe je niet alleen. De afgelopen jaren zijn een fantastische ervaring geweest 
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Prof.dr. E. Fliers, beste Eric, hartelijk danken voor het beoordelen van het manuscript en 
het zitting nemen in de commissie.
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in spe iedere keer weer wat leer over de gynaecologie. Ik zie uit naar toekomstige pro-
jecten binnen Generation R, die ongetwijfeld weer tot een aantal interessante inzichten 
zullen leiden! Prof.dr. H. Tiemeier, beste Henning, hartelijk dank voor de vele levendige 
discussies en je altijd heldere mening omtrent de statistische aanpak van analyses. Ik 
hoop dan ook nog vele projecten samen te mogen doen! Prof.dr. A.J. van der Lely, ik heb 
u als supervisor in mijn diensten in de kliniek al mogen meemaken: ik zie er naar uit om 
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Research skills Year Workload
Classical methods for Data-analysis, Rotterdam 2008 2 weeks

Basic fellows track, ATA, Palm Beach, USA 2009 3 days

SPSS course, Rotterdam 2009 1 day

Genome browsers, Rotterdam 2009 2 days

SNPs and human disease, Rotterdam 2009-2010 8 days

Basic and translational endocrinology, Rotterdam 2009-2010 10 days

ZonMw workshop on grant proposals 2011 1 day

Endocrine Trainee Day, Endocrine Society, Houston, USA 2012 1 day

Clinical fellows track, ATA, San Juan, Puerto Rico 2013 3 days

Clinical courses
Rotterdamse internistendag, Rotterdam 2009 1 day
Dutch Internal Medicine days, Maastricht 2012 3 days
MedicALS, Houten 2013 2 days
FCCS provider course, Houten 2014 2 days
DESG course on diabetes, Hoevelaken 2014 2 days

Presentations (international meetings) Year Type
The thyroid hormone receptor alpha locus and bone: a role for 
the circadian clock gene Rev-Erbα, ETA, Lisbon, Portugal

2008 Oral

Preliminary evidence that a functional polymorphism in D1 is 
associated  with enhanced potentiation of the antidepressant 
effect of sertraline by T3, ATA, Chicago, USA

2008 Poster

A large-scale association analysis of 68 thyroid hormone path-
way genes with TSH and FT4 levels, ATA, Palm Beach, USA

2009 Oral

Maternal first trimester thyroid hormone levels within the nor-
mal range affect birth weight, ESE, Rotterdam 
(Young Investigator Award) 

2011 Oral

Relations between maternal first-trimester and newborn thyroid 
hormone serum levels, ETA, Krakow, Poland 
(Young Investigator Award)

2011 Oral

Identification of new loci associated with serum TSH or FT4 
levels: results from a genome wide scan in 23,600 subjects, ATA, 
Indian Wells, USA

2012 Oral

Women with high early pregnancy urinary iodine levels have an 
increased risk of hyperthyroid newborns, ENDO, Houston, USA

2012 Oral

Urinary iodine excretion in 1100 pregnant women from Rotter-
dam, the Netherlands, ICCIDD, Leiden

2013 Oral
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A genome wide meta-analysis in 27,300 subjects identifies novel 
loci associated with thyroid peroxidase antibodies and clinical 
thyroid disease, CHARGE, Rotterdam

2013 Poster

A genome wide meta-analysis in 27,300 subjects identifies novel 
loci associated with thyroid peroxidase antibodies and clinical 
thyroid disease,ETA, Leiden

2013 Oral

Effects of maternal thyroid state on development of the off-
spring, ICCID, Leiden

2013 Oral

Genetic variants associated with thyroid autoimmunity and 
clinical thyroid disease: new insights from a genome wide meta-
analysis in 27,000 subjects, ETA, Leiden

2013 Oral

Presentations (national meetings)
The thyroid hormone receptor alpha locus and bone: a role for 
the circadian clock gene Rev-Erbα, Science days Internal Medi-
cine, Antwerp, Belgium

2008 Poster

Low-normal TSH levels are associated with depression, Science 
days Internal Medicine, Antwerp, Belgium

2010 Oral

Relations between maternal first-trimester and newborn thyroid 
hormone serum levels, Dutch Endocrine Meeting, Noordwi-
jkerhout

2012 Oral

Women with high early pregnancy urinary iodine levels have an 
increased risk of hyperthyroid newborns, Science days Internal 
Medicine, Antwerp, Belgium

2013 Poster

Women with high early pregnancy urinary iodine levels have 
an increased risk of hyperthyroid newborns, Dutch Endocrine 
Meeting, Noordwijkerhout

2013 Oral

A large-scale population-based analysis of common genetic 
variation in the thyroid hormone receptor alpha locus and bone, 
Dutch Thyroid Society, Amsterdam

2013 Oral

Genetic studies on serum thyroid parameters, thyroid dysfunc-
tion and autoimmunity, Dutch Thyroid Society (award lecture 
MSD Thyroid Award)

2013 Oral

Early-pregnancy hyperthyroidism and high-normal FT4 levels 
are risk factors for hypertensive disorders during pregnancy, 
Dutch Endocrine Meeting, Noordwijkerhout

2014 Oral
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Annual meeting of the European Thyroid Association, Lisbon, 
Portugal

2008 4 days

Science days Internal Medicine, Antwerp, Belgium 2008 2 days
Annual meeting of the American Thyroid Association, Chicago, USA 2008 4 days
Annual meeting of the American Thyroid Association, Palm 
Beach, USA

2009 4 days

CHARGE meeting, Houston, USA 2009 3 days
Science days Internal Medicine, Antwerp, Belgium 2010 2 days
CHARGE meeting, Boston, USA 2011 3 days
Annual meeting of the European Society of Endocrinology, 
Rotterdam

2011 3 days

Annual meeting of the European Thyroid Association, Krakow, 
Poland

2011 4 days

Dutch Endocrine Meeting, Noordwijkerhout 2012 2 days
Annual meeting of the American Thyroid Association, Indian 
Wells, USA

2012 4 days

Annual meeting of the Endocrine society, Houston, USA 2012 4 days
Dutch Endocrine Meeting, Noordwijkerhout 2013 2 days
CHARGE meeting, Rotterdam 2013 2 days
Annual meeting of the European Thyroid Association, Leiden 2013 4 days
ICCIDD meeting, Leiden 2013 1 day
Annual meeting of the American Thyroid Association, San 
Juan, Puerto Rico

2013 1 day

Dutch Endocrine Meeting, Noordwijkerhout 2014 2 days

Teaching activities
Lectures on thyroid (dys)function second year medical students 2009 3 days
Lectures on adrenal (dys)function second year medical students 2009 2 days
Lectures on thyroid (dys)function second year medical students 2010 3 days
Lectures on adrenal (dys)function second year medical students 2010 2 days
Lectures on thyroid (dys)function second year medical students 2011 3 days
Lectures on adrenal (dys)function second year medical students 2011 2 days

Other
Coding of fractures in the Rotterdam Study 2010 40 hours
Exit interview with Rotterdam Study participants 2010-2011 90 hours
Referee activities for various international journals 2009-2014
PI CHARGE Thyroid Function working group 2009-2014
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