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Previous epidemiologic investigations suggested that maternal thyroid anomalies are a possible causal factor in
attention-deficit hyperactivity disorder (ADHD) in progeny, yet clinical trials indicated that levothyroxine treatment
was ineffective in preventing neurodevelopmental impairments. We used an Israeli cohort of 385,542 singleton
births from 1999-2012 to explore the interrelated roles of maternal thyroid conditions, laboratory gestational thyroid
hormone measurements, use of thyroid medications, and offspring ADHD. Analyses were performed using Cox
proportional hazards models. Results indicated that maternal hypothyroidism diagnosis was associated with an
elevated progeny ADHD hazard (adjusted hazard ratio = 1.14, 95% confidence interval = 1.10, 1.18). However,
this association was unmitigated by gestational use of levothyroxine and was unexplained by maternal gestational
thyroid hormone levels. Associations with gestational thyrotropin values and hypothyroxinemia were also observed
but were robust only in mothers without other records indicative of a thyroid problem. Results indicated that
maternal thyroid hypofunction was associated with progeny ADHD but possibly not due to a direct causal
relationship. Instead, maternal thyroid hypofunction may serve as a proxy indicator for other factors that affect
neurodevelopment through thyroid hormone independent pathways, which are thus unaffected by pharmaceutical
treatments for thyroid hypofunction. Factors known to disrupt thyroid functioning should be examined for their

independent ADHD-related effects.

attention-deficit hyperactivity disorder; endocrine disruptors; hypothyroidism; levothyroxine; thyroid stimulating

hormone; thyrotropin; thyroxine

Abbreviations: ADHD, attention-deficit hyperactivity disorder; Cl, confidence interval; fT4, free thyroxine; HR, hazard ratio; ICD-9,
International Classification of Diseases, Ninth Revision; MHS, Maccabi Health Services; TSH, thyroid stimulating hormone.

Attention-deficit hyperactivity disorder (ADHD) is a neu-
robehavioral disorder characterized by inattention, impul-
sivity and hyperactivity that impede normal functioning.
Prevalence of the disorder has been increasing worldwide,
with recent estimates suggesting that up to 14% of children
are diagnosed by age 17 years (1-3). This makes ADHD the
most common childhood psychiatric disorder, with substan-
tial long-term consequences (4). Children with ADHD have
reduced psychosocial health, restricted social participation,
and lower quality of life compared with typically develop-
ing children (5-9). These outcomes frequently persist into
adulthood (10), leading to job insecurity, social isolation,
increased tendency to engage in criminal activities and sub-
stance abuse, psychiatric comorbidities, and worse quality of
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life (8, 11-16). Understanding the role of potentially mod-
ifiable risk factors in ADHD could thus have tremendous
individual and societal impacts.

The etiology of ADHD is unclear, with genetic, environ-
mental, and societal factors likely playing contributing roles.
One specific area of interest is fetal gestational exposure
to abnormal thyroid hormones levels. Thyroid hormones
play key roles in numerous neurodevelopmental processes,
and disruption of these processes could lead to permanent
alterations in brain structure and function, with possible
implications for ADHD (17-19). Involvement of thyroid
hormones in the etiology of ADHD, if confirmed, will
have important implications. First, the mother is the sole
source of thyroid hormones to the fetus in early pregnancy,
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and remains an important source throughout gestation (20).
Medications can effectively control thyroid hormone levels
in mothers with thyroid disorders, thus potentially mitigate
progeny ADHD risk. Second, recent evidence has linked
ADHD with perinatal exposures to several environmental
toxicants that are also known to interfere with normal thyroid
functioning, including certain classes of endocrine disrup-
tors such as phthalates and polyfluoroalkyl substances (21—
28). If thyroid hormones mediate or modify the effects
of such environmental factors, screening and treatment of
pregnant women for thyroid anomalies could be one way to
mitigate the risks downstream of the culprit environmental
exposures.

Previous epidemiologic studies observed associations
between maternal thyroid hormone anomalies and progeny
ADHD risk, although the results have been inconsistent
(17, 29-35). These epidemiologic investigations often
advocated for gestational screening and treatment of
thyroid hormone dysfunction, although direct assessment
of gestational thyroid hormone medications use was not
performed. In contrast, 2 randomized clinical trials found
that gestational treatment with thyroid hormone replacement
medications (levothyroxine) of mothers with a thyroid
hormone deficiency did not result in improved behavior,
cognitive function, or intelligence-test scores in progeny and
did not reduce the risks for adverse neonatal and pregnancy
complications, although treatment only began in the second
trimester (36, 37). To further explore the interrelated roles
of maternal clinical thyroid condition diagnoses, laboratory
gestational thyroid hormone measurements, use of thyroid
medications, and offspring ADHD, we used data from
a large Israeli birth cohort with detailed clinical and
demographic information.

METHODS
Study population

Maccabi Health Services (MHS) is Israel’s second largest
(2.5 million members) integrated health fund. It provides
medical services under universal coverage mandated by
the Israeli National Health Insurance Law. In 1999-2012,
445,477 singleton births occurred to mothers who were
MHS members throughout the year preceding the date of
birth of their child. Since ADHD is rarely and unreliably
diagnosed at very young ages (38), our analyses excluded
17,258 children who left MHS or were diagnosed with
ADHD before age 3. The study was approved by the MHS
institutional review board and by the Office of Human
Research Administration at the Harvard T. H. Chan School
of Public Health.

ADHD case ascertainment

Data on ADHD diagnosis and medication use were
obtained from children’s electronic medical records through
2019, allowing for at least 7 years of follow-up for even the
youngest children. While an initial indication for suspected
ADHD and a first course of treatment can be recorded
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and prescribed by any clinician, the Israeli Ministry of
Health guidelines require that a definitive ADHD diagnosis
and any subsequent treatment recommendations be made
only by trained specialists (neurologists, psychiatrists,
or pediatricians with specialized training). The diagnosis
must include in-person clinical evaluations and incorpo-
rate diagnostic questionnaires for parents/caregivers and
teachers (39). Thus, for primary analyses, we relied on a
strict ascertainment definition for ADHD, defining cases
as children who had both an ADHD diagnosis record
based on the International Classification of Diseases,
Ninth Revision (ICD-9), code group 314.x, and at least
2 dispensing records for ADHD medications from the
following anatomical therapeutic chemical (ATC) categories
(all sold solely as prescription drugs in Israel): dex-
amphetamine (NO6BAO02), methylphenidate (NO6BA04),
pemoline (NO6BAO5), dexmethylphenidate (NO6BAI11),
amphetamine (NO6BAO1), atomoxetine (NO6BA12), and
lisdexamfetamine (NO6BA12). More than one-third of chil-
dren with an ADHD diagnosis in our cohort did not use
medications, similar to estimates reported in other cohorts
(2). Because ADHD case-status validation in such children
is challenging (3), we excluded from the main analyses
children diagnosed with ADHD who had fewer than 2
dispensing records for ADHD medications (n = 38,446).
Additionally, ADHD medications may sometimes be used
for other conditions, such as sleep problems (40). Therefore,
in main analyses we also excluded 4,231 children with
dispensing records for ADHD medications who did not have
an ADHD diagnosis record. Thus, main analyses included
385,542 children (217,892 mothers). All excluded children
were included as cases in sensitivity analyses. In all analyses,
the first date of ADHD recognition was defined as the
first date of diagnosis or medication purchase, whichever
occurred first.

Thyroid status definitions

Data on maternal thyroid conditions, laboratory tests, and
medication dispensing were available from 1998 through
2016 from electronic medical records. Maternal hypothy-
roidism was defined as either: 1) an ICD-9 record for
hypothyroidism (243.x-244.x) and at least 1 dispensing
record for thyroid hormone replacement medications
(anatomical therapeutic chemical group HO3AA), or 2) at
least 2 dispensing records for these medications. Similarly,
hyperthyroidism was defined as either: 1) an ICD-9 record
for hyperthyroidism (242.x) and at least 1 dispensing record
for thiouracils (HO3BA) or sulfur-containing imidazole
derivatives (HO3BB) medications, or 2) at least 2 dispensing
records. Thyroid medications are sold solely as prescription
drugs in Israel. Children of mothers with some indication
of a thyroid anomaly but who did not meet the specific
ascertainment definitions above—including mothers who
were diagnosed with goiter (240.x-241.x), thyroiditis
(245.x), or thyroid cysts or other thyroid anomalies (246.x);
who received radiologic or histologic evaluations of the
thyroid gland; who underwent radiation treatments of the
head or neck or treatment with radioactive iodine; or who
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received a diagnosis of hyper- or hypothyroidism based on
ICD-9 codes but were never medicated for the condition—
were considered as a separate group, termed “other thyroid
disorders”. This was done to create, for all analyses, a truly
unexposed reference group.

To confirm that our results were not sensitive to the strict
ascertainment criteria for hyper- and hypothyroidism, we
conducted sensitivity analyses using broader ascertainment
definitions, which included having any diagnoses or medica-
tion dispensing records for these conditions. For all analyses,
first date of thyroid condition recognition was defined as the
first date of drug dispensing or diagnosis record, whichever
occurred first. Since thyroid abnormalities often develop
without clinical symptoms or with nonspecific symptoms,
diagnosis and onset of treatment may be delayed. This
can possibly explain why a previous analysis using the
Danish registries observed positive associations between
maternal thyroid conditions diagnosed postnatally and
adverse neurodevelopmental outcomes (17). Thus, to ensure
complete ascertainment of maternal gestational thyroid
status, our main analyses considered all maternal thyroid
conditions regardless of when they were first recognized, but
in additional analyses we specifically examined conditions
first recognized before or after delivery. Additionally,
since patients with hyperthyroidism may develop chronic
hypothyroidism (41), we excluded mothers with a history of
both conditions from main analyses, but included them in
secondary analyses.

For analyses that examined gestational hormone levels,
we calculated normal reference ranges for maternal thy-
roid stimulating hormone (TSH) and free thyroxine (fT4)
for each gestational week based on the distribution of all
available laboratory results among the unexposed group (i.e.,
mothers who were never diagnosed, treated, or underwent
a histologic or radiologic evaluation for a thyroid abnor-
mality; Web Table 1, available at https://doi.org/10.1093/
aje/kwab272). We defined abnormal results as those with
values in the lower or upper 2.5% of the normal gestation
week-specific distribution (as a sensitivity analysis, a 5%
cutoff was used). We then used these definitions to create
mutually exclusive specific subcategories of maternal thy-
roid hormone anomalies: subclinical hypothyroidism (high
TSH, normal fT4), hypothyroxinemia (normal TSH, low
fT4), overt hypothyroidism (high TSH, low fT4), subclinical
hyperthyroidism (low TSH, normal fT4), overt hyperthy-
roidism (low TSH, high fT4), and other rarer classes of
thyroid hormone anomalies. We examined hormone levels
measured through gestational week 19 since the fetus is
completely dependent on maternal thyroid supply during
this period before fetal synthesis commences (20, 42-44).
Most mothers (94.4%) who were tested for fT4 were also
simultaneously tested for TSH. In the rare situations where
both tests were not done together, we took the TSH test
result closest to the fT4, but we excluded these pregnancies
in sensitivity analyses to confirm the results’ consistency.
Additionally, in 24.9% of pregnancies, several fT4 tests were
available. In these cases, we relied on the first abnormal
fT4 result, or the earliest T4 result if all tests were normal,
to define anomaly categories. In sensitivity analyses, we
restricted to pregnancies with only 1 fT4 test result, and also

considered all sets of fT4 and TSH results by examining
non—mutually exclusive thyroid anomaly categories.

Covariate information

We obtained information on the following covariates at
time of delivery: calendar year, maternal age, residential dis-
trict, and socioeconomic status (on a scale of 1 to 10, based
on a poverty index assigned for each residential enumeration
area—a homogeneous geographical unit of approximately
3,000 people; the Israeli census smallest unit of analysis).
We also obtained information on enumeration areas with
high proportions of Israeli Arab, Jewish Orthodox, and
immigrant populations, since these factors may influence
the nature of contact with the medical system and thus
the likelihood of having a diagnosis record. Information on
infant birth weight and gestational age was obtained from
hospital birth records. For children with missing gestational
age (1.5%) or birth weight (0.8%) data, we assigned the
mean value in our study population, but we excluded this
group in sensitivity analyses to confirm the results’ consis-
tency. Established clinical reference thresholds for thyroid
autoantibodies were used to define thyroid autoimmunity,
which was considered with other autoimmune conditions
in secondary analyses (Web Table 1 and Web Appendix 1).
ICD-9 codes 240.x-246.x were used to collect information
on thyroid conditions in all children.

To mitigate potential selection issues in analyses of gesta-
tional TSH and fT4 levels, we additionally considered pre-
dictors of receiving a thyroid-related test during gestation,
which could also be related to thyroid function and ADHD
hazard (see Web Appendix 2 for definitions). Specifically,
history of diabetes, preeclampsia, autoimmune conditions,
use of assisted reproductive therapies, or pregnancy loss;
maternal overweight before conception; prior pregnancies
ending in premature delivery (<37 weeks) or resulting in
a low-birth-weight infant (<2.5 kg); and number of interac-
tions with the medical system in the year before conception.
We also obtained information on dispensing of medications
that may interfere with thyroid hormone homeostasis.

Statistical analysis

We used Cox proportional hazards regression to estimate
hazard ratios (HRs) and 95% confidence intervals (CIs) for
ADHD in progeny according to maternal thyroid condition
status, employing robust variance estimators to account for
multiple births per mother (45). An assumption of this
marginal modeling approach is that given the model covari-
ates, the cluster size (i.e., number of progeny/siblings) is
uninformative (i.e., independent of the outcome). To test
this, we repeated the above analyses using weights (inverse
of maternal parity in 1999-2012) (46—48), and results were
similar, suggesting uninformative clustering (48, 49). Age
(in months) was used as the time scale in the models, with
follow-up starting at the child’s third birthday and ending
at the first date of ADHD recognition, leaving MHS, death,
the child’s 18th birthday, or end of follow-up (January 1,
2019), whichever occurred first. The proportional hazards
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assumption was verified by examining the Schoenfeld resid-
uals. Stratification or interaction with the time scale were
used for covariates that did not meet the proportionality
assumption. Effect modification by child’s sex was evaluated
by including terms for interaction with maternal thyroid
conditions.

In analyses of gestational fT4 and TSH measurements,
we simultaneously evaluated the association between each
specific subcategory of gestational thyroid hormone anomaly
and ADHD hazard using the same Cox model depicted
above. We additionally flexibly examined the change in HR
for ADHD per unit change in mean log maternal gestational
TSH and fT4 concentrations using mutually adjusted
additive Cox models with penalized splines. For analyses
of gestational hormones, we excluded 532 children whose
mothers were periconceptionally treated with antithyroid
medications since use of these medications may result
in fetal thyroid insufficiency even in euthyroid mothers
(50), but we considered them in sensitivity analyses to
confirm the results’ consistency. We used R, version 4.0 (R
Foundation for Statistical Computing, Vienna, Austria), and
SAS, version 9.4 (SAS Institute, Inc., Cary, North Carolina),
for all analyses.

Sensitivity analyses

As described above, we conducted several sensitivity
analyses to test the results’ consistency to the use of differ-
ent ascertainment definitions and inclusion criteria. These
included using broader ascertainment definitions for ADHD
and thyroid conditions; excluding children with missing
gestational age or whose mothers used antithyroid medica-
tions periconceptionally or had a history of thyroid-related
medical procedures, and including children exposed to both
maternal hypo- and hyperthyroidism. We also explored mod-
els with additional adjustments for maternal thyroid autoim-
munity, child thyroid conditions, and possible mediators of
the maternal thyroid-ADHD association. Additionally, in
analyses of gestational hormones levels, we examined the
results’ consistency after excluding pregnancies with multi-
ple gestational fT4 tests, with TSH and fT4 tests collected
separately, or with records indicative of gestational use of
thyroid-interfering medications.

RESULTS

Overall, 27,300 (7.1%) children in our cohort were born
to mothers with hypothyroidism, 2,673 (0.7%) to mothers
with hyperthyroidism, and 1,462 (0.4%) to mothers who
experienced both conditions. Mothers who had thyroid prob-
lems had a higher prevalence of metabolic, reproductive, and
autoimmune comorbidities compared with mothers without
these conditions (Table 1).

We observed that maternal hypothyroidism was asso-
ciated with a modestly elevated ADHD hazard (adjusted
HR =1.14,95% CI: 1.10, 1.18; Table 2). Results for hyper-
thyroidism trended in the opposite direction, but the 95%
CI included the null (adjusted HR = 0.93, 95% CI: 0.84,
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1.04). Children born to mothers with other thyroid condi-
tions not meeting the hyperthyroidism or hypothyroidism
ascertainment definitions also had an elevated ADHD hazard
(adjusted HR = 1.07, 95% CI: 1.05, 1.10). We did not
find strong evidence for effect modification by child’s sex
for either hyperthyroidism (P = 0.27) or hypothyroidism
(P = 0.14). Effect estimates were overall similar when we
specifically examined thyroid conditions first recognized
before or after birth (Table 2).

All sensitivity analyses involving additional adjustments
and exclusions yielded consistent findings (Web Table 2).
No statistically significant association was observed with
maternal thyroid autoimmunity nor effect modification by
it. Of mothers ever diagnosed with hyperthyroidism, only
20.7% were medicated for the condition (required for our
main ascertainment definition), compared with 71.2% of
the mothers diagnosed with hypothyroidism. When using
the broader ascertainment definitions for these conditions,
which included having any diagnosis or medication records,
the results were consistent for hypothyroidism (n = 32,697,
adjusted HR = 1.14, 95% CI: 1.11, 1.18) but attenuated for
hyperthyroidism (n = 11,304; adjusted HR = 0.99, 95% CI:
0.94, 1.05). Similarly, considering all ADHD cases regard-
less of ADHD medication use resulted in slightly attenuated
effect estimates, yet the results for hypothyroidism remained
statistically significant (Web Table 3). The HR for ADHD
among children of mothers with hypothyroidism who started
treatment with levothyroxine preconceptionally and contin-
ued receiving this treatment in pregnancy was similar to the
main analyses (n =7,780; adjusted HR = 1.15, 95% CI: 1.08,
1.22). The result was also similar when the above analysis
was further restricted to include only children of mothers
medicated for hypothyroidism who had normal TSH and fT4
laboratory test results during the first half of pregnancy (n =
1,561; adjusted HR = 1.14, 95% CI: 0.99, 1.32).

TSH results from the first half of gestation were available
for 154,969 (40.3%) of the births, of which 42,964 (27.7%)
also had fT4 results. An additional 197 births only had a
fT4 result. Repeating the analyses of thyroid conditions in
the subgroup of children with available TSH and T4 results
yielded effect estimates for hypothyroidism (adjusted HR =
1.19, 95% CI: 1.11, 1.27) and hyperthyroidism (adjusted
HR = 0.96, 95% CI: 0.79, 1.17) that were consistent with
those observed in the full cohort. Analysis of specific subcat-
egories of maternal thyroid hormone anomaly based on ges-
tational hormone levels indicated an elevated effect estimate
for hypothyroxinemia but not the other thyroid hypofunction
categories, while effect estimates for hyperfunction anoma-
lies were slightly below 1 (Table 3). Excluding mothers
treated periconceptionally with thyroid-hormone-interfering
medications, those who had more than 1 available fT4 test
result, and those with TSH and fT4 tests collected sep-
arately resulted in consistent findings. Consistent results
were also obtained when mothers treated periconceptionally
with antithyroid medications were included, and when non—
mutually exclusive thyroid anomaly categories were con-
sidered based on all available sets of fT4 and TSH results.
Attenuated effect estimates were observed when a 5% cut-
off was used to define abnormal test results (Web Table
4), and when all suspected ADHD cases were considered,
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Table 1. Characteristics of Singleton Births According to Maternal Thyroid Status, Maccabi Health Services, Israel, 1999-2012
Hy(l::’ot_h;l;%ig(i;m Hylﬁ(zrt_h)z/rg;gi)sm Bot(t;(io::;t:;ns o:;'ies:;:g::'d No;muzlc;?;ro'd
Characteristic mT T o (n = 63,297) (n =290,810)
No. % No. % No. % No. % No. %
Sex
Male 13,741  50.3 1,349 50.5 765 52.3 31,709 50.1 146,995 50.5
Female 13,5659 497 1,324 49.5 697  47.7 31,5688 499 143,815 495
District
North 4,048 148 496 18.6 280 19.2 10,946 17.3 47,161 16.2
Sharon 5213 19.1 538  20.1 270 18.5 12,335 195 52,694 18.1
South 3,973 146 380 14.2 247 16.9 9,665 15.3 46,562 16.0
Central 7186  26.3 628 235 337 231 15,158 24.0 74,190 255
Jerusalem and Shfela 6,880 25.2 631 23.6 328 224 15,193 24.0 70,203 241
Assisted reproductive therapy
Ovarian stimulation only 2,348 8.6 206 7.7 122 8.3 4,600 7.3 18,472 6.4
In vitro fertilization 1,205 4.4 105 3.9 56 3.8 2,333 3.7 9,428 3.2
Gestational diabetes 2,380 8.7 213 8.0 143 9.8 4,998 7.9 17,893 6.2
Preconception diabetes 251 0.9 14 0.5 15 1.0 341 0.5 849 0.3
Preeclampsia and hypertension 792 2.9 80 2.3 47 3.2 1,814 2.9 6,285 2.2
Preconception excess weight 4,361 16.0 277 10.4 193 13.2 7,837 12.4 29,976 10.3
Preconception autoimmune condition 4,122 15.1 362 13.5 277 19.0 8,551 13.5 32,581 1.2
Tested for thyroid autoimmunity 21,679 794 2,270 84.9 1,326 90.7 23,133 36.6 19,122 6.6
Positive thyroid autoimmunity 14,701  53.9 1,540 57.6 1,090 74.7 5,500 8.7 1,645 0.6
Maternal age, years?® 32.0 (5.1) 32.0 (5.1) 32.0 (4.8) 31.6 (5.1) 30.9 (5.2)
Socioeconomic status®:? 6.1 (2.0) 6.1 (1.9) 6.2 (2.0) 6.1 (1.9) 5.9 (2.0)
Gestational age, weeks?:© 39.2 (1.8) 39.1 (1.8) 39.1 (1.7) 39.2 (1.7) 39.2 (1.7)
Birth weight, kg?-d 3.3(0.5) 3.3(0.5) 3.2 (0.5) 3.3(0.5) 3.3(0.5)

@ Values are expressed as mean (standard deviation).

b On a scale of 1 to 10 based on residential enumeration area, as defined in the main text.

¢ Excluding 5,706 children (1.5%) with missing values.
9 Excluding 3,232 children (0.8%) with missing values.

regardless of ADHD medication use (Web Table 5). When
restricting the analysis only to children whose mothers were
clinically diagnosed with hypothyroidism, only 188 expe-
rienced gestational hypothyroxinemia, and in this group
the HR for the association between hypothyroxinemia and
ADHD was attenuated (adjusted HR = 1.10, 95% CI: 0.71,
1.71).

In analyses of continuous hormone levels, a weak positive
association between TSH levels and ADHD hazard was
observed among children of mothers never diagnosed
or treated for any thyroid condition. However, when the
analysis was similarly restricted to mothers with a hypothy-
roidism diagnosis, there was no indication for such an
association. Analysis of fT4 levels in both groups did not
indicate statistically significant associations (Figure I).
Similar observations were made when all suspected ADHD
cases were considered, regardless of ADHD medication use
(Web Figure 1).

DISCUSSION

Our analysis provides additional evidence concerning a
possible link between maternal thyroid dysfunction and
progeny ADHD. We observed that children born to moth-
ers with hypothyroidism had an elevated ADHD hazard,
while results for maternal hyperthyroidism were less con-
clusive. However, and importantly, our results also suggest
that the observed associations between maternal thyroid
hypofunction and ADHD may operate, at least in part,
through thyroid-hormone-independent pathways, which are
consequently unaffected by treatment with thyroid hormone
medications. The above conclusion is supported by several
lines of evidence: 1) use of levothyroxine did not atten-
uate the observed association between maternal hypothy-
roidism and progeny ADHD; 2) an association with ADHD
was still observed, specifically for mothers with predeliv-
ery hypothyroidism who were continuously medicated for
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Figure 1. Partial effect plots from an additive Cox proportional hazards model using penalized splines, showing the associations between mean
log maternal thyroid stimulating hormone (TSH) (A, B) and free thyroxine (fT4) (C, D) values from early pregnancy (gestational week <19) and
log HR for progeny attention-deficit hyperactivity disorder (ADHD), Maccabi Health Services, Israel, 1999-2012. Results are shown for children
whose mothers were never diagnosed or treated, or never underwent a procedure, for a thyroid condition (A, C; n = 22,069); and for children
of mothers diagnosed with hypothyroidism (B, D; n = 11,967). Solid line represents the centered log HRs with confidence intervals represented
by the dashed lines. Tick marks along the x-axis indicate mean log laboratory value for individual pregnancies with available test results. All
models mutually adjusted for fT4 and TSH levels and excluded 532 children whose mothers used antithyroid medications periconceptionally
or during pregnancy. The following covariates were included in the models, either by means of stratification or adjustment: calendar year,
maternal age, socioeconomic status, district of residence at birth, residence in enumeration areas with a high proportion of minority or immigrant
subpopulations, or prior history of diabetes, preeclampsia, autoimmune conditions, use of assisted reproductive therapies and pregnancy
loss/termination; maternal overweight before conception; any prior pregnancies ending in premature delivery (<37 weeks) or resulting in a
low-birth-weight infant (<2.5 kg); and number of interactions with the medical system in the year preceding conception. A) Mean log maternal
TSH in mothers without thyroid conditions (P value<0.01, estimated DF = 1.1). B) Mean log maternal TSH in mothers with hypothyroidism (P
value = 0.48, estimated degrees of freedom (df) = 1.0). C) Mean log maternal fT4 in mothers without thyroid conditions (P value = 0.99, estimated
df = 1.0). D) Mean log maternal fT4 in mothers with hypothyroidism (P value = 0.24,estimated df = 1.6).
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Table 2. Hazard Ratios for Attention-Deficit Hyperactivity Disorder According to Maternal Thyroid Status Based on Clinical Diagnoses and

Medication Use, Maccabi Health Services, Israel, 1999-2012

. ADHD Cases Crude Analysis Adjusted Analysis?®
Thyroid Condition Tgtaatlel;g;;n
No. % HR 95% CI HR 95% CI
Normal thyroid 290,810 42,549 14.6 1.00 Referent 1.00 Referent
Ever diagnosed or treated
Hypothyroid 27,300 4,829 17.7 1.16 1.12, 1.20 1.14 1.10, 1.18
Hyperthyroid 2,673 398 14.9 0.94 0.84, 1.05 0.93 0.84, 1.04
Other thyroid conditions 63,297 10,870 17.2 1.1 1.08, 1.13 1.07 1.05, 1.10
Diagnosed or treated before delivery
Hypothyroid 15,650 2,464 15.7 1.16 111, 1.21 1.16 1.11, 1.21
Hyperthyroid 1,183 148 12.5 0.92 0.78, 1.09 0.94 0.79, 1.1
Other thyroid conditions 13,250 1975 14.9 1.1 1.06, 1.17 1.1 1.05, 1.16
Diagnosed or treated after delivery
Hypothyroid 11,650 2,365 20.3 1.16 111, 1.21 1.1 1.06, 1.16
Hyperthyroid 1,490 250 16.8 0.95 0.83, 1.09 0.93 0.81, 1.06
Other thyroid conditions 50,047 8,895 17.8 1.10 1.08, 1.13 1.07 1.04, 1.10

Abbreviations: ADHD, attention-deficit hyperactivity disorder; Cl, confidence interval; HR, hazard ratio.
2 Accounting, though stratification or adjustments, for the following covariates as recorded at time of birth: calendar year, maternal age,
socioeconomic status, district of residence at birth, and residence in enumeration areas with a high proportion of minority or immigrant

subpopulations.

their condition during pregnancy and also had normal TSH
and fT4 lab results in early gestation; 3) among mothers
diagnosed with hypothyroidism, there was no association
between gestational TSH levels and ADHD hazard; and
4) the effect estimate observed for hormone concentration-
based hypothyroxinemia was attenuated when the analysis
was restricted to mothers with a hypothyroidism diagnosis.
The reason these last 2 observations suggest that thyroid
hormones may not play a direct role in ADHD etiology is
that if hormone levels were the causal factor, then the associ-
ations with ADHD should have been observed in all mothers,
including those diagnosed with hypothyroidism. The fact
that these associations were nullified or substantially atten-
uated in mothers clinically diagnosed with hypothyroidism
suggests that anomalies in maternal gestational thyroid hor-
mones concentrations do not causally affect ADHD hazard
but rather serve as proxy indicators for factors related to
ADHD via other mechanisms. The observed associations
are attenuated in mothers with a hypothyroidism diagnosis
because the diagnosis itself is possibly a better proxy for
those other ADHD-related factors than are the gestational
hormone measurements (that, in the absence of a clinical
diagnosis, can similarly act as a proxy, which is possibly why
associations with TSH and hypothyroxinemia were more
robust among mothers without known thyroid problems). A
directed acyclic graph depicting this proposed mechanism
is shown in Figure 2. We note that the positive association
with ADHD observed for the “other thyroid conditions”
group may also support the above hypothesis of an indirect
mechanism, as mothers in this group were clinically deemed

not to require treatment with levothyroxine, and thus the
observed association is less likely to have been caused by a
thyroid hormone insufficiency. Additionally, it may suggest
that the latent causal factors possibly causing ADHD can
induce other thyroid abnormalities in otherwise hormonally
euthyroid mothers.

Our results agree with several previous epidemiologic
investigations. A large population-based study using data
from the Danish registers observed a positive association
between maternal hypothyroidism diagnoses and progeny
ADHD hazard. A positive association was also reported
for hyperthyroidism (51), although, similar to our find-
ing, it was not seen for overt hyperthyrodism in a sub-
sequent analysis using a subgroup of the original cohort
with stored gestational serum samples (33). Other anal-
yses that focused on hormone measurements in maternal
sera from early gestation specifically linked elevated TSH
levels and hypothyroxinemia with worse scores on scales
of hyperactivity, externalizing behavior, and inattention, as
well as with an increased hazard of receiving a clinical
ADHD diagnosis (29, 31-34). This is also consistent with
our observations, since these analyses primarily examined
mothers without known thyroid conditions, among whom
we similarly observed these associations. Our results also
agree with findings of 2 randomized clinical trials, which,
while not specifically examining ADHD, reported that ges-
tational levothyroxine treatment did not result in improved
behavior, cognitive function, or intelligence-test scores in
progeny (36, 37). These observations are consistent with
our hypothesis that these risks are not directly caused by
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Figure 2. Proposed simplified causal structure (directed acyclic graph) of the association between maternal thyroid abnormalities and progeny
attention-deficit hyperactivity disorder (ADHD). We assume that maternal gestational thyroid stimulating hormone (TSH) and thyroid hormone
concentrations are not causally related to ADHD in progeny in most cases. Under this assumption, associations between maternal thyroid
anomalies and progeny ADHD are driven either by some latent factor U, which affects maternal thyroid function and progeny ADHD through
independent mechanisms, or by other, non-thyroid-hormone-mediated effects of the maternal thyroid anomaly. Since the association between
abnormal maternal gestational thyroid hormone levels and progeny ADHD is not causal, pharmaceutical treatment effective at mitigating
hormone levels would be ineffective at mitigating the risk of ADHD in progeny.

anomalies in gestational thyroid hormone levels, and thus
treatments effective at normalizing thyroid hormone levels
would still be ineffective at mitigating potential adverse
neurodevelopmental risks. Instead, anomalies in thyroid hor-
mone levels indicate the presence of other factors affecting
neurodevelopment, which are themselves unaltered by phar-
maceutical treatments.

Our results did not change when accounting for thyroid
conditions in children, suggesting that shared mother-child
genetics linked with thyroid abnormalities do not drive
the observations, although other shared genetics could.
Alternatively, recent evidence has linked several environ-
mental exposures known to affect thyroid abnormalities with
adverse neurodevelopmental outcomes including ADHD

Table 3. Hazard Ratios for Attention-Deficit Hyperactivity Disorder According to Maternal Thyroid Hormone Anomaly Categories Based on
Gestational Laboratory Results (n = 42,964), Maccabi Health Services, Israel, 1999-2012

Minimally Adjusted Fully Adjusted

ADHD Model® Model®
Thyroid Hormone Anomaly Category? No.
No. % HR 95% CI HR 95% CI
Normal lab results 28,678 3,483 12.2 1.00 Referent 1.00 Referent
Subclinical hypothyroidism (high TSH, normal fT4) 6,010 797 13.3 1.05 0.97, 1.14 1.03 0.94, 1.12
Hypothyroxinemia (normal TSH, low fT4) 782 132 16.9 1.35 1.13, 1.61 1.28 1.06, 1.54
Overt hypothyroidism (high TSH, low fT4) 1,299 190 14.6 1.01 0.87,1.18 0.99 0.84, 1.16
Subclinical hyperthyroidism (low TSH, normal fT4) 3,416 418 12.2 0.92 0.83, 1.02 0.97 0.87, 1.08
Overt hyperthyroidism (low TSH, high fT4) 1,514 185 12.2 0.90 0.78, 1.05 0.91 0.79, 1.06
Other classes of thyroid hormone anomalies® 1,265 174 13.8 0.93 0.79, 1.09 0.92 0.78, 1.08

Abbreviations: ADHD, attention-deficit hyperactivity disorder; Cl, confidence interval; HR, hazard ratio; TSH, thyroid stimulating hormone;
fT4, free thyroxine.

@ See methods and Web Table 1 for definitions of abnormal TSH and fT4.

b Accounting, though stratification or adjustments, for the following covariates as recorded at time of birth: calendar year, maternal age,
socioeconomic status, district of residence at birth, and residence in enumeration areas with a high proportion of minority or immigrant
subpopulations.

¢ Additionally accounting, though stratification or adjustments, for predictors of receiving a thyroid-related test during gestation, which
could also relate to thyroid function and ADHD hazard, to mitigate possible selection effects (prior history of: diabetes, preeclampsia,
autoimmune conditions, use of assisted reproductive therapies and pregnancy loss/termination; maternal overweight before conception; any
prior pregnancies ending in premature delivery (<37 weeks) or resulting in low-birth-weight infant (<2.5 kg); and number of interactions with
the medical system in the year preceding conception).

d Low TSH and low fT4 (e.g., secondary hypothyroidism), high TSH and high fT4 (e.g., thyroid resistance), and high fT4 and normal TSH
(e.g., hyperthyroxinemia).
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(52-63), and some preliminary evidence suggests that these
neurodevelopmental effects may operate through thyroid-
hormone-independent pathways (27). Such environmental
factors could also result in the pattern of our findings.

There are several limitations to our analysis. While our
hypothesis of no causal relationship between maternal thy-
roid hormone concentrations and progeny ADHD fits the
pattern of our results and helps explain the discrepancy
between the epidemiologic observations and those of the
clinical trials, we cannot completely rule out the possi-
bility that thyroid hormones do have etiological roles in
some situations. For example, while attenuated, an elevated
effect estimate for hypothyroxinemia was still observed
when restricting the analysis to mothers clinically diagnosed
with hypothyroidism. Additionally, since TSH tests are often
the primary screening tool for thyroid anomalies, we likely
missed some mothers with abnormal fT4 levels who had
normal TSH test results. That said, results of our main
analysis were consistent when models were restricted to only
pregnancies with available test results for both TSH and T4,
and our findings were also consistent with those reported in
other epidemiologic investigations. Also, while we observed
that levothyroxine treatment was ineffective at mitigating
ADHD hazard, it is possible that the lack of treatment effect
was due to inadequate dosage. However, effect estimates
remained elevated even when we restricted the analysis to
mothers whose treatment efficacy was confirmed by gesta-
tional laboratory measurements. That said, it is still possible
that treatment could be effective for some specific thyroid
hormone anomalies, such as hypothyroxinemia. However,
similar to other previous investigations (29, 33), measured
hypothyroxinemia was relatively uncommon in our cohort,
suggesting that even if treatment is effective for this condi-
tion, its attributable risk reduction could be minimal. Finally,
as is often true for analyses examining possible risk factors
for developmental outcomes, our results are conditional on
a live birth. That is, if the likelihood of a live birth is affected
by maternal thyroid disorders, then the effect estimates we
observed for ADHD among children who were born could be
different from the effect estimates we would have observed
in the pseudopopulation where thyroid disease had no effect
on the probability of a live birth (64, 65).

Overall, our study has important implications. Maternal
thyroid hypofunction may serve as an indicator for children
who have a higher likelihood of developing ADHD. How-
ever, the underlying mechanisms driving these associations
appear to operate independently of maternal gestational
thyroid hormone concentrations, and thus be unaffected by
pharmaceutical treatments. Exogenous and endogenous fac-
tors known to disrupt thyroid function should be examined
for possible independent effects on ADHD.
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