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OBJECTIVE

To examine the relative importance of maternal preexisting type 1 diabetes (T1D),
preexisting type 2 diabetes (T2D), and gestational diabetes mellitus (GDM) on risk
of attention deficit/hyperactivity disorder (ADHD) in offspring.

RESEARCH DESIGN AND METHODS

This retrospectivebirth cohort study included333,182 singletonsborn in 1995–2012
within Kaiser Permanente Southern California hospitals. Children were prospec-
tively followed through electronicmedical records from age 4 years. Relative risks of
ADHD associatedwith diabetes exposures in uterowere estimated by hazard ratios
(HRs) using Cox regression with adjustment for potential confounders. For GDM,
timing of exposure was evaluated by gestational age at diagnosis and severity was
assessed by the need for antidiabetes medication treatment during pregnancy.

RESULTS

A total of 37,878 (11.4%) children were exposed to diabetes (522 exposed to T1D,
7,822 T2D, and 29,534 GDM). During a median of 4.9 years (interquartile range 2.2,
9.6) of follow-up after age 4 years, 17,415 (5.2%) children were diagnosed with
ADHD. ADHD risk was not associated with GDM taken as a whole (P = 0.50) or with
gestational age at GDM diagnosis (P = 0.16). However, the risk was significantly
greater for the GDM requiring versus not requiring antidiabetes medications (P <

0.001). Compared with children unexposed to diabetes, the adjusted HRs for ADHD
in children were 1.57 (95% CI 1.09–2.25) for exposure to T1D, 1.43 (1.29–1.60) for
T2D, 1.26 (1.14–1.41) for GDM requiring antidiabetes medications, and 0.93 (0.86–
1.01) for GDM not requiring medications.

CONCLUSIONS

The hierarchy of risks suggests that severity of maternal diabetes (T1D vs. T2D vs.
GDM requiring antidiabetes medications) influences the risk of ADHD in offspring
of mothers with diabetes.

Type 1 diabetes (T1D), type 2 diabetes (T2D), and gestational diabetes mellitus (GDM)
identified during pregnancy are the threemain types of diabetes complicating pregnancy.
It is increasingly recognized that exposure to maternal diabetes during pregnancy may
increase the risk of neurobehavioral disorders in offspring (1–3), supporting the “fuel-
mediated teratogenesis” hypothesis proposed by Norbert Freinkel three decades
ago (4). Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental
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disorder with increasing prevalence in
childhood (5,6). The disorder is highly
prevalent, with an estimated prevalence
of 5.3% worldwide in 2007 (7). The av-
erage age of diagnosis is 7 years (6). ADHD
is characterized by inattention and/or
hyperactivity-impulsivity that interferes
with functioning or development. These
characteristics can lead to unfavorable
outcomes in academic performance,
struggles with self-esteem, impairments
in socialization, and susceptibility to ac-
cidents (8,9). As children and adolescents
mature, the complications can be exac-
erbated and can lead to risky and addic-
tive behavior such as substance use or
abuse, video game addiction, and gam-
bling (8,9). ADHD and its complications
are not limited to the pediatric popu-
lation; approximately one-third of ADHD
cases diagnosed in childhood persist into
adulthood (10). The direct and indirect
impact of ADHD on quality of life gener-
ates a substantial burden to affected
families, patients, and society (11). Prior
research shows that genes and environ-
mental factors and their interactions may
contribute to the development of ADHD
(11,12). Recent observations indicate that
alterations in the intrauterine environment
may play a role in the risk of ADHD (1,13).
Previous studies have examined the

relationship of maternal T2D and GDM
during pregnancy with risk of ADHD in
offspring (14–17). All have had relatively
small sample sizes (,155 T2D-exposed
and ,280 GDM-exposed children), and
results have been inconsistent. Two
recent large-sample European studies
found that maternal history of T1D is
associated with ADHD risk in children
(18,19). However, no studies have as-
sessed the relative importance of ma-
ternal T1D, T2D, and GDM or timing or
severity of GDM during pregnancy on
risk of ADHD in offspring. The purpose
of this study is to examine the relative
importance of these three main types
of diabetes during pregnancy on risk of
ADHD in offspring. Timing of exposure
was assessed by gestational age at GDM
diagnosis. Severity of GDMwas assessed
by the need for antidiabetes medica-
tion treatment during pregnancy.

RESEARCH DESIGN AND METHODS

Study Population
This longitudinal multiethnic cohort
study included singleton children who

were born at 28–44 weeks’ gestation in
Kaiser Permanente Southern California
(KPSC) hospitals between 1 January
1995 and 31 December 2012. KPSC
is a large health care organization that
provides comprehensive care and uses
an integrated electronic medical record
(EMR) system. Demographic distribution
of KPSC membership broadly represents
Southern California residents (20). Per
KPSC guidelines, children and adoles-
cents ,18 years of age who have signs,
symptoms, or impairments suggestive
of ADHD are administered one or more
validated behavioral rating scales and
referred to a behavior specialist for eval-
uation and diagnosis (21). The guidelines
identify the Vanderbilt ADHD parent/
teacher rating scales as the recom-
mended structured, validated rating
scales to use for initial evaluation (22,23).
The guidelines further identify other be-
havioral rating scales such as the Conners
Rating Scales, the Achenbach scales, the
ADHD Rating Scale, and the Swanson,
Nolan, and Pelham Questionnaire as
validated scales that may be used in
addition to the initial evaluation (5).
The clinical practice guidelines from
the American Academy of Pediatrics
recommend that diagnosis, evaluation,
and treatment of ADHD should start
at age 4 years (24). For minimization
of screening and ascertainment bias,
children were required to be born at
KPSC and enrolled in the KPSC health
plan by age 4 years. Children were fol-
lowed from age 4 years until the first date
of the following: 1) date of clinical di-
agnosis of ADHD, 2) last date of contin-
uous KPSC health plan membership,

3) death from any cause, or 4) 31 De-
cember 2017. Figure 1 depicts the der-
ivation of the study cohort. All maternal
and child data were extracted from EMR
and birth certificate records and were
linked by a unique membership identifier
used for patient care. Data quality was
assessed by means of data plots and
frequency tables. Potential outliers and
data errors were rectified by cross-
checking against historical data in EMR.
Validity of data was established in pre-
vious publications (2,5,13,25). The final
study sample included a total of 333,182
children born to 243,882 individual
mothers. The KPSC Institutional Review
Board approved this study, with waiver
of informed consent.

Exposures and Outcomes
The primary exposure variables were
maternal preexisting T1D, preexisting
T2D, and GDM identified during preg-
nancy. A detailed description of the
methods used to identify T2D and GDM
has previously been published (2).
Briefly, the diagnosis of maternal T2D
antedating pregnancy was based on ICD-
9 codes combined with glucose and
HbA1c values and use of antidiabetes
medications before the index pregnancy.
The diagnosis of maternal GDM was
based on laboratory glucose values
from a 1-h 50-g glucose challenge test
result $200 mg/dL or 3-h 100-g or 2-h
75-g oral glucose tolerance test during
pregnancy with at least two abnormal
plasma glucose values based on the
Carpenter-Coustan thresholds (25,26).
Gestational age at GDM diagnosis was
calculated using date of the first glucose

Figure 1—Study cohort derivation. yrs, years.
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test that met the GDM diagnosis criteria,
date of delivery, and gestational age at
delivery available in the EMR. Data on
antidiabetes medication (insulin or oral
drugs such as glyburide and metformin)
use during pregnancy were retrieved
from the KPSC pharmacy dispensing re-
cords. Maternal T1D antedating pregnancy
was identified using the algorithm devel-
oped for EMR data (27) and confirmed by
insulin dispensed during pregnancy.
Main outcomemeasures were the pres-

ence or absence of ADHD and age at initial
diagnosis or last follow-up. ADHD cases
were identified based on ICD-9 codes
314.x or refills of ADHD-specific medica-
tions during the follow-up window from
at least two separate visits. The validation
and accuracy of these ADHD diagnostic
codes have previously been checked (5,13).

Covariates
Covariates to control for potential con-
founding were maternal age at delivery,
parity, education, self-reported race/
ethnicity, median family household in-
come based on census tract of residence,
maternal history of ADHD, history of
medical comorbidity (cancer or $1 di-
agnoses of heart, lung, kidney, or liver
disease), birth year, and sex of the child. In
addition, potential confounding by smok-
ing and alcohol use during pregnancy and
maternal obesity was assessed. Mater-
nal preeclampsia/eclampsia during preg-
nancy, gestational age at delivery, child’s
birth weight, and presence or absence
of any birth defect might confound or
mediate the diabetes exposure and thus
were treated separately in data analysis.

Statistical Analysis
Maternal and child characteristics
were compared among unexposed, GDM,
T2D, and T1D groups by x2 test for pro-
portions and ANOVA F test for means.
Cumulative incidences of ADHD by ex-
posure groups were estimated by the
Kaplan-Meier method. Relative risks
were estimated by hazard ratios (HRs)
from Cox regression models. Family was
specified as a random effect to control
for potential correlation owing to multi-
ple siblings born to the same mother.
Birth year was included as a covariate
to control for possible confounding owing
to secular trends over time. Potential
confounding owing to differences in ma-
ternal age, race/ethnicity, parity, edu-
cation, household income, maternal

history of ADHD, history of comorbidity,
and sex of the child was assessed
through covariate adjustment. The
low percentage of children with missing
covariate information on maternal parity,
education, or household income was in-
cluded in the multivariate-adjusted data
analysis by inclusion of the category of
“missing” for the missing data. Informa-
tion on smoking and alcohol use during
pregnancy and maternal prepregnancy
BMI was available on 38% of the cohort
because collection of these data electron-
ically at KPSC did not start until October
2006. The missing indicator method was
used to include all subjects in the multi-
variate-adjusted analysis with further
adjustment for maternal smoking and
alcohol use as well as maternal prepreg-
nancy BMI. The missing indicator method
is valid because these data were missing
for administrative reasons and thus were
missing completely at random. Smoking
was treated as a categorical variable and
prepregnancy BMI was treated as a con-
tinuous variable in the multivariate adjust-
ment. Potential confounding or pathways
associated with maternal preeclampsia/
eclampsia, child’s congenital anomalies,
birth weight, and gestational age at de-
livery were assessed through additional
adjustment for them as covariates in the
models. Sensitivity analysis was conducted
by exclusion of children with congenital
anomalies.

SAS Enterprise Guide 5.1 (SAS Institute
Inc., Cary, NC) and R 3.4.0 (64 bit) were
used for data analysis. All statistical tests
were two sided.

RESULTS

Among the study sample of 333,182
children, 37,878 (11.4%) were exposed
to maternal diabetes in utero, 522 to T1D,
7,822 to T2D, and 29,534 to GDM. The
three diabetes-exposed groups and the
unexposed group differed in maternal
age, parity, education, household in-
come, race/ethnicity, history of comor-
bidity, history of ADHD, preeclampsia/
eclampsia, smoking during pregnancy,
prepregnancy BMI, child’s birth weight,
gestational weeks at delivery, congenital
anomalies, and child’s sex (Table 1).

The 333,182 children were followed
for a median of 4.9 years (interquartile
range 2.2, 9.6) after age 4 years. During
this time, 17,415 (5.2%) children were
diagnosed with ADHD. Frequency of chil-
dren with ADHD after exposure to T1D,

T2D,GDM,ornodiabeteswas9.2%, 6.2%,
4.8%, and 5.2%, respectively (P value
for differences among groups ,0.001).
Among GDM cases, gestational age at
GDM diagnosis was not associated with
child’s ADHD risk (bivariate P = 0.10),
suggesting no clear window of vulnera-
bility during pregnancy associated with
child’s ADHD risk. Regarding severity of
GDM, 8,614 (29%) of the women with
GDM were dispensed antidiabetes med-
ication during pregnancy; 84% were dis-
pensed insulin. Frequency of children with
ADHDwas5.5%and4.5%for themedication
and no medication GDM groups, respec-
tively (P , 0.001). The risk of ADHD in
children was significantly greater for the
GDM group with dispensed medication
than for GDM without dispensed medica-
tion (bivariate HR 1.48 [95% CI 1.30–1.68],
P , 0.001). Figure 2 depicts the crude
cumulative incidences of ADHD bymaternal
diabetes exposure and GDM medication
treatment. ADHD risk was greatest in chil-
dren exposed to T1D, followed by those
exposed to T2D and GDMwith medication
treatment. Interestingly, children of moth-
ers with GDMwho did not usemedications
had lower risk than the unexposed group.

After adjustment for birth year, risk of
ADHD in children was significantly greater
for those exposed to T1D and T2D but
lower for those exposed to GDM taken
as a whole than for children without
diabetes exposure (Table 2, top, bivari-
ate column). After adjustment for mater-
nal age, race/ethnicity, parity, education,
household income, maternal history of
ADHD, history of comorbidity, and sex of
the child, the ADHD risks remained sig-
nificantly greater for T1D and T2D but
comparable for GDM and no diabetes
exposures (Table 2, top, multivariate col-
umn). The adjusted HRs were 1.56 (95%
CI1.09–2.25,P=0.02) for T1D, 1.43 (1.28–
1.59, P, 0.001) for T2D, and 1.02 (0.96–
1.09,P=0.50) forGDM(all comparedwith
no diabetes exposure). Analysis directly
comparing T1D with T2D exposure showed
that, relative to T2D, the HR for T1D was
1.44 (1.00–2.06, P = 0.05) before and 1.16
(0.81–1.67, P = 0.42) after adjustment
for potential confounders. Thus, potential
confounders appeared to account for the
majority of difference in ADHD risk be-
tween these two diabetes exposure
groups. Gestational age at GDM diagno-
sis remained not significantly associated
with child’s ADHD risk (adjusted P =
0.16) and GDMwith medication remained
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associated with elevated ADHD risk com-
pared with GDM without medication (ad-
justed HR 1.38 [95% CI 1.20–1.59], P ,
0.001) after adjustment for potential con-
founders and each other.
Although GDM as a whole was not

associated with child’s ADHD risk, chil-
dren exposed to GDM with medication
treatment had significantly higher risk
than the children in the no diabetes ex-
posure group (adjusted HR 1.26 [95% CI
1.14–1.41], P , 0.001) (Table 2, bottom).
The risk associated with exposure to GDM
with medication was slightly lower than
that observed for the T2D and T1D expo-
sure groups. GDM without medication
treatment had no greater risk than that
for the no diabetes group.
The greater ADHD risks associated

with maternal T1D, T2D, and GDM with

medication treatment compared with no
diabetes exposure remained significant
after further adjustment for maternal
smoking and alcohol use during pregnancy
and prepregnancy BMI (Supplementary
Table 1). Inclusion of covariates of pre-
eclampsia/eclampsia at index pregnancy,
presence or absence of congenital anom-
alies, birth weight, and gestational age at
delivery had little impact on the HR esti-
mates (Supplementary Table 1). Results
from sensitivity analysis after exclusion of
children with congenital anomalies were
consistent with the results from the over-
all analysis (Supplementary Table 2).

CONCLUSIONS

There are four novel findings from this large
multiethnic birth cohort study regarding

the relationship between maternal dia-
betes during pregnancy and risk of ADHD
in children. First, children’s exposure to
GDM that required antidiabetes medica-
tion treatment during pregnancy was
associated with 26% greater ADHD risk
than compared with that in children
without exposure to maternal diabetes.
Second, compared with no diabetes ex-
posure, T1D exposure carried the greatest
risk (57%), followed by T2D (43%) and
GDM requiring antidiabetes medication
during pregnancy (26%). Third, GDM not
requiring antidiabetes medication treat-
ment during pregnancy had no increased
risk. Lastly, the timing (early and late in
gestation) of GDM diagnoses during preg-
nancy was not associatedwith ADHD risk.
Thus, the hierarchy of risks that we ob-
served suggests that severity of maternal

Table 1—Characteristics of the cohort at the time of the index pregnancy

Diabetes exposure status

P*Unexposed GDM Preexisting T1D Preexisting T2D

N 295,304 29,534 522 7,822

Maternal data
Age (years) ,0.0001
15–19 16,471 (5.6) 282 (1.0) 17 (3.3) 71 (0.9)
20–24 49,134 (16.6) 2,049 (6.9) 70 (13.4) 463 (5.9)
25–29 88,354 (29.9) 6,607 (22.4) 143 (27.4) 1,627 (20.8)
30–34 87,115 (29.5) 10,310 (34.9) 158 (30.3) 2,708 (34.6)
$35 54,230 (18.4) 10,286 (34.8) 134 (25.7) 2,953 (37.8)

Parity† ,0.0001
0 112,249 (39.1) 9,937 (34.6) 173 (34.4) 2,459 (32.5)
1 97,319 (33.9) 9,069 (31.5) 181 (36.0) 2,576 (34.1)
$2 77,195 (26.9) 9,747 (33.9) 149 (29.6) 2,520 (33.4)

Education† ,0.0001
#High school 115,255 (39.6) 11,533 (39.6) 181 (35.4) 2,815 (36.7)
Some college 84,142 (28.9) 8,331 (28.6) 176 (34.4) 2,338 (30.5)
$College graduate 91,643 (31.5) 9,289 (31.9) 155 (30.3) 2,521 (32.9)

Household income† ,0.0001
,$30,000 18,204 (6.6) 1,755 (6.4) 21 (4.5) 597 (8.8)
$30,000–$49,999 88,334 (32) 9,088 (33.4) 143 (30.4) 2,346 (34.5)
$50,000–$69,999 89,271 (32.4) 9,010 (33.1) 152 (32.3) 2,132 (31.4)
$70,000–$89,999 48,427 (17.6) 4,571 (16.8) 90 (19.1) 1,073 (15.8)
$$90,000 31,399 (11.4) 2,820 (10.4) 64 (13.6) 646 (9.5)

Race/ethnicity ,0.0001
Non-Hispanic white 79,944 (27.1) 5,512 (18.7) 211 (40.4) 1,588 (20.3)
Non-Hispanic black 31,412 (10.6) 2,216 (7.5) 57 (10.9) 747 (9.5)
Hispanic 145,388 (49.2) 15,499 (52.5) 210 (40.2) 4,134 (52.9)
Asian/Pacific islanders 33,695 (11.4) 5,759 (19.5) 35 (6.7) 1,182 (15.1)
Others 4,865 (1.6) 548 (1.9) 9 (1.7) 171 (2.2)

History of comorbidity 26,944 (9.1) 3,145 (10.6) 86 (16.5) 1,504 (19.2) ,0.0001
History of ADHD 5,316 (1.8) 370 (1.3) 15 (2.9) 212 (2.7) ,0.0001
Preeclampsia/eclampsia 10,577 (3.6) 1,571 (5.3) 74 (14.2) 600 (7.7) ,0.0001

Child data
Birth weight, g, mean (SD) 3,388.2 (528.1) 3,370.2 (584.1) 3,480 (743.7) 3,405.6 (673.0) ,0.0001
Gestational weeks at birth, mean (SD) 39.2 (1.7) 38.6 (1.8) 37.6 (2.1) 38.3 (2.0) ,0.0001
Congenital anomalies 21,686 (7.3) 2,609 (8.8) 72 (13.8) 927 (11.9) ,0.0001
Female sex 144,104 (48.8) 14,198 (48.1) 241 (46.2) 3,777 (48.3) 0.05

Data are n (%) unless otherwise indicated. *P values are calculated from x2 test for categorical variables and from ANOVA F test for continuous
variables. †Numbers do not add up to the total owing to missingness.
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diabetes (T1D vs. T2D vs. GDM requiring
antidiabetes medication) influences the
risk of ADHD in offspring of mothers with
diabetes.
Results from this large cohort provide

valuable insight into the relationship
between diabetic pregnancy and risk
of ADHD in offspring. The comprehensive
data with detailed information on pre-
gestational and GDM diagnosis and med-
ication use allowed us to evaluate GDM
and preexisting T1D and T2D separately
and to assess antidiabetes medication
treatment and subsequently identify high-
risk subgroups. Maternal GDM analyzed
as a group was not associated with risk of
ADHD in offspring after adjustment for
potential confounders. However, the risk
was elevated for the subgroup of GDM
requiring medication treatment during
pregnancy. This subgroup constituted

29% of the GDM group. Note that moth-
ers with preexisting T1D and T2D were
all dispensed antidiabetes medications
during pregnancy. The majority of the
mothers who required medication to
manage diabetes during pregnancy were
dispensed insulin (100% for T1D, 87% for
T2D, and 84% for GDM requiring medi-
cation). Sensitivity analysis excluding in-
dividuals who received oral medications
only had little impact on the results
(Supplementary Table 3).

Future work is critically needed to
assess whether levels of glycemic control
may play a role in imparting risk of ADHD.
Women with diabetes during pregnancy
were given glucose meters and strips to
measure glucose at home. Home glucose
values were generally recorded in a paper
log and reviewed at the next clinical visit
with a health care provider. The self-

measured glucose data were not entered
in EMRs consistently or systematically for
retrieval and analysis. Although HbA1c is
generally not used to guide management
of glycemic control during pregnancy, a
subset of this cohort (91% of T1D, 65%
of T2D, 63% of GDM requiring medica-
tion, 36% of GDM without medication,
and 5.2% of no diabetes exposure)
had laboratory HbA1c measured at any
time during pregnancy. Supplementary
Fig. 1 displays the sample sizes and mean
HbA1c of these women by each trimester
of pregnancy. During the first trimester,
mean HbA1c levels in T1D, T2D, GDM with
medication, GDM without medication,
and nondiabetic pregnancies were 7.6%
(60 mmol/mol), 6.8% (51 mmol/mol),
6.1% (43 mmol/mol), 5.6% (38 mmol/mol),
and 5.4% (36 mmol/mol), respectively.
This hierarchy was maintained through-
out pregnancy, although differences
were smaller in the second and third
trimesters. Note that few women had
longitudinal HbA1c for all trimesters and
thus the HbA1c data are very limited
and the subset may not be representative;
therefore, results may be biased. None-
theless, these data suggest that degree
of glycemia control might play a role in
explaining the risk. Future studies are
needed to formally assess the relation-
ship between glycemic control during
pregnancy and ADHD risk in children.

A recent study from Sweden using
national registry data reported that ma-
ternal T1D was associated with 35%
greater risk of ADHD in offspring than
in the general population (19). This study
also showed that paternal T1D was as-
sociated with 20% greater risk of ADHD in

Table 2—Associations between maternal diabetes and risk of ADHD in offspring

Maternal diabetes categories
No. with

ADHD/total
Bivariate

HR (95% CI)* P
Multivariate-adjusted

HR (95% CI)† P

GDM considered overall as one group
No diabetes 15,469/295,304 1.00 (reference) 1.00 (reference)
Preexisting T1D 48/522 1.97 (1.39–2.79) ,0.001 1.56 (1.09–2.25) 0.02
Preexisting T2D 485/7,822 1.40 (1.26–1.56) ,0.001 1.43 (1.28–1.59) ,0.001
GDM 1,413/29,534 0.94 (0.88–1.00) 0.04 1.02 (0.96–1.09) 0.50

GDM separated by whether antidiabetes medication was
used during pregnancy

No diabetes 15,469/295,304 1.00 (reference) 1.00 (reference)
Preexisting T1D 48/522 1.98 (1.40–2.81) ,0.001 1.57 (1.09–2.25) 0.01
Preexisting T2D 485/7,822 1.41 (1.27–1.56) ,0.001 1.43 (1.29–1.60) ,0.001
GDM with medication 473/8,614 1.21 (1.09–1.33) ,0.001 1.26 (1.14–1.41) ,0.001
GDM without medication 940/20,920 0.84 (0.78–0.91) ,0.001 0.93 (0.86–1.01) 0.07

*Adjusted for random sibling effect and birth year in the Cox regression models. †Adjusted for random sibling effect, birth year, maternal age
at delivery, parity, education, household income, maternal race/ethnicity, history of comorbidity, history of maternal ADHD, and sex of the
child in the Cox regression models.

Figure 2—Crude cumulative incidence of ADHD by diabetes exposure in utero: preexisting T1D,
preexisting T2D, GDM with dispensed antidiabetes medications during pregnancy (GDM Med),
GDM without dispensed antidiabetes medications during pregnancy (GDM No Med), and no
diabetes.
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offspring. Parental income and education
levels were adjusted, suggesting that the
elevated risk was not explained by so-
cioeconomic status. The elevated risk
associated with both paternal and ma-
ternal T1D suggests that genetic predis-
position associated with immunity may
play a role (18). The greater risk associ-
ated with maternal versus paternal T1D
suggests that intrauterine glycemic en-
vironment also plays a role in the etiology
of ADHD. Regarding T2D and GDM, one
previous study with much smaller sam-
ples of children exposed to preexisting
diabetes (n = 153) or GDM (n = 155) did
not find associations between maternal
diabetes and ADHD in children (Table 2 of
ref. 17). Medication treatment effect was
not assessed. An earlier study found that
early school-age children born to moth-
ers with preexisting diabetes (n = 57) or
GDM (n = 32) had scores from neuro-
behavioral function tests that were indic-
ative of ADHD compared with 57matched
control children born to mothers without
diabetes (14). Of note, women with pre-
existing diabetes and GDM all had insulin
treatment in that study (14). Two other
studies found that ADHD risk associated
with GDM was mostly observed in the
subgroup with low socioeconomic status
(15,16). However, only 21 children were
exposed to GDM in one study (15) and
280 in the other study (16). GDM status
was self-reported in both studies, and
treatment information was not available
in either study. It is possible that mothers
with GDM and low socioeconomic status
had more severe hyperglycemia that re-
quired medication to attempt glucose con-
trol during pregnancy. Taken together,
these studies along with ours suggest
that severe hyperglycemia that requires
medication to manage diabetes during
pregnancy, whether preexisting T1D or
T2D or GDM, may be associated with
increased ADHD risk in offspring.
Potential biological mechanisms link-

ing ADHD risk in offspring and suboptimal
glycemic environment during pregnancy
are unknown and may involve multiple
pathways. The majority of the medica-
tion users in our GDM group received
insulin (84%), and 87% of those with
preexisting T2D received insulin treat-
ment during pregnancy. Importantly, in-
sulin does not cross the placenta unless
bound to antibodies (28), so direct effects
ofmaternally administered insulin on fetal
development are unlikely. Rather, women

requiring antidiabetes medications dur-
ing pregnancy may have relatively severe
hyperglycemia that requires medication
treatment to lower glucose levels. This
hyperglycemia may predispose fetuses
to stress, chronic inflammation, hypoxia,
and fetal hyperinsulinemia, which in turn
may interfere with fetal brain develop-
ment during critical prenatal windows
and lead to neurobehavioral disorders
in later life (13,29–32). Epigenetics may
be another potential mechanism (33). An
animal study showed that chronic ma-
ternal hyperglycemia during pregnancy
increased hippocampal excitement and
altered behavior in offspring, and the
effect appeared to be mediated by in-
creased activation of the receptor for
advanced glycation end products (RAGE)d
a major source of inflammatory signal-
ing in diabetes (34). The potential role of
maternal hypoglycemia, which has been
linked to altered brain function in adults
(35), is unclear. Preexisting T2D or GDM is
often accompanied by maternal obesity.
Adjustment for maternal prepregnancy
BMI did not affect the relative risk esti-
mate associated with T1D and slightly
reduced but did not eliminate the rela-
tive risk estimates associated with T2D
and GDM requiring medication.

This study has several important
strengths. To our knowledge, it is the
first study to comprehensively evaluate
ADHD risk associated with the three main
types of diabetes complicating preg-
nancy and to assess severity of GDM
based on need for antidiabetes medica-
tion treatment. This is by far the largest
study of maternal diabetes and ADHD risk
in offspring to date and includes data
from multiple ethnicities. All data came
from a single integrated clinical care sys-
tem in which the demographics of the
members are representative of Southern
California residents (20). Children had to
be born at KPSC and enrolled in the KPSC
health plan by age 4 years with continued
KPSC membership to minimize screening
and ascertainment bias. Numerous con-
founding factors including sociodemo-
graphics, maternal history of ADHD,
comorbidity, smoking, alcohol use during
pregnancy, and maternal prepregnancy
BMI were adjusted for. The validity of
our data are further supported by the
fact that our overall rate of 5.2% of children
with ADHD diagnosis is comparable with
the rate of the Centers for Disease Control
and Prevention report: 5.9% of children

age 4–11 years in the state of California had
an ADHD diagnosis in 2011 (https://www
.cdc.gov/ncbddd/adhd/prevalence.html).
Our rate is slightly lower than the Centers
for Disease Control and Prevention rate
because children born in the last year for
our cohort had not reached age 11 years
yet. A preliminary analysis of diagnosing-
physician ADHD specialty at the KPSC
found 96% of children to have had ADHD
diagnosed by professionals trained in di-
agnosis and treatment of the disorder,
which highlights the greater validity of
the ADHD diagnoses made at the KPSC
relative to those based on parent-teacher
reports or diagnoses made by untrained
health care professionals (5).

We acknowledge some important lim-
itations. Degree of glycemia control dur-
ing pregnancy was not assessed because
data were not readily available. Potential
confounding owing to paternal risk fac-
tors could not be evaluated because of
lack of data. Confounding bias due to
potentially unmeasured intrauterine fac-
tors such as acetaminophen use (36), air
pollution (37), and hypoglycemia; post-
natal exposures such as head trauma; or
genetic susceptibility could not be ruled
out, although maternal history of ADHD
was adjusted for in the data analysis. The
etiology of ADHD is multifactorial, and
factors that we haven’t accounted formay
explain the near-significant reduced
risk of ADHD in those exposed to GDM
without medication. Potential screening
bias was not assessed, although screen-
ing for ADHD was not done specifically
for a history of maternal diabetes. Med-
ication adherence was not assessed.
Potential confounding from smoking
and alcohol use during pregnancy and
maternal obesity may not be fully ad-
justed for owing to missing data for
children born prior to October 2006.
Whether neonatal and delivery charac-
teristics such as types of delivery, neo-
natal distress, or hypoglycemia may
confound or mediate the associations
was not assessed and requires future
investigation, although exclusion of chil-
dren with congenital anomalies did not
alter the results. Finally, this is an ob-
servational study, so causal inferences
cannot be made.

In summary, data from this study show
that the three main types of diabetes dur-
ing pregnancy were associated with off-
spring ADHD risk in a hierarchical order.
Compared with risk for no diabetes during
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pregnancy, the risk was the greatest for
T1D, followed by T2D and GDM requiring
antidiabetes medication. GDM not requir-
ing antidiabetes medication carried a risk
that was comparable with that for no
diabetes during pregnancy. Future stud-
ies are warranted to assess roles of
glycemic control, potential causal fac-
tors and pathways, and approaches to
mitigating ADHD risks.
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