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Abstract

Objective

The aim of this study was to examine the potential association between intrauterine expo-
sure to maternal diabetes and attention deficits in the offspring.

Research design and methods

Adolescent offspring of a prospectively followed cohort of women with type 1 diabetes (n =
269) and a control group from the background population (n = 293) participated in a follow-
up assessment in 2012—2013. We used scores from Conners Continuous Performance
Test Il to assess attention and based on a principal component analysis we evaluated
scores on five different attention factors: focused attention, vigilance, hyperactivity/impulsiv-
ity, sustained attention and response style.

Results

A higher frequency of the exposed offspring had a parent/self-reported use of Attention Defi-
cit Hyperactivity Disorder (ADHD) medication compared to the control group (2.2% vs.
0.0%, p = 0.01). Clinical significant differences between adolescents exposed to maternal
diabetes and unexposed controls were not found in either single scores on Conners Contin-
uous Performance Test or on any of the five attention factors identified.
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Conclusions

Exposure to maternal type 1 diabetes did not seem to increase the risk of attention deficits in
the adolescent offspring. However, a higher self-reported use of ADHD medication in the
exposed group could suggest a difference in attention not revealed by the applied test.

Introduction

Attention-deficit hyperactivity disorder is a common neurodevelopmental disorder character-
ized by persistent hyperactivity, impulsivity and inattention with a worldwide prevalence of
3-4% [1-3]. The etiology of ADHD is complex and influenced by an interaction of multiple
genetic and environmental factors [1, 4]. Possible pre- and perinatal risk factors are maternal
obesity, maternal smoking and stress in pregnancy, prematurity, low birth weight and expo-
sure to various toxins [5-7]. A few studies have suggested an association between exposure to
maternal diabetes and later risk of attention deficits in the offspring [8-11].

We recently reported impaired long-term cognitive function in adolescent offspring of a
well-characterized cohort of Danish women with type 1 diabetes [12]. Furthermore, we found
increased frequencies of learning difficulties in primary school within the group of diabetes
exposed offspring. Children with ADHD are known to have lower academic achievement and
learning difficulties compared to unaffected children [1, 13], and abnormalities in various
regions of the brain have been identified in these children [1, 14]. It is pivotal to identify indi-
viduals at risk of attention disorders at an early stage, since social problems, low educational
and occupational achievements, criminal behavior and drug abuse are potential long-term
adverse outcomes of ADHD [1, 15-18].

Animal studies as well as clinical studies have shown adverse effects of maternal diabetes on
the development of the brain and behavior in the offspring [19-23], Thus it is possible that
maternal diabetes is a causal risk factor of ADHD in the offspring.

We performed a follow-up examination of offspring of a well-characterized cohort of Dan-
ish women with type 1 diabetes to assess if exposure to maternal diabetes can affect the risk of
attention deficits in adolescence.

Research Design and Methods

EPICOM (EPIgenetic, genetic and environmental effects on COgnitive and Metabolic func-
tions in offspring of mothers with type 1 diabetes) is a Danish prospective nation-wide follow-
up study of the long-term effects of exposure to maternal diabetes.

During 1993-1999 all pregnant women with type 1 diabetes in Denmark were prospectively
followed and data on maternal demography, diabetes status and pregnancy outcome were
reported to a central register in the Danish Diabetes Association (n = 1215) [24]. The women
delivered at one of eight centers responsible for antenatal care and deliveries of pregnant
women with diabetes in Denmark at that time. All deliveries after 24 weeks were included.

Participants

At the age of 13 to 19 years offspring of women in the register were invited to a follow-up
examination (singletons and one child per mother) (n = 746). A control group matched
according to gender, age and postal code (as a marker of socioeconomic status) was identified
through the Danish Central Civil Registration System. At inclusion all control participants
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and/or their parents were asked about a prior history of gestational diabetes, and in addition
all available obstetric records were scrutinized for information on gestational diabetes.

We excluded 16 diabetes exposed offspring due to: maternal diabetes diagnosis had been
reclassified to MODY or type 2 diabetes (n = 12), no contact between mother and child
(n =2), drug abuse (n = 1), pregnancy at the time of recruitment (n = 1).

Reasons for exclusion of control offspring were: adopted child (n = 4), the obstetric record
revealed a maternal diagnosis of gestational diabetes (n = 3), birth place outside of Denmark
(n=1).

The EPICOM study examined 278 diabetes exposed offspring (exposed group, 37.1% of
invited offspring) and 303 unexposed offspring (control group, 15.7% of invited offspring).
Participants were all born in Denmark and mainly of white European ethnicity (98.8%). A
total of 269 (36.1% of invited) exposed and 293 (15.3% of invited) control offspring completed
the computer based attention test (Fig 1). All non-completions of the test (n = 9 in the diabetes
exposed group, n = 10 in the control group) were due to technical difficulties related to com-
puter problems. The inclusion process and the follow-up study have recently been described in
detail [12, 25].

The protocol was in accordance with the Helsinki Declaration and approved by the regional
ethical committee of Central Denmark (M-20110239). We obtained written informed consent
from all participants or their parents if the participant was younger than 18 years.

Follow-up. Two diabetes exposed participants had known diabetes (type 1), and one was
diagnosed with type 1 diabetes in our study sample. All participants, both diabetes exposed
and controls, had an oral glucose tolerance test (OGTT) as a part of the examination program.
Data from the OGTT has been published recently [25].

The participants were examined at one of three Danish University Hospitals (Copenhagen,
Odense and Aarhus) in the period April 2012 to October 2013.

We used Conners Continuous Performance Test version II (Conners CPT-II, version 5 for
Windows) [26] to evaluate attention. Continuous performance tests are a well-known and
widely used test paradigm in the assessment of attention deficits [27]. Conners CPT-II is a
high signal-to-noise test, where the participant has to respond to the majority of stimuli and
repress the tendency to respond to the more infrequent non-targets. This implies a high
demand on response inhibition, which is a typical deficit in ADHD [28].

In Conners CPT-II the participants had to press the spacebar for all letters, displayed on a
computer screen, except when the letter X appeared. Administration time for the test is 14
minutes with six blocks of trials with various inter stimulus intervals (ISIs). ISIs are 1, 2 or 4
seconds and make it possible to test the ability to adjust to changing demands. All participants
were given standardized instructions and completed a short practice session before the actual
test, conducted by exposure blinded testers. The test was conducted after a light meal and in a
quiet room without disturbances. Only the participant and the tester were present in the room
during the test, while parents waited outside.

Principal component analysis

Conners CPT-II provides a large number of individual test measures. To reduce the number of
variables and to obtain a clearer picture of components of attention, we followed Egeland &
Kovalik-Gran [29] and subjected the correlations among the different test performance indica-
tors to a principal component analysis. Thus we analyzed T scores on the following variables:
number of omissions, commissions, perseverations, hit reaction time, hit reaction time stan-
dard error (HR consistency), variability of standard errors or change in consistency style), hit
reaction time by block (the slope of change in reaction time over six blocks), hit reaction time
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Fig 1. Flowchart of the study.
doi:10.1371/journal.pone.0169308.9001

PLOS ONE | DOI:10.1371/journal.pone.0169308 January 10, 2017

4/13



@° PLOS | ONE

Attention Deficits and Exposure to Maternal Diabetes

standard error by block (change in consistency over time), hit reaction time by differing inter-
stimulus intervals and hit standard error by inter-stimulus interval (whether longer intervals
are associated with more variance in performance) and response style. Like Egeland & Kovalic-
Gran [29] we did not include detectability in the principal component analysis, but unlike these
authors measures of change in omissions and commissions were not available for our analysis.

Only three factors had eigenvalues larger than 1, but varimax rotation with three, four and
five retained components showed a pattern similar to that obtained by Egeland & Kovalic for
only five components. Thus, the first five components explained 83% of the variance, and the
rotated matrix of loading showed the following attention factors:

Factor 1, Focused attention: defined by the loadings of omissions, hit reaction time stan-
dard error, variability and perseverations. Factor 1 explained 24.0% of the variance.

Factor 2, Vigilance: defined by the loadings of hit reaction time by differing inter stimulus
intervals and hit reaction time standard error by inter stimulus interval. Factor 2 explained
17.5% of the variance.

Factor 3, Hyperactivity/impulsivity: defined by the loading of commissions and hit reac-
tion time. Factor 3 explained 16.1% of the variance.

Factor 4, Sustained attention: defined by the loadings of hit reaction time by block, hit
reaction time standard error by block. Factor 4 explained 15.0% of the variance.

Factor 5, Response style: defined by the loading of response style. Factor 5 explained
10.3% of the variance.

The first four factors clearly corresponded to four of the Egeland & Kovalic factors with the
same test scores having high loadings on the same factors except for the response style test
score. Egeland & Kovalic called their fifth factor change in control and this fifth factor reflected
the measures of change in omissions and commissions which were not included in our analy-
sis. In their analysis Response Style loaded together with commissions and hit reaction time on
the hyperactivity/impulsivity factors, but this was not the case in our analyses with rotation of
4 or 5 factors.

Variables

Exposure. Exposure was maternal type 1 diabetes in fetal life.

Outcomes. Our primary outcomes were indications of attention deficits assessed by indi-
vidual test measures in Conners CPT-II and by five attention factors derived from principal
component analysis of variables from Conners CPT-II: focused attention, vigilance, hyperac-
tivity/impulsivity, sustained attention and response style.

Maternal covariates. Parental educational level was estimated from a questionnaire com-
pleted by the offspring and their parents. It was calculated as the sum of maternal and paternal
years in school and in higher education.

Maternal age at delivery, parity and information about complications in pregnancy were
retrieved from the register in the Danish Diabetes Association (exposed group) or from
obstetric medical records (control group). Pregnancy complications were defined as occur-
rence of hydramnios (clinical diagnosis) or preeclampsia (blood pressure>140/90 mmHg
and proteinuria).

Information on breastfeeding, smoking in pregnancy and parental intelligence was not
available. Sufficient data on delivery mode was not available in the control group and therefore
not included in our analysis.

Offspring covariates. Information about gestational age, birth weight, congenital malfor-
mations and neonatal complications were provided from the Danish Diabetes Association reg-
ister (exposed group) or retrospectively from obstetric medical records (control group).
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We combined and defined neonatal complications as hypoglycemia (clinical signs disap-
pearing after administration of glucose), jaundice (need of treatment with phototherapy),
respiratory distress (need of assisted ventilation or continuous positive airway pressure>1
hour), Apgar 5min<7 and systemic infections (need of systemic antibiotics treatment).

Birth weight standard deviation scores (bwSDS) were calculated using intrauterine growth
curves adjusted for gestational age and gender [30].

Potential mediators and confounders. We considered offspring gender, age at follow-up,
parity, parental educational length and maternal age at delivery potential confounders.

Gestational age, bwSDS, pregnancy complications and neonatal complications were consid-
ered potential mediators between maternal diabetes and offspring attention deficits.

Statistical analysis

Continuous data with normal distribution are presented as mean and standard deviation [31],
while continuous data with skewed distribution are presented as median and interquartile
range. Comparisons of groups were performed using student’s T-test, Mann-Whitney, Chi-
squared and Fisher's exact tests where appropriate.

We adjusted for confounders and mediators on each principal component factor in multi-
variate linear regression analyses with maternal diabetes as the independent variable and each
of the principal component factors as outcome. The regression coefficient  with 95% confi-
dence interval corresponds to the mean difference between the diabetes exposed and the con-
trol group.

Statistical analyses were performed with IBM statistics SPSS version 22, with a signifi-
cance level of 0.05. Correction for multiple testing with the Bonferroni method was applied
in analysis of our five principal components and in these tests the level of significance was
0.05/5=0.01.

Results

Table 1 presents baseline and follow-up characteristics of the 269 (36.1% of the invited)
exposed offspring and the 293 (15.3% of the invited) control offspring, who completed Con-
ners CPT-II. Median age was 16.6 (range 15.3-18.0) and 17.0 (range 15.3-18.2) in the exposed
and control group, respectively (P = 0.40). Differences between groups were found for gesta-
tional age, bwSDS, neonatal complications, neonatal hypoglycemia, congenital malformations,
pregnancy complications and parity. At the time of follow-up the exposed group had a higher
self-reported use of ADHD medication (2.2% vs. 0.0%, p = 0.01). These six participants had all
been prescribed ADHD medication on the indication of ADHD, and the types of medication
were: Methylphenidate (n = 3), Atomoxetine (n = 2) and Dexamfetamine (n = 1). Offspring
gender, maternal age at delivery, maternal BMI and parental educational level did not differ
between the groups.

Mean maternal diabetes duration at conception in the exposed group was 12.5 (SD 8.2)
years, and the frequencies of pregestational macroalbuminuri and proliferative retinopathy
were 5.6% and 8.0%, respectively.

Participants and non-participants in the exposed group differed at baseline according to
bwSDS (1.8 vs. 1.5 SDS, p = 0.02) and maternal peri-conceptional HbA1C (7.3% (56mmol/
mol) vs. 7.5% (58 mmol/mol), p = 0.02), but were similar with respect to parity, maternal pre-
pregnancy age, maternal pre-pregnancy BMI, duration of diabetes and HbA1C in second and
third trimester.
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Table 1. Characteristics of offspring exposed to maternal type 1 diabetes and a matched unexposed control group.

N

Male gender

Baseline

Gestational age (days)*

Birth weight standard deviation score*

Preterm delivery <34 weeks
Preterm delivery <37 weeks
Birth weight

Neonatal complicationst
Neonatal hypoglycemia
Congenital malformations
Pregnancy complicationst
Maternal age at delivery (years)
Nulliparity

Maternal BMI (kg/m?)*
Follow-up

Offspring age at follow-up*
Parental educational level#
Use of ADHD medication

Exposed Unexposed P
269 (36.1%) 293 (15.3%)
40.8% (111) 40.1% (118) 0.87
260 (251-266) 280 (274-287) <0.001
1.79 (0.41-3.27) -0.05 (-0.64—-0.61) <0.001
9.9% (25) 0.5% (1) <0.001
40.5% (104) 5.7% (6) <0.001
3567 (796) 3556 (478) 0.857
49.0% (125) 4.7% (9) <0.001
32.3% (84) 0.5% (1) <0.001
3.8% (10) 0.0% (0) 0.003
30.8% (80) 10.3% (19) <0.001
30.0 (4.1) 29.9 (4.1) 0.51
59.8% (156) 42.1% (90) <0.001
23.0 (21.3-25.2) 22.6 (20.6—24.8) 0.09
16.6 (15.3—-18.0) 17.0(15.3-18.2) 0.40
27.6 (4.2) 28.2 (4.5) 0.16
2.2% (6) 0.0% (0) 0.01

Data are presented as mean (standard deviation) or proportions (n)

*Data are presented as median (25—-75% percentiles), when not normally distributed

T Hypoglycemia, jaundice, respiratory distress, Apgar5<7, systemic infection

* Hydramnios, preeclampsia

# Sum of parental educational length in years

doi:10.1371/journal.pone.0169308.t001

Attention scores

Differences between exposed and control offspring were not found in any of the individual test
measures derived from Conners CPT II (Table 2). Similarly, the multivariate regression analy-
sis of attention factors did not show significant differences between the two groups in either
crude or adjusted analyses of attention factors 1 to 4. The exposed offspring had a marginally
higher score on the fifth factor (Response style) in crude analysis (f = 0.169, p = 0.05) and in
analyses adjusted for potential confounders ( = 0.238, p = 0.02) and mediators (B = 0.267,
p = 0.05) (Table 3). Differences in the fifth factor were no longer significant after correction
for multiple testing.

No interaction between gender and exposure was found. Gender differences were evaluated
in a model controlling for exposure group and a higher male score was found for factor 3
(hyperactivity/impulsivity) (B = 0.33, p<0.001), but no significant differences in the remaining
factors.

We did not observe any significant interaction between maternal diabetes and low parental
education on the risk of attention deficits in the offspring.

We found low correlations between age at follow up and each of the five factors: correlation
coefficients ranged from -0.13 to 0.16.

Discussion

In this large prospectively followed cohort we found a higher self-reported use of ADHD med-
ication, but no increase in attention deficits in adolescent offspring exposed to maternal type 1
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Table 2. T-scores in individual test measures in Conners Continuous Performance Test Il. Offspring of

women with type 1 diabetes (n = 269) compared to an unexposed control group (n = 293).

Exposed Unexposed P

Omissions 51.1(13.3) 49.6 (9.6) 0.12
Comissions 54.5(10.4) 55.2(11.2) 0.47
Hit RT 44.2(8.7) 43.5(9.2) 0.36
Hit RT standard error 45.0(10.4) 44.6 (10.2) 0.64
Hit RT block change 48.5 (9.5) 48.6 (7.7) 0.88
Hit SE block change 51.9(10.2) 52.8 (10.0) 0.30
Hit RT ISI change 47.0(9.1) 46.9 (8.2) 0.90
Hit SE I1SI change 47.5(10.0) 48.1 (10.7) 0.46
Variability 45.9 (11.3) 45.9 (11.3) 0.99
Detectability 54.7 (8.8) 54.6 (8.5) 0.94
Response style 48.2 (7.8) 47.2 (6.4) 0.10
Perseverations 50.3(10.1) 51.2(13.1) 0.34
Data are presented as mean (standard deviation)
Hit RT = hit reaction time
Hit SE = hit standard error
ISI = inter stimulus interval
doi:10.1371/journal.pone.0169308.t002
Table 3. Regression analyses of factor scores from Conners Continuous Performance Test-Il. Off-
spring of women with type 1 diabetes (n = 269) compared to an unexposed control group (n = 293).
Factor B 95% ClI P
Focused attention
Crude 0.014 (-0.152 t0 0.180) 0.87
Model 1 0.006 (-0.180t0 0.193) 0.95
Model 2 0.134 (-0.160 to 0.427) 0.37
Vigilance
Crude 0.022 (-0.188 t0 0.144) 0.80
Model 1 0.059 (-0.248t0 0.131) 0.54
Model 2 0.086 (-0.216 t0 0.388) 0.58
Hyperactivity/impulsivity
Crude 0.069 (-0.097 to 0.235) 0.42
Model 1 0.030 (-0.158 10 0.219) 0.76
Model 2 0.082 (-0.198 to 0.363) 0.56
Sustained attention
Crude 0.052 (-0.2181t00.114) 0.54
Model 1 0.009 (-0.202 t0 0.184) 0.93
Model 2 0.090 (-0.219 to 0.400) 0.57
Response style
Crude 0.169 (0.003 t0 0.334) 0.05
Model 1 0.238 (0.046 t0 0.430) 0.02
Model 2 0.267 (0.005 to 0.529) 0.05
Model 1: Potential confounders (offspring gender, age at follow-up, parity, parental educational length,
maternal age at delivery)
Model 2: Potential mediators (gestational age, birth weight SDS, pregnancy complications and neonatal
complications)
doi:10.1371/journal.pone.0169308.t003
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diabetes in utero compared to a control group from the background population. We used
Conners CPT-II to assess attention deficits and did not find any clinical significant differences
on individual test measures or in crude or adjusted analysis of attention scores derived from
principal component analysis. Attention scores were analyzed because combination of test
scores may be more reliable and sensitive to attention deficits.

Focused attention (factor 1) is the ability to concentrate on a specific stimulus and exclude
others. Vigilance (factor 2) is the ability to remain alert, when stimuli are less frequent. A high
score on the factor hyperactivity/impulsivity (factor 3) are obtained with many commissions
and short reaction time and would be expected in individuals with ADHD, while sustained
attention (factor 4) describes the capacity to stay focused throughout the test and could be
affected in individuals with depression [29]. A difference between our groups was found
according to response style (factor 5), indicating a more cautious style in the exposed group. It
should, however, be observed that the difference between the two groups was not significant
when Bonferroni correction was applied to the results.

We performed analysis of the effects of gender and age, owing to a well-documented gender
specific difference in attention deficits and remission of symptoms during adolescence [3].
Males had a higher score in one of the factors, hyperactivity/impulsivity, which is consistent
with the evident overrepresentation of boys with attention deficits dominated by impulsivity
and hyperactivity [32]. Correlations between offspring age and scores on the attention test
were relatively weak in our cohort.

In a recently published article on the EPICOM cohort [12], offspring exposed to maternal
diabetes had lower cognitive function and higher frequency of learning difficulties in the sub-
jects Danish and mathematics in primary school compared to the control group. Since learn-
ing difficulties and reduced academic achievement among children with attention deficits are
well-known [1, 33], a potential association between maternal diabetes and attention deficits in
the offspring is plausible and has been suggested in previous studies [8-11]. However, this was
not supported by the findings of the present study.

Strengths and limitations

One of the major strength of this study is the use of a large, well-characterized and prospec-
tively followed cohort of adolescent children of women with type 1 diabetes and a control
group identified from the background population, both with detailed baseline information
available.

In order to describe different aspects of attention we applied a high-signal-to-noise contin-
uous performance test, a widely used test of attention deficits, in particular ADHD, and we
identified attention factors in principal component analyses. Unfortunately, other sources of
information on attention performance were not available. Impaired executive function and
cognitive flexibility are known to be present in individuals with ADHD [28], and performance
based tests of these functions as well as subjective ratings (parental and/or self-reported) of
attention, impulsivity, executive function and cognitive flexibility would have enabled a more
comprehensive assessment of attention deficits and cognition in our cohort. We were not able
to specify the underlying diagnosis of the attention deficit (e.g. ADHD) with the applied test,
since it would require a more comprehensive examination including diagnostic interviews and
rating scales.

We did consider some of the potential problems with the use of Conners CPT II in our
analyses, and chose not to include the overall confidence index. The identification of attention
factors was done to focus on the different aspects of attention and to have a basis for deriving
composite measures presumably more reliable than the individual test scores.
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A limitation to our study was the risk of selection bias owing to the limited and different
proportions of participation in our two groups. We have previously shown that both groups
had intelligence scores above the population mean indicating selection from the better per-
forming part of the population [12], which also might apply for the continuous performance
test used to assess attention deficits. A systematic difference of participation between our
groups would most likely be associated to positive selection of the control group, implying
larger group differences. Thus, elimination of selection bias would result in differences sup-
porting our null-hypothesis, which is equivalent to our conclusion.

Low socioeconomic status is known to have a strong effect on the risk of development of
attention deficits in the offspring through different pathways [7]. The effects of maternal diabe-
tes has been suggested to be more pronounced in low SES environments, which might explain
the discrepancy between our findings and findings in similar studies due to a possibility of
sample bias in our study [8-11]. Participation in a follow-up study with a comprehensive
examination program requires personal resources and non-participation is in general associ-
ated with poorer health and lower socioeconomic status [34]. In our study the interaction
between maternal diabetes and low parental educational level was not significant, and thus
there was no evidence of stronger effects on attention in children from families with low
parental educational level.

Finally, statistical power should be sufficient with 269 participants in the exposed group
and 293 in the control group. Thus, the statistical power would be 84% for detecting a group
difference of one quarter of a standard deviation.

Other studies

In a nested case-control study, including individuals from the Norwegian Birth and Prescrip-
tion Databases, only 3.0% (n = 88) of diabetes exposed offspring had been prescribed ADHD
medication in the period 2004-2012 [8]. However, offspring exposed to maternal type 1 diabe-
tes had higher odds of ADHD (OR = 1.7, 95% CI = 1.3-2.1) in models adjusted for parental
diagnosis of ADHD and perinatal and socioeconomic confounders. We found a difference
between our groups in the use of ADHD medication: 2.2% of the diabetes exposed offspring
and none in the control group had self-reported use of ADHD medication at the time of fol-
low-up. This could indicate a difference in attention deficits not revealed by administration of
Conners CPT-II. Medication might reduce symptoms in the affected individuals and modify
test scores towards the normal range. Sample bias with selection of the better performing part
of the population in both groups is supported by these numbers, as the population prevalence
of attention deficits has been estimated to 3-4% [1]. The controls represent the background
population and we would expect some individuals with attention deficits in this group. Both
groups could include individuals with attention deficits without current use of ADHD medica-
tion. We did not have permission to corroborate the self-reported information with informa-
tion from the Danish National Prescription Register or from the National Patient Register on
admissions to psychiatric departments.

Increased risk of ADHD symptoms in offspring exposed to maternal gestational diabetes
(GDM) has been described previously [9, 10], in particular when GDM was present together
with low socioeconomic status. One study combined a battery of neuropsychological tests with
parental interviews on 212 preschool children (GDM offspring, n = 21) in New York and
found a small increased risk in those exposed to maternal GDM. When GDM was present
with low socioeconomic status the risk of ADHD at age six was synergistically increased sug-
gesting an interaction of these risk factors [10]. Similar findings are reported in a German
nationwide survey of children and adolescents [9].
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In line with this, a register-based study on the EPICOM cohort found that offspring born to
mothers with poor glycemic control in pregnancy attained lower grades in primary school
compared to matched controls, while those born to mother with good glycemic control
obtained better grades than their matched controls in an analysis adjusted for parental educa-
tional level [35]. Achievement of good glycemic control and management of a complex
chronic disease are related to a high level of personal and social resources, which most likely
will be reflected in the parenting role and upbringing of the child. However, in this study of
attention deficits, interaction between parental educational level and exposure to maternal dia-
betes did not affect measures of attention in the offspring.

It is possible that not only intrauterine exposure to diabetes but also a shared genetic sus-
ceptibility to both type 1 diabetes and ADHD could influence attention in the offspring. A
German register study found an increased frequency of ADHD in children with type 1 diabetes
compared to those without, while a Norwegian study found no association between type 1 dia-
betes and ADHD [36, 37]. Offspring of a mother with type 1 diabetes have a diabetes lifetime
risk of 3% [38], and we included three diabetes exposed offspring with type 1 diabetes in our
cohort. All offspring without a prior diabetes diagnosis completed an oral glucose tolerance
test at the day of cognitive testing, ensuring that all individuals with diabetes should be identi-
fied. With only three cases of type 1 diabetes genetic association should only be a minor con-
tributor to our results.

Conclusions

In conclusion, we found a higher self-reported use of ADHD medication among diabetes
exposed offspring compared to the control group. However, no increased risk of attention def-
icits in adolescence was demonstrated in this large, prospective and well-characterized cohort
exposed to maternal Type 1 diabetes during fetal life.

Acknowledgments

Data collection in the original registry was performed by Lars Melsted-Pedersen, Joachim
Klebe, Niels Hahnemann, Margrethe Moller, Jes G. Westergaard, Hans Gjessing, Jens Kragh
Mostrup, K. H. Frandsen, Edna Stage, Anders Thomsen, Thea Lousen, Kresten Rubeck Peter-
sen, Bjarne @vlisen, Jan Kvetny, Hedvig Poulsen. Apart from HBN and PD, the original regis-
try working group included Anders Freoland, Lars Molsted-Pedersen, Joachim Klebe and Carl
Erik Mogensen.

Author Contributions

Conceptualization: BB SK ZV RB] TDC ERM HB-N CHG DM]J ELM PD.
Data curation: BB SK ZV.

Formal analysis: BB TDC RBJ ELM PD.

Funding acquisition: BB SK ZV RB] TDC ERM HB-N CHG DMJ ELM PD.
Investigation: BB SK ZV.

Methodology: BB SK ZV RB] TDC ERM HB-N CHG DM] ELM PD.
Project administration: BB SK ZV.

Resources: BB SK ZV RB] TDC ERM HB-N CHG DM]J ELM PD.
Supervision: RB] TDC HB-N CHG DM] ELM PD.

PLOS ONE | DOI:10.1371/journal.pone.0169308 January 10, 2017 11/13



@° PLOS | ONE

Attention Deficits and Exposure to Maternal Diabetes

Validation: BB.

Visualization: BB SK ZV RB] TDC ERM HB-N CHG DM] ELM PD.

Writing - original draft: BB.

Writing - review & editing: BB SK ZV RB] TDC ERM HB-N CHG DM]J ELM PD.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Tarver J, Daley D, Sayal K. Attention-deficit hyperactivity disorder (ADHD): an updated review of the
essential facts. Child Care Health Dev. 2014; 40(6):762—74. doi: 10.1111/cch.12139 PMID: 24725022

Polanczyk GV, Salum GA, Sugaya LS, Caye A, Rohde LA. Annual research review: A meta-analysis of
the worldwide prevalence of mental disorders in children and adolescents. J Child Psychol Psychiatry.
2015; 56(3):345-65. doi: 10.1111/jcpp.12381 PMID: 25649325

Agnew-Blais JC, Polanczyk GV, Danese A, Wertz J, Moffitt TE, Arseneault L. Evaluation of the Persis-
tence, Remission, and Emergence of Attention-Deficit/Hyperactivity Disorder in Young Adulthood.
JAMA Psychiatry. 2016.

Sonuga-Barke EJ, Coghill D. The foundations of next generation attention-deficit/hyperactivity disorder
neuropsychology: building on progress during the last 30 years. J Child Psychol Psychiatry. 2014;
55(12):e1-5. doi: 10.1111/jcpp.12360 PMID: 25399637

Thapar A, Cooper M, Eyre O, Langley K. What have we learnt about the causes of ADHD? J Child Psy-
chol Psychiatry. 2013; 54(1):3—16. doi: 10.1111/j.1469-7610.2012.02611.x PMID: 22963644

Rivera HM, Christiansen KJ, Sullivan EL. The role of maternal obesity in the risk of neuropsychiatric dis-
orders. Front Neurosci. 2015; 9:194. doi: 10.3389/fnins.2015.00194 PMID: 26150767

Foulon S, Pingault JB, Larroque B, Melchior M, Falissard B, Cote SM. Developmental predictors of inat-
tention-hyperactivity from pregnancy to early childhood. PLoS One. 2015; 10(5):e0125996. doi: 10.
1371/journal.pone.0125996 PMID: 25938453

Instanes JT, Halmoy A, Engeland A, Haavik J, Furu K, Klungsoyr K. Attention-Deficit/Hyperactivity Dis-
order in Offspring of Mothers With Inflammatory and Immune System Diseases. Biol Psychiatry. 2015.

Schmitt J, Romanos M. Prenatal and perinatal risk factors for attention-deficit/hyperactivity disorder. Arch
Pediatr Adolesc Med. 2012; 166(11):1074-5. doi: 10.1001/archpediatrics.2012.1078 PMID: 22965737

Nomura Y, Marks DJ, Grossman B, Yoon M, Loudon H, Stone J, et al. Exposure to gestational diabetes
mellitus and low socioeconomic status: effects on neurocognitive development and risk of attention-def-
icit/hyperactivity disorder in offspring. Arch Pediatr Adolesc Med. 2012; 166(4):337—43. doi: 10.1001/
archpediatrics.2011.784 PMID: 22213602

Ornoy A, Ratzon N, Greenbaum C, Wolf A, Dulitzky M. School-age children born to diabetic mothers
and to mothers with gestational diabetes exhibit a high rate of inattention and fine and gross motor
impairment. J Pediatr Endocrinol Metab. 2001; 14 Suppl 1:681-9.

Bytoft B, Knorr S, Vlachova Z, Jensen RB, Mathiesen ER, Beck-Nielsen H, et al. Long-term Cognitive
Implications of Intrauterine Hyperglycemia in Adolescent Offspring of Women With Type 1 Diabetes
(the EPICOM Study). Diabetes Care. 2016.

DuPaul GJ, Morgan PL, Farkas G, Hillemeier MM, Maczuga S. Academic and Social Functioning Asso-
ciated with Attention-Deficit/Hyperactivity Disorder: Latent Class Analyses of Trajectories from Kinder-
garten to Fifth Grade. J Abnorm Child Psychol. 2016.

Cortese S, Kelly C, Chabernaud C, Proal E, Di Martino A, Milham MP, et al. Toward systems neurosci-
ence of ADHD: a meta-analysis of 55 fMRI studies. Am J Psychiatry. 2012; 169(10):1038-55. doi: 10.
1176/appi.ajp.2012.11101521 PMID: 22983386

Lahey BB, Lee SS, Sibley MH, Applegate B, Molina BS, Pelham WE. Predictors of adolescent out-
comes among 4-6-year-old children with attention-deficit/hyperactivity disorder. J Abnorm Psychol.
2016; 125(2):168-81. doi: 10.1037/abn0000086 PMID: 26854503

Barkley RA, Fischer M, Smallish L, Fletcher K. Young adult outcome of hyperactive children: adaptive
functioning in major life activities. J Am Acad Child Adolesc Psychiatry. 2006; 45(2):192—-202. doi: 10.
1097/01.chi.0000189134.97436.e2 PMID: 16429090

Barkley RA, Fischer M, Smallish L, Fletcher K. Young adult follow-up of hyperactive children: antisocial
activities and drug use. J Child Psychol Psychiatry. 2004; 45(2):195-211. PMID: 14982236

Chan E, Fogler JM, Hammerness PG. Treatment of Attention-Deficit/Hyperactivity Disorder in Adoles-
cents: A Systematic Review. JAMA. 2016; 315(18):1997—-2008. doi: 10.1001/jama.2016.5453 PMID:
27163988

PLOS ONE | DOI:10.1371/journal.pone.0169308 January 10, 2017 12/13


http://dx.doi.org/10.1111/cch.12139
http://www.ncbi.nlm.nih.gov/pubmed/24725022
http://dx.doi.org/10.1111/jcpp.12381
http://www.ncbi.nlm.nih.gov/pubmed/25649325
http://dx.doi.org/10.1111/jcpp.12360
http://www.ncbi.nlm.nih.gov/pubmed/25399637
http://dx.doi.org/10.1111/j.1469-7610.2012.02611.x
http://www.ncbi.nlm.nih.gov/pubmed/22963644
http://dx.doi.org/10.3389/fnins.2015.00194
http://www.ncbi.nlm.nih.gov/pubmed/26150767
http://dx.doi.org/10.1371/journal.pone.0125996
http://dx.doi.org/10.1371/journal.pone.0125996
http://www.ncbi.nlm.nih.gov/pubmed/25938453
http://dx.doi.org/10.1001/archpediatrics.2012.1078
http://www.ncbi.nlm.nih.gov/pubmed/22965737
http://dx.doi.org/10.1001/archpediatrics.2011.784
http://dx.doi.org/10.1001/archpediatrics.2011.784
http://www.ncbi.nlm.nih.gov/pubmed/22213602
http://dx.doi.org/10.1176/appi.ajp.2012.11101521
http://dx.doi.org/10.1176/appi.ajp.2012.11101521
http://www.ncbi.nlm.nih.gov/pubmed/22983386
http://dx.doi.org/10.1037/abn0000086
http://www.ncbi.nlm.nih.gov/pubmed/26854503
http://dx.doi.org/10.1097/01.chi.0000189134.97436.e2
http://dx.doi.org/10.1097/01.chi.0000189134.97436.e2
http://www.ncbi.nlm.nih.gov/pubmed/16429090
http://www.ncbi.nlm.nih.gov/pubmed/14982236
http://dx.doi.org/10.1001/jama.2016.5453
http://www.ncbi.nlm.nih.gov/pubmed/27163988

@° PLOS | ONE

Attention Deficits and Exposure to Maternal Diabetes

19.

20.

21.

22,

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Brinciotti M, Matricardi M, Colatrella A, Torcia F, Fallucca F, Napoli A. Visual evoked potentials in infants
of diabetic mothers: relations to clinical and metabolic status during pregnancy and delivery. Clin Neuro-
physiol. 2009; 120(3):563-8. doi: 10.1016/j.clinph.2008.12.028 PMID: 19181572

Brinciotti M, Napoli A, Mittica A, Bitterman O, Matricardi M. Cortical evoked potentials in children of dia-
betic mothers. Exp Diabetes Res. 2011; 2011:640535. doi: 10.1155/2011/640535 PMID: 21977021

Chandna AR, Kuhimann N, Bryce CA, Greba Q, Campanucci VA, Howland JG. Chronic maternal
hyperglycemia induced during mid-pregnancy in rats increases RAGE expression, augments hippo-
campal excitability, and alters behavior of the offspring. Neuroscience. 2015; 303:241-60. doi: 10.1016/
j.neuroscience.2015.06.063 PMID: 26151680

Plagemann A, Harder T, Janert U, Rake A, Rittel F, Rohde W, et al. Malformations of hypothalamic
nuclei in hyperinsulinemic offspring of rats with gestational diabetes. Dev Neurosci. 1999; 21(1):58-67.
PMID: 10077703

Van Lieshout RJ, Voruganti LP. Diabetes mellitus during pregnancy and increased risk of schizophrenia
in offspring: a review of the evidence and putative mechanisms. J Psychiatry Neurosci. 2008; 33(5):395—
404. PMID: 18787655

Jensen DM, Damm P, Moelsted-Pedersen L, Ovesen P, Westergaard JG, Moeller M, et al. Outcomes
in type 1 diabetic pregnancies: a nationwide, population-based study. Diabetes Care. 2004; 27
(12):2819-23. PMID: 15562191

Vlachova Z, Bytoft B, Knorr S, Clausen TD, Jensen RB, Mathiesen ER, et al. Increased metabolic risk
in adolescent offspring of mothers with type 1 diabetes: the EPICOM study. Diabetologia. 2015; 58
(7):1454-63. doi: 10.1007/s00125-015-3589-5 PMID: 25924986

Connors C. Conners’ CPT Il for Windows. North Tonawanda, NY: Multi-Health Systems, Inc.; 2004.

Lopez-Vicente M, Sunyer J, Forns J, Torrent M, Julvez J. Continuous Performance Test Il outcomes in
11-year-old children with early ADHD symptoms: a longitudinal study. Neuropsychology. 2014; 28
(2):202—11. doi: 10.1037/neu0000048 PMID: 24364393

Craig F, Margari F, Legrottaglie AR, Palumbi R, de Giambattista C, Margari L. A review of executive
function deficits in autism spectrum disorder and attention-deficit/hyperactivity disorder. Neuropsychiatr
Dis Treat. 2016; 12:1191-202. doi: 10.2147/NDT.S104620 PMID: 27274255

Egeland J, Kovalik-Gran |. Measuring several aspects of attention in one test: the factor structure of
conners’s continuous performance test. J Atten Disord. 2010; 13(4):339—46. doi: 10.1177/
1087054708323019 PMID: 18728238

Marsal K, Persson PH, Larsen T, Lilja H, Selbing A, Sultan B. Intrauterine growth curves based on ultra-
sonically estimated foetal weights. Acta Paediatr. 1996; 85(7):843-8. PMID: 8819552

Qiu C, Sigurdsson S, Zhang Q, Jonsdottir MK, Kjartansson O, Eiriksdottir G, et al. Diabetes, markers of
brain pathology and cognitive function: the Age, Gene/Environment Susceptibility-Reykjavik Study. Ann
Neurol. 2014; 75(1):138—46. doi: 10.1002/ana.24063 PMID: 24243491

Aguiar A, Eubig PA, Schantz SL. Attention deficit/hyperactivity disorder: a focused overview for chil-
dren’s environmental health researchers. Environ Health Perspect. 2010; 118(12):1646-53. PMID:
20829148

Singh A, Yeh CJ, Verma N, Das AK. Overview of Attention Deficit Hyperactivity Disorder in Young Chil-
dren. Health Psychol Res. 2015; 3(2):2115. doi: 10.4081/hpr.2015.2115 PMID: 26973960

Galea S, Tracy M. Participation rates in epidemiologic studies. Ann Epidemiol. 2007; 17(9):643-53. doi:
10.1016/j.annepidem.2007.03.013 PMID: 17553702

Knorr S, Clausen TD, Vlachova Z, Bytoft B, Damm P, Beck-Nielsen H, et al. Academic Achievement in
Primary School in Offspring Born to Mothers With Type 1 Diabetes (the EPICOM Study): A Register-
Based Prospective Cohort Study. Diabetes Care. 2015; 38(7):1238—44. doi: 10.2337/dc15-0223 PMID:
26070588

Sivertsen B, Petrie KJ, Wilhelmsen-Langeland A, Hysing M. Mental health in adolescents with Type 1
diabetes: results from a large population-based study. BMC Endocr Disord. 2014; 14:83. doi: 10.1186/
1472-6823-14-83 PMID: 25303963

Kapellen TM, Reimann R, Kiess W, Kostev K. Prevalence of medically treated children with ADHD and
type 1 diabetes in Germany—Analysis of two representative databases. J Pediatr Endocrinol Metab.
2016;29(11):1293-7. doi: 10.1515/jpem-2016-0171 PMID: 27754966

Pociot F, Lernmark A. Genetic risk factors for type 1 diabetes. Lancet. 2016; 387(10035):2331-9. doi:
10.1016/S0140-6736(16)30582-7 PMID: 27302272

PLOS ONE | DOI:10.1371/journal.pone.0169308 January 10, 2017 13/13


http://dx.doi.org/10.1016/j.clinph.2008.12.028
http://www.ncbi.nlm.nih.gov/pubmed/19181572
http://dx.doi.org/10.1155/2011/640535
http://www.ncbi.nlm.nih.gov/pubmed/21977021
http://dx.doi.org/10.1016/j.neuroscience.2015.06.063
http://dx.doi.org/10.1016/j.neuroscience.2015.06.063
http://www.ncbi.nlm.nih.gov/pubmed/26151680
http://www.ncbi.nlm.nih.gov/pubmed/10077703
http://www.ncbi.nlm.nih.gov/pubmed/18787655
http://www.ncbi.nlm.nih.gov/pubmed/15562191
http://dx.doi.org/10.1007/s00125-015-3589-5
http://www.ncbi.nlm.nih.gov/pubmed/25924986
http://dx.doi.org/10.1037/neu0000048
http://www.ncbi.nlm.nih.gov/pubmed/24364393
http://dx.doi.org/10.2147/NDT.S104620
http://www.ncbi.nlm.nih.gov/pubmed/27274255
http://dx.doi.org/10.1177/1087054708323019
http://dx.doi.org/10.1177/1087054708323019
http://www.ncbi.nlm.nih.gov/pubmed/18728238
http://www.ncbi.nlm.nih.gov/pubmed/8819552
http://dx.doi.org/10.1002/ana.24063
http://www.ncbi.nlm.nih.gov/pubmed/24243491
http://www.ncbi.nlm.nih.gov/pubmed/20829148
http://dx.doi.org/10.4081/hpr.2015.2115
http://www.ncbi.nlm.nih.gov/pubmed/26973960
http://dx.doi.org/10.1016/j.annepidem.2007.03.013
http://www.ncbi.nlm.nih.gov/pubmed/17553702
http://dx.doi.org/10.2337/dc15-0223
http://www.ncbi.nlm.nih.gov/pubmed/26070588
http://dx.doi.org/10.1186/1472-6823-14-83
http://dx.doi.org/10.1186/1472-6823-14-83
http://www.ncbi.nlm.nih.gov/pubmed/25303963
http://dx.doi.org/10.1515/jpem-2016-0171
http://www.ncbi.nlm.nih.gov/pubmed/27754966
http://dx.doi.org/10.1016/S0140-6736(16)30582-7
http://www.ncbi.nlm.nih.gov/pubmed/27302272

