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Abstract

Background/Objectives: Although childhood attention deficit hyperactivity disorder (ADHD)
has been previously associated with concurrent and later obesity in adulthood, the etiology of this
association remains unclear. The objective of this study is to determine the shared genetic effects
of ADHD symptoms and BMI in a large sample of sibling-pairs, consider how these shared effects
may vary over time, and examine potential sex differences.

Subject/Methods: Sibling-pair data was obtained from the National Longitudinal Study of
Adolescent to Adult Health (Add Health); childhood ADHD symptoms were reported
retrospectively during young adulthood, while three prospective measurements of BMI were
available from young adulthood to later adulthood. Cholesky decomposition models were fit to
this data using Mx using maximum-likelihood estimation. The twin and sibling sample for these
analyses included: 221 monozygotic (MZ) pairs (92 male-male, 139 female-female), 228 dizygotic
(DZ) pairs (123 male-male, 105 female-female), 471 full-sibling (FS) pairs (289 male-male, 182
female-female), 106 male-female DZ twin pairs, and 234 male-female FS pairs.

Results: The magnitude of the association between childhood ADHD symptoms and BMI
changed over time, and by sex. The etiological relationship between childhood ADHD symptoms
and the three prospective measurements of BMI differed for males and females, such that unique
or non-shared environmental influences contributed to the relationship within males, and genetic
factors contributed to the relationship within females. Specifically, among females, genetic
influences on childhood ADHD symptoms were partially shared with those effecting BMI and
increased from adolescence to later adulthood (genetic correlation = 0.20 (95% CI: 0.07-0.36) in
adolescence and 0.24 (95% CI: 0.10, 0.41) in adulthood).
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Conclusion: Genetic influences on ADHD symptoms in childhood are partially shared with
those effecting obesity. However, future research is needed to determine why this association is
limited to females.

Introduction

The epidemic of obesity is a major public health concern, with worldwide reports of nearly
1.6 billion adults who are overweight, and 400 million obesel. Obesity is a complex and
multifactorial chronic disease, which is influenced by both genes and environment?. Family,
adoption, and twin studies demonstrate that 30—70% of the variation in obesity-related
phenotypes are heritable3. Genome wide association studies have identified at least 75
obesity-susceptibility loci, with £7O being the first obesity-susceptibility gene identified
which has been consistently replicated finding within studies of body mass index (BMI) and
obesity risk?.

The obesity epidemic is often attributed to dietary and behavioral trends acting on
individuals’ genetic makeup which influences obesity-related phenotypes, such as body
mass and susceptibility to obesity-related disease. Thus, it is also important to consider the
role that the environment plays in obesity risk. Previous research has focused on
environmental exposures related to lifestyle (e.g. physical inactivity) and dietary intake.
However, co-occurring, non-eating related psychological symptoms and disorders might also
play an important role among some individuals. Identifying individual differences that relate
to vulnerability to non-eating related psychological symptoms and disorders associated with
overweight and obesity would help improve targeted prevention and intervention strategies.

One area of recent investigation has been the link between Attention Deficit Hyperactivity
Disorder (ADHD) and obesity®. In clinical samples, childhood ADHD has been associated
with concurrent and later obesity in adulthood®7. Likewise, a recent study using data from
electronic health records found that ADHD during childhood was associated with higher
childhood BMI and that stimulant medication blunted early BMI growth; however, this was
not protective over the longer term8. With some exceptions®19, the positive association
between ADHD and obesity has been extended to several population-based cohorts, which is
useful since clinical samples tend to be overrepresented by individuals with multiple
comorbid conditions!!. For instance, an association between adult ADHD and overweight/
obesity is found using data from the Collaborative Psychiatric Epidemiology Survey2.
Using Add Health data, Fuemmeler et al. (2011) found that both inattention and hyperactive-
impulsive symptoms have a dose-effect relationship with the prevalence of obesity in the
populationl3. Using data from the National Epidemiologic Study on Alcohol and Related
Conditions, Cortese et al. (2013) found a significant association between ADHD and
obesity; however, this was among women only’. This gender specific finding was also
reported by van Egmond-Frohlich et al. (2012) in an adolescent samplel4. Finally, in a
recent longitudinal study of the Northern Finland Birth Cohort, Khalife et al. (2014) were
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able to show a prospective unidirectional association between childhood ADHD and later
adolescent obesityl°.

Despite evidence from these studies that ADHD and obesity are associated, explanatory
factors linking ADHD and obesity remain unclear. Individuals with ADHD symptoms are
characterized by impulsive behaviors and cognitive deficits in attention which may confer
risk on obesogenic behaviors, such as poor planning for dietary and physical activity goals
or compulsive food intake. It has also been suggested that ADHD and obesity may share
common biological underpinnings, as explained by “reward deficiency syndrome”, which
suggests that the etiology of ADHD is due in part to the insufficiency of dopaminel8, or
common neuro-genetic vulnerabilities}’~1°. Impulsivity may contribute to obesity through
disordered eating patterns (e.g. quantity and type of food being consumed). The
dysregulation of dopamine may also mediate the consumption of high caloric, low nutrient
foods and contribute to overweight obesity20. The robustness of these associations were
assessed in a recently conducted meta-analysis??, which suggests that the association
between ADHD and overweight and obese status is generally larger in adolescence relative
to childhood, and more reliable in girls than in boys as demonstrated in other studies?2.

Twin and family studies can provide knowledge about the sources of variance (e.g. additive
genetic factors, shared environmental factors, and non-shared environmental factors)
contributing to a phenotype, as well as shared genetic effects of two or more phenotypes.
This knowledge can help guide research on the potential risk factors for a phenotype (e.g.
upbringing, specific genetic variants) or the extent to which two comorbid phenotypes (e.g.
ADHD symptoms and obesity) share similar etiologies. Twin studies of both ADHD and
obesity have demonstrated that there is moderate to strong evidence of genetic effects on
these phenotypes. Heritability estimates of BMI have ranged from 0.30 to over 0.90, varying
as a function of study design and age23-30. Similarly, heritable contributions to ADHD have
also varied as a function of rater (e.g., parent vs self-report), assessment modality (e.g.
interview or questionnaire), and age with estimates ranging between 0.29 and 0.9431-34,
However, to date, there have been no studies examining the shared genetic effects between
ADHD symptoms and BMI using sibling samples.

Given the link between ADHD and obesity and possible shared variance between the
phenotypes, we hypothesized that there may be evidence of shared heritability between
childhood ADHD symptoms and BMI. Thus, the purpose of this study was to determine the
shared genetic effects of ADHD symptoms and BMI in a large sibling pair sample. In
addition, we aimed to determine the degree to which these shared effects varied over time.
Since, gender differences have been reported in the association between ADHD and
obesity?2, models were formed to also examine gender differences.

Materials, Subjects, and Methods

Data Source and Study Sample

The National Longitudinal Study of Adolescent to Adult Health (Add Health) is a nationally
representative, probability based survey of 20,745 adolescents in the United States, aged 12—
19 years, when the study began in 1994-1995. Respondents completed in-home interviews
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and surveys on four separate occasions (Wave |: April to December 1995; Wave II: April to
August 1996; Wave I11: August 2001 to August 2002; and Wave 1V: January 2008 to
February 2009). Our sample was drawn from genetically informative sibling-pairs, and data
were obtained from when participants were adolescents (Wave 1), young adults (Wave 111),
and older adults (Wave 1V). A detailed description of the study design and the sampling
strategy utilized in the full Add Health and sibling-pairs sample is available elsewhere3°36,
To be included in this study, participants had to be a part of a sibling-pair and provide
information on ADHD symptoms and BMI. The sibling pair sample for these analyses
included: 221 monozygotic (MZ) pairs (92 male-male, 139 female-female), 228 dizygotic
(DZ) pairs (123 male-male, 105 female-female), 471 full-sibling (FS) pairs (289 male-male,
182 female-female), 106 male-female DZ twin pairs, and 234 male-female FS pairs. At
Wave 1V, the mean age was 29.0 (+ 1.76) years old among males and 28.8 (= 1.71) years old
females. The majority (68.9%) self-reported White race, 22.6% reported Black, and 8.3%
either Asian or Native American. Participation rate was > 80%37. Add Health participants
provided written informed consent for participation in all aspects of Add Health, in
accordance with the University of North Carolina School of Public Health Institutional
Review Board guidelines.

ADHD symptoms.—ADHD symptoms were retrospectively reported at Wave 11 using the
ADHD Symptom Scale, Self-Report38. Specifically, adult participants reported on a total of
17 Diagnostic and Statistical Manual — 1V (DSM-1V) ADHD symptoms experienced
between the ages of 5 to 12 years old. One DSM-1VV ADHD symptom was not assessed
(often interrupts or intrudes on others). Instead respondents were asked to indicate how
spiteful or vindictive they had been. Since this item is a measure of oppositional defiant
disorder (ODD), it was not included in these analyses. Symptom frequency and severity
were scored using a 4-point Likert scale that ranged between 0 (rarely or never), 1
(sometimes), 2 (often) and 3 (very often). Combined ADHD symptom scores were
considered present if the symptoms was experienced “often” or “very often.” This approach
to dichotomizing symptoms has been used in other community-based studies of ADHD
symptomatology, is considered clinical convention3?, and was also used in previous studies
on the relation between ADHD and smoking outcomes#041,

ADHD symptoms occurring prior to age 5 and whether levels of functioning differed across
settings were not collected. The use of retrospective report is common in clinical practice
when working with adults with ADHD and previous studies support the reliability and
validity of these self-reports*2-46, We have previously showed that parents of adolescents
reporting six or more symptoms on either or both hyperactive-impulsive (HI) and inattention
(IN) scales were more likely to indicate learning or behavioral problems in their adolescent
children at Wave 1. These adolescents were also more likely to report taking medications for
ADHD at Wave 11141, Scores on the ADHD scale ranged between 0 and 18, were normally
distributed (skewness = -0.09, kurtosis = —0.96), and had an internal reliability coefficient of
0.90. ADHD scores on the combined scale were higher (p < 0.0001) among males (10.70, +/
- 4.68) than females (8.75, +/- 4.72) and tests of the homogeneity of variance identified no
significant differences between the sexes or as a function of zygosity status3t. Further,
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means and standard deviations did not differ as a function of sibling type. Thus, the
differences observed, or lack thereof, likely represents true differences and not systematic
differences in responding among participants in the groups.

Body Mass Index (BMI).—Measured height and weight were ascertained by Add Health
study personnel at Waves II-1V (e.g. adolescence, young adulthood, and older adulthood)
using a digital scale. BMI was calculated by dividing weight in kilograms by height in
squared meters at each wave of data collection. Exclusions from the current analyses were
based on whether 1) the participant was currently pregnant, 2) had been pregnant in the prior
12 months, or 3) reported a physical disability (e.g., missing limb or limited mobility).

Statistical Analyses.—Biometric genetic modeling was utilized to better understand the
genetic and environmental influences on the covariation between childhood ADHD and
BMI. Generally, biometric genetic models assume that the variance in a given phenotype is
due to the influence of additive genetic effects (A), shared (family) environmental effects
(C), and non-shared environmental effects (E), which are derived from the differing genetic
relationship between monozygotic (MZ) and dizygotic (DZ) twin pairs. It is assumed that
MZ pairs share 100% of their genes, while DZ pairs share, on average, 50% of their genes
identical by descent*’. Even more specifically, we examined the association between
childhood ADHD and BMI across three developmental phases — adolescence, young
adulthood, and later adulthood — by fitting a Cholesky decomposition model using the raw
data option in Mx?8.

In this model, the variance of ADHD symptoms during childhood were decomposed into
genetic and environmental influences that were common with BMI measures, as well as
genetic and environmental influences that were unique to childhood ADHD. Genetic
correlations, which index the degree to which genetic influences on ADHD symptoms
overlap with BMI during adolescence, young adulthood and adulthood were obtained from
this model (see Figure 1). Latent genetic and environmental factors affecting BMI during
adolescence are conceptualized to influence BMI at later ages, but not ADHD
symptomology during childhood. Consistent with previous analyses age and gender were
added as covariates in genetic models24-31,

Model fit for genetic models were evaluated using maximum-likelihood estimation. Similar
to earlier work modeling independent genetic and environmental influences on ADHD
symptoms3! and BMI124, the present analyses included additive genetic (A) and non-shared
environmental (E) influences for each phenotype. Common environmental effects (C) were
excluded, as previous studies have demonstrated that factors influencing BMI shared by
family members present in childhood disappear by late adolescence®®. The significance of
model parameters was evaluated by a comparison of the twice log-likelihood (-2LL) for
models with and without parameters, with the difference distributed as a chi-square
distribution and the degrees of freedom being equal to the difference between the number of
parameters estimated. A non-significant difference chi-square between two models indicates
that the parameters dropped from the more parsimonious model were not significantly
different from zero. Models were accepted on the basis of the Akaike Information Criteria
(AIC) as calculated by subtracting twice the difference in the degrees of freedom from the
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difference chi-square between any particular model and the least parsimonious model
considered. The AIC indexes the extent that a given model offers the most parsimonious, but
adequate, explanation to the data0.

We also conducted post-hoc analyses to probe the relationship between ADHD symptoms
and BMI further by investigating the relationship between symptoms for two ADHD
subtypes (e.g. hyperactive-impulsive, HI and inattentive, IN) and BMI. First, we examined
mean differences in ADHD symptomatology between males and females for symptoms of
each ADHD subtype and calculating Cohen’s d to determine the magnitude of the difference
in effect. Then, we used male-male and female-female twin pairs from the Add Health
sample to conduct bivariate Cholesky decomposition models, with additive genetic (A) and
non-shared environmental (E) factors.

Sample characteristics.

Mean BMI and frequencies of underweight, average, overweight, and obesity during across
adolescence (Wave I1), young adulthood (Wave I11), and adulthood (Wave 1V) are provided
in Table 1. Mean BMI values increased from 22.53 during adolescence to 28.65 during
adulthood. Based on CDC growth rates during adolescence, 603 (15%) of participants were
above the 85! percentile (the adolescent cut-point threshold of “overweight”) and 267
(6.8%) were above the 95t percentile (the adolescent cut-point threshold for “obese™).
During young adulthood, n = 847 (26.2%) were overweight (BMI=25) and n = 584 (18.1%)
were obese (BMI =30). Both prevalence of overweight (n=1065, 31.6%) and obesity
(n=1137, 33.7%) increased during adulthood.

Latent genetic and environmental correlations for ADHD symptoms and BMI.

Male-male and female-female MZ and DZ twin pair correlations and male-female DZ and
full-sibling (FS) correlations are shown in Table 2. In general, correlations for MZ male-
male (MZM) and MZ female-female (MZF) twin pairs are greater than those for similar DZ
male-male (DZM) and DZ female-female (DZF) twin pairs, indicating the importance of
genetic influences contributing to ADHD symptoms present during childhood and BMI at
adolescence, young adulthood and adulthood. For both ADHD symptoms and BMI, FS
male-male (FSM) and FS female-female (FSF) correlations were slightly larger than half the
MZM and FZF twin pair correlations, suggesting the possible importance of shared
environmental factors contributing to both ADHD symptoms and BMI. The male-female DZ
(OSDZ) and male-female FS (OSFS) correlations were smaller than those for the male-male
and female-female twin pairs, suggesting the possibility that different heritable influences
were impacting these phenotypes, for males and females.

Cholesky decomposition models.

Our baseline model included latent additive genetic (A) and non-shared environmental (E)
factors. Quantitative sex differences in the genetic and environmental influences were tested
by allowing A and E factors to be estimated separately for males and females. Qualitative
sex differences were estimated by including a parameter that allowed a test of whether the
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same or different genes influenced ADHD symptoms and BMI. The fit of our baseline
model was —2LL = 50671.81, df = 9046. Against our baseline model, results from sex-
limited nested sub-models indicated that although the magnitude of genetic and
environmental factors differed between males and females (-2LL = 52687, df = 9078, Ax?
=2016.02, Adf = 32, p > 0.001, AIC = 1952.02), the same genes were expressed in both
sexes (—2LL = 50673.25, df = 9049, Ax? =1.43, Adf = 3, p = 0.70, AIC = -4.57).

Models that tested the extent of overlap in A and E influences between ADHD symptoms
and BMI revealed that, for males, all overlapping A influences could be dropped without a
deterioration in model fit (-2LL = 50679.62, df = 9053, AXZ =7.81, Adf =6, p=0.25, AIC
=-4.19). For females, a model that dropped all overlapping A influences did result in a
deterioration in model fit (-2LL = 50695.33, df = 9052, Ay? =13.52, Adf = 6, p = 0.04, AIC
= 1.52), but one that dropped overlapping E influences did not (-2LL = 50676.50, df =
9052, AXZ =4.68, Adf = 6, p =0.56, AIC = -7.32). A nested sub-model that dropped all
overlapping genetic influences for males and females simultaneously resulted in a
deterioration of model fit (-2LL = 50690, df = 9055, AXZ =18.32, Adf =9, p=0.03, AIC =
0.321) where as one that dropped overlapping A influences for males but E influences for
females did not (-2LL = 50683.21, df = 9055, AXZ =11.39, Adf =9, p = 0.25, AIC = -6.61).
Judging by AIC, this final nested sub-model dropping overlapping A influences for males
while retaining E influences for females was chosen as the best-fitting model of the data.

Estimates for additive genetic and non-shared environmental contributions to ADHD
symptoms and BMI measures obtained from the best-fitting Cholesky decomposition models
are shown on Table 3. Heritability estimates (a2) were greater for ADHD symptoms and
BMI for males than they were for females, except for BMI in adulthood where females
displayed a greater heritability estimate than males.

When looking at genetic and environmental correlations for ADHD symptoms and BMI
during adolescence, young adulthood, and later adulthood in Table 4, we find that non-
shared environmental influences were notable for both sexes, suggesting a strong influence
of the environment (plus measurement error) on ADHD symptoms. Additionally, genetic
correlations for BMI within males and females were >0.80, demonstrating a strong
continuity of heritable influences on BMI from adolescence (11-18 years old) through to
adulthood (28-34 years old). However, the etiological relationship between childhood
ADHD symptoms and BMI at three developmental periods appears to differ between males
and females, whereby the relationship is influenced by non-shared environmental factors
within males, and additive genetic factors within females.

To probe the relationship between ADHD symptoms and BMI further, we examined mean
differences in ADHD symptomatology between males and females, by symptoms ADHD
subtypes (e.g. HI and IN). Significant mean differences in symptoms for IN and HI subtypes
were found between males and females, such that males have a higher mean symptom count
for both IN and HI subtypes (Inattentive symptoms: mean (SD) = 1.3 (1.9) for males, 0.9
(1.6) for females; Cohen’s d = 0.22; hyperactive symptoms: mean (SD) = 1.8 (1.8) for
males, 1.4 (1.4) for females; Cohen’s d = 0.25). However, the effect is small according to
Cohen’s d.
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Post-hoc analyses using a bivariate Cholesky decomposition model with additive genetic and
non-shared environmental components (e.g. AE model) applied to male-male and female-
female twin pairs from the Add Health sample indicate that the relationship between IN
symptoms and BMI may be more genetically influenced in females, relative to males, and
that there might not be a difference in genetic influence over the relationship between HI
symptoms and BMI by sex. Specifically, the genetic correlation between symptoms for IN
and BMI ranged between 0.10 in adolescence to 0.25 in adulthood for females, and between
0.00 in adolescence and 0.07 in adulthood for males. Meanwhile, the genetic correlation
between symptoms for HI and BMI ranged between 0.08 in adolescence and 0.25 in
adulthood for both males and females.

Discussion

Clinical observations have suggested that childhood ADHD symptoms may share an
etiological relationship with BMI at later ages. To investigate this possibility, we examined
the extent that genetic and environmental influences on childhood ADHD symptoms and
BMI during adolescence, young adulthood, and later adulthood overlapped or were distinct
within a population-based sample. We also examined the possibility for sex differences in
the overall magnitude of heritable and environmental influences, as well as whether the same
or different genes influenced the association between ADHD symptoms and BMI.

Our results demonstrate that adult BMI is stable over time from adolescence through
adulthood, and individual variance in BMI is largely accounted for by additive genetic
influences. In the current study, genetic correlations between BMI in adolescence, young
adulthood, and later adulthood are >0.80, consistent with estimates ranging from 61.7%
-86.5% in a study conducted by Ortega-Alonso (2011)°1. Genetic correlations between
measures of BMI are also similar across males and females, suggesting that there are not sex
differences in the overall magnitude of heritable influences on BMI within this sample.

Unfortunately, we are unable to determine if ADHD symptoms are also stable over time,
since serial assessments were not conducted within the Add Health sample. For this reason,
we only investigated the relationship between retrospective self-report of childhood ADHD
symptoms and measures of BMI. We acknowledge that it is possible that contributions of
genetic and environmental influences may differ across the lifespan; thus, genetic
correlations between retrospective self-reported childhood ADHD symptoms and later
measures of BMI must be interpreted within this particular limitation of the data.

To date, one longitudinal population-based study of patients with childhood ADHD and non-
ADHD controls finds that childhood ADHD was associated with obesity during childhood
and young adulthood, within females only22. The results of that study are in line with those
of a birth cohort — based prospective study from the Netherlands, which also shows that the
association between ADHD and obesity in girls is age-dependent, with the strongest
association from age 10-12 years®2. While other studies do find associations between
ADHD and obesity in males®3, mixed results related to sex differences in the association
between ADHD and obesity could be attributed to study methodologies used by the different
studies (e.g. population sample characteristics, diagnostic criteria, etc.)12. In line with these
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previously conducted studies, results from our study demonstrate that ADHD symptoms and
BMI are associated in adolescence through adulthood.

It has been hypothesized that the association between ADHD symptoms and measures of
obesity, such as BMI, may reflect shared underlying abnormalities in neural dopaminergic
pathways mediating impulse control, reward sensitivity, appetite, and satiety?2. For example,
individuals with ADHD symptomatology may experience reward deficiency syndrome, as a
consequence of low tonic dopamine levels in the prefrontal cortex. The prefrontal cortex is
associated with working memory, and is thought to contribute to why individuals with
ADHD have problems in sustaining attention during tasks®*. Thus, food-related increases in
dopamine among individuals with ADHD may be experienced as rewarding, and might be
reinforcing, if it addresses relative dopamine deficiencies in the prefrontal cortex°56,
Additionally, those with poor inhibitory control or chronically low levels of dopamine in the
pre-frontal cortex may be prone to overeating, which can then lead to obesity>’. Other
potential mechanisms that require testing include: poor planning associated with deficient
inhibitory control and aversion to delay with the potential to lead to increased food
consumption®®,

Sex differences in associated comorbidities might explain why the etiology of the
association between ADHD symptoms and BMI is different for males and females. For
example, it has been found that higher food reinforcement is an important contributor to
obesity among females and suggests that the reduction of food reinforcement through
attention modification training or food cue extinction may be important for reducing obesity
among females who are prone to food reinforcement®®. Additionally, higher rates of
comorbid conditions, such as depression, anxiety, and eating disorders, are found within
females with ADHD and may contribute to habits predisposing girls to excess weight gain.
Meanwhile, increased resting energy expenditure found within boys with HI symptoms of
ADHD may be protective against obesity22. Further research is needed to explore sex
differences in the association between ADHD and obesity, especially given the potential
implications sex differences may have on the treatment of obesity among males and females
with ADHD.

Our study builds upon this existing literature by focusing on how genetic factors might
influence the association between ADHD symptoms and BMI. Specifically, we find that the
same genetic factors (e.g. genes being expressed) are influencing ADHD symptoms and
BMI in males and females, and that the etiological relationship between ADHD symptoms
and BMI from adolescence through adulthood appear to differ for males and females.
Specifically, within females, genetic factors influencing ADHD symptoms and BMI are
partially shared (e.g. between 4-6%). Further, genetic correlations between ADHD
symptoms and BMI at the various developmental ages ranged from 0.20 to 0.24, with
stronger associations found in adulthood, compared to adolescence, within females. This is
not the case for males, where the genetic correlations between ADHD symptoms and BMI
were not significantly different from zero — suggesting that genetic factors predisposing
individuals to ADHD symptoms and obesity are differentially expressed in males and
females. In other words, some of the same genetic factors influencing ADHD symptoms and
BMI in females, might be differentially expressed in males, possibly contributing to levels of
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hyperactivity. Thus, both the relationship between ADHD symptoms and BMI, and the
influence of genetic factors contributing to ADHD symptoms and BMI, may differ
according to sex.

Differences in the influence of genetic factors on the association between ADHD symptoms
and BMI by sex could mean that either some genes predisposing individuals to ADHD are
sex-linked, or that the expression of ADHD varies between the sexes. Since the statistical
models used in this study could not be used to determine whether these genes were sex-
linked, we sought to explore how the expression of ADHD might vary between the sexes
according to differences in ADHD subtype. Results from our post-hoc analyses suggest that
the genetic correlation between symptoms for inattention and BMI is stronger in females
than in males, while the genetic correlation between symptoms for hyperactivity-impulsivity
and BMI is the same for males and females. Thus, identifying specific genes contributing to
symptoms of ADHD (and its subtypes) and BMI might be useful in the development of
future intervention and prevention strategies.

Although we were unable to test the effects of specific genes on this association within the
present study, one previously conducted study examining whether risk alleles for an
increased BMI are associated with ADHD and related quantitative traits (e.g. inattention and
hyperactivity/impulsivity), identifies two obesity risk alleles with ADHD [e.g. rs206936in
the NUDT3 gene (i.e. nudix; nucleoside diphosphate linked moiety X-type motif);
156497416 in the intronic region of the GPRC5B gene]. Additionally, 7510938397 in the
glucosamine-6-phosphate deaminase 2 gene (GNPDA2) are associated with inattention,
while markers in mitogen-activated protein kinase 5 gene (MAPZK5) and the cell adhesion
molecule 2 gene (CADM?2) are associated with hyperactivity. This study suggests an overlap
in the polygenic predisposition between obesity and ADHD that requires further research to
elucidate the common genetic background of ADHD and obesity®0.

Results of this study should be evaluated in light of certain study limitations. First, this data
relies heavily on self-reported measures. This gives rise to potential self-report bias, as
individuals with ADHD may not recall symptoms or choose to under-report symptoms, and
brings into question the stability of symptom reporting across time. The use of a second
reporter would have been helpful to validate individual responses. Additionally, self-report
bias can lead to decreased heritability estimates (A) and increased contributions of unique
environment, paired with measurement error (E)8L. Given this limitation, it is possible that
self-report bias contributing to ADHD symptoms might have affected our results in varying
levels at different ages, when looking at the association between ADHD symptoms and
BMI. Second, since we are utilizing a sibling/twin modeling design, we are unable to
parameterize the effects of epigenetic, interactions between genetic and environmental
factors, and assortative mating which can increase DZ twin phenotypic correlations and/or
conceal the presence of dominant genetic effects, while increasing the possibility of
observing additive genetic effects62. The extension of the twin model design is able to
disentangle such effects, but requires information from other family members with varying
degrees of relatedness (e.g. aunts/uncles, cousins, etc.). Third, despite utilizing a large
national probability sample, we were unable to determine how associations between ADHD
symptoms and BMI measures across adolescence and adulthood differed by race/ethnicity
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due to limitations in available sibling/twin pair sub-samples. However, it would be useful to
know how generalizable results are; thus, future research requires larger, and more diverse
samples. Further, although there is high overlap of ADHD symptoms with different
psychological disorders, we did not account for this in our analyses. Future studies could be
conducted to disentangle how this overlap affects the association between ADHD symptoms
and BMI over time.

Despite these limitations, we were able to demonstrate evidence for shared heritability
between ADHD symptoms and BMI at different developmental stages. Additionally, our
findings support those previously published, suggesting that the etiological factors
influencing the association between ADHD and BMI may differ by sex. Future research is
needed to identify the potential mechanisms by which these sex differences can be explained
—such as alterations in the dopaminergic system and its association with specific ADHD
symptoms, such as inattention and hyperactive-impulsivity, and subsequent influences on
dietary behavior, which influence BMI and risk for obesity.
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Multivariate Cholesky decomposition model for ADHD symptoms and BMI
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