Pan et al. Molecular Autism (2023) 14:17 Molecular Autism
https://doi.org/10.1186/s13229-023-00548-3

) ) ) ) )]
Genetic and environmental contributions ot
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Abstract

Background Autism spectrum condition and attention-deficit/hyperactivity disorder (ADHD) are associated with a
range of physical health conditions. The aim of this study was to examine the etiological components contributing to
co-occurring physical health conditions in autism and ADHD.

Methods In this nationwide Child and Adolescent Twin Study in Sweden, we analyzed data from 10,347 twin pairs
aged 9 and 12. Clinical diagnoses of autism, ADHD, and physical health conditions were identified through the Swed-
ish National Patient Register. Subclinical phenotypes of autism and ADHD were defined by symptom thresholds on

a standardized parent-interview, the Autism-Tics, ADHD, and Other Comorbidities inventory. Associations between
physical health conditions and autism/ADHD phenotypes were examined using generalized estimating equations.
Bivariate twin models were applied to estimate the extent to which genetic and environmental risk factors accounted
for physical health comorbidities.

Results Similar patterns of association with physical health conditions were found in clinical and subclinical autism/
ADHD, with odds ratios ranging from 1.31 for asthma in subclinical ADHD to 8.03 for epilepsy in clinical autism. The
estimated genetic correlation (r,) with epilepsy was 0.50 for clinical autism and 0.35 for subclinical autism. In addition,
a modest genetic correlation was estimated between clinical autism and constipation (r,=0.31), functional diarrhea
(r,=0.27) as well as mixed gastrointestinal disorders (r,=0.30). Genetic effects contributed 0.86 for mixed gastrointes-
tinal disorders in clinical ADHD (r,=0.21). Finally, subclinical ADHD shared genetic risk factors with epilepsy, constipa-
tion, and mixed gastrointestinal disorders (r,=0.30, 0.17, and 0.17, respectively).

Limitations Importantly, since medical records from primary care were not included in the registry data used, we
probably identified only more severe rather than the full range of physical health conditions. Furthermore, it needs
to be considered that the higher prevalence of physical health conditions among autistic children and children with
ADHD could be associated with the increased number of medical visits.

Conclusions Shared genetic effects contribute significantly to autism and ADHD phenotypes with the co-occurring
physical health conditions across different organ systems, including epilepsy and gastrointestinal disorders. The
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shared genetic liability with co-occurring physical health conditions was present across different levels of autism and

ADHD symptom severity.

Keywords Autism, ADHD, Twin study, Genetics, Comorbidity, Etiology

Background
Autism spectrum condition (ASC) and attention-deficit/
hyperactivity disorder (ADHD) are conditions of altered
neurodevelopment caused by an interplay of polygenic
predisposition and compounding environmental fac-
tors [1]. Autistic people or individuals with ADHD are at
increased risk for physical health conditions across dif-
ferent body systems [2-5]. Recurrently highlighted co-
occurring physical health conditions include epilepsy,
immune dysregulation, and gastrointestinal (GI) dysfunc-
tion. The nature of the association between autism and
ADHD behavioral phenotypes and these physical health
conditions, and the potential shared etiological path-
ways has received growing scientific interest. Pediatric
epilepsy is a condition of multiple genetic, cerebral, and
metabolic etiologies and associated cognitive difficul-
ties may be somewhat similar to those found in autism
and ADHD [6]. Emerging evidence also suggests adverse
effects of pre- and postnatal neuroinflammation on brain
development and behavioral outcomes mimicking autism
and ADHD [7, 8]. Finally, altered gut-brain axis mecha-
nisms and dietary treatments are areas of topical interest
in interventions aimed at autism and ADHD [9, 10].
While shared genetic susceptibility is postulated to
partly account for the overlap between physical health
conditions and autism/ADHD based on the identifica-
tion of somatic pleiotropic genes [11], the magnitude
of genetic contributions to comorbidity remains under-
studied. Five previous studies had examined genetic cor-
relations between autism or ADHD and physical health
conditions or physical/physiological parameters (e.g.,
asthma, migraine, height, triglycerides, fasting glucose)
[12-16]. Three of them focused on adult ADHD or
autism [12-14], and the other two explored childhood
asthma and ADHD [15, 16]. However, these studies did
not cover common co-occurring physical health condi-
tions of clinical interest, such as epilepsy and pediatric
GI disorders in childhood autism and ADHD. In addi-
tion, genetic contributions to autism and ADHD are
likely to be distributed continuously in the general pop-
ulation [17], indicating gradually convergent patterns of
co-occurring physical health conditions from behavioral
traits to clinical diagnosis for these conditions. Therefore,
a dichotomous classification of autism/ADHD by syndro-
mic definition in previous study designs might have been
of limited sensitivity to examine shared genetic effects
with physical health conditions.

To unravel the genetic and environmental contribu-
tions to phenotypic correlations between two condi-
tions/disorders with complex etiologies (i.e., autism/
ADHD and physical health conditions), twin studies are
particularly valuable and have been applied on the asso-
ciation between neurodevelopmental and physical health
conditions [16]. While genome-wide association studies
(GWAS) have started to estimate genetic correlations
between autism/ADHD and physical health conditions
[13], they were only based on common variants and have
relatively low power yielding imprecise estimates.

Therefore, the objective of this study was to provide a
comprehensive picture of common co-occurring physi-
cal health conditions in autistic children and children
with ADHD at clinical and subclinical levels. We used
information on clinical diagnoses and symptom severity
of autism/ADHD from a population-based twin cohort
to estimate the association of autism/ADHD phenotypes
with physical health conditions. Moreover, we applied
quantitative genetic modeling to estimate the degree to
which co-occurring physical health conditions in clini-
cal and subclinical autism/ADHD are accounted for by
genetic and environmental factors. In this article, we
adopted “identity-first” language (i.e., autistic individuals)
rather than “person-first” language (i.e., individuals with
autism) to avoid ableist language which could reflect dis-
crimination and marginalization [18].

Methods

Participants

We used data collected from participants in the popula-
tion-based Child and Adolescent Twin Study in Sweden
(CATSS) [19]. This ongoing longitudinal study, initiated
in 2004, invites all parents of twins aged 9 in Sweden
to participate. (The earlier cohorts of CATSS included
also twins aged 12.) The response rate was 70%. A total
of 10,347 twin pairs were included in the current study,
consisting of 8,125 nine-year-old and 2222 twelve-year-
old twin pairs (4767 monozygotic [MZ] and 5580 same
sex dizygotic [DZ] twin pairs). Zygosity was determined
by a panel of 48 single-nucleotide polymorphisms (SNPs)
or a validated questionnaire composed of 5 items on twin
similarity. Zygosity was only assigned using the latter
method if there was at least a 95% probability of correct
classification. The study was approved by the Regional
Ethical Review Board in Stockholm, Sweden.
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Diagnoses of autism, ADHD, and physical health conditions
Co-occurring physical health conditions [2, 3] were
selected based on previous reports of associations with
autism or ADHD and evidence of a strong genetic pre-
disposition. Included physical health conditions were
epilepsy, migraine, other headaches, allergic rhinitis,
asthma, atopic dermatitis, allergy to specific allergen,
coeliac disease, constipation, functional diarrhea, and
irritable bowel syndrome [20-29]. Mixed headache
(migraine and non-migraine headache) and mixed
functional GI disorders (mixed FGIDs, including con-
stipation, functional diarrhea, and irritable bowel syn-
drome) were also analyzed considering the ambiguous
classification and idiopathic nature of these diagnoses
[30, 31]. The diagnoses of autism, ADHD, and physi-
cal health conditions were identified by linking CATSS
with the Swedish National Patient Register, containing
medical records from in- and outpatient care. (Inpa-
tient coverage is nationwide from 1987, and outpatient
coverage is from 2001.) All diagnoses were defined
based on International Classification of Diseases, Ninth
Revision (ICD-9) and International Statistical Classifi-
cation of Diseases and Related Health Problems, Tenth
Revision (ICD-10) codes. The full list of diagnostic
codes is given in Additional file 1.

Subclinical phenotypes of autism and ADHD

Autism and ADHD symptoms were assessed with the
autism (17 items) and ADHD modules (19 items) of the
Autism-Tics, ADHD, and Other Comorbidities inven-
tory (A-TAC), an open access instrument with full-ver-
sions in Swedish and English available on https://www.
gu.se/en/gnc/gncs-resources/screening-questionna
ires/a-tac-screening-questionnaire (also see Additional
file 2 for the English version). The A-TAC is a stand-
ardized telephone interview with parents/caregivers
as informants that has demonstrated good validity for
screening the full range of neurodevelopmental disor-
der symptoms [32]. Each item in A-TAC is scored as 0
for “No,” 0.5 for “Yes, to some extent,” and 1 for “Yes.
The full A-TAC consists of 96 items, and the interview
takes on average 32 min to administer. Subclinical phe-
notypes of autism were defined by scores of 4.5 or more
on the A-TAC autism module (the lower cutoff value
for screening autism, with sensitivity 0.85 and specific-
ity 0.97, resulting in a prevalence of 3.6% screened posi-
tive in the general population); subclinical ADHD was
defined by scores of at least 6.0 on the A-TAC ADHD
module (the lower cutoff; sensitivity 0.79, specificity
0.90, resulting in a prevalence of 10.5% screened posi-
tive in the general population) [32].
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Statistical analysis

MZ and same-sex DZ twins were included in the analy-
ses for the potential differences in variance compo-
nents across sex. We did not model the effects of sex in
our analysis since no sex-specific genetic influences on
behavioral traits of autism/ADHD have been reported in
the literature [33, 34]. Conditional multivariate logistic
regression analysis with twin pairs clustered was used to
explore the associations between physical health condi-
tions and autism, ADHD, as well as the overlap of autism
and ADHD by calculating odds ratios, adjusting for sex
and age at measurement. Physical health conditions sig-
nificantly associated with autism or ADHD phenotypes
entered the bivariate twin analysis. Statistical significance
was set at P<0.05. Bonferroni correction was applied for
multiple comparisons.

Structural equation modeling was used to estimate the
relative genetic and environmental contributions to vari-
ation in liability to the clinical (categorical) phenotypes
of a disorder, with the assumption that a continuous
distribution of liability underlies such disorders. Liabil-
ity variance was divided into three latent components:
additive genetic (A), non-additive genetic (D) or shared
environments (C), and nonshared environment (E). Only
C or D can be estimated in a model, as they confound
one another in the classical twin design. These compo-
nents are estimated based on comparing the correlations
between MZ twins who share all their segregating DNA
and DZ twins who share on average 50% of their segre-
gating genes. Principles of twin design are provided in
detail elsewhere [35].

Univariate analyses were used to provide variance
component estimates for physical health conditions and
to test assumptions of the twin design. We tested only
ACE but not ADE models to increase power. Thus, the
proportion of genetic effects contributing to the variance
should be interpreted as broad-sense heritability. Further
nested models (AE and E models) were tested and com-
pared to ACE models using the likelihood-ratio test. The
correlations of one twin’s autism or ADHD phenotypes
with their co-twin’s physical health condition (cross-twin
cross-trait correlations) in MZ and DZ pairs were calcu-
lated. To study whether genetic and environmental risk
factors for autism and ADHD phenotypes are associated
with the co-occurring physical health conditions, we fit-
ted the bivariate Cholesky decomposition to the categori-
cal phenotype variables, which are presented here as the
mathematically equivalent correlated factors solution.
The genetic correlation estimates are correlation coef-
ficients indicating the degree to which the genetic influ-
ences on two phenotypes correlate with one another.
Bivariate heritability estimates, the proportion of phe-
notypic correlations explained by shared genetics, were
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calculated. To rule out that genetic correlations between
subclinical autism/ADHD and co-occurring physical
health conditions are driven by clinical autism/ADHD,
sensitivity analyses were conducted by excluding clinical
cases from subclinical groups. All twin models were con-
ducted in OpenMx package for R [36].

Results

The prevalence of autism, ADHD, and physical health
conditions in our sample across and by sex/zygosity is
presented in Table 1 (see Additional file 1: Table S1 for
sex distribution and prevalence in different sex of autism/
ADHD in Additional file 1). The prevalence of subclini-
cal autism and subclinical ADHD in the sample for twin
model analysis was 4.0% and 11.3%, respectively (please
note that the physical health conditions in this study did
not include the data from primary care health services).
Table 2 summarizes the odds ratios (OR) of having physi-
cal health conditions in autism and ADHD for clinical
and subclinical phenotypes. After adjusting for age and
sex, both clinical and subclinical autism were associated
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with epilepsy, asthma, constipation, functional diarrhea,
and mixed FGIDs. As for ADHD, clinical and subclinical
phenotypes both displayed significant associations with
epilepsy, asthma, constipation, and mixed FGIDs, while
clinical ADHD was also associated with migraine and
mixed headache. The ORs varied across different physi-
cal health conditions, ranging from OR=1.31 for asthma
in subclinical ADHD to OR=28.03 for epilepsy in clinical
autism. The associations between physical health condi-
tions and the overlap of autism and ADHD as well as the
mutually exclusive groups are shown in Additional file 1:
Table S2.

Cross-twin correlations and etiological compo-
nents for each physical health disorder are provided
in Table 3. The MZ twin correlations exceeded the
DZ correlations for all the physical health conditions,
indicating that the variation in liability to each condi-
tion was associated with genetic factors. Neurologi-
cal conditions displayed heritability (k%) ranging from
0.41 for migraine to 0.61 for epilepsy, with no indica-
tion of shared environmental effects (see Additional

Table 1 Prevalence of autism/ADHD and physical health conditions in the total sample and subsamples by sex/zygosity

Full sample (N) Total MZF DZF MzZM DZM DzOSs Unknown Sample for
twin model
analysis®

32,250 4,934 5,184 4,600 5,976 11,010 546 20,694
N % N % N % N % N % N % N % % 95% Cl

Clinical autism 534 1.7 33 0.7 60 12 85 1.8 151 25 189 1.7 16 29 16 14,18

Subclinical autism 1,251 39 96 1.9 157 30 21 46 328 55 434 39 25 4.6 40 37,43

Clinical ADHD 1,427 44 117 24 169 33 240 52 369 6.2 501 46 31 57 43 40,47

Subclinical ADHD 3607 112 340 69 490 95 602 131 88 148 1214 110 75 137 113 109,118

Neurological disorders

Epilepsy 392 12 57 12 56 1.1 51 1.1 92 15 128 12 8 15 12 11,14
Migraine 522 16 81 16 106 20 58 1.3 102 1.7 171 16 4 0.7 17 1519
Other headache 267 08 55 1.1 50 10 26 06 33 06 100 09 3 05 08 07,09
Mixed headache 730 23 126 26 144 28 80 17 127 2.1 247 22 6 1.1 23 21,25

Immunological disorders

Allergic rhinitis 1920 60 244 49 234 45 301 65 445 74 670 6.1 26 4.8 59 56,63
Asthma 4317 134 514 104 695 134 598 130 960 161 1476 134 74 13.6 134 128,139
Atopic dermatitis 1,647 51 242 49 261 50 205 45 341 57 565 51 33 6.0 51 47,54
Specific allergy 643 20 90 1.8 83 1.6 107 23 122 20 234 21 7 1.3 19 17,22
Coeliac disease 362 1172 15 73 14 29 06 52 09 131 12 5 0.9 1.1 0913
Gastrointestinal disorders
Constipation 2,035 63 271 55 345 6.7 258 56 400 6.7 728 6.7 33 6.0 6.2 58,65
Functional diarrhea 187 06 31 06 35 07 24 05 39 0.7 54 05 4 0.7 06 05,07
Irritable bowel syndrome 127 04 30 06 25 05 7 02 M 02 53 05 1 0.2 04 03,04
Mixed FGIDs 2,283 7.1 320 65 390 75 283 6.2 431 72 821 75 38 7.0 69 6573

The physical health conditions in this study did not include the data from primary care health services

ADHD, attention-deficit/hyperactivity disorder; DZF, dizygotic female; DZM, dizygotic male; DZOS, dizygotic opposite sex; FGIDs, functional gastrointestinal disorders;

MZF, monozygotic female; MZM, monozygotic male

@ MZ and same-sex DZ twins
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Table 3 Univariate models for physical health conditions
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Physical health conditions Cross-twin

The proportions explained by each etiology

Heritability reported by other studies

correlation component
Genetic Shared Nonshared
effects environmental environmental
effects effects
r 95% ClI AN 95%Cl C/N 95%Cl E/N 95%Cl h?
Neurological disorders
Epilepsy MZ 062 047,075 061 024,073 0 039 027,054 range from 0.69 to 0.88 [20-22]
DZ 025 004,044
Migraine MZ 045 026,060 041 007,056 0 0.59 044,075 045(95% Cl=041,049) [23]
DZ 013 -006,031 (meta-analysis)
Other headache MZ 054 035070 053 0,069 0 047 031,066 range from 0.40 to 0.45 [23]
DZ 018 -0.19,047 (tension-type headache)
Mixed headache MZ 049 036,061 045 0.23,057 0 055 043,067
DZ 012 -005,0.28
Immunological disorders
Allergic rhinitis Mz 076 071,081 0.73 055,081 004 0,019 024 0.19,029 range from 0.33 t0 0.91 [24]
DZ 040 032,047
Asthma MZ 083 080,085 068 057,079 015 005025 0.17 0.15020 054 (95% Cl=0.44,0.63) [25]
DZ 049 044,054 (meta-analysis)
Atopic dermatitis MZ 079 074,083 073 055083 006 0,022 021 0.20% 026 0.74 (95% Cl=0.64, 0.83) [25]
DZ 043 035,050 (meta-analysis)
Specific allergy Mz 090 085,093 071 048,093 0.19 0,040 0.10 0.07,0.14 0.63(95% CI=0.55,0.71) [25]
DZ 054 042,065 (meta-analysis)
Coeliac disease MZ 096 092,098 049 030,072 047 024,065 004 002,008 rangefrom0.57to 0.87 [27-29]
Dz 071 060,080
Gastrointestinal disorders
Constipation MZ 051 043,059 051 030,058 0 049 043,049°
DZ 025 017,033
Functional diarrhea MZ 093 086,097 0.77 042,097 0.16 0,049 0.07 0.03,0.14
DZ 054 033,071
Irritable bowel syndrome  MZ 069 046,085 026 0,0.83 043 0,077 031 015053  0.22(95% Cl=0.13,0.30) [25]
DZ 057 025079 (meta-analysis)
Mixed FGIDs MZ 055 048,062 056 039,062 0 044 038,051 0.57(95% Cl=041,0.76) [29]
DZ 027 019034

The physical health conditions in this study did not include the data from primary care health services

A, additive genetic variance; C, shared environmental variance; DZ, dizygotic twins; E, nonshared environmental variance; FGIDs, functional gastrointestinal disorders;

MZ, monozygotic twins; V, phenotypic variance
@ alpha level not reached

file 1: Table S3 for model fit statistics). Immunological
conditions, except for coeliac disease, showed similar
heritability between 0.68 and 0.73. The proportions of
etiological components for coeliac disease were differ-
ent from those of others, in which A and C contributed
to the etiology equally (0.49 and 0.47, respectively). As
for GI conditions, genetics accounted for the variation
in liability predominantly in three of the four condi-
tions (range from 0.51 to 0.77), while the heritability of
irritable bowel syndrome was estimated as 0.26.

The co-occurrence rates and proband-wise cross-con-
cordances for each physical health disorder associated
with autism and ADHD are given in Table 4. Proband-
wise cross-concordances denote the probability of co-
twins of autism or ADHD probands having the diagnosis
of each physical disorder. The MZ proband-wise cross-
concordances were higher than DZ estimates for all
GI disorders in clinical autism and functional diarrhea
in subclinical autism, as well as epilepsy in both clini-
cal and subclinical ADHD. Additional file 1: Table S4 in
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Table 4 The co-occurrence rates and proband-wise cross-concordances for physical health conditions in autism and ADHD

Physical health conditions  Affected probands who also have

Proportion of co-twins with physical health conditions

physical health conditions

Clinical Subclinical Clinical diagnosis Subclinical phenotype
diagnosis phenotype
Mz Dz Mz Dz
% 95% CI % 95% Cl % 95% CI % 95% Cl % 95% Cl % 95% CI
Autism
Neurological disorders
Epilepsy 85 55115 48 31,73 42 06,79 43 15,70 16 0230 23 10,36
Immunological disorders
Asthma 204 156,251 216 178,256 195 111,278 223 164,281 166 117,215 165 130,200
Coeliac disease 24 06,43 15 07,32 0.8 0,25 24 0,48 07 016 12 01,24
Gastrointestinal disorders
Constipation 116 80,151 138 108,175 11.0 4.8,17.2 8.1 44,117 101 65,137 109 82,137
Functional diarrhea 3.0 12,49 13 05,29 25 054 1.9 0.1,37 20 04,35 1.0 0.1,1.9
Mixed FGIDs 143 104,182 143 112,181 13.6 7.0,21.2 95 54,135 111 73,148 115 87,143
ADHD
Neurological disorders
Epilepsy 39 26,52 31 23,43 3.1 13,49 28 14,42 22 12,32 1.9 1.1,26
Migraine 34 22,45 19 13,29 20 05,34 3.7 21,53 16 07,24 20 12,27
Mixed headache 42 29,56 25 18,36 34 12,55 4.1 24,57 2.1 1.1,3.1 27 18,35
Immunological disorders
Asthma 207 178,236 191 170,215 207 159,256 206 174,242 167 138,195 169 149190
Gastrointestinal disorders
Constipation 107 87,128 102 86,121 8.7 55,119 102 77,127 71 53,89 87 73,102
Mixed FGIDs 118 97,140 109 92,128 10.6 7.2,14.1 112 85,138 83 64,102 95 80,110

The physical health conditions in this study did not include the data from primary care health services

ADHD, attention-deficit/hyperactivity disorder; DZ, dizygotic twins; FGIDs, functional gastrointestinal disorders; MZ, monozygotic twins

Bold values: Higher MZ than DZ estimates

Additional file 1 presents the cross-twin cross-trait cor-
relations between the associated physical health disor-
der and autism/ADHD. There were higher MZ than DZ
cross-disorder correlations for all the physical health con-
ditions in clinical autism, and for epilepsy, mixed head-
ache, constipation, and mixed FGIDs in clinical ADHD,
suggesting that genetic factors influence each condition
and the covariance between them. However, regarding
subclinical phenotypes of autism and ADHD, the MZ
cross-disorder correlations were relatively equivalent to
DZ estimates for all the physical health conditions.

The phenotypic correlations, etiological correlations,
and bivariate heritability between associated physi-
cal health conditions and autism/ADHD from each
model are summarized in Fig. 1 and in Additional
file 1: Table S5. Except for coeliac disease, there were
significant phenotypic correlations (rPH) between
all the physical health conditions and autism/ADHD
for both clinical and subclinical phenotypes, rang-
ing from 0.09 for asthma and subclinical ADHD to
0.40 for epilepsy and clinical autism. For autism, a

common genetic liability was of major importance for
co-occurring epilepsy in both clinical and subclini-
cal phenotypes (proportions=0.93 and 0.64, respec-
tively). The estimated genetic correlation (r,) with
epilepsy was 0.50 (95% CI=0.27—0.76) for clinical
autism and 0.35 (95% CI=0.19 —0.54) for subclinical
autism. In addition, a modest genetic correlation was
estimated between clinical autism and other physi-
cal health conditions, including constipation, func-
tional diarrhea, and mixed FGIDs ([r,] as 0.27 [95%
CI=0.11-0.50], 0.31 [95% CI=0.22 —0.43], and 0.30
[95% CI=0.12—0.63], respectively). For ADHD, sub-
clinical phenotype displayed genetic correlations (r,)
with epilepsy (0.30 [95% CI=0.17 — 0.53]), constipation
(0.17 [95% CI=0.04—0.29]), and mixed FGIDs (0.17
[95% CI=0.07 —0.28]), while clinical ADHD showed
significant genetic correlations (r,) only with mixed
FGIDs (0.21 [95% CI=0.02 — 0.44]). Model fit statistics
are given in Additional file 1(Table S6-S9). Estimates
derived from sensitivity analyses for subclinical autism/
ADHD are presented in Additional file 1: Table S10.
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Fig. 1 Etiological components contributing to phenotypic correlations between autism/ADHD and physical health conditions. ADHD,
attention-deficit/hyperactivity disorder; FGIDs, functional gastrointestinal disorders

Discussion

To our knowledge, this is the first twin study to systemat-
ically examine the shared etiologies of common physical
health conditions in children with clinical and subclini-
cal autism and ADHD phenotypes. We found that both
clinical and subclinical autism and ADHD displayed phe-
notypic correlations with neurological, immunological,
and GI conditions, which were found also moderately
to highly heritable. Our findings indicate that children
with higher liability for clinical autism and ADHD have
an increased risk for even various co-occurring physical
health conditions, and that the risk extends to subclinical
variants of autism and ADHD. In addition, the majority
of co-occurring physical health conditions in autism and
ADHD were explained by shared genetic factors. Taken
together, the results of this study support the notion that
autism and ADHD are quantitative extremes of con-
tinuously altered neurodevelopment, where cumulative
genetic effects also contribute to an increased liability for
co-occurring physical health conditions.

In addition to clinically diagnosed autism and ADHD,
our findings suggest that subclinical phenotypes are also
associated with a range of physical complications, with
comorbidity profiles similar to those with clinical vari-
ants. Despite the under-threshold symptom severity, the
potential clinical relevance of subclinical phenotypes
of autism and ADHD has been discussed in the con-
text of risk of psychiatric disorders and negative long-
term outcomes [37-39]. Presently, little is known about
co-occurring physical health conditions in subclinical
manifestations of autism and ADHD. Physical health

conditions have been linked to ADHD symptoms [40, 41],
as well as to increased functional impairment and poorer
clinical trajectories in clinical autism [42—45]. In addi-
tion, it has been reported that physical health conditions
might play a role as the nonshared environmental fac-
tor contributing to the emergence of autism and ADHD
symptoms among individuals with genetic predisposition
[46, 47]. Based on the multifactorial model of autism and
ADHD, the liability for clinical diagnosis is contingent on
the accumulation and interplay of genetic and environ-
mental risk factors [48, 49]. Individuals with subclinical
variants, who have high levels of risk, are likely to be sus-
ceptible to develop symptoms meeting clinical diagnosis
once the accumulated effects exceed the threshold [50,
51]. Therefore, the identification of potential indicators of
subsequent autism/ADHD among the at-risk population
might be clinically meaningful in terms of intervention.
Our results highlight the need of further investigation
on the impact and clinical implication of physical health
conditions in subclinical autism and ADHD.

The univariate twin modeling analysis of epilepsy,
coeliac disease, and the selected GI conditions was con-
ducted with a child twin sample for the first time. The
heritability of pediatric epilepsy and irritable bowel syn-
drome was found similar to the results derived from
other adult samples [20-22, 25], while coeliac disease in
children showed relatively lower heritability but higher
proportions of common environmental variance [26—28].
It has been noted that there is a true rise of coeliac dis-
ease in recent decades, independent of the genetic back-
ground of the surveyed population [52]. The increased
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incidence of coeliac disease was attributed to emerg-
ing environmental elements which affected the immune
tolerance to gluten in genetically predisposed children
[53]. Our result might reflect the stronger role of envi-
ronmental triggers contributing to coeliac disease among
the young generation in contrast to adult cohorts. As
for other FGIDs, despite some evidence on the familial
aggregation [54, 55], the heritability of specific diseases
has not been explored previously. The moderate to high
heritability in our study suggests that genetic effects
explain at least half of the liability variance to pediatric
constipation and functional diarrhea.

Our results do not support an association between
coeliac disease and clinical autism and ADHD. Although
the potential benefit of gluten-free diet on symptoms of
autism and ADHD has recently received considerable
scientific attention [56—58], the epidemiological links are
unclear. Positive associations have only been reported in
large population-based samples with all manifestations
of traits, subclinical and clinical forms of autism/ADHD,
but not in smaller samples [59-62]. These discrepan-
cies may reflect both autism and ADHD heterogeneity,
and relatively small effect sizes of the associations with
physical health conditions that could only be detected by
samples with higher statistical power. Compared to the
high co-occurrence of neurodevelopmental conditions
[63], the comorbidity rates of physical health conditions
in autism and ADHD were relatively low. Also, the phe-
notypic correlations between physical health conditions
and autism as well as ADHD were low to moderate. Thus,
we were unable to observe differences in MZ and DZ
cross-concordances among the associated physical health
conditions despite significant genetic correlations. These
results emphasize the multifaceted nature and diverse
somatic phenotypes of autism and ADHD, which could
also reflect the disparity in treatment responses [9, 64].
Hence, it is recommended for future research to focus on
defining the potential biological subtypes, the associated
biomarkers, and the specific targeted interventions [65,
66).

The present study provides evidence that the risk for
co-occurring physical health conditions increased with
the higher liability to autism and ADHD diagnosis. These
findings are consistent with a biomedical approach to
autism and ADHD [2, 3], in light of somatic pleiotropy
of genes associated with autism as well as ADHD [11].
The common etiology of neurodevelopmental conditions
and physical health conditions might imply a broad phe-
notyping strategy in future genetic studies, in order to
enhance gene discovery and the understanding of genetic
architectures by phenotype-to-genotype approaches [67—
70]. In addition, the continuous genetic effects on liabil-
ity to co-occurring physical health conditions in autism

Page 9 of 13

and ADHD are in line with the concept of endopheno-
types [71]. Therefore, genetically informative designs
such as polygenic risk scores and linkage disequilibrium
score regression might be applied to refined somatic
phenotypes to aid in more straightforward and power-
ful genetic architecture analysis. Furthermore, an insight
into the associated genetic variants for somatic pheno-
types in autism/ADHD may facilitate the mapping of bio-
logical mechanisms onto behaviors, which is crucial for a
molecular taxonomy [72], as well as the tailored pharma-
cological treatments for the specific subgroups [73].

On the other hand, the co-occurring physical health
conditions in autism/ADHD could also be related
to other factors than exclusively genetic liability. For
instance, internalizing symptoms [74, 75], medications
for behavior problems, including stimulants and antipsy-
chotics, as well as behaviors such as food selectivity and
toileting problems [76], have been shown to be associ-
ated with physical health. The same is true for health-
care access/quality, socioeconomic status, and lifestyle
behaviors [77]. Therefore, a comprehensive assessment
and awareness of the possibly environmentally related
contributors to physical health are imperative for the
adequate individualized support and intervention.

Our study had several strengths. First, we included
both clinical diagnosis and subclinical phenotypes of
autism and ADHD. The study design allowed us to
examine the continuum model of genetics influence on
co-occurring physical health conditions in autism and
ADHD. Second, both autism and ADHD were analyzed
in one cohort, resulting in a wealth of information on
clinical and etiological profiles of somatic phenotypes in
neurodevelopmental disorders.

Limitations

However, our results should be interpreted taking into
account some of the study’s limitations. The prevalence
of headaches and GI conditions in our study could be
underestimated compared to previous epidemiological
studies which utilized systematic screening for data col-
lection [31, 78]. Since the Swedish National Patient Reg-
ister does not include the medical records in primary
care, we probably only identified children with more
severe physical diseases and thus the overall coverage of
physical health conditions across the full range of severity
might be incomplete. There is also a possibility that the
increased number of physical health conditions detected
in autistic children or children with ADHD is associated
with their increased number of medical visits [79-82]. In
addition, our results may also not generalize beyond chil-
dren in light of the differences in nature and profiles of
physical health conditions between children and adults.
For example, congenital structural alterations are usually
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present in epilepsy which develops in childhood, while
head trauma, infection, and brain tumors might cause
epilepsy at any age [83]. Also, pediatric headache phe-
notypes are difficult to classify and could continuously
evolve into adulthood [84]. Future work should seek to
assess whether the etiology of co-occurring physical
health conditions in autism and ADHD changes across
the life span. Moreover, we did not include other demo-
graphic characteristics in the analysis of the association
between physical health conditions and autism/ADHD,
such as geographic distribution, socioeconomic status,
and ethnicity, which might confound our results [2, 3].
The aforementioned demographic variables were not
available in our dataset, and thus, we are unable to deter-
mine how representative this sample is. Furthermore, the
prevalence of autism/ADHD and physical health condi-
tions could influence the estimates of heritability [85, 86].
Therefore, the generalizability of our results to countries
outside Northern Europe should be considered. Other
factors which could impact the representativeness of our
sample include non-response bias (response rate 70%),
the sampling (to sample only twins within a population),
and that twins have increased risk for low birth weight,
which is associated with neurodevelopmental and physi-
cal health conditions [87-89]. Finally, children with co-
occurring autism and ADHD tended to have similar
risks for physical health conditions to those with autism
or ADHD in our sample, for both clinical diagnosis and
subclinical phenotypes. Nevertheless, we were unable
to examine the complete profile of physical health con-
ditions in this group as well as the mutually exclusive
samples of autism and ADHD due to limited statistical
power. In view of the shared genetic liability between
autism and ADHD [63], it could be of value to explore
in more detail and a larger sample the manifestation and
etiology of physical health conditions in individuals with
“exclusive autism,” “exclusive ADHD,” and “overlapping of
autism and ADHD” in future research.

Conclusions

This study endorses the quantitative nature of autism
and ADHD with genetic effects forming a continuum of
behavioral traits that are associated with physical health
conditions in different body systems. These associations
vary in strength, and further research into the genetic
links, biological pathways, and clinical implications of
somatic phenotypes are required for a more complete
picture of physical health in autism and ADHD.
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