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ABSTRACT 

Background 

Individuals with autism spectrum disorder (ASD) and attention-deficit/hyperactivity disorder 

(ADHD) have an increased risk for a range of physical disorders, which can complicate the 

clinical management, and increase impairment and experienced burden. The potential shared 

aetiological pathways underlying the association between ASD and ADHD behavioural 

phenotypes and physical disorders have received growing scientific interest. However, the 

knowledge of clinical profiles and their associations with physical disorders in ASD and 

ADHD is still limited. In addition, the relative contributions of aetiological components to 

physical comorbidity in ASD and ADHD has not been systematically studied.  

Objectives 

The studies in this thesis aimed to achieve a better understanding of the association between 

ASD and ADHD phenotypes and physical disorders from both clinical and aetiological 

perspectives. More specifically the objectives were: 

 To explore the full range of co-occurring neurological disorders in ASD, by analyzing 

the association revealed in research of case-control and cohort design, as well as 

cross-sectional studies which reported prevalence. 

 To examine whether nonshared environmental factors contribute to the physical 

comorbidity in ASD and ADHD. 

 To estimate the magnitude of genetic and environmental components contributing to 

physical comorbidity in both clinical and subclinical phenotypes of ASD and ADHD 

Methods 

A systematic review and meta-analysis was conducted to estimate the odds of having 

neurological disorders compared to the general population, the overall prevalence of different 

comorbid neurological disorders, as well as the temporal association between early 

neurological disorders and a subsequent ASD diagnosis. Within a twin sample enriched for 

ASD and ADHD, the co-twin control design was adopted to examine the within pair 

association with physical comorbidity among monozygotic twins discordant for ASD and 

ADHD phenotypes. We also applied the classical twin design and structural equation 

modelling on a Swedish population-based twin cohort to estimate the phenotypic correlations 

and bivariate heritability between physical disorders in different organ systems and the 

clinical and subclinical variants of ASD and ADHD.  

Results 

Overall, individuals with ASD have significantly higher risk than the general population for 

epilepsy, macrocephaly, hydrocephalus, cerebral palsy, migraine/headache, and congenital 

abnormalities of the nervous system, with prevalence estimates ranging from 1.1% (0−3.3) 

(hydrocephalus) to 14.2% (11.3−17.2) (epilepsy). Neurological disorders showed within-twin 

pair association with clinical ASD diagnosis (odds ratio per neurological problem 3.15, p = 

0.02), as well as autistic traits (β =10.44, p = 0.006). Digestive problems displayed an inverse 

within pair association with the severity of childhood ADHD symptoms (β = −2.72, p = 



0.001). Clinical and subclinical ASD and ADHD exhibited similar patterns of association 

with physical disorders, with odds ratios ranging from 1.31 for asthma in subclinical ADHD 

to 8.03 for epilepsy in clinical ASD. Significant genetic correlation (ra) was found between 

ASD/ADHD in both clinical and subclinical phenotypes and epilepsy as well as 

gastrointestinal disorders. 

Conclusions 

Our findings underscore that ASD is a complex neurodevelopmental condition, which is 

linked to an increased susceptibility for a range of neurological disorders. Hence, 

neurological check-ups in ASD are imperative for individualized clinical management and 

tailored support provision. From the aetiological perspective, nonshared environmental 

factors might contribute to the overlap between neurological disorders and both clinical ASD 

and autistic traits, as well as the co-existence of gastrointestinal problems and ADHD 

symptoms among children. In addition, shared genetic effects contribute significantly to the 

comorbidity of clinical and subclinical ASD and ADHD with physical disorders across 

different organ systems. This support the notion that ASD and ADHD are quantitative 

extremes of continuously altered neurodevelopment. Moreover, the continuous genetic 

effects underlying the liability to physical comorbidity is in line with the concept of 

endophenotypes. 
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1 INTRODUCTION 

Autism spectrum disorder (ASD) and attention-deficit/hyperactivity disorder (ADHD) are 

both neurodevelopmental conditions (NDCs), being heterogeneous in aetiology, clinical 

profiles, as well as treatment responses. Therefore, a better understanding of the aetiological 

mechanisms may support developing effective and more targeted interventions. One of the 

emerging feasible and rather convincing strategies to address NDC heterogeneity is to 

identify subgroups in the population by phenotypes based on meaningfully biological 

background. Individuals in the more homogeneous subgroups might share the essential 

aetiological mechanisms, display similar behavioural symptoms, comorbidity profiles, 

treatment outcomes, and long-term prognosis. Then health care provision could be optimized 

by an individualized approach. 

Physical comorbidity is a common clinical characteristic of ASD and ADHD. The association 

between physical disorders and NDCs might imply that shared underpinnings contribute to 

the phenomenon of co-existence. In addition, there have been interventions for ASD and 

ADHD symptoms based on the postulated mechanisms linking physical systems with the 

biological pathways of NDCs, such as dietary treatments. However, despite the association 

derived from previous epidemiological reports, our knowledge regarding the underlying 

mechanisms is still limited. For example, to what extent that genetics explain the physical 

comorbidity, and the role of physical health issues in phenotypic variations of ASD and 

ADHD. Hence, the studies in this thesis aimed to unravel the whole picture of the possible 

“somatic phenotypes” in ASD and ADHD in both clinical and aetiological aspects.  
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2 LITERATURE REVIEW 

2.1 NEURODEVELOPMENTAL CONDITIONS 

Neurodevelopmental conditions (NDCs) involve delays or alterations in brain development 

across neural networks and can manifest as early difficulty in multiple functional domains 

involving cognition, communication, behaviour, and motor coordination.1,2 Although the 

mechanisms underlying NDCs are still unclear, emerging evidence suggests that the aetiology 

is more likely a dynamic interaction among genetic components, neural substrates, and 

environmental factors.1,2 In the past two decades, the concept of NDCs has shifted away from 

their classification as “childhood mental disorders.” Rather than being focused only on 

behavioural manifestations, the latest framing of NDCs integrates neurobiological bases, 

behavioural profiles, and developmental trajectories.1,3,4 The main characteristics of NDCs 

include the following:  

(1) an invariably early onset during childhood, frequently before primary school;  

(2) a developmental impairment or delay that is strongly related to brain-based mechanisms;  

(3) multifactorial aetiology and a significant genetic basis;  

(4) a relatively steady course without marked episodic exacerbations, remissions, or relapses; 

and  

(5) specific clinical and predictive utility for later behavioural problems and cross-domain 

altered functioning.   

Other associated features of NDCs include sex differences, with males being two to four 

times more often diagnosed than females,5 and a high level of overlap across these disorders 

and their dimensional phenotypes.6 

Given these common elements and the complex management of these conditions, it is 

clinically relevant to group NDCs into a category that allows for a multidisciplinary approach 

for children with these conditions.7 For example, assessment and intervention services could 

involve a range of healthcare professionals (e.g., child psychiatrist, paediatrician, 

rehabilitation physicians, psychologist, speech therapist, physical therapist, and occupational 

therapist) and the education system.8 This possibility is the main rationale for the new 

category in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-

5), in which autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder 

(ADHD), intellectual disability (ID), communication disorders, specific learning disorders, 

and motor disorders are included.9 It has been emphasized that individuals with NDCs could 

benefit from early intervention that targets brain development.10 However, although an 

extensive body of studies has investigated the neural underpinnings of and treatments for 

NDCs, clinical management of these conditions remains challenging. The reason primarily 

can be attributed to heterogeneity in multiple aspects, including aetiological complexity, 

diverse clinical manifestations, frequent psychiatric and physical comorbidity, and disparity 

in treatment responses.3,11 The following sections focus on two common NDCs: autism 

spectrum disorder (ASD) and attention-deficit/hyperactivity disorder (ADHD). 



 

4 

2.1.1 Autism spectrum disorder 

ASD is a disabling condition characterized by childhood onset alterations in social 

communication and interaction, as well as repetitive, restricted behaviours and interests 

resulting in functional impairment.9 Although the clinical diagnosis implies a dichotomous 

classification, ASD lies on the extreme end of a quantitative distribution of autistic traits that 

extends into typicality. The concept of the “continuum model” of ASD has been reciprocally 

supported by the continuous distribution of genetic effects contributing to autisitc traits.12 

Therefore, a neurodiversity perspective has been proposed that conceptualizes ASD as a 

“difference” or “natural variation” rather than as an “abnormality.”13 The message inherent in 

the neurodiversity perspective is an emphasis on nonstigmatizing thinking and language in 

treating ASD, with both scientifc and ethical bases.  

The prevalence of ASD has steadily risen with increased public awareness and broadened 

diagnostic criteria. The estimated median global prevalence is 0.6 per 100 people, with higher 

prevalences in developed countries.14 Individuals with ASD often exhibit some delayed or 

unusual behaviours at 12–18 months of age, such as lack of joint attention, eye contact, and 

social imitative play.15 Throughout development, difficulties in interaction with others, rigid 

thinking and behavioural patterns, and the resulting maladaptation in school and other 

contexts become more obvious.15 Meanwhile, the conjunction with co-occurring conditions, 

including other NDCs, cognitive deficits, or physical and emotional problems, could also 

contribute to disability.  

Longitudinal studies suggest a stable diagnosis and unfavorable adult outcomes with ASD, 

mainly involving lack of social participation and worse occupational functioning.16,17 To date, 

the management strategy for ASD is to apply psychosocial and behavioral interventions 

intended to enhance capability and improve adaptation and functioning.15 In addition, the 

roles of a friendly environment and a supportive system have been highlighted. A 

comprehensive support provision needs to incorporate the family, education system, and 

transition planning for employment to facility the ability to manage changes at different life 

stages.15 

2.1.2 Attention-deficit/hyperactivity disorder 

ADHD is defined by impairing symptoms of inattention, impulsivity, and hyperactivity.9 

Similar to ASD, dimensional symptoms of ADHD are distributed continuously on a spectrum 

from extreme to mild and exist in the general population.18 The worldwide prevalence of 

ADHD is 5.29% among individuals age 18 years or younger.19 Despite debate about an adult-

onset phenotype, individuals with childhood ADHD primarily manifest symptoms by age 12 

years. From childhood to adulthood, symptom profiles can change over time, with variable 

courses among individuals. When children with ADHD enter adulthood, more than 60% of 

them continue to experience functional impairment, even though only 15% still meet the full 

diagnostic criteria.20 
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Typical impairment in ADHD involves academic underachievement and failure, as well as 

family and other social relation problems. In addition to the core symptoms, ADHD is 

associated with both internalizing and externalizing conditions such as anxiety, depression, 

aggressive behaviours, and oppositional and conduct problems that often make management 

more challenging. For this reason, the approach to ADHD needs to incorporate adequate 

treatment of related symptoms and associated conditions, parenting with understanding and 

discipline, and school accommodation. 

Treatment of ADHD includes medications and non-pharmacological interventions.21 

Medications targeting the dopaminergic and noradrenergic systems are mainly effective for 

ADHD core symptoms. For the associated behavioural difficulties, behaviour therapy 

administered at home and in school settings is most commonly employed. Other non-

pharmacological interventions also are available, such as computerized training and dietary 

modifications, and are options for children resistant or intolerant for medications.   

2.2 AETIOLOGY OF ASD AND ADHD 

2.2.1 Genetics  

Genetics contributes substantially to the phenotypic variations and comorbidity of NDCs.6 

For instance, based on one meta-analysis of twin studies, the estimated heritability of ASD is 

64%–91%,22 and in another analysis, the heritability of ADHD ranged from 77% to 88%.23 In 

addition, genes associated with different NDCs largely overlap, indicating the role of genetic 

pleiotropy in the co-existence of NDCs.6,24  

Although ASD is highly heritable, its genetic architecture, which links genotype and 

phenotype, is considerably heterogeneous and complex. The genetic contributions can trace 

to rare and de novo variants with large effect sizes in combination with many common 

variants with small effects.25 In addition, despite the identification of susceptibility genes, the 

genomic variations identified thus far are found in only 25%–40% of cases.26 Epigenetic 

dysregulation, such as DNA methylation, could also influence normal neurodevelopment and 

has been associated with ASD.27,28 Finally, within-family heterogeneity, variable penetrance, 

and expressivity also compound the genetic architecture.29,30 

The neurobiological pathways underpinning the genotype–phenotype relationships of ASD 

are still unclear. Proposed converging mechanisms include synaptic function, cell 

proliferation, neuronal signalling, and chromatin and transcriptional regulation.26  

The nature of ADHD genetics is equally complex. The polygenic architecture, in which each 

common variant exerts a small effect, contributes to a third of ADHD’s heritability.23,31 

However, the genetic loci implicating ADHD have been found to be statistically significant 

only at the genome-wide level.23 Regarding candidate genes, several have been linked to the 

aetiology of ADHD based on studies investigating dopaminergic or noradrenergic 

transmission, the pharmacodynamic targets of ADHD medications.  
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The findings of a meta-analysis have suggested an association of ADHD with candidate 

genes including the dopamine transporter gene (DAT1), the D4 dopamine receptor gene 

(DRD4), the D5 dopamine receptor gene (DRD5), the serotonin transporter gene (5HTT), the 

serotonin 1B receptor gene (HTR1B), and a gene encoding synaptosome-associated protein 

25 (SNAP25).32 However, the strength of associations between ADHD and each gene is 

small, with odds ratios less than 1.5. Finally, evidence supports that genetic innovations, 

beyond genetic stability, are also associated with ADHD symptoms throughout the brain 

development.33  

2.2.2 Endophenotypes  

Endophenotypes are heritable traits that lie on the causal pathway between genotypes and 

behavioural symptoms.34 Key elements of endophenotypes include their derivation from 

shared genes, tendency to co-segregate in multiplex families, occurrence in unaffected family 

members of the probands, and association with the continuum of traits in the population, as 

well as independent of condition state.35 Endophenotypes are quantifiable components, and 

their nature could be neurophysiological, biochemical, endocrinological, neuroanatomical, 

cognitive, or neuropsychological.34 In addition, an endophenotype should be as reliable and 

valid as its psychometric properties, with sufficient sensitivity to discriminate individual 

differences.35 Although there are other possible mechanisms underlying endophenotypes, 

such as epiphenomena and pleiotropic genes, the concept of endophenotypes is still useful as 

a strategic tool in neuropsychiatric research.36 An assumed genetic simplicity of 

endophenotypes can aid in more straightforward and powerful genetic architecture analysis 

compared with complex disorder symptoms.34  

Potential endophenotypes of ASD that have been studied include (1) broader behavioural 

phenotypes, such as language skills (i.e., age at first spoken word and first spoken phrase)37 

and social responsiveness38; (2) neurophysiological features, such as altered cortical 

oscillations detected with electroencephalogram (EEG) and magnetoencephalography 

(MEG);39 (3) neurocognitive profiles, including impaired emotional reactivity, as found on 

functional magnetic resonance imaging (fMRI),40 and a range of executive functions, such as 

set shifting, response inhibition, and working memory41,42; and (4) biological components 

(e.g., dysregulation of immune processes).43 For ADHD, several endophenotypes also have 

been proposed, including shortened delay gradients, deficits in temporal processing, and 

deficits in working memory.44 Still other endophenotypes could be common in ASD and 

ADHD, supporting the role of pleiotropic genes in the frequent comorbidity of these two 

conditions.36,45  

2.2.3 Environmental factors 

Environmental factors are the exposures that influence brain development and contribute to 

phenotypic variations at different levels. These factors could either be primary, involving the 

initial pathogenic pathways and resulting in the clinical phenotypes, or secondary, moderating 

the course or severity of the disabling symptoms after full manifestation of the disorder.46 
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Therefore, the effects of environmental factors on the symptomatic variations in NDCs could 

begin at conception and continue through the lifespan.47 Because environmental factors could 

be relatively malleable compared to genetic components, environmental research related to 

NDCs may aid in identifying potential interventions to ameliorate disabilities and improve 

long-term psychiatric and functional outcomes.  

The investigation of environmental factors is challenging for several reasons, however. First, 

these external factors may influence brain development at different stages of neurogenesis. 

The potential toxic exposures also could act directly on neuronal tissues or through other 

biological pathways, such as the immune system, endocrine signalling, oxidative stress, and 

epigenetic regulation.48 Therefore, the critical time window for an effect from a specific 

environmental factor may depend on its biological mechanisms,48 but these time intervals of 

brain vulnerability for a particular exposure are often unknown. 

Second, environmental factors could contribute to NDC phenotypes via the synergistic effects 

of gene–environment interplay so that exposures may increase NDC risk only in combination 

with a specific genetic predisposition. In other words, the effects of environmental factors on 

the neurological underpinnings of NDCs could vary by individual genetic composition.46  

Finally, randomized trials for environmental factors are often not feasible, and 

methodological limitations in epidemiological studies could introduce bias and hamper the 

causal inference between exposures and phenotypes. In addition, unmeasured confounders 

often could be the source of risk of bias. Thus, future directions of environmental research 

related to NDCs include gene–environment interaction, determination of critical time 

windows for a particular exposure, and twin studies that implicitly control for genetic 

background and shared environmental experiences. 

To date, the identified environmental factors in association with ASD exert effects at the 

preconception, prenatal, perinatal, and postnatal periods, and they include both biological and 

psychosocial features.11 Among them are (1) parental age, with associations found between 

advanced parental age and mutations during spermatogenesis, changes in DNA methylation, 

and de novo mutations in ASD; (2) the intrauterine environment, including sex steroid 

alterations, maternal conditions (obesity, diabetes, hypertension, infections, immune 

activation), or exposures to medications including valproate and selective serotonin uptake 

inhibitors (SSRIs), smoking, alcohol, air pollutants, heavy metals, pesticides, organic 

pollutants, and nutritional deficiencies in vitamin D, iron, zinc, or copper; (3) perinatal 

adversity, such as obstetric complications, prematurity, low birth weight, and hypoxia; (4) 

psychosocial factors that include maternal migration, institutional deprivation, and natural 

disasters; and (5) protective factors such as folate and fatty acid supplements.  

Environmental factors associated with ADHD have also received considerable research 

interest. Recent studies indicate that environmental risks might account for up to 40% of the 

variability of ADHD symptomatology49 and contribute considerably to its heritability through 

gene–environment interactions or correlations.23 Factors reported to be associated with 
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ADHD include50 (1) pre- and perinatal factors, such as maternal smoking, alcohol and 

substance misuse, maternal stress, low birth weight, and prematurity; (2) environmental 

toxicants (e.g., organophosphate pesticides, polychlorinated biphenyls, lead); (3) dietary 

factors, such as nutritional deficiencies (e.g., zinc, magnesium, polyunsaturated fatty acids), 

food additives (e.g., sugar, artificial food colouring), and low/high immunoglobulin G foods; 

and (4) psychosocial adversity, which can include family adversity and low income, conflict 

or hostility between parent and child, and severe early deprivation. Several environmental 

factors have been found to contribute to ADHD risk through gene–environment interactions, 

including maternal alcohol use and smoking, maternal stress and marital status, and low birth 

weight and birth season.51  

2.2.4 Nonshared environmental factors  

Differences in development or behavioural phenotypes among children reared in the same 

family have long been attributed to “effective environments that are not shared” in 

behavioural–genetic research.52 The phenomenon is termed a “nonshared environment.”52 To 

investigate the contribution of the nonshared environment to within-family differences, three 

essential elements for the research design have been identified: (1) differential experiences, 

measured with valid tools, specific to each child in the family; (2) the association between 

such differential experiences and differential outcomes; and (3) analysis of the extent to 

which causal effects are involved in the association.52  

In terms of the approaches used in nonshared environmental studies, three categories of 

concepts have been proposed.53 The first is an experience-oriented vs outcome-oriented 

framing. The former focuses on nonshared experiences inside the family and how they 

influence individual development. The latter references the nonshared sources of sibling 

differences in outcomes. The second category is an objective vs effective framing. Studies of 

objective design measure observable differences in environmental experiences within a 

family that may or may not result in sibling differences in outcomes. In contrast, effective-

focused studies investigate shared or nonshared environmental experiences that produce 

sibling differences in outcomes. The third framing is a single-system vs a multi-system 

concept. Multi-system studies differ from single-system approaches by involving the social 

comparison process within a family. Several issues need consideration in future nonshared 

environmental studies, including age-related developmental changes, the role of the self and 

the context, and the effects of extrafamilial experiences.53 

The effects of the nonshared environment on variations in both dimensional and categorical 

behavioural phenotypes have been reported previously for conditions such as language 

ability,54 behaviour problems measured by the Strengths and Difficulties Questionnaire 

(SDQ),53,55 antisocial behaviour,56 personality traits,57 and eating disorders.58 The importance 

of nonshared environment in NDCs is also supported by the frequent qualitative or 

quantitative discordance of symptoms among twins.59 Moreover, it has been estimated that 

the nonshared environment contributes to ASD by up to 30%,60 and enduring effects of a 

nonshared environment on the ADHD trajectory have been found in a longitudinal study.61 
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Given the complex nature of the genetics of NDCs, studies of discordant monozygotic (MZ) 

twins, in which the affected twin and co-twin are optimally comparable under a unique 

matching scenario, are considered to be the most powerful design to examine the influence of 

nonshared environmental factors on the phenotypic variations.  

2.3 PHYSICAL COMORBIDITY IN ASD 

In recent years, scientific interest in medical conditions and physical health in ASD has 

increased from the clinical, biological, and social perspectives. Compared to the general 

population, individuals with ASD have a higher risk of a range of co-occurring medical 

disorders. Based on data from a comprehensive review of ASD,62 up to 38% of individuals 

with ASD have co-occurring immune dysregulation, 9%–70% have gastrointestinal (GI) 

problems, 8%–30% have epilepsy, and up to about 15% have genetic syndromes. 

Additionally, diseases of other physical systems have been investigated for risks associated 

with ASD and in the general population, but results are rather inconsistent or the evidence is 

rather modest, including for infectious disease,63,64 metabolic disturbances,65,66 obesity,67,68 

and mitochondrial dysfunction.69,70 The co-existence of physical health problems in ASD is 

associated with premature mortality, increased autism symptom severity, and lower quality of 

life.71-74 It has been proposed that shared genetic vulnerability and/or underlying biological 

mechanisms involving multiple systems may contribute to the higher prevalence of physical 

complications in ASD.29,75 

2.3.1 Epilepsy in ASD 

Epilepsy is a prominent physical comorbidity in ASD, and both conditions are strongly 

associated with ID, i.e., the prevalence of epilepsy is higher in individuals who have both 

ASD and ID than in those with ASD only.76 It also has been proposed that the relationship 

between ASD and epilepsy could be bidirectional.76 Epidemiological studies have revealed 

that children with ASD are susceptible to developing epilepsy, and children with infantile 

spasm and early onset epilepsy are prone to impairments in socio-cognitive function and 

communication, as well as to an ASD diagnosis.77 Comorbid epilepsy in ASD is associated 

with a higher degree of impairment, including worse motor difficulty, social communication 

skills, and behavioural challenges.78-80 Indeed, the results of a longitudinal study suggest less 

favourable clinical trajectories in autistic individuals with epilepsy as compared to those with 

other medical conditions.81 Moreover, the clinical approach and healthcare provision can be 

complicated by the presence of epilepsy, for instance because of drug–drug interactions and 

the cognitive and behavioural side effects of antiepileptic drugs (AEDs).82-84 Most AEDs 

have been reported to be associated with impaired attention, psychomotor slowing, emotional 

lability, and aggression.85 

The suggested aetiology underlying the comorbidity of ASD and epilepsy includes common 

genetic susceptibility and environmental factors. A range of susceptible loci and related 

genetic syndromes have been identified as increasing risk for both ASD and epilepsy,86 

including chromosome 15q11–13 duplication syndrome, Down syndrome, fragile X 
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syndrome, and tuberous sclerosis. In addition, the environmental factors associated with both 

conditions include air pollution, maternal rubella, and AED exposure during pregnancy, as 

well as brain damage during delivery.82 In terms of the biological mechanisms at the 

molecular level, altered synaptic plasticity and an imbalance between excitation and 

inhibition in a critical time window of neurodevelopment have been considered to account for 

overlaps between ASD and epilepsy.87  

2.3.2 Immunological dysregulation in ASD 

Individuals with ASD have increased risk for immunological problems, such as allergic 

conditions,88,89 autoimmune diseases,90 and cytokine aberrations.91 In addition, several 

investigations have reported that altered serum cytokine levels may be associated with ASD 

symptoms.92,93 Although there is scarce information about the relationship between clinical 

immunological problems and autistic traits, the role of immunological dysfunction in the 

biological pathways of ASD has long been discussed.  

A common hypothesis is that maternal immune activation may influence neuropoietic 

cytokines, which might have a shared role in both autism and immunological issues.94,95 

These cytokines might function as key modulators of microglial activation and morphology, 

neurogenesis and neuronal development, and synaptic plasticity and various behaviours, and 

thus be factors in the aetiology of ASD.91,95 Moreover, maternally derived anti-brain 

autoantibodies have been associated with ASD in offspring,96 and postnatal immune 

dysregulation, inflammation, and endogenous autoantibodies could affect brain development 

and link to the neural correlates of ASD.96 Studies increasingly are focusing on the effects of 

immune-based therapies in ASD, in which immunological dysfunction is considered a 

potential target of treatment.97 

2.3.3 Gastrointestinal problems in ASD 

GI problems, including abdominal pain, chronic constipation, and diarrhoea, are the most 

frequently reported physical problems in the population with ASD.98 Some GI symptoms 

may be secondary to common behavioural symptoms of ASD, such as food selectivity and 

toileting problems.99,100 GI symptoms also can be associated with stressful life events among 

children, such as being bullied.101 Thus, the manifestation of GI symptoms could reflect the 

severity of the primary behaviour or psychological problems. In addition, previous studies 

have shown that compared with children with ASD only, those with ASD and comorbid GI 

symptoms may have worse social withdrawal and stereotypic and hyperactive behaviours, as 

well as affective symptoms.102,103 Children with limited verbal communication can 

experience sleep disturbances or increased irritability when they cannot convey abdominal 

pain in words.104 In these ways, GI symptoms may have significant health and developmental 

effects on children with ASD and require adequate evaluation, study, and management.  

In the case of ASD co-occurring with GI malfunction, altered intestinal microbiota 

composition might affect brain development and result in autistic behaviours via either 

immunological pathways or vagal nerve activation.105 Conversely, through the gut–brain axis, 
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altered brain development could lead to dysregulated GI motility and secretion and GI 

symptoms.105 Based on the hypothesis of the gut–brain axis in the aetiology of ASD, the 

efficacy of dietary interventions for ASD has been investigated in double-blind, randomized 

clinical trials. A meta-analysis of these trials suggested a potential role of dietary 

interventions for improving some symptoms, functions, and clinical domains in ASD.106  

2.4 PHYSICAL COMORBIDITY IN ADHD 

Several physical health conditions have been reported to be associated with ADHD. For 

instance, children with ADHD are reported to have a 2.5-fold increased risk for developing 

an unprovoked seizure compared to children without ADHD.107 The prevalence of ADHD in 

paediatric seizures also appears to be five times as high as in those without seizures.108 In 

addition, the results of a recent meta-analysis supported the association between migraine and 

ADHD based on the synthesized estimates derived from epidemiological studies.109 

Individuals with ADHD also have increased risk for immunological dysregulation, including 

asthma, allergic rhinitis, atopic eczema, and autoimmune diseases,110-112 obesity and 

overweight,113 and altered gut microbiome functions.114  

2.4.1 Epilepsy and headache in ADHD 

The relationships between ADHD and neurological disorders, such as epilepsy and headache, 

could also be bidirectional. Frequent seizure attacks, headache episodes, and AEDs affect 

attentional capacity.115-119 In addition, children with ADHD are more likely to develop 

epilepsy and headache compared to their counterparts in prospective studies.107,120,121 Several 

mechanisms have been proposed to explain the higher comorbidity rate between ADHD and 

epilepsy as well as headache. Examples include genetic pleiotropy,72,122 disturbances of 

neurotransmitters such as norepinephrine and dopamine,123,124 and dysfunction in common 

brain networks.125 The association between ADHD and headaches could be mediated by 

sleep disorders and emotional problems.123,126 Moreover, headache could be secondary to 

ADHD medications as a common side effect.127  

2.4.2 Immunological dysregulation in ADHD 

In addition to the association with immunological problems indicated by epidemiological 

studies, emerging evidence supports the role of neuroinflammation in ADHD 

pathophysiology.128 It has been reported that serum cytokine levels are associated with 

ADHD symptom severity. Moreover, pleiotropic genes associated with both inflammatory 

pathways and ADHD have been identified. Maternal immune activation and early life 

exposure to environmental toxicants may increase risk for ADHD via neuroinflammatory 

mechanisms, such as alterations in neurotransmitter systems and changes in brain 

development.128  

Neuroinflammatory mechanisms could also involve the gut–brain axis in ADHD. Although 

there is no robust association between ADHD and GI health, clinical trials have indicated the 

potentially promising effects of dietary intervention for ADHD symptoms.129 Diet alterations 
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may modify the composition of gut microbiota,130 which is associated with behaviour 

changes in animal models. The link between the digestive system and the potential 

pathophysiology of ADHD symptoms is proposed to include the vagus nerve, neuro-

metabolites, and neuroinflammation pathways.131 
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3 RESEARCH AIMS 

A better understanding of associations between co-occurring physical disorders and NDCs is 

crucial from both clinical and biological perspectives. For clinical practice, to clarify the 

impact of physical comorbidity on clinical profiles and trajectories of NDCs can improve 

healthcare provision in this population. Furthermore, the insight into the aetiological 

mechanisms of NDCs, by identifying the possible biological subgroups, could help path the 

way of development of targeted interventions. 

In view of the complexity and heterogeneity of aetiology of NDCs, more thorough research 

with well-controlled genetic background is needed to disentangle the association between the 

co-existing physical disorders and NDCs. Studies investigating MZ twins discordant for 

NDC phenotypes categorically or dimensionally may be powerful to elucidate the role of 

nonshared environmental risk factors, which could reflect on the within pair association 

between the exposure and the phenotypic variations of NDCs. In addition, a population-based 

twin cohort can aid in exploring the aetiological components contributing to the overlap 

between specific physical conditions and NDCs with the application of twin modelling.  

3.1 THE PROFILES OF PHYSICAL DISORDERS IN INDIVIDUALS WITH ASD 

Study I. Neurological disorders in autism: A systematic review and meta-analysis 

Neurological disorders are the most prominent medical comorbidity in ASD, and are linked 

to more profound impairment.79,80 and worse trajectories through development.81 However, 

the current knowledge on the clinical profiles of neurological disorders in ASD is still limited 

in terms of varying prevalence estimates, lack of data on the full range of neurological 

disorders, the comparison of the incidence with other NDCs, the temporal associations 

between neurological disorders and ASD.  

Therefore, an updated and comprehensive systematic review of the currently available 

evidence is needed to optimize patient care in clinical practice and identify gaps in the 

existing literature. To further understand the association of neurological disorders and ASD, 

we conducted a systematic review and meta-analysis to explore three research questions:  

(1) Is there a difference between ASD and the general population, or between ASD and 

other NDCs, regarding the prevalence of comorbid specific neurological disorders? 

(2) What is the prevalence of specific neurological disorders across the life span among 

individuals with ASD?  

(3) Is there an association between neurological disorders diagnosed in early childhood and 

a subsequent diagnosis of ASD? 
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3.2 CONTRIBUTION OF NONSHARED ENVIRONMENTAL FACTORS TO THE 
PHYSICAL COMORBIDITY IN ASD AND ADHD 

Study II. The association between physical health and autism spectrum disorder and autistic 

traits  

This study aimed to investigate the role of co-occurring physical disorders for the emergence 

of autism phenotypes across the full range of behaviour expression from single traits to 

clinical diagnosis of ASD. The co-twin control design was applied to illuminate features of 

variation that are not confounded by the sample heterogeneity. To the best of our knowledge, 

this is the first study to address physical health in ASD using this informative approach. The 

specific objectives of this study are:  

(1) To use a twin cohort enriched for ASD and other NDCs to explore the presence of 

physical disorders in twin pairs who are qualitatively (for ASD diagnosis) discordant or 

quantitatively (for autistic traits) differing for autism phenotypes.  

(2) To investigate the association between physical disorders and ASD diagnosis as well as 

autistic traits with the whole sample. 

(3) To use a co-twin control design to address genetic influence and other possible shared 

confounds on the detected associations from the whole sample analysis to test the 

contribution of nonshared environmental factors to the common mechanisms between 

physical systems and ASD. 

 

Study III. The association between ADHD and physical health: A co-twin control study 

The aim of this study was to apply co-twin control design to contrast twins differing in the 

severity of ADHD symptoms to unravel the role of physical comorbidity for the 

underpinnings of ADHD phenotypes across the full range of inattentive and hyperactive-

impulsive behaviour manifestations. The specific objectives of this study are:  

(1) To analyze a twin cohort enriched for ADHD and other NDCs to explore the distribution 

of physical health conditions in twin pairs who are qualitatively (for ADHD diagnosis) 

discordant or quantitatively (for dimensional ADHD symptoms) differing for ADHD 

phenotypes.  

(2) To examine the association between physical health and the severity of ADHD 

symptoms with the whole sample. 

(3) To use a co-twin control design to account for genetic influence and other shared 

confounds on the associations to examine the possible overlap of aetiological pathways 

between physical systems and ADHD.   
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3.3 AETIOLOGICAL COMPONENTS CONTRIBUTING TO PHYSICAL 
COMORBIDITY IN ASD AND ADHD 

Study IV. Genetic and environmental contributions to physical comorbidity in autism 

spectrum disorder and attention-deficit/hyperactivity disorder 

The magnitude of genetic contributions to physical comorbidity in ASD and ADHD is 

understudied. Previous research did not cover common comorbid physical disorders of 

clinical interest, such as epilepsy and paediatric GI disorders in childhood ASD and ADHD. 

In addition, the dichotomous ASD/ADHD diagnosis used in previous study designs were 

unable to examine the possible continuous form of the shared genetic effects on physical 

comorbidities. Therefore, the objective of this study was to provide a comprehensive picture 

of common physical comorbidities in children with ASD/ADHD at clinical and subclinical 

levels.  

(1) To estimate the association of ASD/ADHD phenotypes with physical disorders from a 

population-based twin cohort with information on both clinical diagnoses and symptom 

severity of ASD/ADHD. 

(2) To apply quantitative genetic modeling to estimate the degree to which physical 

comorbidity in clinical and subclinical ASD/ADHD is accounted for by genetic and 

environmental factors.  
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4 MATERIALS AND METHODS 

4.1 STUDY DESIGN 

4.1.1 Systematic review and meta-analysis 

A systematic review is an explicit method to identify, select, evaluate, and summarize the 

findings of all relevant individual studies on a well-formulated review question. The aim of 

a systematic review is to derive the available evidence to facilitate decision making in 

clinical practice and the direction of further research. A meta-analysis uses statistical 

techniques to synthesize the data from independent primary studies on the same question 

into a single quantitative estimate. The strength of a meta-analysis is to generate more 

robust and precise point estimates with a higher statistical power than the information 

obtained from individual studies.  

The systematic review in this thesis was conducted in accordance with the PRISMA 

statement.132 The protocol was preregistered with PROSPERO (CRD42019120048). The 

method of meta-analysis was provided in 4.4.1. 

Search strategy 

Electronic database searches were conducted in the following databases: Embase, Medline 

and PsycInfo. The MeSH terms identified for searching Medline were adapted in 

accordance to corresponding vocabularies in Embase and PsychInfo. Each search concept 

was also complemented with relevant free-text terms and these were, if appropriate, 

truncated and/or combined with proximity operators. No language restriction was applied. 

Databases were searched from inception. The searches were performed by two librarians at 

the Karolinska Institutet University Library from December 2018 to February 2019. 

Study selection and coding 

Two reviewers independently screened the titles and abstracts for eligibility according to 

the criteria, and then assessed the potentially relevant publications in full-text in the same 

manner. Disagreements between reviewers were resolved by consensus after discussion. 

Reference lists of identified review articles were screened for additional studies. A 

standardized form was used to extract data from the included studies for assessment of 

study quality and synthesis of the evidence by two independent reviewers. Extracted 

information included: study types, study settings, diagnostic tools, number of participants, 

demographics characteristics, and information for risk of bias assessment. 

Risk of bias assessment 

Risk of bias was assessed independently by two reviewers using the Joanna Briggs Institute 

(JBI) Critical Appraisal tools for case-control studies,133 prevalence studies,134 and cohort 

studies.133 Methodological quality including the risk of selection bias, misclassification, 

confounding, and appropriate statistical analysis was appraised. Higher scores indicated 

less risk of bias. Any discrepancies in the scoring were resolved by discussion and reviewer 
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consensus. Some modifications to the tools were made for this review: (1) For case-control 

studies, we did not assess item 9 “Was the exposure period of interest long enough to be 

meaningful?”. This item was not deemed relevant, since neurological disorders do not 

necessarily precede the diagnosis of autism; (2) For cohort studies, we did not assess item 8 

“Was the follow up time reported and sufficient to be long enough for outcomes to occur?” 

From a development perspective, it was not deemed feasible to specify this; (3) For 

prevalence studies, we did not assess item 3 “Was the sample size adequate?” To determine 

this, the estimated prevalence of different neurological disorders in autism must be 

available. Current estimates are often inconsistent, imprecise, or lacking, which was one of 

the main reasons for conducting this systematic review.  

4.1.2 Co-twin control design 

The co-twin control method is a powerful research design in behavioural sciences. The 

method uses differences on exposures and outcomes within twin pairs to examine the 

association between a putative environmental risk factor and phenotypes. The unique value 

of the design is to implicitly control all the potential confounding factors which are shared 

between the twins, both measured and unmeasured, such as age, socioeconomic status, and 

the surroundings within the family. This design can be extremely efficient for the 

investigation on NDCs in view of the complex aetiology and the heterogeneous 

manifestations across individuals. When the within-pair comparisons are restricted to MZ 

twins, who have identical genetic makeup, the exposure–outcome association is completely 

controlled for confounding due to genetic factors. 

The essential element of the design is the within-pair differences on either risk factor or 

phenotypes within the discordant twin pairs. Observational co-twin control studies can be 

conducted in two different formulations.135 A cohort design first identifies pairs discordant 

for an environmental risk factor to assemble the study population, and then examine within-

pair differences in the phenotype variable. By contrast, the case-control co-twin design 

selects eligible participants by defining pairs discordant for a phenotype variable, and then 

tests within-pair associations with an environmental risk factor.  

We adopted case-control co-twin design to test the possibility that an underlying 

mechanism, to which some nonshared environmental factors contribute, affects multiple 

organ systems that might lead to both physical comorbidities and ASD/ADHD phenotypes. 

Physical disorders were set as the exposure, and the outcomes were the ASD/ADHD 

diagnosis as well as the dimensional autistic traits and ADHD symptoms. Our hypothesis 

was that the within pair association between physical disorders and ASD/ADHD 

phenotypes among MZ twins might indicate the role of nonshared environmental factors in 

the common aetiological pathways linking physical disorders and these two NDCs (Figure 

1 (a)). However, if physical disorders did not display within pair association with 

ASD/ADHD phenotypes, the mechanisms of the physical disorders might not involve in the 

aetiology of ASD/ADHD (Figure 1 (b)). 
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Figure 1. Hypothesis of mechanisms underlying within pair association. (a) Within pair 

association (b) Without within pair association 

4.1.3 Twin modelling  

Quantitative genetics deals with complex traits, which are behavioural phenotypes or 

physical/biological parameters distributing continuously, based on a model in which multiple 

genes and non-genetic factors contribute to the variation of phenotypes. The two strongest 

strengths of quantitative genetics are: (1) complex models for phenotypic variation could be 

simplified with the assumption of polygenic inheritance; (2) genetic effects and genotype x 

environment interaction are possible to be specified and analyzed. The classical twin 

modeling136-138 is the most popular design used in this methodology. It is based on biometrical 

genetics, that MZ twins share all their segregating DNA, and dizygotic (DZ) twins share on 

average 50% of their genes. The given theory allows predictions of the underlying genetic 

and environmental components to be made by comparing the correlations between measured 

phenotypes of MZ and DZ twins.  

With structural equation modelling (SEM), a multivariate statistical analysis technique, we 

can infer the relative contributions of these ‘latent’ factors (genotypes and environments; 

model parameters) through their effects on the measured phenotypic covariances of MZ and 

DZ twins. The model parameters are estimated using a goodness-of-fit function to minimize 

the statistical difference between the measured and predicted covariance, usually based on the 

maximum-likelihood criterion. The fit of different competing models can be compared with 

Likelihood ratio statistics. The model-fitting procedure of quantitative genetics is presented as 

Figure 2.137  
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In our study, we did not address the following factors that are commonly considered in 

quantitative genetic studies on behavioural traits:  

(1) Assortative mating  

When assortative mating is linked to a specific phenotype, the association could be 

bidirectional. That means the assortment may be influenced by both genetic and 

environmental factors, and also affect the transmission, magnitude, and correlation of 

both genetic and environmental effects. The effects may reflect on the increased 

similarity of DZ twins relative to MZ twins, the inflated estimates of the shared 

environmental component.  

(2) Genotype-environment correlation 

The definition of genotype-environment correlation is that the trait in question is 

heritable, and the genetics also contribute to environmental effects. Three types of 

genotype-environment correlation had been proposed: passive, evocative, and active.139 

Passive genotype-environment correlation denotes that children are influenced by sibling 

effects and family environments which are created by their parents, since these two 

environmental factors are correlated with their genetics. Evocative, or reactive, 

genotype-environment correlation includes reactions from other people which are evoked 

on the basis of an individual’s genetic propensities. When individuals actively seek or 

create experiences that are correlated with their genetic propensities, the active genotype-

environment correlation occurs.  

(3) Genotype x environment interaction  

The aetiological components of phenotypic variance are conditional on specific 

environmental exposures. Therefore, in our model, additive genetic deviation is assumed 

to be uncorrelated with environmental deviations. In addition, we did not adopt the sex-

limitation model. This approach has three limitations. First, it does not examine the 

significance of heterogeneity across the sexes. Second, it does not attempt to explore the 

mechanisms underlying sex differences by obtaining information in two aspects: (a) the 

magnitude of genetic and environmental effects on male and female phenotypes; (b) 

whether or not it is the same set of genes or shared environmental factors contributing to 

the phenotypes in males and females. Third, it excludes DZ opposite-sex twin pairs from 

the analysis and thus precludes potentially useful information from them.  

ACE and ADE model 

The components contributing to genetic and environmental variation considered in 

behavioural genetics include the followings: 

(1) A, additive genetic influences: the sum of the effects of the individual alleles at all loci 

that influence the trait. 

(2) D, non-additive genetic influences: other genetic effects including interactions between 

alleles at the same locus (dominance) or on different loci (epistasis). 

(3) C, common environmental influences: environmental effects shared by family members, 

such as socioeconomic status, parenting style, family surroundings and atmosphere. 
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(4) E, unique environmental influences: contributing to differences among members in a 

family, such as differential parenting, prenatal exposure accidents, and measurement 

error. 

The phenotype P is a function of effects of A, D, C, and E. 

P = A + D + C + E 

And the total phenotypic variance, VP, is the sum of these variance components. 

VP = VA + VD + VC + VE 

Genetically informative subjects are essential to disentangle the origin of variance and 

estimate the magnitude of their contribution. Twin samples enable these variance components 

to be estimated in this model, by the different degrees of genetic relatedness (A and D), but 

the same degrees of correlations for the environmental components (C and E) between MZ 

and DZ twins. MZ pairs have identical A and D, whereas DZ pairs share 50 percent for A and 

25 percent for D. Both MZ and DZ pairs correlate 1 for C, and E is uncorrelated between 

twins by definition.  

For data on twin pairs reared in the same family, the effects of shared environment and 

genetic dominance on the phenotypes are reciprocal confounded. In a model allowing shared 

environmental and dominance genetic variance components to be fitted, a substantial 

dominance genetic effect will result in a negative estimate of the shared environmental 

variance component, and vice versa. Therefore, only C or D may be estimated in a model. In 

our study, we tested only ACE but not ADE models to increase power. 

Heritability (h2) is the proportion of phenotypic variance that is attributable to genetic effects. 

The shared environmental variance is labeled c2, and nonshared environment is e2. The 

correlations expressed for shared variance components of MZ and DZ twins are  

                                                               rMZ= h2      + c2 

                                                               rDZ= h2/2 + c2 

Here r is the intraclass correlation coefficient. Then we can estimate the heritability based on 

twin correlations 

                                                                h2 = 2 (rMZ − rDZ) 

The proportion of variance attributable to shared environmental effects are  

                                                                c2 = rMZ − h2   or   2 rDZ − rMZ 

The relative contributions of non-shared environmental effects are 

                                                                e2 = 1 − h2 − c2   or   1 − rMZ 
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Path models for the classical twin study 

The advantage of the path method is that we can hypothesize and quantify the relationships 

between the variables by path coefficients. In addition, the prediction of the model may be 

statistically tested with the observed data. With path analysis, we can describe and explore a 

model of the causal pathways for a measured phenotype in a visual and intuitive way. This 

method is based on several assumptions: 

(1) Linearity: All relationships between variables are assumed to be linear. The non-linearity 

of some variables can be addressed by appropriate transformation prior to statistical 

analysis.  

(2) Causal closure: All possible direct relationships between two variables must be 

mentioned when drawing the path diagram, including the introduction of residual 

variables. Therefore, the non-existence of an arrow between two variables means no 

direct influence from one variable on the other one.  

(3) Unitary Variables: The components of a variable must behave in the similar different 

way in the system, varying as a whole. It is not allowed that one component is positively 

correlated with another variable, but negatively correlated with the other one.  

The twin ACE model (for one phenotype) can be represented in a path diagram (Figure 3). 

The measured traits for twin 1 and twin 2 are depicted as squares, whereas unmeasured 

(latent) genetic and environmental variables are represented by circles. Causal paths are 

drawn as single-headed arrows pointing from the latent variables to the measured traits. The 

path estimates (or regression coefficients) labeled by a, c, and e reflect the statistical effect of 

the latent variables on the measured trait, independent of all the other variables. The curved, 

double-headed arrows between latent variables indicate the covariance between them. The 

1.0/0.5 on the covariance link between the two A latent variables indicates the correlation 

between MZ/DZ twins. The covariance links between the C and E represent the defined 

sharing of variance components between twins (no link implies no correlation and thus a 0 

covariance). The double-headed arrow loops on each latent variable represent the variance of 

that variable. In this path diagram, we fix all the variances of the latent variables to 1.0. 

Therefore, we estimate the path coefficients (a, c, and e) instead.  

By path tracing rules, the variance for the first twin is: a (up the first path) times 1.0 (the 

variance of latent variable A) times a (back down the path) plus the same for the paths to 

latent variables C and E. This equals (a × 1.0 × a) + (c × 1.0 × c) + (e × 1.0 × e) = a2 + c2 + 

e2. When we trace the two paths between the twins to obtain the phenotypic covariance, we 

get (a × 1.0 × a) + (c × 1.0 × c) for MZ twins and (a × 0.5 × a) + (c × 1.0 × c) for DZ twins. 

That is, a2 + c2 for MZ twins and 0.5a2 + c2 for DZ twins. We then derive VA = a2, VC = c2, 

VE = e2 , VP = a2 + c2 + e2, and heritability h2 = a2/ (a2 + c2 + e2). 
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The expected variances and covariance of the phenotypes within MZ and DZ pairs can be 

modelled as the variance-covariance matrix:  

MZ 

[

                                            

      ]   =     [

                                            

           ] 

DZ 

[

                                            

      ]   =     [

                                            

           ] 

 

Structural equation model fitting 

Structural equation modelling (SEM) represents a constructed model for path analysis and 

variance components hypothesis. The structure implies statistical and often causal 

relationships between latent and measured variables, and therefore we can translate the path 

diagrams into the SEM form. Here we used SEM and covariance matrices as the statistical 

method to estimate the parameters (path coefficients) and used the numerical optimisation 

routines to test hypotheses on the causal relations from latent variables to the measured 

phenotypes. The main features and strengths of SEM programs include:  

(1) to present the hypothetic model explicit;    

(2) able to test the fit of a given model, and to compare the fit between different models; 

(3) able to analyse data from several different familial relationships (different correlations 

between latent variables) simultaneously;  

(4) to provide estimates of genetic parameters and measurement error  
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Figure 3. ACE path diagram. Path coefficients (a, c, and e) rather than variance 

components (which are fixed to be 1) are estimated. 
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Model-fitting analyses 

Model-fitting analyses are needed to determine whether the measured data of the study 

sample: 

(1) Are consistent with the hypothesis that can be explained by simple additive genetic 

effects 

(2) Show the evidence for significant dominance genetic effects  

(3) Allow us to reject an environmental model in which only environmental effects 

contribute to the trait variation 

In model-fitting to univariate analysis with twin data, in which we apply a variance 

components or a path coefficients model, we are essentially testing the following hypotheses: 

(1) No twin resemblance ("E" model: e > 0; a = c = 0) 

(2) Twin resemblance purely due to additive genetic effects ("AE" model: a >0; e > 0; c = 0) 

(3) Twin resemblance purely due to shared environmental effects ("CE" model: e > 0; c > 0; 

a = 0) 

(4) Twin resemblance due to additive genetic plus shared environmental effects ("ACE" 

model: a > 0; c > 0; e > 0). 

SEM programs estimate model parameters, the path coefficients in twin design, by 

minimizing a goodness-of-fit statistic between measured and predicted covariance matrices. 

The maximum-likelihood criterion, the most robust and commonly used for model-fitting, 

was applied in our study. The log likelihood is maximized by iteratively tuning the values of 

the parameters to be estimated. The goodness-of-fit of the tested model can be measured by 

comparing to the saturated model with a likelihood ratio chi2 statistic χ2. Here, the saturated 

model treats all the covariances as free parameters, so the maximum likelihood estimates will 

be the covariances derived from the sample data. A non-significant χ2 value (eg. p > 0.05) 

indicates that the model is in line with the data, whereas a significant χ2 value implies that the 

model can be rejected due to the poor fit. The degrees of freedom (df ) for the χ2 test are the 

differences between the number of measured statistics (sample variances and covariances) 

and the number of parameters being estimated in the model.  

The bivariate twin model 

The univariate model can be applied to investigating genetic-environmental architecture of 

the covariance between two or more traits. With multivariate models, we can investigate the 

genetic overlap between different traits, the continuity of aetiological components at different 

stages of the phenotypes with longitudinal data, the relation between genetics and mediating 

or environmental factors in the aetiology of a behavioural phenotype or a disorder, as well as 

the direction of causation between measured variables. Within-individual cross-traits 

covariances imply common aetiological influences on both the traits. Cross-twin cross-traits 

covariances indicate that common aetiological influences are familial. The magnitude of 

genetic or environmental contributions to the common familial aetiological influences is 

reflected in the MZ/DZ ratio of the cross-twin cross-traits covariances. 
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The essence of bivariate twin model is the analysis of cross-twin cross-traits covariances, the 

covariance between trait X in one twin and a different trait, trait Y, in the co-twin. Two new 

statistical constructs introduced in bivariate twin model are the correlation between genetic 

influences on trait X and Y, as well as the corresponding correlation between environmental 

influences on the two traits. The genetic correlation estimates refer to as the extent to which 

genetic deviations that affect trait X literally correlate with genetic deviations that affect trait 

Y, as shown in Figure 4. The genetic correlation is independent of the heritability of 

individual traits. That is, traits X and Y could be highly heritable, but the genetic correlation 

between them could be zero. A genetic correlation of zero could imply that the genetic 

influences on trait X are not associated with those on trait Y. Another useful statistic from 

multivariate genetic analysis is bivariate heritability, which estimates the proportion of 

genetic effects on the phenotypic correlation between the two traits. 

 

 

 

 

 

Then the variance-covariance matrix would be 
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           ]  

 

Categorical twin data 

When the variable of the phenotype is categorical, such as the presence or absence of a 

disorder, then variance component genetic models can be applied to the categorical data with 

the liability-threshold model. This model assumes that the liability to a dichotomous disorder 

is distributed normally, but the disorder develops only when a certain threshold (cut-offs) of 

liability is exceeded, as presented in Figure 5. 

With the contingency tables of MZ and DZ twin pairs, we can estimate the correlation in 

liability for each type of twins, the tetrachoric correlations, which is a measure of 

association for binary variables which rests upon an assumption of an underlying joint 

continuous distribution. Tetrachoric correlations for MZ and DZ twins can be estimated by 

PX, 

T1 
PY, 

T1 
PX, 

T2 
PY, 

T2 

C E A C E A A C E A C E 

1.0/0.5 

1.0 1.0/0.5 
1.0 

Figure 4. Bivariate ACE path diagram. Px, phenotype X; PY, phenotype Y; T1, Twin 1; 

T2, Twin 2  
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maximum likelihood, and asymptotic variances can be computed. We can also fit a model 

to the liability that would account for these tetrachoric correlations. Just as for continuous 

traits, variance decomposition can be applied to liability, and we can also obtain the estimate 

of heritability of the liability to the disorder. 

 

 

 

 

 

 

 

 

4.2 STUDY SAMPLES 

4.2.1 The Roots of Autism and ADHD Twin Study Sweden (RATSS) 

The sample is part of the Roots of Autism and ADHD Twin Study Sweden (RATSS)140. 

The sources of twins in RATSS include (a) the Child and Adolescent Twin Study in 

Sweden (CATSS)141 (45.5%); (b) Swedish national registry data from the Swedish Board of 

Health and Welfare, clinical recruitments from services in Region Stockholm (the Division 

of Child and Adolescent Psychiatry, the Habilitation and Health centres, and paediatric 

units); (c) summons in the journals, media, autism societies, and twin organizations. 

Participants in RATSS are twins discordant or concordant for ASD, ADHD, and other 

NDCs, as well as typically developing (TD) twin controls.  

In Study II, a total of 344 twins from 172 pairs were studied, which were recruited from 

August 2011 to September 2018. Sample composition are summarized in Figure 6. In 

Study III, sample composition regarding ADHD concordance within twin pairs are 

presented in Figure 7. Twins included in this study, a total of 382 twins from 191 pairs, 

were recruited between August 2011 to June 2019.  

4.2.2 The Child and Adolescent Twin Study in Sweden (CATSS) 
 

We used data collected from participants in the population-based Child and Adolescent 

Twin Study in Sweden (CATSS).141. 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 2,222 twelve-year-old 

twin pairs (4,767 MZ and 5,580 same sex DZ twin pairs). Zygosity was determined by a 

Liability in the population 

Threshold 

Affected  

individuals 

Figure 5. Liability-threshold model 
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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. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Twin pairs in analyses of the association between physical comorbidity and clinical 

(ASD) and quantitative (autistic traits) autism phenotypes 

 

4.3 MEASUREMENTS IN STUDIES 

4.3.1 Measurements in co-twin control studies (Study II and III) 

Diagnostic assessments 

Participants received a comprehensive psychodiagnostic assessment administered by a team 

of experienced clinicians. Briefly, diagnoses were based on the Diagnostic and Statistical 

Manual of Mental Disorders, Fifth Edition (DSM-5),9 supported by results from a battery of 

well-validated instruments, including the Autism Diagnostic Interview – Revised (ADI-

R),142 the Autism Diagnostic Observation Schedule Second Edition (ADOS-2),143 the 

Diagnostic Interview for ADHD in Adults (DIVA 2.0),144 and the Kiddie Schedule for 

Affective Disorders and Schizophrenia- Present and Lifetime Version (K-SADS-PL).145 

Full-scale IQ was measured by using the Wechsler Intelligence Scales for Children or 

Adults, Fourth Editions.146,147  

 

 

The whole sample 
N=172 twin pairs 

MZ 
N=99 twin pairs 

DZ 
N=73 twin pairs 

ASD concordant 

N= 26 twin pairs 

ASD discordant 

N= 18 twin pairs 

Non-ASD  

N= 55 twin pairs 

ASD concordant 

N= 5 twin pairs 

ASD discordant 

N= 26 twin pairs 

Non-ASD  

N= 42 twin pairs 

Differing for 

autistic traits 

N=64 twin pairs 
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N=60 twin pairs 
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Behavioural measurements 

Autistic traits were evaluated with the parent-report version of the Social Responsiveness 

Scale-2 (SRS-2),148 consisting of 65 items, assessing autistic traits in terms of social 

communication, awareness, motivation, cognition and behaviour flexibility within the past 

6 months. Items were rated on a 4-point Likert scale (ranging from 0 to 3), with higher 

scores indicating more autistic traits. SRS-2 raw scores were used, as recommended for 

research settings. Significantly different for autistic traits, as defined by an intra-pair 

difference on the total score of SRS-2 of at least 6 points, corresponding to 1 standard error 

of measurement, while a difference in total scores of 10 was considered by the authors as 

also being of clinical significance.148 

Dimensional ADHD symptoms were quantified with the attention problem subscale in Child 

Behaviour Checklist/Adult Behaviour Checklist (CBCL/ABCL-AP), consisting of 10/17 

items, assessing behaviour symptoms related to attention problems within the past 6 months. 

The CBCL (6- to 18-year-olds version)149 was completed by the parents, and the ABCL (for 

ages 18–59)150 was completed by the participant’s next of kin (mostly parents or spouse). 

Both the CBCL and ABCL are broadband screeners and part of the Achenbach System of 

Empirically Based Assessment (ASEBA), a family of tools evaluating problem behaviours 

and competencies from a wide range of perspectives, including internalizing and 

externalizing symptoms, as well as social problems and physical complaints. Items on 

CBCL/ABCL are rated on a 3-point Likert scale (ranging from 0 to 2), with higher scores 

indicating more severe symptoms. An intra-pair difference on the score of the CBCL/ABCL-

AP of at least 2 points, corresponding to 1 standard error of measurement in our sample (1.70 

for CBCL-AP, 1.84 for ABCL-AP, respectively). 

Medical history and present physical comorbidity 

The information on medical history and present physical disorders was collected from a 

questionnaire completed by the participants or their parents. The questionnaire consisted of 

one open question “Has the child (Have you) been seriously ill during his/her (your) 

childhood?” and 33 closed questions asking if the participants had ever had a specific 

physical health diagnosis or problem. The results of the questionnaire were cross-validated 

with information from the “sicklist” in CATSS.141 The sicklist was administered as part of a 

neurodevelopmental symptoms assessment by telephone interview that has successfully 

underwent several validations.151-154 Ten items of the sicklist inquiring about medical 

conditions overlap with our physical health questionnaire were selected to examine the 

validity of our data. The agreements between these two information sources (range 

75.2−99.6%) were excellent in concerning serious medical diseases, such as epilepsy 

(agreement = 99.6%, Kappa = 0.89, p < 0.001), and satisfactory for common symptoms like 

headache (agreement = 75.2%, Kappa = 0.34, p < 0.001). The comorbid physical health 

issues were categorized into several physical systems (immune dysregulation, GI problems, 

neurological problems, infectious disease, and cardiovascular diseases). Different 

conditions in the same physical system were added up to generate a predictive estimate for 

ASD/ADHD diagnosis or autistic traits/ADHD symptoms.  
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The reasons to use this variable were: 1) Our sample might not have enough power to 

detect the difference between ASD/ADHD and non-ASD/ADHD for each physical illness 

2) We sought to examine the prognostic power of different levels of physical morbidity 

severity within each physical system on ASD/ADHD both categorically and dimensionally. 

Among these conditions, we combined the items “migraine” and “headache” into one 

condition “headache” and coded as one physical health issue since the results of these two 

items were highly correlated. 

4.3.2 Measurements in the twin design study (Study IV) 

Diagnoses of ASD, ADHD, and physical disorders 

Comorbid physical disorders155,156 were selected based on previous reports of associations 

with ASD or ADHD and evidence of strong genetic predisposition. Included physical 

disorders were epilepsy, migraine, other headaches, allergic rhinitis, asthma, atopic 

dermatitis, allergy to specific allergen, coeliac disease, constipation, functional diarrhoea, 

and irritable bowel syndrome.157-166 Mixed headache (migraine and non-migraine headache) 

and mixed functional GI disorders (mixed FGIDs, including constipation, functional 

diarrhoea, and irritable bowel syndrome) were also analysed considering the ambiguous 

classification and idiopathic nature of these diagnoses.167,168 The diagnoses of ASD, 

ADHD, and physical disorders were identified by linking CATSS with the Swedish 

National Patient Register, containing medical records from in- and outpatient care 

(inpatient 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 Classification of Diseases and Related Health 

Problems, Tenth Revision (ICD-10) codes. The full list of diagnostic codes is given in the 

online supplement. 

Subclinical phenotypes of ASD and ADHD 

ASD and ADHD symptoms were assessed with the ASD (17 items) and ADHD modules 

(19 items) of the Autism–Tics, ADHD, and Other Comorbidities inventory (A-TAC), an 

open access instrument with full-versions in Swedish and English available on 

https://www.gu.se/en/gnc/gncs-resources/screening-questionnaires/a-tac-screening-

questionnaire. The A-TAC is a standardized telephone interview with parents/caregivers as 

informants that has demonstrated good validity for screening the full range of 

neurodevelopmental disorder symptoms.152 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 minutes to administer. Subclinical phenotypes of ASD were 

defined by scores of 4.5 or more on the A-TAC ASD module (the lower cutoff value for 

screening ASD, with sensitivity 0.85 and specificity 0.97, resulting in a prevalence of 3.6% 

screened positive in the general population); subclinical ADHD was defined by scores of at 

least 6.0 on the A-TAC ADHD module (the lower cut-off; sensitivity 0.79, specificity 0.90, 

resulting in a prevalence of 10.5% screened positive in the general population).152  
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4.4 STATISTICAL ANALYSIS 

4.4.1 The planned methods of analysis in the systematic review and meta-
analysis (Study I) 

The principal summary measures were odds ratio (case-control studies), prevalence rate 

(studies examining prevalence), and risk ratio (cohort studies). The metafor package169 in R 

version 3.2.4.170 was used for calculating pooled estimates and 95% confidence intervals (CI). 

Random-effects model was adopted in data syntheses due to the methodological diversity 

among the included studies. In the first step, case-control studies were synthesized for each 

specific neurological condition. If the synthesis of case-control studies showed a significant 

association, a pooled prevalence estimate (the proportion of the specific neurological disorder 

in autism) was calculated based on data from both the case-control studies and the prevalence 

studies and was presented with the caterpillar plots. When synthesizing the prevalence 

studies, Freeman–Tukey double arcsine transformations were used to stabilize the 

variance.171 In the back-transformation, the harmonic mean of individual sample sizes was 

used.172 The consistency for each meta-analysis was measured with the I2 statistic.173 Baujat 

Plots were used to identify the possible outlying studies that contribute to heterogeneity. The 

significance of publication bias was tested using Egger’s weighted regression and presented 

in funnel plots. Subgroup analysis and meta-regression were used to address heterogeneity of 

outcome measures between studies and to detect possible moderators. 

4.4.2 Statistical analysis in co-twin control studies (Study II and III) 
 

All statistical analyses were performed with IBM SPSS software version 25 (SPSS Inc., 

Chicago, IL, USA) and the drgee package174 in R version 3.5.1. All tests were two-tailed 

and p-values of 0.05 or less were considered statistically significant. A Bonferroni 

correction was made for multiple comparisons in all the analyses. For ADHD, child (<18 

years) and adult (≥ 18 years) participants were analysed separately in addition to the whole 

sample which included participants of all ages, except for the adult discordant twins due to 

limited sample sizes. 

The whole sample analysis 

Student’s t test was used to compare the prevalence of physical comorbidity between the 

individuals with ASD/ADHD and without ASD/ADHD in the whole sample. To examine if 

the diagnosed twins in MZ ASD discordant pairs showed a higher prevalence of comorbid 

physical disorders compared to their co-twin and TD controls, we selected age and gender 

matched MZ control pairs from our sample. Analysis of variance (ANOVA) was used to 

compare the number of physical health problems among the diagnosed twins, their 

undiagnosed co-twins, and TD individuals, with post hoc testing between groups. As for 

ADHD, to examine if the number of physical problems differed within twins discordant for 

ADHD diagnosis or ADHD symptoms, Wilcoxon sign-rank test was used in consideration 

of the sample size of those twin pairs. 



 

32 

For the co-occurring physical disorders which were identified with higher prevalence rates in 

ASD/ADHD in the whole sample, conditional multivariate logistic and linear regression 

analysis with twin pairs clustered was used to explore the adjusted associations between 

physical health and ASD/ADHD diagnosis as well as autistic traits/ADHD symptoms, after 

adjustment for potential confounding variables.  

Within pair association analysis 

To determine the within pair effect of physical comorbidity on the development of ASD 

among discordant/quantitatively differing twins (or the variation of ADHD symptoms among 

quantitatively differing twins), we used a statistical framework of multiply adjusted 

(conditional) linear regressions based on generalized estimation equations (GEE) in order to 

fully account for its specific premises,174 and allowing both categorical/clinical and 

dimensional/trait ASD outcomes (in Study III, the outcome was dimensional ADHD 

symptoms).  

4.4.3 Statistical analysis in the twin design study (Study IV) 

MZ and same sex DZ twins were included in the analyses for the potential differences in 

variance components across sex. Conditional multivariate logistic regression analysis with 

twin pairs clustered was used to explore the associations between physical disorders and ASD 

as well as ADHD by calculating odds ratios, adjusting for sex and age at measurement. 

Physical disorders significantly associated with ASD 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 modelling was used to estimate the relative genetic and environmental 

contributions to variation in liability to the clinical (categorical) phenotypes of a disorder, 

with the assumption that a continuous distribution of liability underlies such disorders. 

Liability 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 components are estimated based on comparing the correlations between MZ twins who 

share all their DNA, and DZ twins who share on average 50 percent of their segregating 

genes. Principles of twin design are provided in detail elsewhere.136  

Univariate analyses were used to provide variance component estimates for physical 

disorders 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 compared to ACE models using the likelihood-ratio test. The correlations of 

one twin’s ASD or ADHD phenotypes with their co-twin’s physical health condition (cross-

twin cross-trait correlations) in MZ and DZ pairs were calculated. To study whether genetic 

and environmental risk factors for ASD and ADHD phenotypes are associated with the 

comorbid physical disorders, we fitted the bivariate Cholesky decomposition to the 
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categorical phenotype variables, which are presented here as the mathematically equivalent 

correlated factors solution. The genetic correlation estimates are correlation coefficients 

indicating the degree to which the genetic influences on two phenotypes correlate with one 

another. Bivariate heritability estimates, the proportion of phenotypic correlations explained 

by shared genetics, were calculated. To rule out that genetic correlations between subclinical 

ASD/ADHD and comorbid physical disorders are driven by clinical ASD/ADHD, sensitivity 

analyses were conducted by excluding clinical cases from subclinical groups. All twin 

models were conducted in OpenMx package for R.175 

4.5 ETHICAL CONSIDERATIONS 
 

In this thesis, Study II and III analysed data of the RATSS sample. The ethical approval of 

RATSS was received from the Regional Ethical Review Board in Stockholm (dnr: 

2016/1452-31). As for Study IV, the study design, methods, and the use of data from CATSS 

were also approved by the Regional Ethical Review Board in Stockholm (dnr: 2018/2013-

32). 

With the co-twin control design, we may be able to examine whether a specific physical 

disorder plays the role as a nonshared environmental factor to the development of NDCs. 

That is, whether a physical problem is possibly involved in the aetiological mechanisms of 

NDCs. The reason is that MZ twins implicitly control for genetics and other important 

confounding factors, thus illuminating features of variation that are not confounded by the 

usual problems with sample heterogeneity. The results of our study may provide clues to 

identify the possible subgroups in NDCs with specific biological profiles, and to develop 

targeted treatment according to the neurobiological bases. 

Despite the methodological strengths, our results could only indicate the association but not 

the causal relationship between co-occurring physical disorders and NDCs, while the findings 

may either support or challenge the current proposed aetiological models of NDCs which 

involve the pathways of health issues of other organ systems. The results of our study might 

be abused by the companies selling the related commercial products, such as health 

supplements. When promoting their products, they might claim that the supplements are 

beneficial for the individuals with NDCs and use our results as the evidence to back up. Due 

to the lack of effective or optimal treatments, parents of children with NDCs may buy the 

products for their children and expect the improvement of their symptoms based on the 

misleading information. However, the outcomes might be disappointing, and the parents may 

spend great amounts of money in those products.  

Therefore, we need to be cautious when reporting our findings. Although the significant 

association in our study might suggest some common biological pathways between NDCs 

and physical disorders, it does not directly mean the main mechanisms of NDCs and does not 

support the effectiveness of the current supplement treatments on the market. We need to 

point out that the aetiology of NDCs is multifactorial and a complex interplay of both genetic 

susceptibility and environmental adversities. Future research is warranted to investigate that 
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to what extent could the possible shared mechanisms explain the phenotypic variations of 

NDCs and the effectiveness of the related treatments for the specific meaningful subgroups.  
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5 RESULTS 

5.1 THE PROFILES OF NEUROLOGICAL DISORDERS IN INDIVIDUALS WITH 
ASD (STUDY I) 

The comprehensive search identified a total of 79 studies involving 81 samples from the 

databases for inclusion in the review. Of these, 28 were case-control studies, which compared 

the odds of 11 different neurological disorders in individuals with and without ASD 

diagnoses. Among these disorders, encephalopathy and muscular dystrophy were not found 

among the cases of ASD and thus were not included in the meta-analyses. In addition, 43 

prevalence studies focusing on 10 different neurological disorders, and 8 cohort studies which 

investigated neurological disorders preceding a subsequent ASD diagnosis, were included.  

The synthesized results of case-control studies, prevalence analyses, and cohort studies were 

summarized in Table 1-3. Individuals with ASD are found having higher risk for a range of 

neurological complications than their counterparts, including epilepsy, macrocephaly, 

hydrocephalus, cerebral palsy, migraine/headache, and congenital abnormalities of the 

nervous system. Synthesized prevalence estimates of these disorders in ASD ranged from 

1.1% (0%–3.3%; hydrocephalus) to 14.2% (11.3%–17.2%; epilepsy). In the meta-regression 

analysis, we found that intellectual disability significantly contributed to the heterogeneity 

across studies on prevalence of epilepsy in ASD. Compared to ADHD controls, autistic 

individuals are also more likely to have epilepsy. In addition, the findings from cohort studies 

suggested that epilepsy and encephalopathy in early childhood could serve as a factor 

increasing likelihood of subsequent ASD diagnosis. The risk of bias of included studies are 

summarized in Figure 8. 
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Figure 8. Risk of bias summary for included articles in study I 

 

 

 

 

 

(a) Case-control studies (k = 28) 

(b) Prevalence studies (k = 51) 

(c) Cohort studies (k = 8) 
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5.2 CONTRIBUTION OF NONSHARED ENVIRONMENTAL FACTORS TO THE 
PHYSICAL COMORBIDITY IN ASD (STUDY II) 

Within the RATSS sample, we found that participants with ASD diagnosis had significantly 

more neurological and immunological health problems compared to those without ASD, but 

no difference found for infectious diseases and GI problems between these two groups. For 

MZ twins discordant for ASD, twins with ASD had significant more neurological disorders 

than their co-twins and the matched TD controls.  

In the whole sample regression analysis, neurological disorders were significantly associated 

with the severity of autistic traits, even with adjusting for the possible confounders, including 

a comorbid diagnosis of ADHD, other NDCs, and level of IQ. However, we did not find 

association between neurological disorders and ASD diagnosis. For immunological 

conditions, there was significant association with ASD diagnosis, but not with autistic traits. 

When analysing ASD and non-ASD groups separately, the association between neurological 

disorders and autistic traits survived in ASD group, but not in those without. 

For the analysis of within pair association, neurological disorders were significantly 

associated with ASD diagnosis in the MZ ASD-discordant twin pairs, as well as with autistic 

traits in MZ quantitatively differing twins Table 4. 

Table 4. Associations between neurological disorders and ASD diagnosis/autistic traits and 

in MZ and DZ twin pairs discordant for ASD and significantly differing for autistic traits 

(a) Discordant for ASD diagnosis 

 Outcome: ASD diagnosis 

 

MZ, n=18 pairs DZ, n=26 pairs 

β s.e. p β s.e. p 

Exposure variable: Neurological disorders  1.15 0.49 0.020* −0.07 0.40 0.854 

OR per neurological problem (95% CI)    3.15 (1.20-8.30)   0.93 (0.42-2.04) 

 

(b) Differing for autistic traits 

 Outcome: autistic traits 

  MZ, n=64 pairs DZ, n=60 pairs 

  β s.e. p β s.e. p 

Exposure 

variable: 

Neurological 

disorders  
10.44 3.76 0.006* 4.79 7.28 0.510 

Covariate 1: Full-scale IQ −1.10 0.30 <0.001* −0.73 0.31 0.018* 

Covariate 2: ADHD  12.23 9.40 0.193 34.69 7.73 <0.001* 

Covariate 3: Other NDCs 14.85 8.63 0.085 28.68 9.70 0.003* 

Covariate 4: Gender - - - 24.83 8.73 0.004* 

* p < 0.05 
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5.3 CONTRIBUTION OF NONSHARED ENVIRONMENTAL FACTORS TO THE 
PHYSICAL COMORBIDITY IN ADHD (STUDY III) 

With the total RATSS sample of all ages, participants with ADHD diagnosis had significantly 

more neurological problems than non-ADHD participants. However, we did not find the 

differences of frequency of neurological disorders between ADHD and non-ADHD when 

dividing the sample into children group and adult group. In addition, there was no difference 

on infectious diseases, GI problems, and immunological problems between ADHD and non-

ADHD twins.  

In the whole sample regression analysis, neurological disorders were significantly associated 

with the diagnosis of ADHD in children, even after adjusting for the possible confounders, 

including age, sex, a comorbid diagnosis of ASD, and level of IQ, but not in all-age group 

and in the adult group. Moreover, neurological disorders were not associated with the severity 

of dimensional ADHD symptoms in the analyses of all groups with different ages when 

controlling for ADHD medication. 

When examining the within pair association, an inverse association was found between GI 

problems and dimensional ADHD symptoms in MZ children twins quantitatively differing 

for ADHD, even with the adjustment for ADHD medication, but not for all-age group of MZ 

twins.  
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5.4 AETIOLOGICAL COMPONENTS CONTRIBUTING TO PHYSICAL 
COMORBIDITY IN ASD AND ADHD (STUDY IV) 

First, we examined the association between ASD/ADHD and physical disorders in our 

sample. The results indicated that both clinical and subclinical ASD were associated with 

epilepsy, asthma, constipation, functional diarrhoea, and mixed FGIDs, after adjusting for age 

and sex.  As for ADHD, clinical and subclinical phenotypes both displayed significant 

associations with epilepsy, asthma, constipation, and mixed FGIDs, while ADHD diagnosis 

was also associated with migraine and mixed headache.  

Second, in the univariate analyses for heritability of physical disorders, the MZ twin 

correlations were higher than the DZ correlations for all disorders, indicating that the 

variation in liability to each disorder was associated with genetic effects. Heritability (h2) of 

neurological disorders ranged from 0.41 for migraine to 0.61 for epilepsy. Immunological 

conditions, except for coeliac disease, were found similar heritability between 0.68 and 0.73. 

However, coeliac disease showed modest heritability but equal A and C contribution to the 

aetiology (0.49 and 0.47, respectively). As for GI conditions, heritability was found ranging 

from 0.51 to 0.77 in three of the four conditions, while irritable bowel syndrome displayed 

relatively low heritability as 0.26. 

Third, we then examined the comorbidity rates and proband-wise cross-concordances for 

each physical disorder associated with ASD/ADHD. The MZ proband-wise cross-

concordances were higher than DZ estimates for all GI disorders in clinical ASD and 

functional diarrhoea in subclinical ASD, as well as epilepsy in both clinical and subclinical 

ADHD. There were higher MZ than DZ cross-disorder correlations for all physical disorders 

in clinical ASD, and for epilepsy, mixed headache, constipation, and mixed FGIDs in clinical 

ADHD. However, as for subclinical phenotypes of ASD and ADHD, the MZ cross-disorder 

correlations were relatively equivalent to DZ estimates for all the physical disorders. 

Fourth, Figure 9 summarized the phenotypic correlations, aetiological correlations, and 

bivariate heritability between associated physical disorders and ASD/ADHD. Except for 

coeliac disease, there were significant phenotypic correlations (rPH) between all the physical 

disorders and ASD/ADHD for both clinical and subclinical phenotypes, ranging from 0.09 

for asthma and subclinical ADHD to 0.40 for epilepsy and clinical ASD. For ASD, a 

common genetic liability was of major importance for comorbid epilepsy in both clinical and 

subclinical phenotypes (proportions= 0.93 and 0.64, respectively). In addition, a modest 

genetic correlation was estimated between clinical ASD and other physical disorders, 

including constipation, functional diarrhoea, and mixed FGIDs. For ADHD, subclinical 

phenotype displayed genetic correlations (ra) with epilepsy, constipation, and mixed FGIDs, 

while clinical ADHD showed significant genetic correlations (ra) only with mixed FGIDs. 
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6 DISCUSSION 

The constituent studies of this thesis provided a comprehensive picture of the manifestations 

and nature of common physical comorbidities in ASD and ADHD. First, with a focus on the 

nervous system, our systematic review summarized the current evidence on neurological 

disorders which have been investigated the association with ASD. Our findings underscore 

that ASD is a complex NDC, linked to increased susceptibility for a range of neurological 

health issues. The diversity of these associated disorders further endorses the heterogeneity of 

ASD, by the various profile of comorbid neurological disorders. Second, the co-twin control 

studies with RATSS sample examined the within pair association between physical 

comorbidity and ASD/ADHD on both categorical and dimensional phenotypes. The results of 

these studies suggest that nonshared environmental factors which are involved in the 

aetiology of ASD could contribute to the comorbid neurological disorders. Similarly, GI tract 

health issues in ADHD could reflect the role of nonshared environmental factors in ADHD 

aetiology. Third, with the application of structural equation modelling, we found that the 

majority of common physical comorbidity in ASD/ADHD could be attributed to shared 

genetic factors, which contribute to the liability to comorbid physical disorders in a 

continuous model.  

For the first research question, the neurological disorders in individuals with ASD, we used a 

systematic review to have a thorough collection and analysis of the existing data (Study I). 

With the strict procedure and high-quality reporting which followed the PRISMA 

statement,132 the results were reliable and robustly reflected the heterogeneity nature of ASD, 

the diversity of methodology used in epidemiological studies, as well as the knowledge gap 

that we could fill with future research. To deal with the substantial heterogeneity across the 

studies included in the meta-analysis, we conducted subgroup analysis and meta-regression 

based on the specific factors contributing the heterogeneity. For example, age, IQ, and 

measurement (epilepsy or seizures) for epilepsy; matching for macrocephaly; age, and 

measurement (migraine or headache) for migraine/headache. With these approaches, more 

precise pooled estimates were obtained in the relatively homogeneous subgroups.   

Regarding the second research question, whether physical comorbidity contribute to 

ASD/ADHD phenotypes as a nonshared environmental factor, we conducted co-twin control 

studies to examine the within pair effects of physical comorbidity (Study II and III). In these 

two studies, we first performed regression analysis with the whole sample for associations 

between physical comorbidity and ASD/ADHD phenotypes. The results demonstrated that 

physical problems are one of common characteristics in ASD/ADHD. In Study II, the 

association between neurological disorders and severity of autistic traits were further 

examined in ASD and non-ASD groups separately. And the association survived only in 

ASD group. This analysis was informative in clarifying that the impact of neurological 

disorders on autistic traits would exert when the accumulated contributing factors exceeded a 

certain threshold, the ASD diagnosis. In Study III, considering the difference of ADHD 

profiles in children and adults, we conducted all the analyses in children, adults, and the 
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whole sample respectively. We found significant association between neurological disorders 

and ADHD diagnosis only in children, but not other age groups. Then the second step of the 

analyses in these two studies was for the within pair association. In Study II, we conducted 

the within pair analysis on both twins discordant qualitatively or quantitatively for ASD 

phenotypes. The results supported the shared aetiological pathways between neurological 

disorders and ASD diagnosis as well as autistic traits. In Study III, due to the power issue, we 

examined only within pair effects of physical comorbidity on dimensional ADHD symptoms 

with the twins differing in symptom severity. Despite the inverse association between GI 

problems and ADHD symptoms, the findings were in line with the evidence derived from 

clinical trials on dietary intervention about the role of gut-brain axis in the aetiology of 

ADHD. 

In terms of the third research question, the aetiological mechanisms of physical comorbidity 

in ASD/ADHD, we applied twin modelling to estimate the aetiological components 

contributing to the phenotypic correlations (Study IV). To examine whether the genetic 

effects on liability to physical comorbidity extend to subclinical phenotypes of ASD/ADHD, 

all the analyses were performed on both clinical diagnosis and those with subclinical 

symptoms. For the phenotypic manifestations, we found that clinical and subclinical 

ASD/ADHD exhibited similar patterns of the association with physical comorbidity. As for 

the underlying mechanisms of these physical disorders, which were estimated by bivariate 

twin modelling, the results indicated that shared genetic effects contributed to the majority of 

the phenotypic correlations with ASD/ADHD for both clinical and subclinical variants. In 

addition, the sensitivity analysis, conducted by excluding clinical cases from subclinical 

groups, showed that genetic correlations between subclinical ASD/ADHD and comorbid 

physical disorders are not driven by clinical ASD/ADHD. 

In the following we discuss the implications of these studies from both clinical and research 

perspectives.   

6.1 THE PROFILES OF NEUROLOGICAL DISORDERS IN INDIVIDUALS WITH 
ASD (STUDY I) 

The results of Study I clearly show that individuals with ASD are at increased risk for 

neurological disorders. Since literature indicating that individuals with ASD and certain 

neurological disorders are more likely to have worse social functioning, poorer intervention 

outcomes, and premature mortality,73,176-178 clinicians should be aware of common 

neurological disorders in ASD in their daily practice in the following aspects.  

First, individuals with ASD and comorbid neurological disorders may have increased risk 

for polypharmacy (to be prescribed with both psychotropic medications and antiepileptic 

drugs), as well as higher risk for drug interactions and adverse drug reactions including 

behavioural problems.82,84 Second, some neurological disorders might be undetected and 

unmanaged. For instance, the increased risk for migraine and headache in children with 

ASD may not be well-known knowledge among clinicians. Paediatric headache is 
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associated with internalising symptoms, which frequently co-occur in ASD.179 In addition, 

the identification of headache and differential diagnosis in children with ASD can be 

difficult for their limited linguistic abilities, particularly for those with ID. Another example 

is absence epilepsy, which could also be easily missed for its lack of overt motor signs and 

brief symptom duration.180 Moreover, the staring spells is difficult to clarify since it could 

also mimic some behavioural manifestation in ASD and ADHD. Therefore, it could be 

relevant for a routine neurological check-up conducted in autism-friendly and autism-

experienced settings, followed by adequate approaches.  

Third, since children with early onset and congenital neurological disorders are prone to 

social and cognitive deficits, as well as a diagnosis of ASD, neuropediatric clinics should 

be prepared to also apply a neurodevelopmental perspective on their patients.76 Evidence 

suggests that infants and toddlers at increased likelihood for ASD can benefit from early 

intervention targeting social-cognition and early parent involvement with better 

outcomes.181,182 It might therefore be indicated to monitor the social communication 

development of young children with early neurological complications, in order to initiate 

appropriate interventions. 

6.2 CONTRIBUTION OF NONSHARED ENVIRONMENTAL FACTORS TO THE 
PHYSICAL COMORBIDITY IN ASD (STUDY II) 

When examined the prevalence of physical disorders in ASD with the RATSS sample, we 

found inconsistent results compared to previous literature. Our sample showed higher rates 

of comorbid neurological disorders and immunological problems in ASD, which were in 

line with previous prevalence studies,74,155,183,184 but not for infectious diseases and 

congenital heart malformations.185,186  

Our results did not display higher risk for GI symptoms in individuals with ASD, in 

contrast to the pooled estimates of a prior meta-analysis.98 The following reasons may be 

considered for this discrepancy. First, most paediatric GI symptoms in ASD are 

idiopathic.187 In addition, children with ASD are more likely to have toileting problems, 

changes in toileting routine, severe food selectivity, and also internalizing symptoms, which 

could be associated with constipation and abdominal pain. Therefore, these GI symptoms 

might be transient rather than long-term manifestations.101,188,189 Second, the prevalence of 

GI comorbidity among ASD individuals may change when they enter adulthood.190,191 

Hence, in epidemiological surveys, point prevalence and period prevalence of these 

comorbid GI problems in ASD may vary substantially across studies with different 

methodology.192  

Regression analyses with the whole sample showed that neurological disorders were 

associated with the severity of autistic traits. It had been reported that individuals with 

neurological disorders displayed worse social communication and facial emotion 

recognition than those without, independent of intellectual disability.177,193 Our results 

support the postulation that autistic phenotypes could be attributed to neurological 
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alterations which impact on social brain networks.193 Furthermore, the neurological 

disorders in our analysis included a range of diagnoses and symptoms, involving relatively 

minor symptoms like headache.183,194 In addition to the notion that ASD is a 

neurodevelopmental condition along a continuum of behavioural traits, our results suggest 

that the comorbid neurological disorders in ASD also display from mild to severe entities.  

On the other hand, our results did not show the association between neurological disorders 

and autistic traits among non-ASD individuals. This might indicate that neurological 

disorders are more likely to impact autistic traits at a certain level of neurological 

alterations associated with ASD. It supports that the mechanisms contributing to autistic 

phenotypic variations is a complex interplay of synergic effects of accumulated genetic 

susceptibility and environmental adversities. Similarly, we found with the whole sample 

analysis that immunological disorders are associated with ASD diagnosis, but not autistic 

traits. This might also indicate that immunological dysregulation only be of significance for 

clinical variants of ASD, not the whole spectrum of traits. 

With the co-twin control design, our results demonstrated that the aetiological pathways of 

ASD may result in both behavioural and neurological phenotypes, which could involve the 

contribution of nonshared environmental factors. The findings might reflect that ASD is 

associated with alterations in brain morphology and connectivity.195,196 Nevertheless, the 

with-pair effects of neurological disorders on autistic traits were not found in DZ twins, 

who share only 50 percent of their genetic makeup at average. This might indicate that the 

contribution of neurologic disorders on autistic phenotype is more pronounced in those with 

certain genetic predisposition. Moreover, neurological disorders in ASD are far from a 

universal manifestation but rather limit in a minority in this population. Hence, it may be 

relevant to identify more homogenous subgroups of ASD with clear physical phenotype 

profiles and provide individualized healthcare for this population. 

6.3 CONTRIBUTION OF NONSHARED ENVIRONMENTAL FACTORS TO THE 
PHYSICAL COMORBIDITY IN ADHD (STUDY III) 

Regarding the frequency of physical problems in ADHD in the RATSS sample, individuals 

with ADHD showed higher rates of neurological disorders compared to those without, 

which is in line with the previous literature,197,198 although the difference disappeared when 

data was analysed separately for children and adults. However, as for infection history, GI 

disorders, and immunological diseases, we did not find rate differences between ADHD 

and non-ADHD on, in contrast to prior research.110,111,197,199 Reasons to these discrepancies 

could include the relatively small effect sizes of the differences and the heterogeneity of 

ADHD from aetiology to phenotypic profiles. 

Since the mechanisms underlying the physical comorbidity in ADHD are likely to be 

various across individuals, the results of prevalence studies on physical disorders in ADHD 

could be more consistent in population-based samples which exemplify the full spectrum of 

ADHD.110,111,199 In addition, ADHD is a developmental condition with dynamic influences 
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of genetics, environmental and psychosocial factors, as well as the maturation progress of 

brain function.33,200-202 Research revealed that adult ADHD, or the non-remitters might be a 

specific subgroup in terms of genetic basis and developmental trajectory, and the profiles of 

comorbid physical disorders could be different from childhood.203 For instance, adult 

ADHD was found having the prevalence of obesity more than twice that of childhood 

ADHD (28.2% vs 10.3%).113  

Our results showed that neurological disorders are associated with ADHD diagnosis among 

in children. The direction of the association could be bidirectional. Attention challenges can 

be secondary to episodes of seizure and headache attacks, as well as antiepileptic drugs.115-

119 On the other hand, children with ADHD are vulnerable to neurological disorders 

subsequently as demonstrated in prospective studies.107,120,121 Biological mechanisms 

contributing to overlap between ADHD, epilepsy, and migraine including predisposing 

genes,72,122 disturbances of the norepinephrine and dopamine systems,123,124 and altered 

brain functional networks.125 In addition, the association between ADHD and headaches 

could be mediated by sleep disorders and affective disorders.123,126 Moreover, headache is 

one of the common side effects of ADHD medications.204 Taken together, practitioners 

working with ADHD are recommended to be attentive to the comorbid neurological 

disorders for early identification and intervention.205 

We found that GI disorders could be considered a nonshared environmental factor to the 

severity of childhood ADHD symptoms among MZ twins. The digestive problems of the 

twins with less severe ADHD symptoms mainly consisted of lactose intolerance (7/12, 

58.3%). Other children had irritable bowel syndrome, abdominal pain, intestinal polyps, 

diarrhoea, and gastroenteritis. We speculate that those children with GI problems might 

receive diet adjustment to improve GI symptoms, such as avoiding food which may irritate 

GI tract and those with artificial additives, as well as having diet with nutritional 

balance.206-208 The dietary change may alter the gut microbiota,130 and influence ADHD 

symptoms via neuro-metabolites and neuroinflammation pathways.131 However, our results 

did not demonstrate similar within pair effects of digestive problems among DZ twins. This 

may indicate that the prerequisite to the contribution of GI problems to ADHD symptoms 

might be a specific genetic susceptibility towards ADHD. The findings are consistent with 

the outcomes of diet treatment for ADHD, in that only a subgroup of children benefited 

from dietary change.209 

6.4 AETIOLOGICAL COMPONENTS CONTRIBUTING TO PHYSICAL 
COMORBIDITY IN ASD AND ADHD (STUDY IV) 

Our findings suggest that subclinical phenotypes of ASD/ADHD are also associated with a 

range of physical comorbidities, with similar profiles to those with clinical diagnoses. 

Physical problems have been associated with ADHD symptoms,210,211 as well as to worse 

functional impairment and poorer clinical trajectories in ASD individuals.79-81,212 In 

addition, physical comorbidity might contribute to the severity of ASD/ADHD symptoms 

given certain genetic susceptibility.213,214 Since the liability to clinical diagnosis of 
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ASD/ADHD is synergic effects of genetic and environmental factors,33,215 subclinical 

phenotypes are more vulnerable to develop symptoms meeting clinical diagnosis once the 

accumulated contributors exceed the threshold.216,217 Therefore, to prevent subsequent 

ASD/ADHD among the at-risk population, it may be meaningful to investigate the impact 

and clinical implication of physical comorbidity in subclinical ASD and ADHD, which 

could be the potential risk factors.  

We found that coeliac disease in children displayed relatively lower heritability but higher 

proportions of contributions from common environmental factors.163-165 Literature suggests 

a true rise of coeliac disease in past decades, independent of the genetics of the study 

population.218 The increased incidence was explained by emerging environmental elements 

linked to immune intolerance to gluten in children with genetic predisposition.219 Our result 

might reflect the phenomenon among the young generation in contrast to elder cohorts. As 

for other FGIDs, it is the first time for the heritability of specific diseases to be 

explored.220,221 Our data suggest that genetic effects account for at least half of the liability 

variance to childhood constipation and functional diarrhoea.  

Our results do not support the association of coeliac disease with clinical ASD and ADHD, 

which is also inconsistent in epidemiological studies.222-225 These discrepancies may reflect 

the heterogeneity of ASD and ADHD, and relatively small effect sizes of the associations 

that could only be identified in representative samples in combination with enough 

statistical power. Also, the phenotypic correlations between physical comorbidities and 

ASD/ADHD are low to moderate. Thus, the data did not show generally differences in MZ 

and DZ cross-concordances despite significant genetic correlations between physical 

disorders and ASD/ADHD phenotypes. These results emphasize the multifaceted nature 

and various somatic profiles of ASD and ADHD. 

The present study provides evidence that the risk for comorbid physical disorders increased 

with the higher liability to ASD and ADHD diagnosis. These findings are consistent with a 

multidisciplinary approach involving medical assessment to ASD and ADHD,155,156 in light 

of somatic pleiotropy of the associated risk genes.29 In addition, the continuous distribution 

of genetic effects on liability to physical comorbidity in ASD and ADHD, along with the 

familial co-aggregation, is in line with the concept of endophenotypes in psychiatric 

disorders.34 These findings support the possibility to view physical comorbidity as a 

“somatic phenotype” in ASD and ADHD. 

6.5 LIMITATIONS 

The results of our systematic review should be interpreted with caution, mainly for the risk 

of bias and heterogeneity across these published studies. The most common risk of bias 

identified in the included studies were missing information on potential confounders and 

inadequate control for these associated factors, such as preterm birth and postnatal insults, 

which could increase risk for neurological complications.226,227 Therefore, we are unable to 

evaluate in which direction and to what extent these factors would influence the relation 
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between a specific neurological disorder and ASD. Overall, the clinical usefulness of the 

estimates derived in this review could be limited due to the heterogeneity of the ASD 

population. This is especially true when ID, a common condition, displays moderation 

effect on the relation between ASD and epilepsy.  

In addition, inconsistent measurements of neurological disorders across studies may 

introduce a source of classification bias, such as epilepsy and seizures, and also headache 

and migraine. However, the subgroup analyses did not suggest a major impact of these 

disparities on the estimates. Furthermore, the representativeness of study populations may 

affect the estimates. It should be pointed out that several studies used sibling controls or a 

twin sample, and the differences between related and random comparators might increase 

the heterogeneity across studies. Finally, for most neurological disorders in question, the 

limited number of eligible studies and incomplete reporting of sample characteristics 

precluded proper analyses for addressing heterogeneity. 

There are also limitations to the two studies with RATSS sample. First, the 

representativeness of the sample and the issue of sample sizes of twins discordant for 

ASD/ADHD diagnosis as well as participants with adult ADHD should be considered. 

Moreover, the generalizability of our results to singleton samples must be kept in mind, as 

twin pregnancy has higher risk for perinatal adversities,228 which is associated with NDCs 

and neurological disorders.21,229 Second, we used self/parent-administered inventories to 

collect information on physical disorders, and the data are susceptible to reporting and 

recall bias. In addition, CBCL/ABCL-AP is not derived from diagnostic criteria in DSM-5, 

and thus the analysis for categorical ADHD and dimensional ADHD symptom could be less 

comparable. Third, we applied an unweighted approach for physical disorders, but were 

unable to estimate the possible association of each disorder with ASD/ADHD phenotypes. 

Still, the grouping of physical disorders by organ systems might not be accurate when 

considering the underlying mechanisms. Fourth, the causal effects of neurological disorders 

on ASD/ADHD could not be clarified with our study design, as some of the neurological 

disorders, such as headache, might be attributed to medication or other origins. Fifth, our 

participants were not free from treatment. Therefore, our results could be limited in view of 

the effects of psychotropic medications or non-pharmacological interventions. 

The limitations of our results of the quantitative genetic study include the following points. 

The prevalence of headaches and GI problems in our sample could be underestimated 

compared to previous epidemiological studies which utilized systematic screening for data 

collection.168,230 Since the Swedish National Patient Register does not cover the medical 

records in primary care clinics, we probably only identified children with more severe 

physical disorders who were cared at secondary and tertiary hospitals. There is also a 

possibility that the higher frequency of physical disorders detected in children with 

ASD/ADHD is due to their increased number of medical visits. In addition, our results may 

also not extrapolate to adults in light of the differences in nature and profiles of physical 

disorders between children and adults. For example, congenital structural alterations are 
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usually present in epilepsy which develops in childhood, while head trauma, infection, and 

brain tumours might cause epilepsy at any age.231 Also, paediatric headache phenotypes are 

difficult to classify and could continuously evolve into adulthood.232 Finally, we did not 

analyse or discuss the overlap of ASD/ADHD in this study. In view of the exclusion 

criterion in ICD-10 (and DSM-IV) for a comorbidity of these two NDCs, we are unable to 

assess the degree to which this criterion was followed or not in clinical practice, and that 

could introduce risk of bias in such analyses. 
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7 CONCLUSIONS 

This thesis incorporated studies on clinical and aetiological aspects of physical comorbidity 

in ASD and ADHD. The results of the systematic review suggest that ASD are associated 

with a range of neurological disorders, although the direction and mechanisms of the 

associations are still unclear and need further investigations. Therefore, it is relevant for 

clinicians and other professionals working on health care for individuals with autism 

spectrum to be aware of neurological comorbidity, and to provide adequate assessment and 

management. Moreover, neurological disorders diagnosed in early childhood should be 

viewed from a neurodevelopmental perspective with closely surveillance for the 

susceptibility to subsequent ASD.  

Our findings suggest that physical comorbidity could display within pair association with 

phenotypes of ASD and ADHD. This could reflect that nonshared environmental factors 

contribute to part of common aetiological pathways between different organ systems and 

these two NDCs. Thus, overall, our results endorse the concept of neurodevelopmental 

disruption of ASD, as well as the role of gut-brain axis in the underpinnings of ADHD 

symptoms. In order to provide better healthcare for individuals with ASD/ADHD and 

physical health issues, it is relevant to identify these subgroups with specific somatic profiles, 

and to develop targeted treatments addressing their symptoms and aetiology.  

The results of bivariate twin modelling analysis endorse the quantitative nature of ASD and 

ADHD. The genetic effects of these two NDCs which form a continuum of behavioural traits 

are associated with physical disorders in different body systems. These findings support the 

notion to view physical comorbidity in ASD/ADHD as an endophenotype, and further 

research into the genetic architectures and clinical implications of somatic phenotypes are 

required for a more complete picture of physical health in ASD and ADHD. Taken together, 

this thesis explored the clinical profiles and aetiological background of the “somatic 

phenotype” in ASD and ADHD. The newly added knowledge could serve as the base for 

future direction of clinical practice and genetic studies on these NDCs.  
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8 POINTS OF PERSPECTIVE 

Based on the results of our systematic review on neurological disorders in ASD, we 

propose several possible directions for future investigations to further explore the interplay 

between neurological disorders and ASD phenotypes. First, longitudinal studies across the 

lifespan are needed to have a complete picture of the clinical profiles and trajectories of 

neurological disorders in individuals with ASD. It has been reported that the age 

distribution of epilepsy incidence in ASD is bimodal, with peaks in early childhood and 

adolescence.233,234 However, most of the currently available studies are cross-sectional, and 

therefore not informative to examine the role of age or nervous system development in 

neurological complications in ASD. Second, high quality cohort studies with neurological 

disorders in early childhood as exposure and ASD diagnosis as the outcome and the reverse 

design are also needed to clarify the direction of the relationship between these two entities. 

Third, studies focusing on the impact of neurological disorders on ASD symptom 

manifestation, functioning in all aspects, and intervention effectiveness would be helpful 

for clinicians to tailor approach strategies for different subgroups.  

In the analyses with RATSS sample, we also found that neurological disorders are 

associated with dimensional ASD/ADHD phenotypes, and immunological disorders are 

associated with ASD diagnosis. As for the within pair association, health issues in nervous 

system and GI tract may have shared aetiological pathways with ASD and ADHD, 

respectively. Further studies are required to disentangle the mechanisms underlying these 

associations. Other knowledge gaps which are needed to fill include whether the association 

between ADHD and physical disorders persists into adulthood, the effects of the treatment 

and medication side effects on the association between physical comorbidity and 

ASD/ADHD, as well as the indicators for ADHD children who would respond to diet 

intervention.   

The common aetiology of NDCs and physical disorders revealed in twin modeling analysis 

might imply a broad phenotyping strategy in future genetic studies, and the application of 

phenotype-to-genotype approaches to enhance gene discovery and the insight to genetic 

architectures.235-238 In addition, 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 powerful genetic architecture analysis. 

Furthermore, a better understanding of the associated genetic variants for somatic 

phenotypes in ASD/ADHD may facilitate the mapping of biological mechanisms onto 

behavioural manifestations, which is crucial for a molecular taxonomy,239 as well as the 

targeted pharmacological treatments for the specific subgroups.240 Finally, future work 

should also seek to assess whether the aetiology of physical comorbidities in ASD and 

ADHD changes across the life span.  
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