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Abstract 

Autism Spectrum Disorder (ASD) and Attention-Deficit/Hyperactivity Disorder (ADHD) 

are genetically complex neurodevelopmental disorders that often co-occur. Besides some 

shared genetic aetiology, both conditions display apparent differences in their genetic 

architectures, especially in their genetic overlap with educational attainment (EA). Here, we 

investigate ASD-specific, ADHD-specific and cross-disorder genetic associations with EA 

using a multivariable regression (MVR) framework and genome-wide association summary 

statistics from large consortia. Our findings show that EA-related polygenic variation is 

shared across ASD and ADHD, irrespective of opposite association profiles. For example, 

ASD risk-increasing alleles selected at threshold Pthr<0.0015 (NSNPs=1973), showed a 0.009 

increase (SE=0.003) in years of education per log-odds ASD liability. Conditional on these 

effects, the same alleles captured a 0.029 decrease (SE=0.004) in years of education per 

log-odds ADHD liability. Likewise, ADHD risk-increasing alleles (Pthr<0.0015, NSNPs=2717), 

showed an inverse ADHD-specific association with EA (β=-0.012(SE=0.003)), conditional on 

positive cross-disorder effects shared with ASD (β=0.022(SE=0.003)). MVR effect sizes 

increased when variants were restricted to markers tagging both ASD and ADHD, which at 

Pthr<0.0015 (NSNPs=83) implicated many regulatory loci. The discovered inverse ADHD/ASD 

cross-disorder effects on EA were stronger and larger than for other combinations of 

psychiatric disorders, but are unlikely to be limited to ASD and ADHD. Thus, shared 

polygenic ASD/ADHD variation can, involving different combinations of the same risk-

increasing alleles, reveal an opposite association profile with EA. These patterns are 

consistent with inverse EA-related genetic correlations between ASD and ADHD, as 

supported by simulations, and may affect the detectable net genetic overlap in cross-disorder 

investigations. 
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Introduction 

Autism Spectrum Disorder (ASD) and Attention-Deficit/Hyperactivity Disorder (ADHD) 

are genetically complex childhood-onset neurodevelopmental disorders1,2 that often co-

occur3. Approximately 15–25% of individuals with ADHD show ASD symptoms, and about 

40–70% of individuals with ASD have a comorbid ADHD symptomatology3.  

Both rare and common genetic variation contribute to ASD and ADHD liability4–7. 

There is increasing evidence from twin and molecular studies8,9 that suggests genetic links 

between ASD and ADHD symptoms, both throughout population variation10–16 and at the 

extremes10,17. The existence of genetic cross-disorder links is further strengthened by the 

familial co-aggregation of both clinical disorders in large register-based studies18. 

Consistently, the identification of shared copy number variations (CNVs) in ASD and ADHD 

suggests similar biological pathways19. Estimates of cross-disorder genetic correlations 

range between 0.54 and 0.87 in twin analyses20. For common genetic variation, cross-trait 

genetic correlations reach up to one in population-based samples11, but are surprisingly low 

between clinically defined ASD and ADHD21–23. While recent research has reported 

moderate genetic overlap between clinical ASD and ADHD using genome-wide analyses 

(rg=0.36)21, earlier, less powerful, studies found little evidence for genetic correlation22,23.  

Besides this shared genetic aetiology, one of the most striking differences in the 

polygenic architecture of clinical ASD and clinical ADHD is the opposite genetic correlation of 

each disorder with cognitive functioning and educational attainment (EA), a proxy of cognitive 

abilities and socio-economic status (SES)24. While increased polygenic ADHD risk has been 

linked with lower cognitive abilities and EA25–29, increased polygenic ASD risk has been 

associated with higher cognitive functionality and SES21,26,28,30,31. This opposite pattern of 

association is most notable for measures of years of schooling and college completion21,29. It 

is known that ADHD is associated with multiple indicators of socio-economic disadvantage 

including poverty, housing tenure, maternal education, income, lone parenthood and younger 

motherhood32, while ASD, especially among children in the United States, can be positively 
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associated with socio-economic position33. However, opposite association patterns with EA 

may also reflect ASD-specific and ADHD-specific cognitive and neurological features34. 

Here, we aim to quantify the genetic overlap between ASD, ADHD, and EA. We 

dissect polygenic associations between each disorder and EA into either ASD-specific or 

ADHD-specific associations conditional on genetic influences shared across both disorders 

and EA. The presence of such cross-disorder genetic associations would suggest 

indistinguishable evidence for pleiotropic, mediating or confounding factors between 

genetically predictable ASD, ADHD and EA. Their absence would be consistent with the 

independence of EA-related polygenic variation within ASD and ADHD genetic architectures.  

Using a multivariable regression (MVR) framework, we decouple the selection of 

disorder-related genetic variants from observed genetic effects in ASD, ADHD and EA using 

genome-wide association study (GWAS) summary statistics from the Danish Lundbeck 

Foundation Initiative for Integrative Psychiatric Research (iPSYCH), the Psychiatric 

Genomics Consortium (PGC), the Social Science Genetic Association Consortium (SSGAC) 

and the Complex Trait Genetics (CTG) lab. We integrate our findings with current knowledge 

on genetic interrelationships between ASD, ADHD and EA and propose a multi-factorial 

model supported by simulations.  

 

Methods and Materials 

Genome-wide association study summary statistics 

EA and general intelligence: GWAS summary statistics for EA as years of schooling 

(discovery and replication sample combined, excluding 23andMe)35 were obtained from the 

SSGAC (https://www.thessgac.org/, Table 1). GWAS summary statistics of a meta-analysis 

on general intelligence28 were retrieved from the CTG lab 

(https://ctg.cncr.nl/software/summary_statistics, Table S1).  

ASD: GWAS summary statistics were accessed through iPSYCH 

(http://ipsych.au.dk/) using samples from the Danish Neonatal Screening Biobank hosted by 
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Statens Serum Institute21,36. For MVR analyses, we studied an ASD sample excluding 

patients with a comorbid ADHD diagnosis (ASD without ADHD (ASD(iPSYCH,woADHD), 

Table 1) to avoid any case overlap with the ADHD GWAS analysis (see below). For genetic 

correlation analyses, we also studied summary statistics of the full ASD(iPSYCH) sample 

(Table 1). Independent ASD summary statistics were obtained from the PGC (ASD(PGC), 

www.med.unc.edu/pgc/, Table 1)37.  

ADHD: Association results for ADHD were obtained through the iPSYCH project29,36 

(ADHD, Table 1). Note that ADHD cases may also have an additional diagnosis of ASD, but 

do not overlap with cases in ASD(iPSYCH,woADHD)(see above). Controls are, to a large 

extent, shared among iPSYCH samples.  

ASD+ADHD: For genetic correlation analyses, ASD+ADHD summary statistics were 

derived by conducting a random-effect meta-analysis of ASD(PGC) and ADHD(iPSYCH) 

summary statistics using GWAMA software38. Note that the sample size for ADHD(iPSYCH) 

is about three times larger than for ASD(PGC) (Table1). 

Other psychiatric disorders: GWAS summary statistics for Major Depressive Disorder 

(MDD)39, Schizophrenia (SCZ)40 and Bipolar Disorder (BD)40 were obtained from the PGC 

(www.med.unc.edu/pgc/) in order to investigate the specificity of our findings for ASD and 

ADHD genetic overlap (Table S1).  

Detailed sample descriptions are available in Table 1, Table S1 and the 

Supplementary Information. 

 

Linkage Disequilibrium Score (LDSC) regression and correlation 

Single Nucleotide Polymorphism-heritability (SNP-h2) was estimated for EA and 

general intelligence on the observed scale and for psychiatric disorder samples on the 

liability scale using Linkage Disequilibrium Score (LDSC) regression41 (Supplementary 

Information, Table S2). In addition, unconstrained LDSC correlation23 analyses were 

conducted to estimate genetic correlations (rg) among psychiatric disorders, EA and general 

intelligence (Supplementary Information, Table S3-S5). 
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Multivariable regression analysis  

We applied multivariable regression (MVR) analyses (i.e. weighted multiple linear 

regression) to study ASD-specific and ADHD-specific associations with EA conditional on 

ADHD/ASD cross-disorder effects, using summary statistics. This methodology allows us to 

disentangle genetic relationships between traits and controls for collider bias42 

(Supplementary Information). 

 Genetic variant selection: Multiple ASD-related and ADHD-related variant sets were 

selected from ASD(iPSYCH,woADHD) and ADHD(iPSYCH) GWAS summary statistics 

respectively, using a range of P-value thresholds (Supplementary Information, 5x10-

8
≤Pthr≤0.5). Throughout, MVR results are presented for two selection thresholds only: (i) 

Pthr<0.0015, consistent with guidelines for validating genetic instrument strength (F-

statistic<10)43 and conservative selection thresholds suggested for polygenic scoring 

approaches44. (ii) Pthr<0.05, to increase statistical power and precision of the estimates. All 

genetic variant sets were restricted to common (MAF>0.01), independent (PLINK45 clumping: 

LD-r2<0.25, ±500 kb) and well imputed (INFO46>0.7) SNPs. 

 Estimation of ASD-specific, ADHD-specific and cross-disorder genetic effects on EA: 

For each set of genetic variants, SNP estimates were extracted from 

ASD(iPSYCH,woADHD), ADHD and EA GWAS summary statistics (Table 1). SNP estimates 

for ASD variant sets were studied in ASD-MVR models (Figure 1a), SNP estimates for ADHD 

variant sets in ADHD-MVR models (Figure 1b). MVRs were fitted for each variant set as 

follows: SNP estimates for EA were simultaneously regressed on SNP estimates for ADHD 

and ASD and weighted by the inverse variance of SNP estimates for EA, using ordinary least 

square regression47(R:stats library, Rv3.2.0). Extracted SNP estimates for ASD and ADHD 

were included as lnOR. Thus, ASD-specific associations with EA (ASD-MVR βASD) were 

estimated using ASD SNP estimates for ASD-related risk alleles; ADHD-specific associations 

with EA (ADHD-MVR βADHD) with ADHD SNP estimates for ADHD-related risk alleles. ADHD 

cross-disorder associations with EA were estimated using ADHD SNP estimates for ASD-
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related alleles (ASD-MVR β⊗ADHD), ASD cross-disorder associations with EA with ASD SNP 

estimates for ADHD-related alleles (ADHD-MVR β⊗ASD). These MVR cross-disorder effects 

may capture genetic confounding, mediating effects and/or biological pleiotropy 

(Supplementary Information). Model fit of each MVR was compared to a single linear 

weighted regression model using likelihood-ratio tests (Supplementary Information). 

To allow for association between the selected genetic variants and EA other than 

through ASD or ADHD liability, all MVR models were fitted unconstrained. As MVR estimates 

are thus sensitive to allelic alignment, models were fitted twice: (i) with SNP effects aligned to 

the risk-increasing allele for the disorder used for variant selection (i.e. ASD risk in ASD-

MVRs and ADHD risk in ADHD-MVRs); (ii) a subset of variants from (i) that have the same 

risk allele for both ASD and ADHD (concordant variant sets, Supplementary Information).  

ASD-MVRs and ADHD-MVRs were repeated using ASD(PGC) SNP estimates 

instead of ASD(iPSYCH,woADHD) SNP estimates. 

 Follow-up analyses on general intelligence: ASD-MVR and ADHD-MVR models were 

re-analysed using summary statistics for general intelligence, instead of EA, as described 

above.  

Follow-up analyses of cross-disorder effects: To study cross-disorder effects on EA in 

detail, we restricted ASD and ADHD variant sets to SNPs that were tagged by both disorders 

and repeated MVR modelling (Supplementary Information). Additionally, the specificity of 

cross-disorder effects on EA, as detected by full ASD and ADHD variant sets, was 

investigated with respect to MDD, SCZ or BD SNP estimates using GWAS summary 

statistics (Table S1).  

We applied a Bonferroni-corrected multiple testing threshold of 0.005 accounting for 

ten independent MVR models. 

 

Structural equation modelling 

Hypothetical structural equation models of an underlying multi-factorial model 

describing the interrelationship between EA, ASD and ADHD were outlined according to 
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theory, following a Cholesky decomposition of variance48 (Supplementary Information). In 

short, a Cholesky decomposition describes a saturated model that involves the 

decomposition of genetic and residual variances into as many latent factors as there are 

observed variables48. Hypothetical factor loadings were derived (but not fitted) with structural 

equations and LDSC SNP-h2 and rg estimates, using EA, ASD(iPSYCH), ASD(PGC) and 

ADHD(iPSYCH) GWAS summary statistics (Supplementary Information, Table S3-S4). 

Simulations were conducted to confirm the plausibility of such a model (Supplementary 

Information). 

 

Results 

Multivariable regression model fitting 

Using ASD-MVR, we modelled ASD-specific links with EA conditional on associations 

shared with ADHD, based on ASD risk alleles (Figure 1a). Applying an analogous approach, 

we interrogated ADHD-specific influences on EA conditional on ASD-related cross-disorder 

associations, as captured by ADHD risk alleles in ADHD-MVR models (Figure 1b). 

Compared to single linear weighted regressions modelling disorder-specific effects only, 

MVRs revealed a better model fit and explained ≤3% more variation in genetically predictable 

EA without evidence for multi-collinearity (Table S6,S7,S10,S11,S17). However, neither 

model allowed for causal inferences as across most MVRs regression intercepts differed 

from zero (Tables S6-S14,S17). 

 

Multivariable regression analyses of EA on ASD and ADHD  

Studying ASD-related variants (Pthr<0.0015, NSNPs=1973) as part of ASD-MVR models 

(Figure 1a), we observed an 0.009 increase in years of schooling per log-odds in ASD-

liability (ASD-MVR βASD=0.009(SE=0.003), P=0.002), conditional on genetic effects shared 

with ADHD liability (ASD-MVR β⊗ADHD=-0.029(SE=0.004), P<1x10-10)(Figure 1c, Table S6). 

These ADHD cross-disorder influences on EA were larger in absolute size and had, even 
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though modeled with the same ASD-related alleles, an opposite direction of effect (Figure 

1c,1d).  

Applying an analogous approach with ADHD variant sets (ADHD-MVR, Figure 1b) 

revealed a complementary association profile. There was an inverse ADHD-specific 

association between polygenic ADHD risk and EA, while conditionally shared genetic 

variation with ASD showed an opposite, here positive, effect on EA (Figure 1c,1e). Using 

ADHD-related variants (Pthr<0.0015, NSNPs=2717), this corresponds to a 0.012 decrease in 

years of education per log odds in ADHD liability (ADHD-MVR βADHD=-0.012(SE=0.003), 

P=4x10-5), conditional on genetic effects shared with ASD (ADHD-MVR 

β⊗ASD=0.022(SE=0.003), P<1x10-10)(Figure 1c, Table S6). Increasing the number of variants 

in ASD-MVRs and ADHD-MVRs (Pthr<0.05) boosted the statistical power (Figure 1c, Table 

S6).  

Sensitivity analyses using concordant variants, with risk-increasing effects on both 

ASD and ADHD risk, comprised ~80% SNPs of the initial sets and confirmed these findings. 

It demonstrated that observed MVR effects are (i) independent of allelic alignment (Table S7) 

and (ii) cannot be solely attributed to disorder-specific effects. The modelled bivariate 

relationships between ASD, ADHD and EA, are plotted in Figure S1 (Pthr<0.05). 

Evidence for ASD-specific, ADHD-specific and cross-disorder associations with EA 

was observed for variant sets selected at different thresholds (5x10-8<Pthr<0.5), using both 

ASD-MVR and ADHD-MVR, and already detectable at Pthr<0.0005 (Table S8,S9). 

Importantly, the profile of opposite cross-disorder associations with EA was replicated with 

MVR using SNP estimates from ASD(PGC), instead of ASD(iPSYCH,woADHD)(Table 

S10,S11) at Pthr<0.05. Thus, despite known zero genetic correlations between 

ADHD(iPSYCH) and ASD(PGC) (Table S3), we observed strong evidence for genetic 

associations (P<1x10-10) between each disorder and EA using the same set of SNPs (Table 

S10-S11), with opposite direction of effect. MVR models including general intelligence as 

outcome, instead of EA, confirmed association patterns throughout (Table S12), consistent 

with known genetic correlations (Table S5).  
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Identification of cross-disorder loci  

Next, we aimed to identify the largest SNP effects driving cross-disorder associations. 

For this, we assessed the overlap between ASD and ADHD variant sets at Pthr<0.0015 

(NSNPs≤2717) in iPSYCH samples. At this threshold, ≤4.2% of variants were cross-tagged 

reciprocally (LD-r2=0.6, 500 kb), and ≤46.3% of each set were tagged when cross-disorder 

variant selection criteria were relaxed (Pthr<0.5)(Figure 2a). Conducting MVRs using tagged 

SNPs only (Table S13), we observed an increase in MVR effects, compared to the full set, 

especially when cross-tagging was performed at stringent thresholds (Figure 2b, Table 

S14,S15). Both ASD-MVR and ADHD-MVR models conducted with variants cross-tagged at 

Pthr<0.0015 (Table S13) revealed larger and stronger effects than MVR models involving 

variants that were cross-tagged at Pthr<0.05 (Figure 2b, Table S14,S15). The corresponding 

set of 83 loci (99% with concordant effects) was identified using both ASD-MVR and ADHD-

MVR models. It captured 4.2% and 3.1% of the full ASD- and ADHD variant set at 

Pthr<0.0015 respectively (Figure 2a) and comprised identical or tagged proxy SNPs (Table 

S13). There was little evidence that any other randomly selected subset of SNPs of equal 

size yielded MVR effects of the same strength and magnitude (Table S16), suggesting effect 

specificity. These SNPs mapped to 52 genes only (Figure S2) that were most strongly 

enriched for phosphatidylinositol-3-lipid-kinase (PI3K) pathways (Table S17) and contained 

multiple regulatory RNAs (Figure S2). 

 

Specificity of ADHD/ASD cross-disorder genetic effects  

To assess the specificity of opposite cross-disorder associations, as captured by ASD 

and ADHD variants respectively, we also studied cross-disorder effects using MDD, SCZ and 

BD SNP estimates. We identified similar patterns for several combinations of disorders, 

predominantly at Pthr<0.05 (Figure 3, Table S18), that were consistent with known genetic 

correlations (Table S3-S4). For ASD-MVR, with reference to positive ASD-specific effects on 

EA, opposite patterns were detected in combination with MDD (e.g. Pthr<0.05: ASD-MVR 
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β⊗MDD=-0.012, SE=0.001, P<1x10-10). For ADHD-MVR, with respect to inverse ADHD-

specific effects on EA, opposite MVR effects were found for BD (e.g. Pthr<0.05: ADHD-MVR 

β⊗BD=0.008, SE=0.001, P<1x10-10). However, these cross-disorder associations were 

considerably smaller than cross-disorder effects for both ADHD and ASD within iPSYCH 

(Figure 1c,3).  

 

Multi-factor model of genetic interrelations between ASD, ADHD and educational attainment 

To integrate MVR findings with known genetic interrelationships between EA, ASD 

and ADHD we translated the latter into path coefficients for a saturated structural equation 

model (Figure 4). Consistent with a Cholesky decomposition (Supplementary Information, 

Figure S3), there are at least two sources of shared genetic variation between ASD and 

ADHD. The first genetic factor (A1, EA/ADHD/ASD) captures shared variation between EA, 

ASD and ADHD, and predicts negative genetic covariance between ASD and ADHD, 

consistent with MVR findings in this study. The second genetic factor (A2, ADHD/ASD) acts 

independently of A1 and explains positive genetic covariance between ASD and ADHD, 

reflecting known positive or null genetic correlations between disorders 21,22. The third genetic 

factor (A3) allows for ASD-specific (Figure 4) or ADHD-specific (Figure S4) variation, 

dependent on the definition of A2 (Supplementary Information). The observed net covariance 

between ASD and ADHD reflects thus the sum of negative and positive covariance 

contributions. Consequently, ASD/ADHD genetic overlap might be reduced, as hypothesised 

for ASD(iPSYCH)/ADHD(iPSYCH) (Figure 4a,S4a). It might also be completely abolished, as 

hypothesised for ASD(PGC)/ADHD(iPSYCH) (Figure 4b,S4b), supported by simulations 

(Supplementary Information, Table S19).  

The assumption of EA-related negative genetic covariance between ASD and ADHD 

finds also support through LDSC correlation analyses. Genetic correlations with EA for 

ASD(iPSYCH,woADHD) (rg=0.23(SE=0.03), P=<1x10-10), excluding comorbid ADHD 

patients, exceeded those for the full ASD(iPSYCH) sample (rg=0.16(SE=0.03), P=4x10-7), 

although 95%-confidence intervals overlap. In contrast, inverse genetic correlations between 
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ADHD and EA (rg=-0.49(SE=0.03), P=<1x10-10) were dampened, when ADHD(iPSYCH) and 

ASD(PGC) summary statistics were combined (rg=-0.33(SE=0.03), P=<1x10-10)(Figure S5). 

 

Discussion 

This study provides strong and consistent evidence that EA-related polygenic 

variation is shared across ASD and ADHD. Here, we show that different combinations of the 

same risk-increasing alleles can result in ASD-related positive and ADHD-related negative 

association profiles with genetically predictable EA. This suggests the presence of pleiotropic 

mechanisms, where opposite association profiles with EA can be encoded across the same 

polygenic sites, without involving distinct sets of SNPs or genes, potentially leading to 

negative correlations. 

The pattern of ASD- and ADHD-specific effects on EA, in combination with opposite 

cross-disorder associations, was (i) reciprocally detectable using both ASD and ADHD-

related variant sets, (ii) replicated using ASD(PGC) summary statistics, (iii) independent of 

risk allele alignment and (iv) consistent with the previously reported genetic overlap between 

EA, ASD and ADHD21,29. The detection of opposite association profiles that strengthened 

with increasing numbers of SNPs confirmed that pleiotropic effects are detectable for the 

majority of trait-associated variants in the genome49. Importantly, the strength and absolute 

size of cross-disorder effects was comparable to disorder-specific influences on EA, i.e. 

ASD-specific and ADHD-specific effects based on same variant set, or larger. Similar 

patterns were also present for the same disorder across different MVRs. This underlines that 

cross-disorder associations are driven by a substantial proportion of subthreshold variants 

that are associated with both ASD and ADHD. However, against this shared polygenic 

background involving several thousands of variants, we also identified ~80 loci (~50 genes) 

that exerted discernably larger MVR effects when signals were followed-up in the powerful 

iPSYCH samples.  
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The identification of opposite EA-related polygenic cross-disorder associations for 

ADHD and ASD that involve different combinations of the same risk alleles may relate to 

different mechanisms. First, there is mounting evidence that ASD and ADHD share some 

underlying aetiological mechanisms. For example, CNVs in ASD and ADHD indicate similar 

biological pathways19 and both disorders carry a similar burden of rare protein-truncating 

variants, implicating many shared genes50. Additionally, mice carrying homozygous 

mutations in Shank2, an ASD high-risk locus encoding a synaptic protein, display both 

extreme hyperactive and autistic-like behaviour51. Despite these biological commonalties, the 

assignment of clinical diagnoses to patients comorbid for ASD and ADHD symptomatology 

has been, until the introduction of the Diagnostic Statistical Manual of Mental Disorders 5th 

edition (DSM-5)52, less formalised. Participants in large GWASs have been predominantly 

diagnosed with previous classification systems53,54, where hierarchical diagnostic criteria did 

not allow for a diagnosis of ADHD when symptoms occurred during the course of a pervasive 

developmental disorder. Furthermore, comorbid symptoms within clinical ASD and ADHD 

often occur at the subthreshold level3. This suggests that patients with comorbid ASD and 

ADHD symptoms might have been assigned to either diagnostic entity, depending on the 

symptoms that presented first. Thus, genetic factors underlying this shared ASD and ADHD 

symptomatology might be either analysed within the context of an ASD or an ADHD genetic 

architecture, potentially exacerbating genetic similarities.  

Second, shared ADHD/ASD cross-disorder variation with opposite direction of effects 

may involve epistasis55, such that ASD-specific and ADHD-specific genetic factors may 

shape the direction and effect of ADHD/ASD cross-disorder effects on EA. For example, 

following an omnigenic model56,57, disorder-specific ‘peripheral’ genetic influences would 

control shared ADHD/ASD cross-disorder ‘core’ variation.  

Third, ADHD/ASD cross-disorder variation may involve high plasticity genes, exerting 

different effects within differing environments. The strongest signals driving the observed 

opposite cross-disorder effects in iPSYCH samples were found near several miRNA and 
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lncRNA loci that can be influenced by environmental signals58. They were also enriched for 

PI3K and linked genes with catalytic and regulatory roles in normal cell function and cancer59. 

Thus, the symptoms and behavioural spectrum of an individual at high genetic risk for both 

ASD and ADHD may differ based on the exposure to different home environment (e.g. 

household income, neighbourhood SES and child age when mother returned to work). This is 

consistent with recent findings for depression reporting a modulatory effect of stressors on 

genes manifesting as an environment-induced development of depression60.  

Opposite cross-disorder associations implicating the same alleles, although in 

different combinations, may potentially lead to inverse EA-related genetic covariance 

between ASD and ADHD that reduces net genetic overlap. This notion is supported by 

simulations and LDSC-based genetic correlation analyses. The discovered inverse cross-

disorder effects on EA were stronger and larger for ADHD and ASD compared to cross-

disorder effects involving other psychiatric disorders. However, they are unlikely to be limited 

to polygenic ASD and ADHD risk and inverse genetic overlap may affect also other cross-

disorder investigations.  

Our results are strengthened, as we replicate evidence for ADHD/ASD cross-disorder 

associations using two independent ASD collections, iPSYCH and PGC. Therefore, our 

findings are robust across diagnostic classification systems for clinical ASD, routes of patient 

ascertainment, and association analysis designs36,37. A weakness is that our results could be 

affected by presentation bias, such that children with ASD might be more often labelled with 

ADHD, due to a higher proportion of ADHD symptoms in ASD61. Furthermore, controls are 

shared across iPSYCH GWAS summary statistics, potentially leading to inflated type I 

error62,63. This is, however, unlikely, given the opposite direction of observed effects and 

replication within the independent ASD(PGC) sample. As symptom heterogeneity may affect 

genetic overlap between neurodevelopmental disorders, EA and cognition-related traits21,64, 

future studies with access to this information will be required to fully understand the 

underlying complex multivariate interrelations.  
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Conclusion 

We show that EA-related polygenic variation is shared across ASD and ADHD 

genetic architectures, and that different combinations of the same risk alleles can encode 

opposite disorder-specific association profiles with EA. Our findings are consistent with 

inverse EA-related genetic relationships between ASD and ADHD that may contribute to the 

net genetic overlap between disorders.  
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Tables  

Table 1: Sample description 

Source Phenotype Consortiu
m GWAS Imputation 

reference panel N  Analyses 

Clinical sample 

ASD 
iPSYCH 

ASD(iPSYCH) 1000 Genomes 
phase 3 

35,740 
(13,076 
cases) 

LDSC 

ASD(iPSYCH,woAD
HD) 

1000 Genomes 
phase 3 

32,985 
(10,321 
cases) 

LDSC, 
MVR 

PGC ASD(PGC) 1000 Genomes 
phase 1 (v3) 

10,610 
(5,305 cases) 

LDSC, 
MVR 

ADHD iPSYCH ADHD 1000 Genomes 
phase 3 

37,076 
(14,584 
cases) 

LDSC, 
MVR 

Population 
sample 

Years of 
schooling SSGAC EA 1000 Genomes 

phase 31 766,345 LDSC, 
MVR 

1. Predominantly 1000 genomes phase 3, see Lee et al.35  
 
Abbreviations: ASD, Autism Spectrum Disorder; ADHD, Attention-Deficit/Hyperactivity Disorder; EA, educational attainment; iPSYCH, The Lundbeck 
Foundation Initiative for Integrative Psychiatric Research; PGC, Psychiatric Genomics Consortium; SSGAC, Social Science Genetic Consortium; LDSC, 
Linkage Disequilibrium Score; MVR, multivariable regression; woADHD; without ADHD.  
 
All individuals were of European descent. 
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Figure legends 

Figure 1: ASD-specific, ADHD-specific and cross-disorder effects on EA  

Abbreviations: ADHD, Attention-Deficit/Hyperactivity Disorder; ASD, Autism Spectrum Disorder; EA, 
educational attainment; MVR, multivariable regression; Pthr, P-value threshold.  

Sets of independent genetic variants were selected from ASD(iPSYCH, woADHD) and 
ADHD(iPSYCH) GWAS summary statistics at different P-value thresholds (Pthr<0.0015, Pthr<0.05). 
Corresponding SNP estimates for ASD, ADHD and EA were subsequently extracted from 
ASD(iPSYCH, woADHD), ADHD(iPSYCH) and EA(SSGAC) GWAS summary statistics respectively. 
(a) Schematic ASD-MVR model estimating ASD-specific (ASD-MVR βASD) and ADHD cross-disorder 
(ASD-MVR β⊗ADHD) effects on EA with ASD variant sets. ASD-MVR βASD were estimated with ASD 
variant sets and corresponding ASD SNP estimates and quantify here the change in years of 
schooling per log-odds ASD liability. ADHD cross-disorder effects (ASD-MVR β⊗ADHD) were assessed 
with ADHD SNP estimates for ASD variant sets and quantify the change in years of schooling per log-
odds ADHD liability. (b) Schematic ADHD-MVR model estimating ADHD-specific (ADHD-MVR βADHD) 
and ASD cross-disorder effects (ADHD-MVR β⊗ASD) on EA using ADHD variant sets. ADHD-MVR 
βADHD were estimated with ADHD variant sets and corresponding ADHD SNP estimates and estimate 
the change in years of schooling per log-odds ADHD liability. ASD cross-disorder effects (ADHD-MVR 
β⊗ASD) were assessed with ASD SNP estimates for ADHD variant sets and estimates quantify the 
change in years of schooling per log-odds ADHD liability. (c) ASD-specific (ASD-MVR βASD), ADHD-
specific (ADHD-MVR βADHD) and cross-disorder effects (ASD-MVR β⊗ADHD, ADHD-MVR β⊗ASD) were 
estimated aligning SNP effects according to ASD risk (ASD variant set) and ADHD risk (ADHD variant 
set) respectively. All MVR effects are presented with respect to years of schooling, i.e. per increase in 
log odds of ASD or ADHD liability respectively. Bars represent 95% confidence intervals. (d) 3D 
scatter plot of ASD SNP estimates (x-axis), ADHD SNP estimates (y-axis) and EA SNP estimates (z-
axis) for ASD-related variants (Pthr<0.0015). The multivariable regression plane reflects ASD-specific 
and ADHD cross-disorder associations, as shown in Figure 1c. (e) 3D scatter plot of ASD SNP 
estimates (x-axis), ADHD SNP estimates (y-axis) and EA SNP estimates (z-axis) for ADHD-related 
variants (Pthr<0.0015). The multivariable regression plane reflects ADHD-specific and ASD cross-
disorder associations, as shown in Figure 1c. 
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Figure 2: ASD-specific, ADHD-specific and cross-disorder effects on educational 
attainment using ASD and ADHD tagSNPs (Pthr<0.0015) 

Abbreviations: ADHD, Attention-Deficit/Hyperactivity Disorder; ASD, Autism Spectrum Disorder; MVR, 
multivariable regression; Pthr, P-value threshold.  

(a) Percentage of ASD variants (Pthr<0.0015) cross-tagged by ADHD variants at various P-value 
selection thresholds (within 500kb and LD-r2

≥0.6) (b) Percentage of ADHD variants (Pthr<0.0015) 
cross-tagged by ASD variants at various P-value selection thresholds (within 500kb and LD-r2

≥0.6) (c) 
ASD-MVR and ADHD-MVR analyses based on cross-tagged SNPs only. SNP estimates were 
extracted from ASD(iPSYCH, woADHD), ADHD(iPSYCH) and EA(SSGAC) GWAS summary statistics. 
ASD-MVRs were used to estimate ASD-specific (ASD-MVR βASD) and ADHD cross-disorder (ASD-
MVR β⊗ADHD) effects on EA using cross-tagged subsets of ASD variants (2a). ADHD-MVRs were used 
to estimate ADHD-specific (ADHD-MVR βADHD) and ASD cross-disorder (ADHD-MVR β⊗ASD) effects 
on EA using cross-tagged subsets of ADHD variants (2a). All MVR effects, except ADHD-MVR βADHD 

cross-tagged at Pthr<0.05, passed the experiment-wide significance threshold of 0.005.  
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Figure 3: ASD-specific, ADHD-specific and cross-disorder effects (MDD, SCZ and BD) 
on educational attainment 

Abbreviations: ADHD, Attention-Deficit/Hyperactivity Disorder; ASD, Autism Spectrum Disorder; BD, 
Bipolar Disorder; MDD; Major Depressive Disorder; MVR, multivariable regression; SCZ, 
Schizophrenia; Pthr, P-value threshold.  

*MVR effects passing a Bonferroni corrected P-value threshold of 0.005.  
 
Sets of independent genetic variants were selected from ASD(iPSYCH, woADHD) and 
ADHD(iPSYCH) summary statistics at different P-value thresholds (Pthr<0.0015, Pthr<0.05). Per variant 
set three MVR models were run, in addition to ASD-MVR and ADHD-MVR models (Figure 1). In ASD-
MVR models (Figure 1a), ADHD SNP estimates were once replaced with MDD SNP estimates, once 
with SCZ SNP estimates and once with BD SNP estimates. Likewise, in ADHD-MVR models (Figure 
1b) ASD SNP estimates were replaced with SNP estimates for MDD, SCZ and BD. SNP estimates 
were extracted from ASD(iPSYCH, woADHD), ADHD(iPSYCH), MDD(PGC), SCZ(PGC), BD(PGC) 
and EA(SSGAC) GWAS summary statistics. For ASD-MVR models (using ASD variant sets), ASD-
specific effects (ASD-MVR βASD) are shown in addition to cross-disorder associations with EA for MDD 
(ASD-MVR β⊗MDD), SCZ (ASD-MVR β⊗SCZ) and BD (ASD-MVR β⊗MDD). For ADHD-MVR models 
(using ADHD variant sets), ADHD-specific effects (ADHD-MVR βADHD) and cross-disorder associations 
with EA for MDD (ADHD-MVR β⊗MDD), SCZ (ADHD-MVR β⊗SCZ) and BD (ADHD-MVR β⊗MDD) are 
shown. ASD-specific (ASD-MVR βASD), ADHD-specific (ADHD-MVR βADHD) and cross-disorder effects 
were estimated aligning SNP effects according to ASD risk (ASD variant sets) and ADHD risk (ADHD 
variant sets) respectively. All MVR effects are presented with respect to years of schooling, i.e. per 
increase in log odds liability in psychiatric disorder of interest. Bars represent 95% confidence 
intervals. 
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Figure 4: Hypothetical multi-factor model allowing for ASD-specific genetic influences 

Abbreviations: ADHD, Attention-Deficit/Hyperactivity Disorder; ASD, Autism Spectrum Disorder; EA, 
educational attainment; iPSYCH, The Lundbeck Foundation Initiative for Integrative Psychiatric 
Research; PGC, Psychiatric Genomics Consortium; SNP h2, SNP heritability; SNP rg, SNP genetic 
correlation, covg, genetic covariance; woADHD, without ADHD 

Proposed multi-factor model for EA, ADHD and ASD. The model consists of two shared genetic 
influences, as captured by common variants within an infinitely large population. The first genetic 
factor (A1, shared EA/ADHD/ASD), explains variation in EA, ADHD and ASD. It allows for a negative 
genetic covariance between ASD and ADHD, consistent with MVR findings in this study. The second 
genetic factor (A2, shared ADHD/ASD) acts independently of A1, explaining positive genetic 
covariance between ASD and ADHD. Factor loadings (“a”) were derived from previously reported 
genetic LDSC SNP-heritability and genetic correlation estimates using GWAS summary statistics 
(grey boxes, Table S2-S3). Shared ADHD/ASD genetic influences (A2) were modelled through ADHD 
genetic influences including those that are shared with ASD (allowing for ASD-specific effects, A3). 
Observable phenotypic measures are represented by squares, while latent genetic factors are 
represented by circles. Single headed arrows denote genetic factor loadings (“a”), double-headed 
arrows genetic correlations (“rg”). To improve clarity, residual influences are not shown and unit 
variances for latent variables were omitted. Each factor loading (“a”) for the Cholesky decomposition 
of a trivariate trait is described in detail in the Supplement (Supplementary Information, Figure S3). (a) 
Multi-factor model consistent with ASD(iPSYCH), ADHD(iPSYCH) and EA(SSGAC) summary 
statistics. (b) Multi-factor model consistent with ASD(PGC), ADHD(iPSYCH) and EA(SSGAC) 
summary statistics and supported by simulations (Supplementary information, Table S19).  
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