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Abstract

Interpreting polygenic overlap between ADHD and both literacy- and language-
related impairments is challenging as genetic confounding can bias associations. Here, we
investigate evidence for links between polygenic ADHD risk and multiple literacy- and
language-related abilities (LRAs), assessed in UK children (N<5,919), conditional on genetic
effects shared with educational attainment (EA). Genome-wide summary statistics on clinical
ADHD and years-of-schooling were obtained from large consortia (N<326,041). ADHD-
polygenic scores (ADHD-PGS) were inversely associated with LRAs in ALSPAC, most
consistently with reading-related abilities, and explained <1.6% phenotypic variation.
Polygenic links were then dissected into both genetic effects shared with and independent of
EA using multivariable regressions (MVR), analogous to Mendelian Randomization
approaches accounting for mediating effects. Conditional on EA, polygenic ADHD risk
remained associated with multiple literacy-related skills, phonemic awareness and verbal
intelligence, but not language-related skills such as listening comprehension and non-word
repetition. Pooled reading performance showed the strongest overlap with ADHD
independent of EA. Using conservative ADHD-instruments (P-threshold <5x10®) this
corresponded to a 0.35 decrease in Z-scores per log-odds in ADHD-liability (P=9.2x10).
Using subthreshold ADHD-instruments (P-threshold<0.0015), these associations had lower
magnitude, but higher predictive accuracy, with a 0.03 decrease in Z-scores (P=1.4x10®).
Polygenic ADHD-effects shared with EA were of equal strength and at least equal magnitude
compared to those independent of EA, for all LRAs studied, and only detectable using
subthreshold instruments. Thus, ADHD-related polygenic links are highly susceptible to
genetic confounding, concealing an ADHD-specific association profile that primarily involves

reading-related impairments, but few language-related problems.
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Introduction

Children with Attention-Deficit/Hyperactivity Disorder (ADHD) often experience
difficulties mastering literacy- and language-related abilities (LRAs)'. It has been estimated
that up to 40% of children diagnosed with clinical ADHD also suffer from reading disability
(RD, also known as developmental dyslexia) and vice versa®. The spectrum of affected LRAs in

1% and phonological®*®

ADHD may, however, also include writing®®, spelling”®, syntactic
abilities. Both clinical ADHD and RD are complex childhood-onset neurodevelopmental
conditions that affect about 5% and 7% of the general population respectively''”. ADHD is
characterised by hyperactive, inattentive and impulsive symptoms™, whereas decoding
and/or reading comprehension deficits are prominent in individuals with RD™.,

To interpret the comorbidity of ADHD and RD a multiple-deficit model including
shared underlying aetiologies has been proposed, involving both genetic and environmental
influences™. This model is supported by twin studies suggesting that the co-occurrence of
ADHD symptoms and reading deficits is to a large extent attributable to shared genetic

influences®® &,

However, the interpretation of polygenic overlap is challenging as
associations might be inflated or induced by genetic confounders that are genetically related
to both ADHD and reading abilities. Such a potential confounder of polygenic ADHD links is
genetically predicted educational attainment (EA), a proxy of cognitive abilities and
socioeconomic status™. Previous research showed evidence for a positive genetic relation
between EA and reading abilities?’, as well as a moderate negative genetic correlation
between EA and ADHD”. Therefore, genetic effects shared with EA might obscure the
genetic relationship between ADHD and LRAs. Both the extent and nature of the genetic

overlap between ADHD and LRAs, accounting for genetic confounding through EA, are

unknown.
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Here, we (1) study polygenic links between clinical ADHD and a wide range of
population-ascertained literacy- and language-related measures, (2) evaluate whether such
links reflect a shared genetic basis with EA and (3) assess whether there is support for shared
genetic factors between clinical ADHD and LRAs conditional on genetically predicted EA.
ADHD polygenic scores (ADHD-PGS) are generated based on ADHD genome-wide
association study (GWAS) summary statistics of two large independent ADHD samples, the
Psychiatric Genomics Consortium (PGC) and the Danish Lundbeck Foundation Initiative for
Integrative Psychiatric Research (iPSYCH) and a combination thereof. Associations between
ADHD-PGS and a spectrum of population-based literacy- and language-related measures
related to reading, spelling, phonemic awareness, listening comprehension, non-word
repetition and verbal intelligence skills, are examined in a sample of children from the UK
Avon Longitudinal Study of Parents and Children (ALSPAC). Applying multivariable
regression (MVR) techniques, analogous to Mendelian Randomization (MR) approaches
accounting for mediating effects?, we disentangled associations between polygenic ADHD
risk and LRA measures into effects independent of and shared with years-of-schooling,

using summary statistics from the Social Science Genetic Association Consortium (SSGAQ).

Methods and Materials

Literacy- and language-related abilities in the general population

LRAs were assessed in children and adolescents from ALSPAC, a UK population-based
longitudinal pregnancy-ascertained birth cohort (estimated birth date: 1991-1992,
Supplementary Information)?***. Ethical approval was obtained from the ALSPAC Law-and-

Ethics Committee (IRBO0003312) and the Local Research-Ethics Committees. Written
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informed consent was obtained from a parent or individual with parental responsibility and
assent (and for older children consent) was obtained from the child participants.

Phenotype information: Thirteen measures capturing LRAs related to reading, spelling,
phonemic awareness, listening comprehension, non-word repetition and verbal intelligence
scores were assessed in 7 to 13 year-old ALSPAC participants (N<5,919, Table 1) using both
standardised and ALSPAC-specific instruments (Supplementary Information). Reading
measures included comprehension and decoding (based on words and non-words) scores.
Detailed descriptions of all LRA measures are available in Table 1 and the Supplementary
Information.

All LRA scores were rank-transformed to allow for comparisons of genetic effects
across different psychological instruments with different distributions (Supplementary
Information). Phenotypic correlations, using Pearson-correlation coefficients, were
comparable for untransformed and rank-transformed scores (Table S1). To account for
multiple testing, we estimated the effective number of phenotypes studied using Matrix
Spectral Decomposition” (MatSpD), revealing seven independent measures (experiment-
wide error rate of 0.007).

For sensitivity analysis, we excluded 188 children with LRA data available and an
ADHD diagnosis at age 7, based on the Development and Wellbeing Assessment (DAWBA)%
(Supplementary Information).

Genetic analyses: ALSPAC participants were genotyped using the Illumina
HumanHap550 quad chip genotyping platforms, and genotypes were called using the
Ilumina GenomeStudio software. Genotyping, imputation and genome-wide association

analysis details are described in the Supplementary Information and Table 2.
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Table 1 here

Clinical ADHD summary statistics

Psychiatric Genomics Consortium (PGC). GWAS summary statistics were obtained
from a mega-analysis of clinical ADHD?, conducted by the PGC (4,163 cases and 12,040

controls/pseudo-controls) (Table 2, Supplementary Information, www.med.unc.edu/pgc/).

The Lundbeck Foundation Initiative for Integrative Psychiatric Research (iPSYCH). An
independent set of ADHD GWAS summary statistics were accessed through the Danish
iPSYCH project™ (14,584 ADHD cases, 22,492 controls) (Table 2, Supplementary Information),
using samples from the Danish Neonatal Screening Biobank hosted by Statens Serum
Institute®.

Combined PGC and iPSYCH ADHD sample (PGC+iPSYCH). To maximise power, we
also analysed meta-GWAS summary statistics from an ADHD sample containing both PGC

and iPSYCH participants21 (20,183 cases, 35,191 controls/pseudo-controls) (Table 2,

www.med.unc.edu/pgc/) and its European-only subset (PGC+iPSYCH(EUR), 19,099 cases,

34,194 controls/pseudo-controls) (Table 2, www.med.unc.edu/pgc/).

Detailed sample descriptions are available in Table 2 and the Supplementary

Information.

Educational attainment summary statistics

GWAS summary statistics for EAY (discovery and replication sample combined,

excluding ALSPAC and 23andMe samples, N=326,041) were obtained from the SSGAC
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consortium. EA was assessed as years of schooling®. A detailed sample description is

available in Table 2 and the Supplementary Information.

Table 2 here

Genome-wide complex trait analysis

SNP-h? and genetic correlations (ry) between LRAs were estimated using Restricted

Maximum Likelihood (REML) analyses®®*

as implemented in Genome-wide Complex Trait
Analysis (GCTA) software®, including individuals with a genetic relationship <0.05°°. For this

study, we selected only LRAs with evidence for SNP-h” and sample size N>4,000 (Table S2).

Linkage Disequilibrium Score regression and correlation

Linkage Disequilibrium Score (LDSC) regression33 was used to distinguish
confounding biases from polygenic influences by examining the LDSC regression intercept.
Unconstrained LD-score correlation® analysis was applied to estimate ry (Supplementary

Information).

Polygenic scoring analyses

ADHD-PGS*?* were created in ALSPAC using PGC, iPSYCH and PGC+iPSYCH GWAS
summary statistics (Supplementary Information). ADHD-PGS have been previously linked to
ADHD symptoms in ALSPAC participants®’. Rank-transformed LRAs were regressed on Z-
standardised ADHD-PGS (aligned to measure risk-increasing alleles) using ordinary least

square (OLS) regression (Ristats library, Rv3.2.0). The proportion of phenotypic variance
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explained is reported as OLS-regression-R?. Beta-coefficients (B) for ADHD-PGS quantify here
the change in standard deviation (SD) units of LRA performance per one SD increase in

ADHD-PGS.

Multivariable regression analysis

To study the genetic association between ADHD and LRAs conditional on genetic
influences shared with EA, we applied MVR. This technique is analogous to MR
methodologies accounting for mediating effects” and controls for collider bias®® through the
use of GWAS summary statistics. Technically, it involves the regression of regression
estimates from independent samples on each other? (Supplementary Information). Within
this study we use MVR without inferring causality due to violations of classical MR
assumptions” (see below).

Genetic variant selection: To disentangle ADHD-LRA associations, we selected two
sets of genetic variants from the most powerful ADHD GWAS summary statistics
(PGC+iPSYCH). The first set contained genome-wide significant variants (P<5x10°8,
conservative). The second set included variants passing a more lenient P-value threshold
(P<0.0015, subthreshold) to increase power, consistent with current guidelines for the
selection of genetic instruments in MR (F-statistic<10)*°. All sets included independent
(PLINK* clumping: LD-r?<0.25, +500 kb), well imputed (INFO**>0.8) and common (EAF>0.01)
variants. This resulted in 15 conservative and 2,689<Nsnps<2,692 subthreshold ADHD-
instruments (Table S8).

Estimation of ADHD effects: We extracted regression estimates for selected ADHD-
instruments (conservative and subthreshold) from ADHD (PGC+iPSYCH), EA (SSGAC) and

LRA (ALSPAC) GWAS summary statistics. Analysing each set of variants independently,
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regression estimates for individual LRA measures (B) were regressed on both ADHD (B as
INOR) and EA regression estimates (B) using an OLS regression framework (R:stats library,
Rv3.2.0). Outcomes were 1) a MVR regression estimate quantifying the change in SD units of
LRA performance per log odds increase in ADHD risk conditional on years of schooling
(ADHD effect independent of EA), and 2) a MVR regression estimate quantifying the change
in SD units of LRA performance per year of schooling as captured by ADHD instruments
(ADHD effect shared with EA). Latter MVR regression estimates capture here genetic
confounding, including confounding influences in a narrow sense (i.e. genetically predictable
EA causally influences both ADHD and LRA), but also mediating effects (i.e. genetically
predictable ADHD causally influences LRA indirectly through EA) and biological pleiotropy
(i.e. ADHD risk variants affect ADHD and EA through independent biological pathways). As
ADHD risk and EA are inversely genetically related with each other?, they were converted to
quantify a change per missing year of schooling. To compare the magnitude of both MVR
estimates, we also conducted analyses using fully standardised EA, ADHD and LRA regression
estimates (Supplementary Information).

Finally, MVR regression estimates were meta-analysed across reading-related,
spelling-related and all LRA measures (Table 1) using random-effects meta-regression,
accounting for phenotypic correlations between LRAs (Rimetafor library, Rv3.2.0,
Supplementary Information).

Sensitivity analyses: As the directionality of effects cannot be inferred in this study, we
examined, in reverse, evidence for ADHD as a genetic confounder of the association between
EA and LRAs, using MVR. Two sets of EA instruments (conservative and subthreshold, Table
S8) were selected from EA (SSGAC) GWAS summary statistics, analogous to the selection of

ADHD instruments, and MVR was conducted as described above.
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Attrition analysis

We carried out an gttrition analysis in ALSPAC studying the genetic association

between LRA-missingness and ADHD-PGS (Supplementary Information).

Results

Genetic architecture of literacy- and language-related abilities and clinical ADHD

Phenotypic variation in literacy- and language-related measures (Table 1), including
reading abilities (comprehension, accuracy and speed) assessed in words/passages and non-
words, spelling abilities (accuracy), phonemic awareness, listening comprehension, non-word
repetition and verbal intelligence scores, can be tagged by common variants, with SNP-h?
estimates between 0.32 (SE=0.07, non-word repetition age 8) and 0.54 (SE=0.07, verbal
intelligence age 8) (Table S2; GCTA- and LDSC-based estimations). All LRAs are
phenotypically (Table S1) and genetically (Table S3) moderately to strongly interrelated. The
observed LDSC-based evidence for genetic liability of clinical ADHD within the PGC (LDSC-
h?=0.08(SE=0.03)) ,iPSYCH (LDSC-h?=0.26(SE=0.02)) and PGC+iPSYCH samples (Table S4) is

consistent with previous reports®.

Association between ADHD polygenic risk scores and literacy- and language-related abilities

We observed robust evidence for an inverse genetic association between ADHD-PGS
and reading accuracy/comprehension age 7 (PGC: OLS-R?=0.1%, P=4.6x10"; iPSYCH: OLS-
R?=1.0%, P<1x10™°), reading accuracy age 9 (PGC: OLS-R?=0.1%, P=5.7x10", iPSYCH: OLS-

R?=1.2%, P<1x10™), and spelling accuracy age 9 (PGC: OLS-R?*=0.2%, P=1.5x10"%; iPSYCH:
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OLS-R?=0.8%, P<1x109) using independent ADHD discovery samples (Figure 1, Table S5).
Polygenic scoring results are presented for a P-value threshold of 0.1, but other thresholds
provided similar results (data not shown). The strongest evidence for association was
observed when ADHD discovery samples were combined (PGC+iPSYCH; Figure 1, Table S5),
including those of European ancestry only (PGC+iPSYCH(EUR), Table S5), and genetic overlap
was present for all LRAs studied. Results were not affected by the exclusion of children with

an ADHD diagnosis in ALSPAC (Table S6).

Figure 1 here

Shared genetic liability between ADHD and LRA with EA

There was strong evidence for a moderate negative genetic correlation (rg=-
0.53(SE=0.03), P<1x10% between genetically predicted ADHD, as captured by the largest
ADHD discovery sample (PGC+iPSYCH), and EA (LDSC-h?=0.11(SE=0.004)), consistent with
previous findings®. Likewise, LRAs were moderately to highly positively correlated with EA
(e.g. reading speed age 13 ry=0.80(SE=0.22), P=3.0x10% Table S7), as previously reported™.
Additionally, two independent variants reached genome-wide significance for both ADHD?
and EA™, consistent with biological pleiotropy™ (i.e. single genetic loci influencing multiple
traits)”>. These findings indicate complex, potentially reciprocal cross-trait relationships
(Figure 2a) and violate MR causal modelling assumptions®. Consequently, ADHD instruments
are not valid MR instruments as they are not independent of EA, a potential genetic

confounder.

Figure 2 here
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Multivariable regression analyses

To disentangle the genetic overlap of polygenic ADHD risk with literacy- and
language-related measures into genetic ADHD effects independent of and shared with EA,
we applied MVR* using ADHD instruments based on the most powerful ADHD discovery
sample (PGC+iPSYCH) (Figure 2b).

Using conservative ADHD instruments (Table S8), only non-word reading accuracy
age 9 was associated with polygenic ADHD conditional on EA, with a decrease of 0.37 SD per
log-odds increase in ADHD risk (Bapnp=-0.37(SE=0.09), P=1.7x107) (Table 3). Additionally,
when meta-analysing LRAs across pre-defined domains, we observed an effect of polygenic
ADHD risk on pooled reading performance, independent of EA. This corresponds to a
decrease of 0.35 SD in pooled reading performance per log-odds increase in ADHD liability
(Bapnp=-0.35(SE=0.09), P=9.2x10"°, Ph=0.19). There was little evidence for association with
spelling or combined LRA performance conditional on EA (Table 3).

Using subthreshold ADHD instruments (Table S8), polygenic ADHD effects on LRA
performance, conditional on EA, were detectable for all reading- and spelling-related
measures, phonemic awareness and verbal intelligence, but not language-related skills such
as listening comprehension and non-word repetition (Table 3). Observable effects were,
however, considerably smaller than those captured by conservative ADHD instruments
although the statistical evidence increased, such as a 0.03 SD decrease in non-word reading
accuracy at age 9 per log-odds increase in ADHD risk (BapHp=-0.03(SE=0.01), P=2.4x10",
Table 3).

Polygenic ADHD effects on literacy- and language-related performance that are

shared with EA were identified for all LRAs studied, but only using subthreshold, not
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conservative ADHD instruments (Table 3). This translates into, for example, a further 0.46 SD
units decrease in non-word reading accuracy at age 9 per missing school year (Bea=-
0.46(SE=0.10), P=6.1x10° Table 3). Thus, the association between polygenic ADHD risk and
listening comprehension and non-word repetition, is fully attributable to genetic effects
shared with EA (Table 3). MVR using fully standardised EA, ADHD and LRA regression
estimates showed that ADHD effects shared with EA were as large as or even larger than
ADHD effects independent of EA (Figure 2¢, Table S9).

Using an analogous approach, we also disentangled the genetic overlap of polygenic
EA with LRAs into genetic EA effects independent of and shared with ADHD based on EA
instruments (Figure S1). As observed using ADHD instruments, there was strong evidence for
EA effects shared with ADHD using subthreshold, but not conservative EA instruments (Table
S10). Importantly, the magnitude of ADHD genetic effects shared with EA compared to EA
genetic effects shared with ADHD was largely consistent with each other in fully standardised
analyses (Table S9 and S10).

All MVRs were performed using constrained intercepts®. There was little evidence
supporting the inclusion of regression intercepts that would imply additional genetic effects

using these instruments, not yet captured by either ADHD or EA effect estimates.

Table 3 here

Attrition in ALSPAC

Analyses of sample drop-out in ALSPAC, exemplified by missing reading accuracy and

comprehension scores at age 7 (WORD), were carried out to investigate potential sources of
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bias. We identified a positive genetic association between sample-dropout and ADHD-PGS
(PGC+iPSYCH, OR=1.03(SE=0.005), P=1.4x10® Table S11), consistent with previous studies®.
Disentangling this polygenic link using MVR (Table S12) based on ADHD subthreshold
instruments showed a 0.05 increase in log-odds sample drop-out per log-odds increase in
liability to ADHD independent of EA (log(OR)=0.05(SE=0.01), P=3.7x10%. Additionally, a
further 1.04 increase in log odds sample drop-out per missing year of schooling

(log(OR)=1.04(SE=0.19),P=7.3x10"®) was observed.

Discussion

This study identified strong evidence for an inverse association between polygenic
ADHD risk and multiple population-based LRAs using a polygenic scoring approach.
However, these associations are genetically confounded through effects shared with
genetically predictable EA. Accurate modelling of polygenic links using MVR techniques,
conditional on EA, revealed an ADHD-specific association profile that primarily involves
literacy-related impairments, but few language-related problems. Once genetic confounding
is accounted for, polygenic ADHD risk was most strongly inversely associated with an
overarching reading domain, in addition to spelling, phonemic awareness and verbal
intelligence, but not listening comprehension and non-word repetition abilities. Importantly,
ADHD genetic effects shared with EA inflated or even induced the genetic overlap between
polygenic ADHD risk and all LRAs studied.

These findings are consistent with previous clinical and twin studies reporting a
shared underlying aetiology between ADHD and literacy-related impairments'>52810444>
They also reflect the observed robust evidence for an association between ADHD-PGS and
several reading- and spelling-related abilities, using independent ADHD discovery samples.
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The identified association profile suggests that reading-related deficits in ADHD may, as

hypothesised for RD, arise from a phonological impairment***’

, which affects decoding and
reading skills*, but also spelling abilities*. However, reading abilities can, once developed,
also shape phonological skills™.

In addition, this study supports the genetic confounding of associations between
polygenic ADHD and LRAs through genetically predictable EA, and, equally likely, the genetic
confounding of associations between polygenic EA and LRAs through genetically predictable
ADHD. The magnitude of these confounding effects was comparable, consistent with a
model of reciprocal genetic influences between EA and ADHD (Figure 2a). Importantly, both
directions of effect are supported by observational®® and twin? studies. Thus, more generally,
our findings support a multiple-deficit model proposing shared underlying aetiologies
between ADHD and RD dimensions™.

Disentangling the underlying aetiological relationships between ADHD, EA and LRAs
is challenging due to violations of classical MR assumptions®. This study focusses therefore
on dissecting the genetic association between ADHD and LRAs into ADHD genetic effects
that are shared with or independent of genetic confounders, such as EA, while controlling for
collider bias®™. Using MVR, the detection of these polygenic associations was strongly
governed by the choice of genetic variants. Conservative ADHD instruments identified large
ADHD-specific effects on reading as a domain, independent of EA, and little evidence for
genetic effects shared with EA. However, conservative instruments had limited power>. They
comprised 15 independent SNPs only, but included genetic variation within FOXP2, a gene
that has been implicated in childhood apraxia of speech as well as expressive and receptive

language impairments (http://omim.org/entry/602081)>. Subthreshold instruments including

thousands of variants, on the other hand, tagged ADHD-specific polygenic associations
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(conditional on EA) of smaller magnitude, but with higher predictive accuracy. Moreover,
these instruments detected strong evidence for genetic confounding affecting all polygenic
links between ADHD and LRAs studied, with associations of equal strength and at least equal
magnitude compared to associations independent of EA. In general, these findings are thus
in support of an omnigenic>> model of complex trait architectures, compatible with a general
factor model of psychopathology™, including ADHD"’. The omnigenic model construes that
only the largest-effect variants will reflect ADHD specificity, and may thus tag the most trait-
specific associations between ADHD and reading, independent of EA. The majority of
variants, however, will capture pleiotropic (omnigenic) influences pointing to highly
interconnected neural networks™ that give rise to genetic confounding. Consequently, the
majority of subthreshold variants, captured by both ADHD and EA subthreshold variants, are
likely to represent highly powerful cross-trait genetic predictors that enhance and induce
genetic overlap.

Finally, the methodological framework within this study has relevance not only for
studies investigating polygenic links between ADHD and LRAs, but all studies examining
polygenic overlap between ADHD and phenotypes that share genetically liability with EA or
any other source of genetic confounding. Specifically, our findings suggest that lower variant
selection thresholds can introduce genetic confounding that needs to be accounted for
before identified associations can be interpreted in terms of underlying mechanisms,
including shared genetic aetiologies. This is especially important as current guidelines for
studying polygenic links with allelic scores recommend aggregating genetic variants across
less stringent significance thresholds to maximise genetic association between discovery and

target samples®®*.
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This study has several limitations. Firstly, ALSPAC, as other cohort studies, suffers
from attrition”*®°. Sensitivity analyses showed that this is unlikely to bias our findings based
on conservative instruments. However, links identified using subthreshold ADHD variants,
might have been underestimated given that individuals with a genetic predisposition to

ADHD are more likely to drop out®

. Secondly, the strength of the genetic overlap between
polygenic ADHD risk and LRAs may vary according to ADHD symptom domain levels,
implicating especially inattentiveness®, as well as the nature of the literacy- or language-
related ability involved (as we observed evidence for effect heterogeneity when combining
all LRAs). It is conceivable that also other verbal abilities, not investigated in this study, such
as grammar, expressive vocabulary or pragmatic skills, may genetically overlap with ADHD.
Finally, we only studied evidence for genetic confounding with respect to genetically
predictable EA using ADHD instruments (and vice versa genetically predictable ADHD using
EA instruments). However, we found little evidence for the presence of additional unknown
confounders, not yet tagged by these instruments. Furthermore, the power of available LRA
GWAS statistics is still too low to generate genetic instruments supporting reverse models.
Larger and more detailed clinical and population-based samples, as well as extensive
multivariate variance analyses of the spectrum of LRAs (that are currently computationally

expensive®) will help to discover and characterize further overlap between ADHD and

literacy- and language-related cognitive processes.

Conclusion
Polygenic ADHD links with LRAs are susceptible to genetic confounding through EA,
especially when investigated with genetic variants typically selected for polygenic scoring

approaches, inflating and biasing genetic overlap. Accounting for these unspecific genetic
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effects, reveals an ADHD-specific association profile that primarily involves reading-related

impairments, but few language-related problems.
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Figure legends

Figure 1: Phenotypic variance in literacy- and language-related abilities explained by
polygenic ADHD risk

Abbreviations: a, accuracy; ¢, comprehension; s, speed; WORD, Wechsler Objective Reading
Dimension; NBO, Nunes, Bryant and Olson (ALSPAC specific instrument); NARA II, The Neale
Analysis of Reading Ability- Second Revised British Edition; TOWRE, Test Of Word Reading
Efficiency; NW, non-word; NB, Nunes and Bryant (ALSPAC specific instrument); PhonAware,
phonemic awareness; AAT, Auditory Analysis Test; WOLD, Wechsler Objective Language
Dimensions; NWR, Non-word Repetition Test; VIQ, verbal intelligence quotient; WISC-II],
Wechsler Intelligence Scale for Children III; PGC, Psychiatric Genomics Consortium; iPSYCH,
The Lundbeck Foundation Initiative for Integrative Psychiatric Research; ADHD, Attention-
Deficit/Hyperactivity Disorder.

a) Schematic representation of polygenic scoring analyses. ADHD polygenic scores were
created in ALSPAC using PGC, iPSYCH and PGC+iPSYCH GWAS summary statistics. Rank-
transformed LRAs were regressed on Z-standardised ADHD-PGS using ordinary least square
regression. b) Phenotypic variance in literacy- and language-related abilities explained by
polygenic ADHD risk.

* - Evidence for association between LRAs and polygenic ADHD risk as observed in PGC
ADHD, iPSYCH ADHD and PGC+iPSYCH ADHD samples. Note that all LRAs were associated
with polygenic ADHD risk in iPSYCH ADHD and PGC+iPSYCH ADHD passing the experiment-
wide error rate (P<0.007).

Verhoef et al. 32


https://doi.org/10.1101/276527
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/276527; this version posted May 3, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

Figure 2: Genetic relationships between ADHD, educational attainment and literacy-
and language-related abilities

Abbreviations: ADHD, Attention-Deficit/Hyperactivity Disorder; EA, educational attainment;
LRAs, literacy and language-related abilities; PGC, Psychiatric Genomics Consortium; iPSYCH,
The Lundbeck Foundation Initiative for Integrative Psychiatric Research; SSGAC, Science
Genetic Association Consortium; ALSPAC, Avon Longitudinal Study of Parents And Children;
MVR, multivariable regression

(a) Hypothesized biological model of genetic relationships between ADHD, EA, and LRAs,
including complex, pleiotropic and reciprocal genetic links, (b) Schematic MVR model
assessing polygenic ADHD-LRA overlap independent of and shared with genetic effects for
EA, (c) MVR estimates of ADHD-specific effects independent of EA and ADHD effects shared
with EA on LRAs using standardised ADHD instruments: Sets of conservative (P<5x10®% and
subthreshold (P<0.0015) ADHD instruments were extracted from ADHD (PGC+iPSYCH), EA
(SSGAC) and LRAs (ALSPAC) GWAS summary statistics. ADHD-specific effects independent of
EA (Bapup) and ADHD effects shared with EA (Bea) on LRAs were estimated with MVRs. To
compare the magnitude of Baprp and Bea, MVR analyses were conducted using standardised
regression estimates (Supplementary Methods). Bapup estimates measure the change in LRA
Z-score per Z-score in ADHD liability. Pea estimates measure the change in LRA Z-scores per
Z-score in missing school years. MVR estimates based on raw genetic effect estimates are
provided in Table 3. Pooled estimates for reading, spelling and global LRA measures (Table
1) were obtained through random-effects meta-regression. Only effects passing the
experiment-wide significance threshold (P<0.007) are shown with corresponding 95%
confidence intervals. There is no causality inferred.

* ADHD effects shared with EA were assessed through EA genetic effect estimates of ADHD-
associated variants.
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Tables

Table 1: Literacy and literacy- and language-related oral language abilities in the Avon Longitudinal Study of Parents and Children

LRA (psychological instrument) Mean Score (SE) ?g:)a n Age N (%males) com;::;iions
. . = .
\F/(Vieiglsng accuracy and comprehension (WORD™), 28.44 (9.24) 753 (0.31) 5,891 (50.6) I
Reading accuracy (ALSPAC specific: NBO*), words ~ 7.55 (2.44) 9.87 (0.32) 5,738 (49.3)
Reading speed' (NARA II*?), passages 105.50 (12.47) 9.88 (0.32) 5,189 (49.1)
Reading accuracy' (NARA II®), passages 104.11 (13.62) 9.88 (0.32) 5,201 (49.1) ?E’
Reading speed (TOWRE®), words 82.58 (10.28) 13.83 (0.20) 4,247 (48.4) § g
Egg—‘s\fl\;ord reading accuracy (ALSPAC specific: 5.24 (2.48) 9.87 (0.32) 5731 (49.2) @ %
Non-word reading speed (TOWRE®) 50.82 (9.38) 13.83 (0.20) 4,237 (48.3) 5
o
Spelling accuracy (ALSPAC specific: NB) 7.89 (4.39) 7.53 (0.31) 5,800 (50.2) é’ : §
Spelling accuracy (ALSPAC specific: NB) 10.27 (3.43) 9.87 (0.32) 5,728 (49.2) E g
Phonemic awareness (AAT*) 20.23 (9.51) 7.53 (0.31) 5,919 (50.6) %
&
Listening comprehension (WOLD®® 7.50 (1.96) 8.63 (0.30) 5,473 (49.9) g
Non-word repetition (NWR®) 7.26 (2.51) 8.63 (0.30) 5,464 (49.9) %
Verbal intelligence® (WISC-IIT") 107.85 (16.74) 8.64 (0.31) 5,456 (49.7) |
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1. Scores were derived using age norms and adjusted for sex and principal components only before transformation

Abbreviations: LRAs, literacy- and language-related abilities; WORD, Wechsler Objective Reading Dimension; ALSPAC, Avon Longitudinal study
of Parents and Children; NBO, ALSPAC-specific assessment developed by Nunes, Bryant and Olson; NARA II, The Neale Analysis of Reading
Ability- Second Revised British Edition; TOWRE, Test Of Word Reading Efficiency; NB, ALSPAC-specific assessment developed by Nunes and
Bryant; AAT, Auditory Analysis Test; WOLD, Wechsler Objective Language Dimensions; NWR, Nonword Repetition Test; WISC-III, Wechsler
Intelligence Scale for Children IIL

Thirteen LRAs capturing aspects related to reading, spelling, phonemic awareness, listening comprehension, non-word repetition and verbal
intelligence were assessed in 7 to 13 year-old ALSPAC participants using both standardised and ALSPAC-specific instruments (Supplementary
Information).
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Table 2: Sample description

Imputation reference

Phenotype Sample Source Ethnicity panel N
LRAs ALSPAC Generall White European HRCrl.1 < 5,891
population
- Predominantly white
PGC Clinical sample HapMap phase 3 16,203 (Ncases=4,163)
European
: - . 37,076
iPSYCH Clinical sample White European 1000 Genomes phase 3 (Neaeoo= 14.584)
PGC + iPSYCH (EUR)  Clinical sample White European 1000 Genomes phase 3 (Neauee=19,099)
. . Predominantly white 55,374
PGC + iPSYCH Clinical sample European 1000 Genomes phase 3 (Noaeee=20,183)
Predominantly
EA SSGAC general White European 1000 Genomes phase 3? 326,041
population

a - Predominantly 1000 Genomes phase 3*

Abbreviations: LRAs, literacy- and language-related abilities; ADHD, Attention-Deficit/Hyperactivity Disorder; EA, educational attainment;
ALSPAC, Avon Longitudinal study of Parents and Children; PGC, Psychiatric Genomics Consortium; iPSYCH, The Lundbeck Foundation Initiative
for Integrative Psychiatric Research; EUR, European ancestry; SSGAC, Social Science Genetic Consortium; HRC, The Haplotype Reference
Consortium

Note that there is no overlap between LRA, ADHD and EA samples.

Verhoef et al. 36

'8sudl|| [euoiieulsiu] 0y AN-AG-00e
Japun a|qejrene spew si 1| ‘Ainadiad ul Juudaid ayy Aejdsip 01 asuadl| B AIxHolq pajuelb sey oym ‘1spunyioyine ayl si (mainai 1aad Aq palined
10U sem yaiym) Juudaid siyy 1oy Japjoy yBuAdod syl '8TOZ ‘s AelN parsod uoisiaA SIul {2259/ 2/T0TT 0T/610"10p//:sdny :10p Juudaid Aixyolq


https://doi.org/10.1101/276527
http://creativecommons.org/licenses/by-nd/4.0/

Table 3: Multivariable regression analysis of polygenic associations between ADHD and literacy- and language-related abilities (raw

estimates)
ADHD (BaoHp) EA (Bea)
(ADHD-specific effects independent of EA) (EA genetic effects of ADHD-associated variants)®
LRAs Conservative instruments Subthreshold Conservative instruments Subthreshold instruments
(Pur<5x107%) instruments (Pu,-<0.0015) (Pyr<5x107%) (Pin<0.0015)
B (SE) P Phet B (SE) P Phet B (SE) P Phet B (SE) P Phet
. -0.18 -0.03 1.4x10° -0.09 o
Reading a/c 7 (WORD) 0.13) 0.20 - 0.01) 5 - (1.19) 094 - 0.63(0.10) | 1.2x10
- - - Q
Reading a 9 (NBO) (80298) 0.01 - ((;)813) 2'1):10 - 1.33 (0.84) 0.14 - -0.46 (0.10) | 6.3x10°® - 8
X J &
. -0.29 ] 003 |[30x10° | ] o
Reading s 9 (NARAII) 0.13) 0.04 0.01) 5 1.55 (1.16) 0.21 0.51 (0.11) | 2.5x10 E
Reading a 9 (NARA II) ('8'13;) 0.01 - ('ggf’) 3 '8§10 - |157@1y| o018 - | -064(011) | 41x10° | - g
Reading s 13 (TOWRE) “0.36 0.03 - -0.04 (0.01 2'7);10 - 2.06 (1.35) 0.15 - -046 (0.12) | 1.8x10* - %
g (0.15) 2
NW reading a 9 (NBO) (':'0397) Lo ('ggf’) 24401 1154085 | 009 - | -046010) | 61x10° | - 3
NW reading s 13 (TOWRE) (81271) 0.25 - ('g':f’) 2'4’210 - | 143(158) | 038 - | -045012) | 19x10* | -
. -0.05 -0.05 14x10 -1.12 9
Spelling a 7 (NB) 0.12) 0.72 - 0.01) 5 (1.13) 0.34 -0.63 (0.10) | 1.2x10
. -0.23 -0.04 8.7x10 5
Spelling a 9 (NB) 0.08) 0.01 - 0.01) p 143 (0.72) 0.38 -045 (0.10) | 1.3x10
-0.22 ] 002 | 19x10 | -0.31 ] ol
PhonAware 7 (AAT) (0.15) 0.16 0.01) 3 (1.33) 0.82 0.67 (0.10) | <1x10
. . -0.03 -0.02 -1.47 4
Listencing ¢ 8 (WOLD) 0.08) 0.75 0.01) 0.02 0.70) 0.06 -0.55 (0.11) | 4.5x10
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'(\l'\l‘i/r\‘/;{")vord repetition 8 ('g'llj) 034 | - ('gglz) 001 | - ('félf) 09 | - |-04701D | 1500°| -
VIQ 8 (WISC-III) ((?1253) 0.16 - ('8'813’) 2040 ('10"33;; 0.80 - |-071011) | <1x10%| -
E:;ffmr::féng ('8595) 9.2x10° | 0.19 (_(;).'c?f) 1410 579 167078 | 003 | 031 |-050(0.09) | 2.9x10°% | 0.09
Ezgffmsapn‘*c'gng ('g'llf) 010 | 003 ('g_gf) L0 1 528 04025 | 075 | 0001 |-042(0.10) | 1.3x10° | 039
Global LRA performance ('8378) 001 | 0007 ('85)13’) L2071 506|029 0.68) | 067 |0.002| 051008 | <1x10™ | 0.002

1. ADHD genetic effects shared with EA as assessed through EA genetic effect estimates of ADHD-associated variants

Abbreviations; LRAs, literacy- and language-related abilities; ADHD, Attention-Deficit/Hyperactivity Disorder; EA, educational attainment; Py, P-
value threshold; P, P-value ; Ppne, heterogeneity P-value; a, accuracy; ¢, comprehension; s, speed; WORD, Wechsler Objective Reading Dimension;
NBO, Nunes, Bryant and Olson (ALSPAC specific instrument); NARA II, The Neale Analysis of Reading Ability- Second Revised British Edition;
TOWRE, Test Of Word Reading Efficiency; NW, non-word; NB, Nunes and Bryant (ALSPAC specific instrument); PhonAware, phonemic
awareness, AAT, Auditory Analysis Test; WOLD, Wechsler Objective Language Dimensions; NWR, Nonword Repetition Test; VIQ, verbal
intelligence quotient; WISC-III, Wechsler Intelligence Scale for Children III, MVR - Multivariable regression.

Sets of conservative (P<5x10®% and subthreshold (P<0.0015) ADHD instruments were extracted from ADHD (PGC+iPSYCH), EA (SSGAC) and
LRAs (ALSPAC) GWAS summary statistics. ADHD-specific effects independent of EA (Baonp) and ADHD effects shared with EA (Bea) on LRAs were
estimated with MVRs (Figure 2b). ADHD effects shared with EA were assessed through EA genetic effect estimates of ADHD-associated variants
and presented with respect to missing school years. Bapnp quantifies the change in LRA Z-score per log odds increase in ADHD liability. Bea
quantifies the change in LRA Z-score per missing year of schooling. Pooled estimates for reading, spelling and global LRAs (Table 1) were
obtained through random-effects meta-regression. Evidence for effect heterogeneity (Pne) was monitored through Cochran's Q-test. Effects
passing the experiment-wide significance threshold (P<0.007) are depicted in grey. To compare effect sizes of Baoro and Pea, MVR was carried
out using standardised genetic effect estimates for which results are provided in Figure 2c.
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