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Abstract

Background: Although ADHD is widely perceived as a disorder predominantly prevalent in children, the probability of
functional impairment or subthreshold impairing symptoms persisting into adulthood is still quite high. The current
study aims to investigate the underlying genetic patterns associated with ADHD, in particular with persistent ADHD
and potential correlations between persistence of ADHD and other behavioural or psychiatric abnormalities.

Methods: We used four different GWAS summary statistics for our primary analyses: childhood ADHD, adulthood
ADHD, a newly derived genome-wide factor reflecting polygenic risk for ADHD persistence, and a genome-wide factor
for general psychopathology. We performed linkage disequilibrium score regression (LDSC) to test for genetic overlap
between each of the four genomic risk signatures, used FUMA to identify molecular pathways involved in the genetic
risk for persistent ADHD, and LD hub to conduct pairwise genetic correlations between the polygenic persistence factor
and related phenotypes.

Results: LDSC analysis revealed strong significant positive correlations between all combinations of the four datasets,
except for the persistence factor and childhood ADHD. We found tissue specificity of the polygenic persistence factor
for the hippocampus, amygdala, and cortical areas such as frontal cortex and anterior cingulate cortex. Our findings
also show genetic correlations between the polygenic persistence factor and depression, schizophrenia and
rheumatoid arthritis. We also found nominal significant pathways such as “regulation of IFNa signalling” and “nerve
development” associated with persistent ADHD.

Conclusion: We found evidence for genetic correlations of the polygenic persistence factor and psychopathological
symptoms and disorders. Furthermore, our findings suggest common genetic risk patterns of persistent ADHD and
inflammatory diseases such as rheumatoid arthritis. It may give way to a better assessment of the prognoses and helps
to come to decisions in therapeutic questions as far as to establish new therapeutic strategies.
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Introduction
Attention-deficit/hyperactivity disorder
(ADHD) is  classified as an early-onset

neurodevelopmental disorder characterized by
inattention and/ or hyperactivity/impulsivity (APA,
2013).

Although ADHD is widely perceived as a
disorder predominantly prevalent in children
(worldwide prevalence of 5.3% in children and
adolescents (Polanczyk et al., 2007)), the probability of
functional impairment or subthreshold impairing
symptoms persisting into adulthood is still quite high.
Longitudinal studies have shown that around 15% of
the children with ADHD still meet the full diagnostic
criteria of ADHD by the age of 25 years. When including
cases which fulfil the DSM-IV criteria for ADHD in
partial remission the persistence rate is even as high as
around 65% (Faraone et al., 2006). The ADHD symptom
expression however changes throughout the life span.
For example, children show hyperactivity symptoms in
a more overt manner (e.g. running around when asked
to sit still in class) whereas hyperactivity in adults is
more associated with experiencing inner restlessness
(Biederman et al., 1990). A meta-analysis by Simon and
colleagues (2009) has estimated the overall prevalence
of adult ADHD to be 2.5%.

One major pathogenetic factor for ADHD is
heritability. Heritability is seen as “the proportion of
the causal factors on a characteristic that is
attributable to genetic differences” (Stevenson et al.,
2005). Twin studies with mono- and dizygotic twins,
based on teacher and parent ratings have revealed
heritability estimates of ADHD in childhood and
adolescence of around 76% (Faraone et al., 2005). In
adulthood as well, ADHD has been found to be
heritable (estimates ranging from 30% up 80%
depending on the used rating method (multiple
informants compared to self-ratings only); Boomsma
et al., 2010; Chang et al., 2013; Reiersen et al., 2010).

Having proportions of genetic causal factors of
less than 100% however indicates that there are other
aetiological factors influencing the course of ADHD.
Widely considered are psychosocial factors and
environmental factors including toxic and infectious
influences during pregnancy and in early phases of life

(Banerjee et al., 2007). Heritability estimates in
literature nevertheless are clearly high enough to
speak strongly for the value of genetic studies to get a
deeper understanding of the different courses of
ADHD.

Potential candidate genes associated with
childhood ADHD are involved in dopamine (DAT, DRD4,
MAOA, COMT) and serotonin (SERT, HTR1B) synthesis.
Only moderate statistical significance however has
been found so far (Gizer et al., 2009). This could be due
to heterogeneity in sample characteristics and
methodology. Another reason could be that the most
frequently used candidate genes for ADHD are based
on their assumed function and their a priori estimated
aetiological relevance for ADHD. There are too few
unambiguous relations between genes and their
function proven yet. This leads to a great deal of
uncertainty already in their selection. To examine
whether other candidate genes should indeed be
considered, more open exploratory methods are
required. Associations with the positional candidates
being revealed by such exploratory searches might
show stronger effects and might be more replicable
than the up to this date studied functional candidate
genes. Nonetheless, it is still quite likely that any of the
genes emerging from an exploratory search show small
effect sizes too, due to the multifactorial polygenic
aetiology, which is assumed to characterize ADHD as
well as other psychiatric disorders. This emphasizes the
need for investing in much larger sample sizes than
those which are currently used for ADHD association
studies (Gizer et al., 2009). Larger samples could help
to ensure sufficient statistical power.

One method for exploratory searches are the
genome-wide association studies (GWAS), which are
the basis of this study. GWAS has been so far the most
powerful tool in terms of identifying common genetic
risk variants for ADHD across the entire human
genome. In a recent study by Demontis and colleagues
from 2019, twelve genome-wide significant risk loci
were identified for ADHD. Several of those loci are
located near or in genes involved in
neurodevelopmental processes in particular such as
FOXP2, SORCS3 and DUSP6 (Demontis et al., 2019).
However, none of those significant loci coincide with
previously reported candidate genes for ADHD such as
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SLC6A3, DRD5, DRD4, SLC6A4, LPHN3, SNAP-25,
HTR1B, NOS1 and GIT1 (Hawi et al., 2015). Demontis
and colleagues (2019) did not find significant effects in
the previously found candidate genes. With a SNP
heritability (h?) of 0.22 they found a considerably large
proportion of phenotypic variance being explained by
all common genetic variants.

While Demontis et al. (2019) focused their
research on children with ADHD, Rovira and colleagues
(2020), focused on adults with persistent ADHD. The
latter found ADHD-associated loci, which include genes
involved in brain formation and function. Rovira et al.
(2020) also found shared contribution of common
genetic variants of ADHD in children and adults. They
did not find any heterogeneity in the group of children,
that could predict either future remission or
persistence. Their findings support the idea of
persistent ADHD in adults being a neurodevelopmental
disorder, with largely identical genetic underpinnings
like ADHD restricted to childhood (i.e. remittent
ADHD).

Looking further into the course of ADHD, twin
studies have focussed on the developmental course of
ADHD across the lifespan of patients. They revealed
evidence for a developmentally changing, complex
phenotype of ADHD with stable and dynamic genetic
findings over the course of the patients” development
(Chang et al., 2013; Pingault et al., 2015). So genetic
influences on ADHD comprise genetic continuity as
well as genetic innovation (Pingault et al., 2015).

Another key player in ADHD in general as well
as for the development and prognosis of ADHD are
comorbidities. ADHD patients are often affected by
other psychiatric disorders. The most frequent
comorbidity in children, with up to 54-84%, is
oppositional defiant disorder (ODD) (Barkley, 2005;
Faraone et al., 1997). Around one third of children with
ADHD also show co-occurrence of anxiety or major
depressive disorders (MTA Cooperative Group, 1999).

Looking at phenotypical characteristics of
different mental disorders such as comorbidity, co-
occurrence, persistence and dimensionality, Caspi et
al. (2014) were able to characterise psychiatric
disorders with one general psychopathology
dimension, which was called p-factor. It proved to be
more significant than traditional factors like

Internalizing, Externalizing and Thought Disorder.
Knowing about the existence of such a one-
dimensional factor for quite different clinical traits
highlights the challenge of finding characteristic
biomarkers or causes that are specific to a distinct,
single psychiatric disorder. Very recently Caspi et al.
(2020) were able to show that the p-factor could be
related to differences in the mental health live histories
of individuals over a four decade lasting period.

A study from 2016 found evidence for a genetic
factor that affects eight major psychiatric disorders
including ADHD, alcohol use disorder, drug abuse,
schizophrenia, schizoaffective disorder, depression,
anxiety and bipolar disorder. The authors found that
genetic effects, which are shared across all those
disorders, were able to explain 10% of the phenotypic
variances found in ADHD (Pettersson et al., 2016).
Combining the knowledge about a higher order
dimension of psychopathology and the strong genetic
correlations between pairs of psychiatric disorders
Selzam et al. (2018) introduced the genetic p-factor as
the highest level of the genetic architecture of
psychopathology.

Taking together the described knowledge and
the challenges brought us to this study which aims to
investigate underlying genetic patterns associated with
ADHD and in particular with persistent ADHD, as well
as potential correlations between persistence of ADHD
and other related phenotypes of psychiatric disorders
or abnormal behaviour.

Our objectives are to: 1. Test for genetic
overlap between the overall genetic psychopathology
p-factor and ADHD onset and persistence; 2. Search for
molecular pathways involved in the genetic risk for
persistent ADHD and 3. Assess genetic correlation
between the persistence of ADHD and other
psychiatric, neurological, cognitive, educational,
behavioural, personality, and brain related traits.

Methods

Datasets

For this study, we used four different case-
control datasets. We examined GWAS summary
statistics from the International Multicentre persistent
ADHD CollaboraTion (IMpACT) (Adult) and from the
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ADHD Working Group of the Psychiatric Genomic
Consortium (PGC) (Child), a newly created ‘polygenic
persistence factor’ for persistent ADHD (Persistence)
and the genetic psychopathology factor (p-factor) of
five psychiatric traits (post-traumatic stress disorder,
schizophrenia, anxiety, bipolar disorder, major
depressive disorder) published by Grotzinger et al.
(2019) (p-factor).

IMpACT contains data of 22170 adults with and
without ADHD (6408 cases, 15762 controls) (Rovira et
al., 2020). For this study, the sample consists of the
published meta-analysis by Rovira and colleagues
excluding the cohort from NeurolMAGE. Specific
information about the cohorts have been described in
the supplementary information of Rovira et al. (2020).

The ADHD Working Group of the Psychiatric
Genomic Consortium (PGC) contains data of 26054
children with and without ADHD (9917 cases, 16137
controls) (Demontis et al., 2019). The data includes
data from Cardiff, CHOP (Children’s Hospital of
Philadelphia), IMAGE Il, Canada, Germany, PuwWM
strict (Pfizer-funded study from the University of
California, Los Angeles (UCLA), Washington University,
and Massachusetts General Hospital (MGH)), Spain,
Brazil and Denmark (iPSYCH children). The recruiting
process and genotyping of the cohort have been
described previously by Demontis et al. (2019;
supplementary information).

The ‘polygenic persistence factor’ reflects,
given that someone had ADHD as a child, how much at
risk this person is for continuous ADHD into adulthood.
We derived this new factor by taking the effect sizes of
the case-control GWAS of adults with persistent ADHD
from the IMpACT consortium and subtracted the
children-only effect sizes of the PGC-data (Sprooten et
al., 2019).

The fourth dataset contains the result out of
the GenomicSEM paper by Grotzinger et al. from 2019.
They modelled genomic covariance of five psychiatric
traits (schizophrenia, major depressive disorder,
bipolar disorder, anxiety and post-traumatic stress
disorder) and controls, using a general factor of
psychopathology (p). The results of this analysis are
publicly available (Grotzinger et al., 2019).

The polygenic persistence factor and the
genetic p-factor are calculated as derived scores from

multiple GWASs. They contain genome-wide SNPs with
their corresponding effect sizes.

LDSC

Linkage disequilibrium score regression (LDSC)
was used to calculate genetic correlations (rg) between
the four data sets (adult (N = 22170), child (N = 26054),
polygenic persistence factor (N = 22170) and genetic p-
factor (N = 81434 (Effective N)). LDSC was performed in
R using the GenomicSEM package (Grotzinger et al.,
2018). LDSC can calculate those correlations based on
summary statistics from GWAS. Assuming a population
prevalence of 3% for the adult (Fayyad et al., 2007) and
6% for the children (Willcutt, 2012), leads to 3% for the
persistence factor (6% - 3% = 3%). Since the genetic p-
factor is a continuous trait, a population prevalence is
not applicable (NA). All summary statistics were
filtered prior to the analysis to exclude variants with
minor allele frequency (MAF) > 0.01 and imputation
quality scores (INFO) > 0.9. The HapMap3 SNPs without
the MHC region was used as reference.

FUMA

To analyse gene-sets associated with ADHD
persistence a web-based platform which applies a
range of functional annotations and gene-mapping
(FUMA), was used (Watanabe et al., 2017). This
includes the characterization of significant hits
(characterising genomic loci, annotation of candidate
SNPs in genomic loci and functional gene mapping) as
well as genome-wide analyses such as gene-set
analysis and tissue expression analysis using MAGMA.
FUMA performs this analysis with curated gene sets
and Gene Ontology (GO) terms (Gene Ontology
Consortium, 2015) from MsigDB v7.0 (Liberzon et al.,
2015). 15496 gene sets were tested (Curated gene sets:
5500, GO terms: 9996). Gene expression data sets used
for the tissue expression analysis were obtained from
GTEx v8. SNP2GENE mapping was performed on the
ADHD persistence factor.

Since the persistence factor is not exactly a
GWAS summary statistic and we did not get genome-
wide significant results we set the p-value threshold to
p = 5E-06 to further explore enrichment for functional
annotations and gene mapping.



Lisa M. Berg / Master Thesis Research Master Cognitive Neuroscience, Radboud University, Donders Institute

LD Hub

To estimate pairwise genetic correlation
between the polygenic persistence factor (persistence)
and 453 phenotypes with publicly available GWASs
summary statistics, we used LD hub (Zheng et al.,
2017). The following catalogues of phenotypes were
selected for analysis: ukbb, psychiatric, neurological,
education, personality, brain volume, cognitive. For
this analysis we set N = 22170. We used the minimum
of the sample size of the individual GWAS used to
create the persistence factor (= N of adult cohort).

Results

LDSC — Genetic correlation between different
ADHD datasets and the genetic risk factor for
psychopathology

Using Linkage disequilibrium score regression
(LDSC), pairwise genetic correlations were calculated

for the four datasets (Figure 1). We found significant
genetic correlations between adults with ADHD and
children with ADHD (rg = 0.783, p = 3.1466E-22),
between adults with ADHD and the persistence factor
(rg = 0.5447, p = 5.0644E-03), between adults with
ADHD and the genetic p-factor (rg = 0.3929, p =
5.4639E-15), between children with ADHD and the
genetic p-factor (rg = 0.1928, p = 1.0704E-04) and
between the persistence factor and the genetic p-
factor (rg = 0.2932, p = 8.6237E-04). We found no
significant genetic correlation between children with
ADHD and the persistence factor (rg = -0.203, p =
0.2515).

1.0
0.8
Adult
0.6
Child
n
+ 0.4
(@)
£
(@)
(@)
Persistence -0.203 0.2
(0.2515)
0.0
P-factor 0.1928 0.2932
(1.0822E-04) (8.629E-04)
Adult Child Persistence P-factor ~0.2
Cohorts

Figure 1: Correlation matrix of genetic correlations from Linkage-Disequilibrium Score Regression (LDSC).
Values represent genetic correlations. P-values in brackets. The colour intensity of each square indicates the magnitude of the correlation. From
dark blue representing a correlation of +1 until light blue representing a correlation of -0.3.
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Looking into the proportion of heritability of
the different cohorts referable to single nucleotide
polymorphisms (SNP-h?) we found a SNP-h? for adults
of 0.2119 (SE = 0.0257), for children of 0.2054 (SE =
0.0227). SNP-h? for the polygenic persistence factor
was 0.0228 (SE = 0.0095) and for the genetic p-factor
0.5337 (SE = 0.0208).

FUMA — Molecular pathways involved in risk for
persistent ADHD

To test for tissue specificity of the polygenic
persistence factor MAGMA gene-property analysis was
performed within FUMA. This is to test for positive

-log 10 P-value

-log 10 P-value

relationships between tissue specific gene expression
profiles and persistent ADHD-gene associations. Figure
2 (top) illustrates that this relationship is strongest
between our data and brain gene expression (p =
0.042025). More precisely, this relationship is
strongest for the amygdala (p = 0.018114) and the
hippocampus (p = 0.022356) as well as for the frontal
cortex (BA9) (p = 0.027718) and the anterior cingulate
cortex (BA24) (p = 0.027905) (Figure 2 (bottom)).

Figure 2: Gene property analysis for tissue specificity of the polygenic persistence factor.
Top: Relationships between tissue types and the polygenic persistence factor. Bottom: Relationships between more specific tissue types and the

polygenic persistence factor.
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The MAGMA gene-set analysis of the polygenic
persistence factor data has revealed some curated
gene sets and Gene Ontology (GO) terms, which are
associated with persistent ADHD (Table 1). However,
none of them reached significance after Bonferroni
correction (Pbon). We found interesting nominally
significant pathways such as “regulation of IFNa
signalling” (p = 4.081E-05) and “nerve development” (p

=7.2749E-05). Performing gene analysis with MAGMA,
we found no genes that reached genome-wide
significance (Figure 3) defined at p = 2.687E-06 (p =
0.05/1806 (number of tested genes)). The top three
genes found were HSPA1A (p = 2.1766E-05), DGKG (p =
3.2506E-06) and BTN3A3 (p = 5.9288E-05).

Table 1: MAGMA gene-set analysis of the polygenic persistence factor.

Table displays top 10 gene sets.

Gene Set NGenes | Beta Beta_Std | SE P Pbon
Curated_gene_sets:reactome_regulation_of_ifna_signaling 24 0.7856 0.0282 0.19946 4.081e-05 0.63186123
GO_bp:go_nerve_development 76 0.3750 0.0239 0.098703 7.2749e-05 1
Curated_gene_sets:bafna_muc4_targets_up 7 1.1128 0.0216 0.31409 0.00019833 1
GO_bp:go_glossopharyngeal_nerve_development 5 1.3151 0.0216 0.37811 0.00025321 1
Curated_gene_sets:reactome_regulation_of_ifng_signaling 13 0.7707 0.0204 0.22534 0.00031395 1
GO_bp:go_establishment_of_pigment_granule_localization 22 0.6119 0.0210 0.17895 0.00031448 1
GO_mf:go_kinase_binding 700 0.0986 0.0188 0.029701 0.00045158 1
GO_bp:go_cellular_pigmentation 48 0.3824 0.0194 0.11568 0.00047509 1
Curated_gene_sets:reactome_trans_golgi_network_vesicle_budding 67 0.2879 0.0172 0.088647 0.00058201 1
Curated_gene_sets:reactome_golgi_associated_vesicle_biogenesis 51 0.3248 0.017 0.10057 0.00062097 1
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Figure 3: Manhattan plot of gene-based test.

8

Chromosome

13 14

15 16 17 18 19 202122

Input SNPs were mapped to 18606 protein-coding genes. Genome-wide significance (red dashed line) was defined at P = 0.05/18606 = 2.687E-6.
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FUMA analysis has revealed three genomic risk
loci associated with the persistence of ADHD. On
chromosome 5 (rs9313307; p = 1.54E-06),
chromosome 8 (rs11778752; p = 4.07E-06) and
chromosome 13 (rs7985442; p = 5.84E-07). The
analysis has revealed five independent significant SNPs
with a p-value < 5E-06, three on chromosome 13 and
one on chromosome 5 and chromosome 8 each.
Furthermore, the analysis has shown two mapped
genes C8orf34 on chromosome 8 and TUBA3C on
chromosome 13.

LD Hub — Genetic correlation with other related
phenotypes

Genetic correlation between the polygenic
persistence factor and 453 other phenotypes were
estimated using LD hub to perform LD score regression.
Nineteen phenotypes showed significant genetic
correlation with the ADHD persistence factor (prpr <
0.05) (Figure 4). Overlap of genetic risk factors for
persistent ADHD was found across several groups of
traits (indicated by line in graph):
psychiatric/personality, drinking behaviour and
smoking behaviour. The majority of traits in the
psychiatric/personality group was related to
depression. We found positive genetic correlation
between the persistence factor and self-reported
depression (rg = 0.3757, p = 0.0393), having seen a
psychiatrist (rg = 0.3923, p = 0.0358) or a general
practitioner (GP) (rg = 0.3001, p = 0.0358) for nerves,
anxiety, tension or depression, frequency of depressed
mood in the last 2 weeks (rg =0.2735, p = 0.0358), ever
depressed for a whole week (rg = 0.2811, p = 0.0499)
and ever unenthusiastic/disinterested for a whole
week (rg = 0.2988, p = 0.0466). We also found positive
correlation with schizophrenia (rg = 0.3182, p = 0.0358)
as well as with traits related to smoking behaviour:
Current tobacco smoking (rg = 0.2793, p = 0.0358),
Smoking status: Current (rg = 0.2832, p = 0.0358), Ever
smoked (rg = 0.1995, p = 0.0393). We found negative
genetic correlation with alcohol drinking status: Never
(rg =-0.3544, p = 0.0393) and alcohol intake frequency
(rg = -0.1986, p = 0.0393). The trait “former alcohol
drinker” was positively correlated with ADHD
persistence factor (rg = 0.4128, p = 0.0471). We also
found positive genetic correlation between the

polygenic persistence factor and rheumatoid arthritis
(rg = 0.5521, p = 0.0472). Furthermore, we found
strong positive correlation between the polygenic
persistence factor and the diagnoses group R69:
Unknown and unspecified causes of morbidity (rg =
0.7387, p = 0.0358).

Discussion

There is a broad consent in literature, that
genetic conditions play a major role in the aetiology of
ADHD. In the current study we aimed to find out more
about the underlying genetic patterns associated with
ADHD - in particular with persistent ADHD. We
furthermore investigated potential correlations
between the persistence of ADHD and other related
phenotypes with clinical patterns of psychiatric
disorders. No a priori hypotheses were generated since
we aimed to identify genetic patterns and genetic
correlations with persistent ADHD in a data-driven
approach. We wanted to be open for all sorts of
correlations that might occur by applying statistical
methods on our data.

Our results for the SNP-h? for the adult and the
children cohort are in good accordance with the results
of the studies by Demontis et al. (2019) and Rovira et
al. (2020), which was to be expected, as we analysed
almost identical cohorts. Heritability analysis in our
study showed highly similar proportions of heritability
in adults with ADHD as in children with ADHD, a fact
that also has been reported before in the literature
(Brikell et al., 2015; Rovira et al., 2020).

Very recently Allegrini and colleagues (2020)
have analysed the heritability of the genetic p-factorin
childhood and adolescence. They found heritability
estimates ranging between 0.4 and 0.8 depending on
age and on raters. Heritability estimates were highest
for teacher ratings compared to parents- or self-rating.

Our heritability analysis of the genetic p-factor
with a heritability estimate of 0.5337 (SE = 0.0208) is
well in the range of the findings reported by Allegrini
and colleagues (2020). The SNP-h? of the polygenic
persistence factor is relatively low (0.0228 (SE =
0.0095)) compared to the SNP heritability estimate of
the child and the adult ADHD cohorts.
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Figure 4: Genetic correlation of the polygenic persistence factor with other related phenotypes.
In total 453 different traits were tested. Only the traits with significant p-value after FDR correction are presented in the figure. *: p < 0.05. Lines
indicate grouping of different traits such as psychiatric/personality or risk-taking behaviours like smoking or alcohol consumption.

Only 2.28% of the persistent ADHD phenotype can thus
be explained by additive effects of common genetic
variants. An explanation for this could be that the
persistent phenotype is more influenced by copy
number variants (CNVs) or rare variants which have not
been investigated in this study. Given that persistence
of ADHD in adulthood shows strong familial
aggregation of ADHD (Chen et al., 2017) and our low
SNP-h? of the polygenic persistence factor, there is a
need to include CNVs and rare variants regarding their
involvement in persistency of ADHD in future research.
When discussing the significance of heritability
estimates one must be aware, that the genetic p-factor
and the polygenic persistence factor were calculated as
derived factors based on multiple GWASs. So, our
heritability estimates concerning these factors might

differ from the estimates concerning the adult or the
childhood cohorts, which comprise single GWASs and
not derived factors for mathematical reasons.

Our results concerning the genetic correlation
between the adult and the children cohort of 0.783 (p
= 3.1466E-22), found by LDSC analysis, are in good
accordance with the results of Rovira and colleagues
(2020): They found a genetic correlation between
ADHD in childhood and persistent ADHD in adults to be
0.81 (p = 2.1E-21). The strong genetic correlations
between these cohorts we found, as well as the similar
heritability estimates for children and adults with
ADHD in our findings support the idea of persistent
ADHD being a developmental issue, first emerging in
childhood and developing into adulthood (e.g. Rovira
et al., 2020).
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The polygenic persistence factor in our study
showed a genetic correlation with the genetic p-factor.
So did the two ADHD cohorts (child and adult). This
suggests a common genetic basis between ADHD and
the general risk for psychiatric disorder. LDSC analysis
revealed a stronger correlation between the genetic p-
factor and the polygenic persistence factor and
between the genetic p-factor and the adult ADHD
cohort compared to the correlation between the
genetic p-factor and the child ADHD cohort. This might
indicate an age-related component involved in the risk
for psychiatric disorders.

Our LD hub-results of the LD Score regression
concerning genetic correlation of the polygenic
persistence factor with other related phenotypes
support the existence of a common genetic basis of
psychiatric abnormalities. The clinical items we
focussed on in our study comprised amongst others
different depressive conditions, anxiety, tension,
restlessness, having seen a psychiatrist or a general
practitioner for nerves, anxiety, tension or depression,
smoking behaviour and alcohol drinking behaviour.
These items are quite unspecific in terms of diagnostic
unambiguousness, they all can be part of the course of
ADHD or are quite common comorbidities. Therefore,
a positive correlation of these traits with the polygenic
persistence factor is not completely unexpected, more
so, if you consider ADHD in general as a risk factor for
continuous strain and development of subsequent
psychiatric or behavioural abnormalities. There was a
genetic correlation between schizophrenia and the
polygenic persistence factor. Schizophrenia however
cannot be as commonly related to ADHD like the
above-mentioned traits, nor is it a typical comorbidity.

A genetic overlap between clinically different
psychiatric disorders such as schizophrenia, major
depressive disorder, bipolar disorder, anxiety and
ADHD has been described previously (Anttila et al.,
2018). The authors did not focus specifically on
persistent ADHD but on ADHD in general. So, we might
consider our findings most likely not to be related
specifically to persistency in ADHD but to ADHD in
general. In the study by Demontis and colleagues
(2019), positive correlations were found between their
children ADHD cohort and smoking behaviour.
Therefore, here as well we must consider our findings

most likely not to be specific for persistent ADHD but
rather to ADHD in general. The strong positive
correlation between the polygenic persistence factor
and the diagnosis category R69: Unknown and
unspecified causes of morbidity, seems quite
interesting. This category is used when the doctor is
unable for any reason to specify a distinct diagnosis and
a huge heterogeneity of mostly subthreshold clinical
pictures is to be expected in this group. Nevertheless,
it comprises individuals who visited a doctor and thus
can be assumed to have an at least subjective
estimation of a reduced health condition.

The genetic correlations found in LD hub
analyses may indicate casual relations as well as shared
biological mechanisms amongst different traits. The
findings of the genetic correlations between the
polygenic persistence factor and schizophrenia and
depressive symptoms as well as the correlations
between the genetic p-factor and the three ADHD
datasets found in the LD score regression analysis
speak for a to some degree connected genetically
based aetiology which in consequence highlights the
need to reconsider the diagnostic indicators for
psychiatric disorders at least in terms of genetic
underpinnings. Doing this might lead to different
classification of psychiatric disorders and it might help
to find new therapeutic approaches. However, there is
more research to be done, as too little is known yet to
really change clinical classifications on basis of
currently known genetic findings. Nevertheless, it is
encouraging that there might be a shared genetic
pattern which is to be seen in quite different clinical
pictures of psychiatric disorders sharing the trait of
neuropsychological imbalance, be it in terms of
emotions, thought disorders or executive functions.

Tissue specific gene expression analysis with
MAGMA has revealed strong relationships between
cortical areas of the frontal cortex and the anterior
cingulate cortex and the polygenic persistence factor.
This supports the findings of several studies reviewed
by Fassbender et al. (2006). The reviewed studies had
found functional and structural differences in the
anterior cingulate cortex between individuals with
ADHD and controls without ADHD. In our study the
relationships between the polygenic persistence factor
and hippocampus and amygdala, structures involved in
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memory and emotion, both showing clinical
imbalances in ADHD was even stronger than the
relationship to the frontal areas.

Even though after Bonferroni correction the
MAGMA gene-set analysis of our data has not revealed
significant associations between any gene-sets and the
polygenic persistence factor, we found interesting
nominal significant pathways associated with
persistence of ADHD such as nerve development and
regulation of IFNa-signalling. The finding of nerve
development pathways being associated with
persistent ADHD fits well into the picture of ADHD
being a neurodevelopmental disorder.

The association between persistent ADHD, or
ADHD in general and IFNa signalling in the MAGMA
gene-set, however, is unclear. Abnormal production of
interferon alpha (IFNa) is known to contribute to
immune dysfunction and is involved in autoimmune
diseases such as rheumatoid arthritis (RA) (van der
Pouw Kraan et al., 2007) and systemic lupus
erythematosus (Weckerle et al.,, 2011). For all we
know, there has been no evidence that could explain a
link between autoimmune diseases and ADHD
reported so far.

FUMA analysis has revealed two mapped
genes C8orf34 on chromosome 8 and TUBA3C on
chromosome 13. Their involvement in ADHD is still
unclear and so far, to the best of our knowledge, there
is no literature to be found connecting those genes to
ADHD in any way. Chromosome 8 open reading frame
34 (C8orf34) encodes a protein related to cyclic AMP
dependent protein kinase regulators. Natural
mutations are associated with higher risk of toxicities
in patients exposed to chemotherapy (National Center
for Biotechnology Information, n.d.). Alpha-tubulin 3C
(TUBA3C) is located in the 13q11, which is associated
with the genetic diseases Kabuki syndrome and
Clouston hidrotic ectodermal dysplasia (Dodé et al.,
1998). Further studies are necessary to potentially find
a correlation of the mentioned genes to ADHD or prove
our findings to be a matter of our exploratory analysis
without an a priori hypothesis.

Unlike Demontis et al. (2019) and Rovira et al.
(2020) who found some genome-wide significant genes
in their analyses, our MAGMA gene-based testing
revealed none. This could be due to our newly derived

polygenic persistence factor not being adequately
sensitive. We adjusted the p-threshold for further
analyses. The genome-wide significant genes reported
by Demontis et al. (2019) and Rovira et al. (2020) on
the other hand might not be strictly related to the
persistence of ADHD since both studies also did not
specifically study persistence of ADHD. Further studies
are necessary to come to an answer.

The top gene we found by gene-based testing
with MAGMA was HSPA1A. However, there was no
genome-wide significance. Heat shock proteins such as
HSPA1A have housekeeping functions and are involved
in a variety of biological processes such as protein
synthesis, protein folding, and protein transport
(Mayer & Bukau, 2005; Morimoto, 1993). Clinically
those heat shock proteins are known to be involved in
inflammatory diseases such as rheumatoid arthritis
and diabetes type 2 (Henstridge et al.,, 2014,
Najafizadeh et al., 2015). So far there has been no
evidence for an involvement of those proteins in
pathophysiology of ADHD.

Another link to rheumatoid arthritis was found
in our study, namely a positive genetic correlation
between the polygenic persistence factor and
rheumatoid arthritis in our LD hub analysis which is in
good accordance with the results of Demontis and
colleagues (2019). They also found a positive genetic
correlation between RA and their childhood ADHD
cohort. The correlation between RA and the polygenic
persistence factor and the correlation between that
factor and childhood ADHD in the literature support
the findings from the gene-based and the gene-set
analyses conducted within FUMA. Both analyses, even
though not significant in our data, hint towards genes
and pathways involved in RA as well as in ADHD.
However, there is no serious hypothesis that links
rheumatoid arthritis to ADHD yet.

Summarizing our results, we can say that there
is evidence for common genetic patterns between
persisting ADHD and the general risk for a psychiatric
disorder. We found evidence for genetic correlations of
the polygenic persistence factor and
psychopathological symptoms and disorders such as
addictive

behaviour, depressive traits, or

schizophrenia. Furthermore, our findings suggest
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common genetic risk patterns of persistent ADHD and
inflammatory diseases such as rheumatoid arthritis.

Our data driven research approach was
appropriate to provide a most open view on any
possible correlations, that can give us ideas on what to
focus on deeper in a next step. Using new, multivariate
methods, such as Genomic structural equation
modelling (GenomicSEM) to analyse genomic data can
then help to find more precisely the degree to which
genomic variants contribute to ADHD persistence into
adulthood.  Future  studies should consider
GenomicSEM to provide strong contribution to
revealing patterns of genetic risk overlap between
childhood and adult ADHD. One can expect
considerable support and benefits for our aim to look
deeper into the genomic risk traits for persistent ADHD
and their distinction to non-persistent forms. That way
more insights will be gained about the development of
ADHD across the lifespan.

Being able to estimate the likelihood of
children and adolescents with ADHD for having a
persistent course of ADHD would help immensely in
clinical application and could be a basis of therapeutic
decision making. The in our study chosen methods
could show promising evidence to provide further
results in this field.

A next step could be to examine risk patterns
concerning their occurrence in late-onset cases of
ADHD. In this study we did not include any data of late-
onset ADHD, but literature argues that those cases
exist and therefore they should be considered in future
research (Cooper et al., 2018).

Our results provide another step towards a
better understanding and deeper knowledge about
shared pathophysiology across different psychiatric
disorders and the persistent ADHD. There is evidence
for genetic correlations of the polygenic persistence
factor and psychopathological symptoms and disorders
and for common genetic risk patterns of persistent
ADHD and rheumatoid arthritis. It may give way to a
better assessment of the prognoses and help to come
to decisions in therapeutic questions as far as to
establish new therapeutic strategies.
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