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ABSTRACT

BACKGROUND: Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder with diagnostic
criteria requiring symptoms to begin in childhood. We investigated whether individuals diagnosed as children differ
from those diagnosed in adulthood with respect to shared and unique architecture at the genome-wide and gene
expression level of analysis.

METHODS: We used genomic structural equation modeling (SEM) to investigate differences in genetic correlations
(rg) of childnood-diagnosed (Ncases = 14,878) and adulthood-diagnosed (ncases = 6961) ADHD with 98 behavioral,
psychiatric, cognitive, and health outcomes. We went on to apply transcriptome-wide SEM to identify functional
annotations and patterns of gene expression associated with genetic risk sharing or divergence across the ADHD
subgroups.

RESULTS: Compared with the childhood subgroup, adulthood-diagnosed ADHD exhibited a significantly larger
negative ry with educational attainment, the noncognitive skills of educational attainment, and age at first sexual
intercourse. We observed a larger positive ry for adulthood-diagnosed ADHD with major depression, suicidal
ideation, and a latent internalizing factor. At the gene expression level, transcriptome-wide SEM analyses revealed
22 genes that were significantly associated with shared genetic risk across the subtypes that reflected a mixture
of coding and noncoding genes and included 15 novel genes relative to the ADHD subgroups.

CONCLUSIONS: This study demonstrated that ADHD diagnosed later in life shows much stronger genetic overlap
with internalizing disorders and related traits. This may indicate the potential clinical relevance of distinguishing these
subgroups or increased misdiagnosis for those diagnosed later in life. Top transcriptome-wide SEM results implicated

genes related to neuronal function and clinical characteristics (e.g., sleep).

https://doi.org/10.1016/j.bpsgos.2024.100307

Attention-deficit/hyperactivity disorder (ADHD) is a neuro-
developmental disorder that affects approximately 5% of the
population and is characterized by a persistent pattern of
inattention and/or hyperactivity and impulsivity (1). Although
ADHD diagnoses can be given at any age, symptoms must
begin before age 12 years to meet diagnostic criteria. Because
symptoms should start within the same developmental time
frame for everyone, the age at diagnosis theoretically should
not reflect a relevant clinical distinction. However, whether
ADHD diagnosed later in life is differentially associated with
outcomes and predictors remains a largely open question. For
a disorder estimated to be approximately 80% heritable (2),
genetic tools offer an exciting opportunity to better understand
whether age at diagnosis reflects a relevant clinical and etio-
logical specifier.

There are multiple reasons to expect genetic divergence for
ADHD diagnosed at different points in development. For

example, ADHD diagnosed in childhood may reflect symptoms
that are more severe and thereby clinically detectable at a
younger age, leading to greater genetic overlap between
childhood ADHD and clinical markers of severity (e.g., suicide
attempts). Poor retrospective recall of childhood symptoms in
adulthood (3) may also result in genetic divergence due to
consequent misdiagnosis. Recall bias coupled with shared
symptoms between ADHD and other psychiatric disorders
may contribute to a higher likelihood of misdiagnosis in
adulthood (4). If this misdiagnosis in adulthood were particu-
larly skewed toward one class of disorders, it could result in
higher estimates of genetic overlap with these disorders.

The current study applied multivariate genomic tools to
examine whether age at ADHD diagnosis demarcates
different etiological boundaries and clinical distinctions at
multiple levels of biological analysis. At the genome-wide
level, we modeled and compared genetic overlap across
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childhood- and adulthood-diagnosed ADHD with psychiatric,
cognitive, health, social, and behavioral outcomes. We further
examined whether differential gene expression is associated
with shared genetic risk or uniqueness across subgroups.
These findings collectively offer valuable insight into the
shared and unique genetic architecture for ADHD diagnosed
early versus later in life.

METHODS AND MATERIALS

Phenotype Selection

ADHD Stratified by Age at Diagnosis. The childhood-
and adulthood-diagnosis ADHD genome-wide association
studies (GWASs) (hereafter referred to as ADHDgnig and
ADHD 4,1, respectively) were taken from the original article by
Rajagopal et al. (5), and we conducted a secondary analysis of
this dataset, which consists of an ADHD case/control sample
from iPSYCH (the Lundbeck Foundation Initiative for Integra-
tive Psychiatric Research). iPSYCH reflects a nationwide
population-based sample of individuals born in Denmark be-
tween May 1981 and December 2008. ADHD cases reflected
individuals in the Danish Psychiatric Central Research Register
that were diagnosed by psychiatrists according to ICD-10
criteria (F90.0 diagnosis code) that reflects a disorder that
typically displays symptoms by age 5 years. This sample
included 14,878 childhood ADHD cases (23% female; mean
age = 17.2 years, SD = 4.5), 6961 adulthood ADHD cases (41%
female; mean age = 27.8 years, SD = 4.0), and 38,303 controls
(49% female; mean age = 22.1 years, SD = 7.3) randomly
selected from the same nationwide birth cohort (5). Cases and
controls were all European ancestry. Childhood ADHD cases
reflected individuals diagnosed before age 18, whereas
adulthood ADHD cases consisted of individuals who were
diagnosed with ADHD after age 18 and were able to retro-
spectively recall ADHD symptoms experienced during child-
hood. The persistent ADHD phenotype (1473 cases), reflecting
individuals diagnosed before 18 who continued to show
symptoms in adulthood, was excluded from the primary ana-
lyses because the Z-statistic for the single nucleotide poly-
morphism  (SNP)-based heritability was below the
recommended cutoff for producing interpretable genetic cor-
relation (ry) estimates (6). Information on the genotyping,
quality control, and GWAS procedures can be found in the
original article by Rajagopal et al. (5). The ADHD¢nig and
ADHD,q,t GWASs were used for all analyses, including
genome-wide and gene expression analyses.

External Traits. We selected 98 phenotypes from 6 broad
domains (encompassing psychiatric, cognitive, health, risk-
taking, social relationship, and substance use outcomes) to
examine their genetic overlap with ADHD¢pig and ADHD gyt
For each phenotype, we selected the most well-powered,
publicly available GWAS of unrelated individuals of European
ancestry (Table S1). Details about dataset quality control can
be found in the Supplement.

Genomic Structural Equation Modeling

We used genomic structural equation modeling (Genomic
SEM) to estimate the ry between each of the 98 external traits

Child- Versus Adult-Diagnosed ADHD

and the 2 ADHD subgroups to identify significant differences
between childhood and adulthood ADHD. This was achieved
by first estimating the ry between traits using a multivariable
version of linkage disequilibrium score regression (6) that es-
timates r, based on GWAS summary statistics. Then we esti-
mated models in which the ry across the ADHD subgroups was
freely estimated, while the ry with the external trait was fixed to
equality across the subgroups (Figure S1). This produced a
model with 1 df, such that the %? statistic for this model
specification reflects the level of misfit resulting from the
equality constraint. Thus, significant model %2 estimates
represent external traits with significantly different levels of
genetic overlap across the ADHD subgroups. A Bonferroni
correction was used to correct for multiple testing by dividing
the standard .05 significance threshold by the 98 traits (p <
5.10 X 107%. The primary analyses presented herein reflect
the model 2 estimates when using the genetic correlation and
sampling correlation matrix (i.e., the standardized matrix of
sampling dependencies) as input. Results using unstandard-
ized estimates with the genetic and sampling covariance
matrices as input can be found in Table S3. Results for strat-
ified Genomic SEM, seeking to identify specific biological
categories (i.e., functional annotations) associated with shared
or unique risk pathways across the ADHD subgroups, are
presented in the Supplement (Figure S2; Tables S2-S4).

Internalizing Factor Model

Many external traits that exhibited significantly stronger ry
with ADHD 44,1t reflect traits in the internalizing domain. Given
this trend, we conducted a set of follow-up analyses,
including 2 sets of replications (detailed in the Supplement),
for an internalizing factor (Finteralizing): The internalizing
domain describes disorders characterized by symptoms of
sadness, worry, and fear (7). Consistent with the prior litera-
ture, we defined Finternaiizing USing major depressive disorder
(MDD) (8), anxiety (ANX) (9), and posttraumatic stress disorder
(10). This is in contrast with externalizing disorders, which
include ADHD, conduct disorder, and substance use disorder
among others (11). We used Fintemaiizing t0 first confirm that
the larger genetic overlap with ADHD q,: that we observed for
individual internalizing traits also holds for this latent inter-
nalizing factor (Figure S3). To further clarify this set of results,
we ran 2 follow-up models testing whether the r, between
ADHD_piig or ADHD,qt @and internalizing disorders was equal
to the ry observed between persistent ADHD and the inter-
nalizing factor.

We went on to examine whether the significant differences
between ADHDnhjq and ADHD_q,t on other external traits
were accounted for by the genetic overlap between ADH-
Daguit @nd the internalizing space. To this end, we specified a
model in which Fintemaiizing Predicted both childhood- and
adulthood-diagnosed ADHD and the external traits to esti-
mate differences in genetic overlap (applying a Bonferroni
correction) when removing shared variance with Finternalizing
(Figure S4).

Transcriptome-Wide SEM

Transcriptome-wide SEM (T-SEM) (12) was used to identify
genes whose expression was shared or unique across ADHD
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subgroups. We first applied FUSION (13) to perform a uni-
variate transcriptome-wide association study (TWAS) for each
subgroup. FUSION imputes the relationship between gene
expression and a trait of interest using TWAS weights that
reflect the associations between genotypes and gene
expression levels from an external sample, accounting for
age, sex, and ancestry. TWAS weights are estimated in
FUSION by selecting the model that yields the largest vari-
ance explained between the predicted and observed
expression models using 5-fold cross-validation. Evaluated
models reflect best linear unbiased predictor, Bayesian
sparse linear model, elastic-net regression, lasso regression,
and single best expression quantitative trait loci. We included
16 sets of separately analyzed weights reflecting 1) 13 brain
tissue weights from the Genotype-Tissue Expression Project
(GTEx version 8) (14), 2) two dorsolateral prefrontal cortex
weights from the CMC (Common Mind Consortium) (15), and
3) one set of prefrontal cortex weights from PsychEncode
(16). This resulted in 73,839 expression-imputed genes
across the different tissues.

Gene expression estimates from the TWAS output were
then combined with the linkage disequilibrium score regression
covariance matrix to estimate the effect of gene expression on
a general ADHD factor. Additionally, we estimated the Qgene
heterogeneity statistic, which pulls out genes that do not
conform to the factor model (Figure S5). In the current ana-
lyses, Qgene identifies genes whose expression is likely unique
to either childhood- or adult-diagnosed ADHD. Hits for Qgene
were defined using the Bonferroni-corrected threshold of p <
6.77 X 1077, Hits on the ADHD factor were defined using the
same significance threshold and additionally excluded any
Qgene hits to control for false positives. We consider these
false positives because the Qgene Statistic is specifically
designed to identify genes whose expression does not operate
via the general ADHD factor.

Power analyses for Qgene and the analysis of the combined
factor of ADHDgniq and ADHD.q,: are described in the
Supplement. We also conducted follow-up analyses for gene
sets significantly associated with the ADHD factor using an
overrepresentation analysis performed with the WebGestalt R
package. The significance threshold of .05 was Bonferroni
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corrected for 211 external gene sets that were tested in as-
sociation with our gene set (p < 2.37 X 107%).

RESULTS

Genomic SEM Reveals Divergent Genetic
Correlations

The ry between ADHD g and ADHD g Was 0.76 (SE = 0.06),
which was significantly different from 0 and 1, thereby indi-
cating both shared and unique genetic architecture across
these subgroups. Consistent with this shared genetic archi-
tecture, we observed several external traits that were sizably
and significantly associated with both subgroups, including
migraines, aggression, and smoking outcomes (Figures S6-
S8). In addition, we did not observe significant differences for
medical, substance use traits, or circadian rhythms (Figure S9).

Consistent with genetic divergence across these sub-
groups, we identified 8 external traits with significantly different
rg for ADHDpig and ADHD 4 (Figure 1; standardized results
in Table S5 and unstandardized results in Table S6). These 8
traits included the most recent aggregate ADHD GWAS (17),
which uses both ADHDq and ADHD,q,+ subgroups. We
found that the genetic signal for this combined ADHD GWAS
overlapped most strongly with ADHDhiig (Fg_chita = 0.95 [SE =
0.05]) compared with ADHD gyt (Fg_agurr = 0.87 [SE = 0.06];
Pudifference = 4.22 X 10_4)-

Within the cognitive domain, we observed larger negative
correlations with educational attainment (EA) (18) for ADHD 5qu1t
(rgiAdu/t = —0.63 [004]) than for ADHDpjig (rgich,'/d = —0.48
[0.03]; Paiference = 7.12 X 107%). Noncognitive skills of EA,
which reflect the genetic component of EA that does not
overlap with cognitive performance (19), showed a significantly
stronger negative genetic association with ADHDgqut
(rgiAdu/t = —0.49 [004]) than ADHDpiig (rgich,'/d = —0.31 [003],
Puaifterence = 2.21 X 1077). A childhood diagnosis was also more
strongly associated with reaction time (20) (rg_aqur = —0.06 [0.04]
and ry_chig = 0.12 [0.04]; pyirerence = 5.72 X 107%). However, we
did not observe significant differences for an overall cognitive
ability factor (general factor of intelligence, i.e., g-factor) (20)
defined by 7 cognitive outcomes from the UK Biobank.

Figure 1. Genetic correlations of adulthood- and
childhood-diagnosed ADHD with external traits.
Bonferroni-corrected significant differences be-
tween adulthood- and childhood-diagnosed ADHD
with the respective external traits are denoted with a *,
and error bars display 1.96Xstandard error. ADHD,
attention-deficit/hyperactivity disorder; EA, educa-

Diagnosis tional attainment.
Adulthood

Il Childhood
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Within the risk-taking domain, age at first sexual intercourse
(21) showed a stronger negative relationship with ADHD gt
(rg,AduIt = —0.68 [0-04] and I'q_child = —0.51 [0-03]; Pdifference =
1.04 X 107%). The psychiatric traits and correlates revealed
that MDD (8) had a stronger positive ry with ADHDgqu
(rgiAdu/t =0.58 [004]) than with ADHDCh“d (rgich,‘/d =0.38 [003],
Paifrerence = 6.08 X 1078). Similarly, the genetic signal for sui-
cide attempts (22) overlapped more strongly with ADHD it
(rg_adui = 0.74 [0.06] and ry chig = 0.46 [0.05]; Pgifference =
2.88 x 1077). Finally, we highlight the fact that in the inter-
personal domain, ADHD gyt (fg_aquir = 0.49 [0.05]) was more
strongly associated with loneliness (23) than ADHDgpqg
(rg_chig = 0-29 [0.04]; Paitrerence = 2:55 X 107°). Sensitivity an-
alyses were conducted by estimating the ry with the 8 signifi-
cantly divergent external traits in odd and even chromosomes.
These results revealed that MDD and suicide attempts showed
significant divergences at the same Bonferroni significance
threshold in both sets of chromosomes, while 5 traits were
significant in either the odd or even chromosomes, and lone-
liness was not significant for either set of chromosomes
(Table S7).

Adulthood-Diagnosed ADHD Is More Strongly
Associated With Internalizing

Results for loneliness, suicide attempts, and MDD can
collectively be conceptualized as indexing higher levels of
genetic overlap for ADHD,q,x with the internalizing space.
Moreover, the genetic signals for MDD, ANX, and post-
traumatic stress disorder are all strongly overlapping.
Therefore, we leveraged the ability of Genomic SEM to

1(.07)

ADHDchild Internalizing
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model latent genomic risk factors to examine genetic overlap
With Finternaiizing defined by these 3 disorders. The Xz differ-
ence test revealed that the significantly larger genetic over-
lap with ADHD.q,: that we observed for individual
internalizing traits also held for this latent internalizing factor
(rg_acur = 0.64 [0.05] and ry_chirg = 0.44 [0.04], Paitterence =
5.67 x 1077; Figure 2). This finding replicated across two,
semi-independent samples for the internalizing disorders
(see the Supplement). Although the Xz difference test was
not significant for the comparisons that included the
persistent ADHD phenotype with the child (Dgifference =
9.64 x 107") or adult (Dgiference = 2.41 X 1073) subgroup, the
point estimate was more similar to that of the adult subgroup
(rg_persistent = 0.65 [0.05]) (Figure S10).

Across a set of 3 analyses, a main analysis and 2 repli-
cations as detailed in the Supplement, we examined whether
the significant differences between ADHD¢iiq and ADHD g1t
on other external traits are accounted for by the genetic
overlap between ADHD,qu: and Finternaiizing- When controlling
for shared genetic variance with internalizing, 4 traits were
found to have significantly different levels of genetic overlap
across ADHD¢piig and ADHD .4y in the main analysis and both
replications (Table S8). This included 3 of the traits—
noncognitive skills of EA, a general ADHD diagnosis, and
reaction time—that were identified in the model without
internalizing, including an even larger difference between child
and adult ADHD with general ADHD. Additionally, autism
spectrum disorder (ASD) (24) emerged, evidencing a stronger
association with ADHDnq. Notably, the r, with ASD and
ADHD,q,: When controlling for internalizing was near 0 (rg_agur =
< 0.01 [0.07]) (Figure 3). Conversely, the significant differences

Figure 2. Path diagram of genetic correlations of
adulthood- and childhood-diagnosed ADHD with
the internalizing factor. Path diagram of the model
used in genomic structural equation modeling to
confirm that the pattern of larger genetic overlap
with adulthood-diagnosed ADHD that we observe
for individual internalizing traits also holds for this
latent internalizing factor. In this model, internalizing
is a common genetic factor of the genetic compo-
nents of ANX, MDD, and PTSD and u is the residual
genetic variance in these phenotypes that is not
explained by the internalizing factor. Observed var-
iables are represented as squares, and latent vari-
ables are represented as circles. The genetic
component of each phenotype is represented with a
circle because the genetic component is a latent
variable that is not directly measured but is inferred
using linkage disequilibrium score regression.
Single-headed arrows are regression relations;
double-headed arrows connecting back to the same
origin are variances; and double-headed arrows
connecting 2 variables are correlations. Paths
labeled 1 are fixed to 1. ADHD, attention-deficit/
hyperactivity disorder; ANX, anxiety; MDD, major
depressive disorder; PTSD, posttraumatic stress
disorder.

1(.09)
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in rg with ADHD .4y and ADHDcpiqg in suicidal behavior (rg_acuir =
0.28 [0.07] and ry chiw = 0.14 [0.05]; Puitterence = 3.08 X 1073
and loneliness (ry_aqur = 0.00 [0.05] and ry cpigy = —0.05 [0.04];
Puifference = 9.74 X 10_2) became nonsignificant after account-
ing for the overlap with Fiqemaiizing (Figure 3).

T-SEM Pinpoints Genes Associated With General
ADHD

Univariate TWAS results revealed 2 genes whose expression
was significantly associated with ADHD diagnosed in adult-
hood and 19 genes for ADHD diagnosed in childhood (Table 1).
Power simulations for T-SEM are described in the Supplement.
These simulations indicated approximately 93% power at a
Bonferroni-corrected significance threshold to detect large
gene expression effects on the ADHD factor and 100% power
for Qgene t0 detect genes with strong opposite direction effects

Table 1. Significant Univariate TWAS Hits
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Figure 3. Genetic correlations of adulthood- and
childhood-diagnosed ADHD with externalizing traits.
Results without accounting for the overlap of the
internalizing factor with ADHD are displayed in the
solid bars, and results accounting for the overlap of
the internalizing factor with ADHD are displayed in
the striped bars. Error bars display 1.96Xstandard

error. ADHD, attention-deficit/hyperactivity disorder.
Diagnosis

Adulthood
Childhood

Model

Internalizing
Normal

on the ADHD indicators, but limited power for Qgene to detect
genes with larger, but directionally concordant, effects
(Tables S9 and S10).

T-SEM identified 22 unique genes whose expression was
associated with a general ADHD factor (Figure 4; Table S11).
Highlighting that T-SEM of the ADHD factor was working as
expected to capture genes whose expression is shared across
the ADHD subgroups, these genes were all either significant or
nearly significant for the univariate TWAS of each ADHD trait
(Figure S11). T-SEM also allowed for making novel discoveries
by leveraging the shared power across the ADHD subgroups:
the factor results included 15 genes that were novel relative to
the univariate TWAS of the subgroups and 11 genes that were
novel relative to a TWAS of general ADHD (Table S12) dis-
regarding age at diagnosis. No significant Qgene hits
(Table S13 for top Qgene results) or WebGestalt gene sets were
identified.

Gene Tissue CHR h? TWAS Z TWAS p Value

Adulthood
MST1R Cortex 3 0.13 5.10 3.42 x 1077
C1QTNF7 Putamen 4 0.22 —5.01 556 X 1077

Childhood
LINC02060 Cerebellum 5 0.15 -6.26 3.94 x 10710
KDM4A Prefrontal cortex 1 0.03 —5.69 1.26 X 1078
CTC-498M16.4 Cerebellum 5 0.16 —5.65 1.62 X 1078
MEDS8 Hippocampus 1 0.24 —-5.50 372 x 1078
RP5-984P4.6 Nucleus accumbens 20 0.12 -5.37 7.96 X 1078
TMEM125 Putamen 1 0.18 5.14 2.74 x 1077
CDC20 Prefrontal cortex 1 0.14 5.13 2.89 x 1077
RP11-7011.3 Caudate 1 0.22 —5.08 3.71 x 1077
ST3GAL3 Prefrontal cortex 1 0.11 5.02 5.05 X 1077
FEZ2 Cerebellar hemisphere 2 0.55 5.00 561 x 1077

Significant TWAS hits for adulthood- and childhood-diagnosed ADHD ordered by their p value. Each row reports the tissue they are expressed in, the CHR, estimated
cis-heritability of gene expression provided by the FUSION output (h?), and the univariate TWAS Z-statistics and p values.
ADHD, attention-deficit/hyperactivity disorder; CHR, chromosome; TWAS, transcriptome-wide association study.
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Figure 4. Miami plot for gene expression hits for the combined factor of childhood- and adulthood-diagnosed ADHD. The upper and lower blue lines
represent the Bonferroni-corrected significance threshold. Genes surpassing the upper and lower cutoff are upwardly and downwardly regulated, respectively,
in the ADHD factor. The most significant genes across tissue types are labeled and colored as red dots. ADHD, attention-deficit/hyperactivity disorder; TSEM,

transcriptome-wide structural equation modeling.

DISCUSSION

The current study used Genomic SEM and its extensions to
investigate the degree to which the genetic signal for child-
hood- and adulthood-diagnosed ADHD are shared and unique
at multiple levels of biological analysis. To the best of our
knowledge, this is only the second genomic examination of
childhood- and adulthood-diagnosed ADHD and the first
multivariate examination expanding upon the original study
from Rajagopal et al. (5) in several important ways. At the
genome-wide level, we estimated r, between each subgroup
and 98 external traits spanning psychiatric, cognitive, health,
risk-taking, social relationship, and substance use outcomes,
whereas the original study examined relationships with 13
traits. Using a model 2 difference test, we identified 8 traits
with significantly divergent genetic overlap with the 2 ADHD
phenotypes. Because many of these traits can be described as
correlates or indicators of the internalizing dimension, we then
used the unique multivariate modeling capabilities of Genomic
SEM to examine genetic overlap with a latent internalizing
factor. Primary and replication analyses for ADHDq,: revealed
a much larger, positive rg with Fintemaizing and that removing
genetic overlap with Finernaiizing reduced the ry with ASD to
near 0. Interpretations of these findings are discussed below.
Finally, we applied T-SEM and stratified genomic SEM, 2
recently introduced multivariate genomic methods, to identify
22 unique genes and 3 functional annotations (see the
Supplement), respectively, that are associated with shared
genetic pathways across both childhood- and adulthood-

diagnosed ADHD. These findings are considered in greater
detail below.

Genetic Correlations With External Traits

At the level of genetic overlap with external correlates, the
primary differences were identified for cognitive and internal-
izing outcomes. Within the cognitive domain, ADHDqy;
showed a stronger negative association with EA and
noncognitive skills of EA. This divergent relationship did not
hold for a range of cognitive traits, including a g-factor of
general intelligence. The difference in findings between the
cognitive traits and the noncognitive skills that play a role in EA
then indicates that adult-diagnosed ADHD genetically overlaps
specifically with the noncognitive rather than the cognitive
aspects that lead to success in school settings.

Within the internalizing space, we found that ADHD4: has
a sizable and more positive association with MDD, suicidal
behavior, loneliness, and Fiytemaiizing defined by MDD, post-
traumatic stress disorder, and ANX.

Internalizing Follow-Up Models Reveal Possible
Mechanisms for Divergence

One possible interpretation of the findings for the internalizing
traits is that adult-diagnosed ADHD can, in some instances,
reflect a misdiagnosis that occurs at higher rates than in chil-
dren. This is supported by the fact that the internalizing space
shares overlapping symptoms with externalizing disorders,
such as ADHD, including difficulty concentrating and
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restlessness. Moreover, longitudinal studies indicate that
retrospective recall of ADHD symptoms is at best only
modestly correlated with childhood ratings (25,26). An alter-
native interpretation is that ADHD diagnosed in adulthood is
not a misdiagnosis, but rather more comorbid with internalizing
disorders. For example, it could be that ADHD diagnosed in
adulthood is more disruptive to daily living or that the absence
of a diagnosis until a later life stage increases risk for other
disorders. In support of this, adults with ADHD often display
high rates of general mental health symptoms, such as anxiety
and depression (27). However, we observed high levels of
genetic overlap with a latent factor of internalizing (rg_aqur =
0.64 [0.05]) even when using separate participant samples.
Thus, some causal link between ADHD and internalizing traits
is unlikely to explain the entirety of this strong genetic corre-
lation because this would require ADHD to be one of the pri-
mary risk factors for internalizing traits in the population (or vice
versa).

Follow-up models accounting for the shared variance with
Finternalizing Provided 2 additional sets of findings for interpreting
the emergent etiological picture. First, we found that the
Finternalizing €Xplains the larger genetic overlap between adult-
diagnosed ADHD and 2 clinical correlates of internalizing:
loneliness and suicidal behavior. Second, childhood-
diagnosed ADHD showed a much stronger association with
both general ADHD and ASD than adult-diagnosed ADHD
when controlling for shared variance with internalizing. More-
over, the ry with adult-diagnosed ADHD and ASD was esti-
mated to be near 0 when controlling for shared genetic
variance With Fiemaizing- This indicates that the neuro-
developmental signal captured in the adult-diagnosed ADHD
GWAS is greatly diminished, or entirely absent when removing
shared genetic variance with internalizing, which further sup-
ports a hypothesis of increased levels of misdiagnosis during
adulthood.

Evidence against the misdiagnosis interpretation came
from follow-up models examining the correlation with
persistent ADHD and internalizing. We observed that the
point estimate for the ry with internalizing was more similar for
adulthood and persistent ADHD than for ADHDcp;q. Although
the difference between persistent ADHD and ADHD.p;q was
not significant, we were generally underpowered for analyses
using the persistent phenotype. Because persistent ADHD is
arguably less likely to reflect misdiagnosis given its original
diagnosis in childhood, these tentative results indicate that
internalizing disorders may play a significant role in fostering
the persistence of ADHD into adulthood. However, it is
important to note that these findings present an alternative
perspective rather than definitively pointing to one mecha-
nism over the other and should be reevaluated once power is
sufficient. Another possible mechanism for this overlap be-
tween internalizing and adulthood-diagnosed ADHD is sex
differences in symptom patterns as well as age at diagnosis.
Notably, 41% of the adulthood-diagnosed cases were fe-
male, in contrast to 23% of the childhood-diagnosed cases
(5). lrrespective of whether a misdiagnosis or a clinically
relevant distinction between ADHD diagnosed in childhood
and ADHD diagnosed in adulthood is the cause for their
divergence, etiological differences between the two ages at
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diagnosis may inform the way that clinical care is provided
based on age at diagnosis.

T-SEM Analyses Identify Genes Associated With
Shared ADHD Risk

Highlighting the ability of multivariate approaches to yield
novel discoveries, T-SEM identified 15 novel genes relative to
univariate TWAS of childhood- or adult-diagnosed ADHD and
11 novel genes relative to a TWAS of general ADHD. The 5
most significant genes have previously been linked to ADHD
and related phenotypes. LINC02060 and CTC-498M16.4 have
been linked to ADHD, and CTC-498M16.4 has been linked to
additional phenotypes, including depression and sleep char-
acteristics (28,29). The MEDS8 gene has been found to bind to
regulatory elements and is a gene of interest for both ADHD
and schizophrenia susceptibility (30,31). The KDM4A gene is
related to disruptive behavior disorders in the context of ADHD
(32). Finally, the ARTN gene supports the survival, develop-
ment, methylation, and differentiation of neurons and has been
linked to ADHD and schizophrenia (28,31,33). Identifying genes
in the contexts of these analyses clarifies their role in influ-
encing shared pathways across the 2 ADHD subgroups.

Among the TWAS hits and T-SEM hits of the factor, we
found multiple noncoding RNA genes (e.g., LINC00461 and
LINC02060). Noncoding RNA genes are of interest in brain
evolution (34) as well as normal human brain development (35)
due to their high expression rate in the brain and their role in
regulating gene expression and modulation. Given their rele-
vance to brain development and function, they become
particularly intriguing in the context of ADHD, a neuro-
developmental disorder that emerges during early life, making
them compelling candidates for further investigation in the
context of ADHD.

Likely due to limited power, no genes were significant for
the Qgene heterogeneity statistic applied to identify genes with
divergent association with childhood- and adulthood-
diagnosed ADHD. The DNM1 and CRIM1 genes showed
some of the strongest divergence, with stronger associations
with adulthood- and childhood-diagnosed ADHD, respectively.
DNM1 has been associated with developmental delay and
epilepsy (36), and CRIM1 has been identified as playing a role
in the development, differentiation, and survival of motor
neurons (37).

Limitations

All summary statistics in this study are limited to European
ancestry because sample sizes are lacking for other ances-
tries. However, ADHD is a global problem (38), and to under-
stand this disorder and its relationship with other disorders,
traits, and behaviors, we need to expand our research in un-
derrepresented populations. The childhood- and adulthood-
diagnosed ADHD summary statistics used in this study
largely overlap with the general ADHD summary statistics used
by Demontis et al. (17). The current study used the same set of
controls and has a case overlap of 38.5% of the childhood-
diagnosed and 18% of the adulthood-diagnosed cases. The
absence of Qgene hits in T-SEM analyses likely reflects limited
power. Our power analysis demonstrated that power to detect
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Qgene hits was low, apart from the most extreme circumstance
when gene expression effects on childhood- and adulthood-
diagnosed ADHD were strong and in opposing directions.
Although univariate TWAS revealed more significant hits for
childhood- than for adulthood-diagnosed ADHD, this is likely
an artifact of the difference in power in the 2 subgroups, where
childhood ADHD had approximately twice as many cases in
the contributing GWAS. Therefore, the T-SEM and TWAS re-
sults should be reevaluated as the ADHD GWAS sample sizes
increase. Finally, our analyses, which were reliant on genetic
correlations, share limitations inherent to such genetic corre-
lations. For example, genetic correlations can be upwardly
biased by cross-trait assortative mating (39). Cross-trait as-
sortative mating is the mechanism in which individuals who
score higher than average on one trait mate with others who
score higher (or lower) than average on a different trait. This
limitation requires special attention because these biases are
of different magnitudes between any pair of included traits.
However, because the genetic correlations of many traits
included, especially psychiatric traits, are substantial, it is
highly unlikely that they are entirely explained by cross-trait
assortative mating (40).

Conclusions

Although effective treatment approaches to ADHD are avail-
able, strategies for finding the right treatment are often based
on a trial-and-error approach. This can lead patients to give up
before finding the appropriate intervention (41). Disentangling
pathways, symptoms, and comorbidities specific to different
subtypes and clinical presentations of ADHD, such as child-
hood- and adulthood-diagnosed subtypes, may help improve
treatment outcomes by more quickly identifying medications
and therapies that are likely to be effective for specific groups
of individuals. The multivariate framework used here, which
examines genetic convergence and divergence across varying
levels of biological granularity (genome-wide, functional, and
gene expression), may also serve as a template for future work
investigating the etiological utility of distinguishing between
subgroups within disorders. The current findings indicate that
ADHD diagnosed in adulthood is far more genetically similar to
internalizing disorders and clinical correlates than childhood-
diagnosed ADHD. Whether this reflects pervasive misdiag-
nosis or distinct patterns of genetic risk across these 2 groups,
identifying these differences highlights the clinical and etio-
logical importance of distinguishing these subgroups within
this overarching disorder class.
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