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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is a highly heritable neurodevelopmental disorder, and
comorbidity with other mental diseases is common. Specifically, adult ADHD (aADHD) is highly comorbid with
major depressive disorder (MDD). A genetic correlation between ADHD and MDD might underlie the risk of
comorbidity of both disorders. However, whether patients with ADHD and comorbid MDD differ genetically from
those without comorbid MDD is currently unclear. We therefore studied the genetic background of an aADHD
cohort including 352 patients with lifetime MDD and 349 patients with no history of depression, assessed by SCID-
I. Polygenic risk scores for ADHD (PRS-ADHD) and MDD (PRS-MDD) were derived from large-scale genome-wide
association studies. These PRS were first regressed using aADHD patients (n = 894) vs. healthy controls (n = 1026),
and then using comorbidity and dimensional traits in the aADHD cohort. Both PRS-ADHD and PRS-MDD were
associated with ADHD (PRS-ADHD: OR = 1.59, p <.0001; PRS-MDD: OR = 1.41, p <.0001), but only PRS-MDD was
associated with comorbid MDD in aADHD patients (OR = 1.34, p < .001). Notably, patients with a history of
combined MDD and anxiety disorders had the highest PRS-MDD. ADHD patients with a history of MDD had higher
odds for other internalizing disorders, showed significantly more inattentive symptoms, higher neuroticism
scores, lower childhood social confidence, and were more often treated as psychiatric inpatients. These findings
suggest that comorbidity between aADHD and MDD is associated with genetic susceptibility to MDD, rather than
neurodevelopmental factors intrinsic to ADHD pathophysiology. Our results also strengthen the view that
comorbid MDD in aADHD is linked to an inattentive-internalizing rather than an impulsive-externalizing

psychopathological factor.



1. Introduction
Attention-deficit/hyperactivity disorder (ADHD) often presents with comorbid mental and non-mental diseases
[1, 2]. Conduct and oppositional defiant disorder dominate the comorbidity pattern during childhood, whereas
substance dependence, anxiety, and especially affective disorders come to the fore in adulthood [3]. Adult ADHD
(aADHD) is specifically highly comorbid with major depressive disorder (MDD), and health-related well-being in
aADHD negatively correlates with the severity of depressive symptoms [4]. Lifetime prevalence rates for MDD are
significantly higher in aADHD patients than in the general population [5, 6]. However, a comorbid diagnosis of
aADHD in MDD patients is often missed (“diagnostic over-shadowing”), particularly if patients primarily report
depressive symptoms [7]. Underdiagnosis of ADHD in depressed patients may hinder treatment success, as
childhood ADHD symptoms are associated with a more severe clinical manifestation of MDD during adolescence
[8, 9], and patients with MDD and comorbid ADHD exhibit an overall lower quality of life and younger age at first
affective episode than depressed patients without ADHD [10]. Notably, children suffering from both conditions
show a particularly low social competence and academic attainment [11]. Furthermore, the genetic risk for ADHD
is associated with difficult-to-treat depression (DTD) [12], and undetected ADHD is associated with worse
response rates to treatment with selective serotonin reuptake inhibitors [13]. This supports previous findings that
ADHD is more prevalent in DTD [14]. Some clinical features of depressive episodes, such as concentration
problems, restlessness and psychomotor agitation can mimic ADHD symptoms, further complicating correct
discrimination or co-diagnosis of both disorders. Therefore, the common co-occurrence of ADHD and MDD can
be seen on both psychopathological and functional outcome levels. However, the etiological foundation of this
connection remains unknown and is important to establish, as a better understanding of the mechanisms
underlying this comorbidity might lead to earlier detection and more effective treatment of both conditions.
Currently, it is unclear how neurodevelopmental disorders and comorbid affective diseases are
biologically and etiologically related to each other, especially when occurring in the same individual. One
possibility is that they represent different clinical manifestations of a largely shared genetic predisposition,
reflecting a common P(sychopathological)-factor which increases risk for a broad range of mental diseases [15,
16]. This would likely be reflected by an increased polygenic risk score for both ADHD (PRS-ADHD) and MDD (PRS-
MDD), with high correlation between these PRS. Alternatively, it has been proposed that the polygenic risk for
ADHD and neurobiological correlates (such as frontolimbic dysfunction) increase the brain’s vulnerability for
depressive symptoms during later development [17, 18]. In this case, comorbidity of ADHD with MDD would be
associated with a higher genetic risk for ADHD only. Lastly, it is possible that the high comorbidity of ADHD with
MDD is caused by the distress of living with a neurodevelopmental disorder, and therefore a higher predisposition

towards negative life events, together with an increased genetic liability to MDD. This scenario would be



supported by higher genetic risk for MDD and similar genetic risk for ADHD in comorbid vs. non-comorbid
patients.

Multiple genetic and environmental factors contribute to the risk of developing ADHD and, even more so,
MDD. Besides psychological factors, such as demoralization by persistent adverse experiences due to internally
and externally disruptive symptoms [19], peer problems, and/or poor academic attainment [20, 21], biological
variables are likely to moderate the complex relationship between ADHD and co-occurring MDD. Results from
twin studies have suggested a high heritability of 74% for ADHD [22] and a moderate heritability for MDD of 28-
44% [23, 24]. Shared genetic factors are thought to contribute to the comorbidity of ADHD and MDD, as
demonstrated by twin research [25, 26, 27], analyses of genome-wide association studies (GWAS) [28, 29], and a
recent GWAS meta-analysis of ADHD and MDD [30]. However, the shared heritability between different
psychiatric disorders has been derived from GWAS summary statistics to date, neglecting possible genetic overlap
within a mixture of concordant and discordant genetic effects [31]. This has potentially led to an underestimation
of the shared heritability. Recent research implementing a bivariate causal mixture model led to the conclusion
that there are only few phenotype-specific variants and an extensive genetic overlap between disorders, with
multiple pleiotropic variants with different direction and effect sizes between mental diseases, rather than
disease-specific gene sets [31].

Previous studies investigating the genetic overlap between different mental diseases have typically
inferred their conclusions by combining and correlating genetic risk from different GWAS for ADHD and MDD,
which compare disease cases and healthy controls and do not specifically focus on the comorbidity between both
conditions [28, 32]. Consequently, there is currently a lack of knowledge regarding the contribution of individual
genetic predisposition to ADHD and MDD under comorbid conditions in clinical patient cohorts. This is important
to determine, as the neurobiological background of ADHD with comorbid mental diseases might differ from ADHD
without comorbidities. Earlier identification of aADHD patients with an increased risk for comorbid MDD may
enable a targeted follow-up of such at-risk patients in longitudinal studies and stimulate preventive interventions
in the future. PRS have already been shown to be useful for the identification of patients at higher risk for
comorbid depression [33]. The present study investigates a clinical aADHD cohort which was thoroughly examined
for depressive and other psychiatric comorbidity [34]. We characterized these patients using clinical interview
data, symptom self-ratings, and genetic data with the primary aim of investigating the contribution of polygenic
risk for ADHD and MDD to lifetime comorbidity with MDD in aADHD, and with the secondary aim of identifying
different clinical features distinguishing aADHD patients with and without a history of/presence of MDD. Due to
the high overlap between comorbid MDD and anxiety disorders (ANX) in our aADHD cohort, the high symptomatic
overlap between MDD and ANX [35], and the high conversion rate of ANX into MDD [36], we additionally analyzed
the effect of PRS-ADHD and PRS-MDD on comorbidity with ANX.



2. Experimental procedures
2.1 Study participants
The full patient cohort consisted of 894 adult patients (440 female, M age = 36.0, SD = 9.3; 454 male, M age =
33.2, SD = 10.8) with a diagnosis of ADHD. The cohort was recruited within the framework of a Clinical Research
Unit (CRU 125). Study participants were in- and outpatients of the Department of Psychiatry, Psychosomatics and
Psychotherapy, University Hospital of Wirzburg, Germany. Demographic data and information about axis-I and
axis-Il comorbidity of the extended sample is presented elsewhere [34, 37]. Inclusion criteria were current and
retrospective diagnosis of ADHD according to DSM-IV criteria. For PRS validation, a control group comprising 1,026
healthy subjects (652 female, M age = 29.5, SD = 8.7; 374 male, M age = 30.6, SD = 8.3) without any history of
mental disease was employed, as established by the M.I.N.I. [38]. The majority of the healthy control group (n =
897) was recruited within the longitudinal resilience assessment (LORA) project, described elsewhere [39].
Further healthy subjects were recruited within the framework of the CRU 125 (n = 129). Written informed consent
was obtained from all participants, and the study was approved by the respective Ethics committees of the
Universities of Wdurzburg (registration number 141/03), Frankfurt am Main (244/16) and Mainz
(837.105.16(10424)). All studies were in accordance with the fifth revision of the Declaration of Helsinki.

For investigation of comorbidity with MDD, 73 patients had to be excluded due to missing SCID-I interview
data, 117 patients were excluded due to diagnostic uncertainty regarding comorbidity with MDD due to a
classification as depressive disorder other than MDD (e.g. dysthymia, mood disorders due to a general medical
condition) without meeting criteria for MDD, and 3 patients were excluded due to missing documentation of
ADHD diagnostic criteria, leading to a final cohort of 701 aADHD patients with both genetic and comorbidity data
(Supplementary Fig. S1). In this cohort, 352 (50.2%) ADHD patients had a lifetime history of MDD, and 349 (49.8%)
had no lifetime history of MDD. 86 patients (12.3%) had a current episode of MDD. 353 patients were of female
sex (Age M = 35.8, SD = 9.5) and 348 of male sex (Age M = 33.3, SD = 10.7), as shown in Table 1.

2.2 Clinical characterization

Demographic data and ADHD inattentive (IA) and hyperactive/impulsive (HI) symptoms (based on DSM-IV criteria)
were assessed by a structured clinical interview that asked about current and childhood symptoms,
retrospectively confirming onset before the age of 7. Where available, medical records, school records, and

parents were consulted. In addition, self-ratings of childhood ADHD symptoms by WURS questionnaires [40] were



available from 623 patients. Patients were asked whether they were ever hospitalized in a psychiatric ward. As
potentially protective psychosocial variables, we obtained data regarding higher secondary education, living
situation (with others vs. alone), and romantic relationship status. ADHD patients underwent the SCID-I structured
clinical interview for the assessment of comorbidity with current or lifetime axis-I disorders according to DSM-IV
symptom criteria [41], including MDD (Supplementary Table T1). Self-ratings of current depressive symptoms by
Beck’s Depression Inventory (BDI-I) questionnaires [42] were available from 563 patients, and self-rated
neuroticism scores by the NEO-PI-R instrument [43] from 673 patients. WURS factors were built based on the

factor structure proposed by Calamia et al. [44] (Supplementary Table T2).

2.3 Genotyping, quality control and imputation

Part of the cohort (n = 551) was genotyped using the Infinium PsychArray v1.1. Genotyping of the larger part of
the overall sample (n = 1,369) was carried out on a GSA-MD V 1.0 at the Broad Institute in Cambridge,
Massachusetts, USA. Quality control of all subjects was performed using PLINK v1.9 [45]. SNPs were filtered to
exclude those with minor allele frequencies <0.05, a calling rate of <0.9, variants deviating from Hardy—Weinberg
equilibrium (HWE) (p <1 x10—6), and tri-allelic variants or variants not uniquely mappable. Participants were
excluded in case of missingness >0.1, heterozygosity rate >|0.2]|, and sex mismatch. Although all participants
(case and control sample) were reported to be of Caucasian-European (CEU) origin, we assessed stratification and
relatedness. Genetic principal component analysis (PCA) was performed to assess hidden population
stratification. Outliers with a |SD| > 6 on one of the first 20 PCs were excluded and the sample was compared to
the HapMap CEU reference sample to ensure a genetically homogeneous sample. Hence, both QC-controlled
cohorts were imputed using the Michigan Imputation Server (MIS) (https://imputationserver.sph.umich.edu/),
using the following parameters: phasing=eagle, rsq filter= .3, Population=EUR, build: hg19. Since the MIS QC did
not yield any further participants missing QC criteria, we ensured a genetically homogeneous sample for our
analysis. After imputation, cohorts were merged using PLINK v1.9 and underwent a second complete QC cycle as
mentioned above. In addition, we carried out our analysis on a selected high-quality (HWE p <0.02, MAF >0.2,
missingness = 0) SNP set that was LD pruned (r? = 0.1). In case of cryptically related subjects (pi hat > 0.2), one
subject was excluded, preferentially retaining cases. After merging and second quality control, 61 cases and
control participants were removed because they did not pass the QC process, leading to the final dataset of 894

aADHD patients and 1,026 healthy subjects.

2.4 Construction and validation of PRS-ADHD and PRS-MDD
PRS were calculated based on posterior effect sizes estimated using the PRS-continuous shrinkage (CS) algorithm

[46]. The summary statistics used for the ADHD phenotype were from Demontis et al. [32] and for the MDD



phenotype, the summary statistics were derived from Howard et al. [47]. In brief, the PRS-CS approach is based
on Bayesian regression models: continuous shrinkage is applied prior to the effect sizes to include linkage
disequilibrium (LD) patterns among SNPs within the datasets. PRS-CS optimizes and maximizes the number of
SNPs included in PRS, since clumping and threshold methods are not required. 1000 Genomes LD patterns of the
European reference panel and the default priors for effect sizes were used. Based on the posterior effect sizes
estimated with PRS-CS, scores were calculated in PRSice2 [48], using the --no-clump option. While genome-wide
significant loci were not reported for the ADHD GWAS within the MHC locus [32], the MDD GWAS of Howard et
al. [47] reported modest and inconsistent signals in or near immune-related regions on chromosome 6, and we
thus excluded the MHC region for PRS-MDD calculation in line with common practice, while keeping MHC for the
construction of PRS-ADHD. The number of SNPs included in the PRS-ADHD was 882,495 and for PRS-MDD was
873,764. Only variants with an INFO score > 0.8 were considered for analysis. There is no overlap between the
current sample and the samples included in the two above-mentioned GWAS summary statistics. In addition to
the incremental r? as an indicator of effect size, r? adjusted for the liability scale (r.liab) is reported based on

prevalence rates of .03 for aADHD [49], .15 for MDD [50], and .2 for ANX [51].

2.5 Statistical analysis

Further analyses were carried out using SPSS V29. For comparison of demographic data, clinical features,
comorbidity, and psychometric measures between comorbid and non-comorbid patients (Table 1) Student’s t-
tests were performed for continuous variables, and Chi-square tests for categorical variables. We report
uncorrected p-values. The Bonferroni-corrected significance threshold for these analyses (21 statistical tests,
Table 1) is .0024 for an uncorrected alpha-level of .05.

To test the main research question, we performed regression analyses with z-transformed PRS-ADHD and
PRS-MDD as independent variables and non-comorbid (aADHD without lifetime MDD) vs. comorbid (aADHD with
lifetime MDD) disease status as binary dependent variable, implementing age, sex, and the first five genetic PCs
(for population stratification) as covariates. We additionally aimed at investigating the association of both PRS-
ADHD and PRS-MDD with other axis-I disorders associated with MDD in our aADHD cohort, provided that a
statistically sufficient sample size of n > 100 affected subjects [52] in our aADHD cohort was reached. This was
only the case for ANX. Additionally, we tested PRS performance with case-control status (ADHD patients vs.
healthy controls) in the full cohort. For these six binary logistic regressions (two PRS as independent variables;
ADHD diagnosis, aADHD with comorbid MDD, and aADHD with comorbid ANX as dependent variables), the
Bonferroni-corrected significance threshold was p < .0083. Odds ratios (OR) are reported with 95% confidence
intervals (Cl). For visualization of PRS distributions and between-group differences of PRS, violin plots are

presented with group differences assessed by ANOVA and post-hoc Bonferroni-corrected t-tests. Additionally, we



compared risk for the different dependent variables between the second to fifth PRS quintiles and the lowest PRS
quintile by binary logistic regression analyses, again with age, sex and the first five genetic PCs as covariates (Fig.
1, Table T3).

To estimate the incremental variance explained by the polygenic risk scores (PRS), we fitted hierarchical
linear regression models for each dimensional trait (childhood and adulthood IA and HI symptoms, four different
WURS factors, BDI and NEO neuroticism scores as depicted in Table T4). The Bonferroni-corrected significance

threshold for these analyses (20 statistical tests, Table 1) was .0025 for an uncorrected alpha-level of .05.

3. Results
3.1 Clinical and psychometric characterization
Statistical comparisons of the ADHD group with lifetime history of MDD and the never-depressed ADHD group
with regard to demographic, clinical, and comorbidity data are depicted in Table 1.
The aADHD group with comorbid MDD consisted of significantly more women than men (x> = 10.79, OR = 1.65
[1.22, 2.22], p =.001), while the opposite was true for the non-comorbid group. In addition, the MDD group was
older than the non-comorbid patient group (t = 3.06, Cohen’s D = 0.23, p = .002). Thus, we used sex and age as
demographic covariates in all following PRS analyses. Higher secondary education, living situation, and romantic
relationship status did not differ between both groups (all p > .05).

Psychiatric hospitalization (ever vs. never) was significantly more prevalent in the MDD group (OR = 2.19
[1.51, 3.19], p = 3.38 x 10°°). Investigator-rated adulthood IA symptoms were higher in the MDD group (t = 3.36,
Cohen’sd =0.25, p=8.29 x 10%), in contrast to HI symptoms which showed no difference (p = .811 for adulthood,
p = .163 for childhood). Childhood IA symptoms were nominally higher in the MDD group than in the never-
depressed group (t=2.16, p =.031), but did not pass correction for multiple testing. As expected, BDI scores were
significantly higher in the lifetime MDD group than in the non-comorbid group with a large effect size (t = 11.25,
Cohen’sd =0.95, p = 5.02 x 10°%%), falling within the range for clinical depression. Both the NEO neuroticism scores
(Cohen’s D = 0.87, p = 4.96 x 10?) and the negative affectivity factor from the WURS (Cohen’s D = 0.56, p = 7.32
x 10°*2) were significantly higher in the MDD group, and childhood social confidence was rated significantly lower
in the MDD group (Cohen’s D = 0.34, p = 3.05 x 10°). Childhood school problems and disruptive behavior were
not significantly different between the groups (both p >.05).

ANX (OR = 2.54 [1.74, 3.71], p = 7.60 x 107), eating disorders (OR = 2.94 [1.65, 5.23], p = 1.48 x 10%), and
somatoform disorders (OR = 4.92 [1.66, 14.62], p = 1.60 x 10%) were more frequent in the MDD group than in
aADHD patients without a lifetime history of MDD. The nominal association of MDD with posttraumatic stress

disorder (OR = 3.08 [1.21, 7.86], p = .013) and obsessive-compulsive disorders (OR = 3.06 [1.10, 8.52], p = .024)



did not survive correction for multiple testing. Substance abuse disorders showed no association with MDD

diagnosis (p = .120).

3.2 Association of PRS with comorbidity in ADHD
Both PRS positively correlated with each other with a weak to moderate correlation coefficient of r = 0.275 (p =
1.30 x 1072%) as shown in Fig. S2. Both polygenic risk for ADHD and MDD were significantly associated with ADHD
diagnosis (PRS-ADHD: OR = 1.59 [1.43, 1.76], p = 5.03 x 10*°, r* = 0.053, r’.liab = 0.036; PRS-MDD: OR = 1.41 [1.26,
1.58], p=6.16x 102, r*=0.031, r’.liab =0.021). Accordingly, both PRS were significantly higher in aADHD patients
compared to the healthy control group (PRS-ADHD: t = 8.75, Cohen’s d = 0.40 [0.31, 0.49], p = 4.68 x 1078; PRS-
MDD: t = 6.74, Cohen’s d = 0.31 [0.22, 0.40], p = 2.10 x 1011), with individuals in the second to fifth PRS quintiles
having a higher risk for an ADHD diagnosis, in an increasing manner (Fig. 1A and B).

PRS-MDD was associated with comorbid MDD in the aADHD cohort (OR = 1.34 [1.15, 1.56], p=2.33 x 10°
4 r2=0.025, r’.liab = 0.024), whereas PRS-ADHD was not associated with comorbid MDD (OR = 0.90 [0.77, 1.06],
p =.21), illustrated by significantly higher PRS-MDD in the aADHD MDD+ group (t = 3.64, Cohen’s D = 0.28 [0.13,
0.42], p = 2.99 x 10*) as compared to the MDD- group, see Fig. 1C and D. In aADHD patients within the highest
PRS-MDD quintile, lifetime MDD prevalence was 58% as compared to 40% in the lowest quintile (see Fig. S3).

Due to the strong association between MDD and ANX in the investigated aADHD cohort (Table 1), the high
genetic overlap between MDD and ANX [53], and the clinical relevance of comorbid ANX in adult ADHD [54], we
conducted further exploratory analyses hypothesizing an association between PRS-MDD and ANX. These logistic
regression analyses revealed that PRS-MDD was also associated with the broad phenotype of ANX (OR = 1.31
[1.09, 1.58], p = .004, r?> = 0.018, r’.liab = 0.023), with PRS-MDD being significantly higher in aADHD patients with
a lifetime history of ANX (t = 2.92, Cohen’s D = .27 [0.09, 0.44], p = .004), as depicted in Fig. 1F. This association
persisted even when MDD was included as additional covariate (OR = 1.25 [1.03, 1.51], p = .023). Notably,
regression of PRS-MDD on a phenotype of combined MDD and ANX (n = 105) vs. aADHD patients without any
history of MDD or ANX (n = 299) had an even better model fit with OR = 1.63 [1.27, 2.08] (p = 1.28 x 10*, r? =
0.051). A one-way ANOVA revealed that there was a significant effect of combined ANX and MDD comorbidity
(independent variable: ADHD without ANX and without MDD vs. ADHD with ANX or MDD vs. ADHD with both ANX
and MDD comorbidity) on PRS-MDD (F = 9.34, p = 9.92 x 10°). Post hoc Bonferroni-corrected t-tests revealed
significantly higher PRS-MDD in the group with one comorbidity (M =0.22, p =.013) and in the aADHD group with
double MDD and ANX comorbidity (M = 0.44, p = 2.20 x 10™) than in the aADHD group with neither comorbidity
(M =-0.02) as depicted in Fig. 1G. Again, PRS-ADHD was not associated with ANX (OR = 1.05 [0.87, 1.28], p = .60).

3.3 Association of PRS with dimensional traits



The results of linear regression analyses depicting associations between PRS-ADHD and PRS-MDD with
dimensional traits are shown in Table T4. PRS-ADHD was nominally associated with childhood HI symptoms and
childhood disruptive behavior and showed a negative association with the personality trait of neuroticism. PRS-
MDD was nominally associated with childhood and adulthood HI symptoms. However, none of these associations
surpassed the Bonferroni-corrected significance threshold of p < .0025 for these analyses. Other associations (e.g.
PRS-ADHD with WURS negative affectivity, social confidence, and school problems; PRS-ADHD with adulthood IA
and HI symptoms; or PRS-MDD with BDI scores, NEO neuroticism, and WURS negative affectivity) were also not

significant.

4. Discussion

We investigated the polygenic risk profile of aADHD patients with and without a history of lifetime MDD using
PRS. Our data suggest that there is a distinguishable polygenic basis of both disorders when occurring together in
adulthood, and that comorbid MDD in aADHD can be attributed to genetic risk factors for MDD rather than for
ADHD. Furthermore, comorbid MDD was associated with other internalizing mental diseases, most significantly
with ANX. Consistent with previous findings, patients with a dual comorbidity of MDD and ANX had the highest
PRS-MDD [55], implying an incrementally increased risk for internalizing comorbidity with a higher polygenic load
for MDD. Clinically, this internalizing profile was accompanied by substantially increased impairment: Comorbid
MDD was associated with approximately twice the odds of psychiatric hospitalization. ADHD patients with a
lifetime history of MDD exhibited higher inattention and a negative cognitive style, as demonstrated by higher
neuroticism and childhood negative affectivity as well as lower social confidence during childhood, whereas
symptoms of hyperactivity/impulsivity (HI) were not associated with depressive comorbidity. This indicates that
comorbid MDD in aADHD is associated with an internalizing psychopathological factor, driven by the genetic risk
for MDD.

Childhood ADHD has been consistently shown to increase the risk of subsequent MDD-by longitudinal
studies [56, 57]. ADHD might be associated with later depressive symptoms via mediation through ADHD-related
distress, e.g. through poor academic performance, peer victimization and bullying, traumatic life events, or
disturbed social relationships [11, 21, 58, 59, 60, 61]. Such stressors might interact with genetic risk factors specific
to MDD, some of which may be shared and others that are distinct between the two disorders, thereby
consequently increasing the liability for comorbid MDD in ADHD. Importantly, our findings suggest that this
association is not mediated by genetic liability to ADHD itself, as PRS-ADHD did not predict comorbid MDD. Rather,
the comorbidity between ADHD and MDD appears to be primarily driven by genetic risk for MDD, potentially

amplified by the increased risk towards negative life events associated with ADHD.



The genetic correlation between different neuropsychiatric disorders is high [28, 31] and lies between .40
and .50 for ADHD and MDD [28, 62, 63]. In our cohort, we also observed that PRS-ADHD and PRS-MDD significantly
correlated with each other. Furthermore, both scores were significantly higher in the aADHD group compared to
healthy controls, consistent with a general P-factor [15, 16], which increases risk for different neuropsychiatric
disorders. Although a large proportion of shared heritability has been proposed between mental diseases, there
is still an ongoing discussion about a disorder-specific set of causal genetic variants [31]. ADHD shares almost 80%
of its causal variants with MDD and is markedly less polygenic than MDD, with an estimate of roughly 6,000 causal
variants for ADHD vs. 15,000 causal variants for MDD [31]. In combination with our results, this indicates that
additional causal risk variants for a more heterogeneous and polygenic disorder (e.g. MDD) may be necessary to
cause comorbidity with a less polygenic disorder, such as ADHD. Alternatively, increased genetic risk for ADHD
interacting with environmental factors (which may be precipitated by ADHD) may be sufficient to cause
comorbidity with MDD, with recent large-scale Mendelian randomization studies (MRS) supporting a causal
relationship between the genetic liability for ADHD and MDD [56, 64, 65]. However, these studies draw their
assumptions from different GWAS samples, which impedes an immediate comparison on the contribution of
ADHD and MDD genetic risk under comorbid conditions. Also, these studies rely on the contribution of a small
number of genome-wide significant SNPs [56, 65]. It has been shown that the vast majority of SNP heritability
cannot be explained by genome-wide significant SNP variants, but by pleiotropic effects of variants not surpassing
a genome-wide significant threshold in genetically complex neuropsychiatric diseases (“hidden heritability”). The
total variance explained by genome-wide significant variants is estimated at 2-3% based on current GWAS sample
sizes for most neuropsychiatric disorders [66]. Therefore, a PRS approach or a combination of MRS with a PRS
approach might be more appropriate to elucidate the genetic underpinnings of mental disease comorbidity [67].

Possible differences in the genetic architecture between childhood and adulthood ADHD should also be
considered when investigating the genetic underpinnings of comorbid MDD. Late-diagnosed ADHD differs from
childhood ADHD (cADHD); the former displays a higher genetic overlap with depression, whereas the latter is
genetically related more closely to autism spectrum disorders and hyperactivity [68]. Therefore, comorbidity
patterns in aADHD and cADHD might have different genetic signatures. Alternatively, genetic variants may exert
differential effects throughout neurodevelopment. MDD onset during late adolescence is mainly associated with
PRS-MDD, whereas MDD onset during early adolescence is additionally associated with neurodevelopmental
disorders, such as ADHD and schizophrenia [69]. Hence, the observed association in our aADHD cohort between
MDD comorbidity and polygenic risk for MDD, but not polygenic risk for ADHD, may specifically reflect the
situation in adult patients. It has been shown that there are two main explanatory factors for MDD: a
neurodevelopmental factor and an internalizing factor [70]. In our aADHD cohort, the association of comorbid

MDD with PRS-MDD, further internalizing disorders (ANX, eating disorders, somatoform disorders), neuroticism,



childhood negative affectivity, and lower childhood social confidence, indicates that MDD in aADHD may be more
associated with an internalizing factor than with a neurodevelopmental factor [70]. Our finding of an association
between comorbid MDD and higher inattention also supports the hypothesis that comorbid MDD in aADHD is
due to an internalizing psychopathological factor, as inattention and slow cognitive processing speed are both
linked to internalizing problems (such as brooding, anxiety, and depression), whereas impulsivity is associated
with externalizing problems (such as substance abuse, conduct disorder, and delinquency) [71, 72, 73].

The largely null associations between PRS and dimensional symptom measures are in line with evidence
that PRS index broad genetic liability rather than variation of specific clinical features or quantitative traits [74,
75]. Given the modest variance explained by available ADHD PRSs [62], the restricted symptom range inherent in
clinical ADHD samples, and the likelihood that self-reports reflect fluctuating symptomatic states rather than
lifetime genetic liability, weak or absent associations within our aADHD cohort are not unexpected. PRS are
derived from case-control GWAS. Hence, they reflect global disorder liability and combine genetic influences
across heterogeneous symptom domains, limiting correlations with specific symptom dimensions such as
impulsivity, hyperactivity, or negative affectivity. These considerations may explain why PRS-ADHD and PRS-MDD
were associated with diagnostic status but showed no robust associations with symptom-level traits.

Our study has several strengths and limitations. The majority of PRS studies in ADHD have been conducted
in childhood/adolescence cohorts, and the important matter of comorbidity with other mental diseases has not
yet been addressed extensively [75]. To address this knowledge gap, we investigated the association between
PRS and comorbid MDD in a clinically well-characterized single-center aADHD patient cohort with a uniform
definition of related dimensional traits and comorbidities. However, due to the cross-sectional design of our
study, conclusions about the causal relationship between polygenic risk scores and MDD comorbidity cannot be
drawn from our data. There is also the risk of recall bias in retrospectively self-rated childhood symptoms, which
might be further confounded by an excessively negative judgement in depressed individuals. In addition, we did
not have data regarding age of onset of depression or detailed characteristics of the depressive disease course
(e.g. number of depressive episodes). Therefore, large longitudinal studies linking the transition between
childhood, adolescence, young and mid-adulthood are needed to not only capture causality between polygenic
patterns and comorbidity, but to also elucidate the interaction between genetic liability, environmental risk and
resilience factors, and developmental trajectories. We also did not have sufficient life event data from our cohort
to analyze the interaction between polygenic risk and stressful life events. Hence, we can only hypothesize about
a possible moderating role of stressful life events and other environmental risk factors for the association
between genetic liability and risk of MDD comorbidity.

In conclusion, our study revealed that comorbid MDD in aADHD was associated with polygenic risk for

MDD, increased symptoms of inattention, and with a negative cognitive style, as indicated by higher neuroticism,



higher childhood negative affectivity, and lower childhood social confidence. Our results therefore suggest that
aADHD comorbidity with MDD may be due to an inattentive-internalizing factor rather than a
neurodevelopmental psychopathological factor, and that comorbid MDD in aADHD has its own unique genetic
contribution, despite significant overlap with the polygenic risk for ADHD. Hence, the significant and distressing
burden of living with ADHD with possible impairment in different domains of daily life alone might not be
sufficient to explain comorbidity with ANXand MDD in ADHD. A distinguishable polygenic pattern for comorbidity
with internalizing mental disorders in patients with neurodevelopmental disorders, such as ADHD, should be
considered as a plausible alternative concept parallel to the broad genetic P-factor. Future longitudinal studies

should aim to clarify how biological, environmental and psychopathological signatures may be causally related.
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Figure legends

Fig. 1 Association of ADHD and comorbid MDD with PRS-ADHD and PRS-MDD.
A and B Left panels: PRS-ADHD and PRS-MDD were significantly higher in aADHD patients than in healthy controls. Right
panels: Individuals with PRS in the second to fifth quintile were at higher probability for an ADHD diagnosis as compared to
individuals with PRS in the lowest quintile. C PRS-ADHD did not differ between aADHD patients without (MDD-) and with
lifetime MDD (MDD+), whereas D PRS-MDD were significantly higher in aADHD patients with a history of MDD. The same
pattern showed up in aADHD patients regarding lifetime comorbidity with any anxiety disorder (ANX) which could not be
discriminated by PRS-ADHD (E), but by PRS-MDD (F). G PRS-MDD were gradually higher in aADHD patients with either MDD
or ANX (aADHD MDD+/ANX+) and aADHD patients with a double comorbidity with lifetime MDD and anxiety disorder (ADHD
MDD+ ANX+) as compared to aADHD patients with neither comorbidity (ADHD MDD- ANX-). * p value < .05, ** p value < .01
*** p value <.001, **** p value < .0001.



Table 1 Demographic data, clinical characteristics and psychometric measures of the patient groups.

OR [95% CI]/
MDD+ MDD- X3/t p
Cohen’s D [95% Cl]
Demographic data
n (%) 352 (50.2) 349 (49.8) - - -
Sex
9

ij;‘:"i (;)()A) igg Eiggg Eg Egg;g 10.79 1.65[1.22, 2.22] .001
Age (M, SD) 35.7(9.5) 33.4(10.7) 3.06 0.23 [0.08, 0.38] .002
Higher secondary education, n (%)* 98 (28.7) 100 (30.7) 0.33 0.91[0.65, 1.27] .568
Living with others, n (%) 275 (78.1) 290 (83.1) 2.77 0.73 [0.50, 1.06] .096
In romantic relationship n (%)? 216 (61.5) 221 (63.5) 0.29 0.92 [0.68, 1.25] .591
Clinical characterization
History of psychiatric inpatient stay(s)

9 9

Leos 29195((361;'5@3) 25652((1872'22) 17.19 2.19[1.51,3.19] <.001

NA 48 32
BDI (M, SD)? 19.4 (10.7) 10.6 (7.6) 11.25 0.95[0.77, 1.12] <.001
Childhood IA symptoms (M, SD) 7.0 (1.6) 6.7 (1.8) 2.16 0.16 [0.02, 0.31] .031*
Childhood HI symptoms (M, SD) 5.2 (2.5) 5.5 (2.5) 1.40 0.11 [-0.04, 0.25] .163
Adulthood IA symptoms (M, SD) 7.5(1.5) 7.1(1.8) 3.36 0.25[0.11, 0.40] <.001
Adulthood HI symptoms (M, SD) 6.1(1.9) 6.2 (2.0) 0.24 0.02 [-0.13, 0.17] 811
WURS disruptive behavior (M, SD)* 20.8(9.9) 19.4 (9.9) 1.75 0.14 [-0.02, 0.30] .081
WURS negative affectivity (M, SD)* 18.3 (7.1) 14.4 (6.7) 7.00 0.56 [0.40, 0.72] <.001
WURS social confidence (M, SD)* 12.8(5.2) 14.5 (5.1) -4.20 0.34[0.18, 0.50] <.001
WURS school problems (M, SD)* 8.6 (6.3) 8.3 (6.3) 0.51 0.04 [-0.12, 0.20] 613
NEO Neuroticism (M, SD)3 124.5 (23.1) 103.4 (25.6) 11.25 0.87[0.71, 1.02] <.001
Mental health comorbidity
Anxiety disorders, n (%) 105 (29.8) 50 (14.3) 24.46 2.54 [1.74, 3.71] <.001
Substance use disorders, n (%) 140 (39.8) 119 (34.1) 2.42 1.28 [0.94, 1.74] .120
Eating disorders, n (%) 46 (13.1) 17 (4.9) 14.40 2.94[1.65, 5.23] <.001
Posttraumatic stress disorders, n (%) 18(5.1) 6(1.7) 6.11 3.08 [1.21, 7.86] .013*
Somatoform disorders, n (%) 19 (5.4) 4(1.1) 9.98 4.92 [1.66, 14.62] .002
Obsessive-compulsive disorders, n (%) 15 (4.3) 5(1.4) 5.06 3.06 [1.10, 8.52] .024*

Analysis of continuous variables (age, ADHD symptoms, WURS-K, BDI) between the patient groups was performed using
unpaired two-sided Student’s t-tests with effect sizes depicted by Cohen’s D values. Analysis of categorical variables was
performed using Pearson’s Chi-square tests with effect sizes demonstrated by odds ratios (OR). Significant threshold at p <
.05. For some of the variables, data were not available for all individuals, as indicated by *n = 668,2n =699, 3n=564,%n =
618, > n = 676. MDD: Major depressive disorder (lifetime history), Cl: confidence intervals, M: mean, SD: standard deviation,
n: sample sizes, WURS: Wender-Utah Rating Scale, BDI: Beck’s Depression Inventory, IA: inattentive, HI:
hyperactive/impulsive, p: nominal p value, p* indicates p values with nominal significance at the < .05 level which did not
survive Bonferroni correction for multiple testing. P values in bold indicate significance at the adjusted significance level (<
.0024).
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