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Not just old wine in new bottles: Polygenic liability for ADHD
is associated with electrophysiological affective-motivational
processing beyond anxiety, depression, and ODD
Kristóf Ágrez 1,6, Zsombor Visky2,6, György Hámori1,3, Mária Takács1,3, Attila J. Pulay4, János M. Réthelyi 1,4 and Nóra Bunford 1,5✉
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In attention-deficit/hyperactivity disorder (ADHD), emotional features account for heterogeneity and exacerbate severity of
behavioral and functional impairments, beyond cognitive and comorbidity features. Yet, debate remains about the extent to which,
in ADHD, such emotional features are a “core feature”, i.e. whether ADHD should be conceptualized as encompassing difficulties
with regulating not only activity, attention, and impulses but also processing and regulating emotions. We aimed to address this
issue by examining the extent to which in adolescents, ADHD polygenic scores (PGSs) are associated with electrophysiological
indices of affective-motivational processing, measured during a monetary punishment/reward feedback paradigm. ADHD PGSs
were negatively associated, in n= 166 adolescents (Mage= 15.76 years, SD= 1.07; 42.77% girls), with amplitude values of an
occipitoparietal event-related potential (i.e. late positive potential) and were positively associated, in n= 84 adolescents
(Mage= 15.76 years, SD= 1.05; 41.67% girls), with fronto-centro-parietal alpha event-related desynchronization. Across analyses,
covariates were anxiety, depression, and ADHD with comorbid disruptive behavior disorder PGSs; ADHD, internalizing, and
oppositional defiant disorder severity; childhood maltreatment; current ADHD medication; and baseline values of the outcome.
Findings were replicated in sensitivity analyses with blocks of conceptually related covariates entered separately. In adolescents,
electrophysiological indices of affective-motivational processing are associated principally with genetic liability for ADHD but not
comorbidity genetic liability or comorbidity manifest symptoms.
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is a mechanisti-
cally and phenotypically heterogeneous disorder and this hetero-
geneity has hindered progress in determining etiology and
identifying precise predictors of prognosis [1, 2]. In attempts to
disentangle this heterogeneity, the field has been focusing on
characteristics along which the ADHD clinical phenotype can be
further refined into functionally meaningful subprofiles [1, 2]. One
such characteristic are emotional features [1, 3].
Emotional features relevant to ADHD include correlates or

manifestations of difficulties with emotion processing and
regulation, such as emotional impulsivity, intensity, lability, and
variability [3, 4] as well as precursors of emotion processing and
regulation, such as temperament (e.g., irritability and negative and
positive surgency) [5, 6] and affective-motivational processing
[7–9].
In the last 15 years, a body of work has accumulated on the

association between ADHD and emotional features, establishing
that ADHD is associated with differences in emotional processing
and regulation, and in affected children, adolescents, and adults,
with functional impairment [1, 3, 10–12]. Yet, questions remain

about the specificity of the association between ADHD and
emotional features; arguments remain that in ADHD, emotional
symptoms are nothing but “old wine in new bottles”, i.e. what
some call difficulties with emotional processing and regulation are
nothing more than a comorbidity manifestation –e.g., anxiety,
depression, or especially oppositional defiant disorder (ODD)
[6, 10]. One approach to determining the extent to which in
ADHD, differences in emotional features are an associated or a
core feature is to examine whether genetic liability for ADHD is
associated with emotional features, accounting for genetic liability
and symptoms of comorbidities.
The complex genetic structure of ADHD entails polygenic

variation, rare structural variants, and differences at the level of
epigenetics [13]. An approach to index ADHD genetic liability is via
the cumulative effect of frequent genetic variants using a
polygenic score (PGS) [6]. Although this technique has not been
employed in ADHD to examine the full range of emotional
features, a pertinent question about the association between
ADHD PGSs and behavioral aspects of temperament has been
addressed in pioneering work. Findings indicated that ADHD PGSs
are associated with parent-rated irritability [6, 14] and sensation
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seeking [6], in samples of children [6] and children and
adolescents [14].
In these studies, first, although depression PGSs (and lifetime

manifest symptoms of depression in [6]) were controlled
statistically, PGSs for or manifest symptoms of anxiety and ODD
–as comparably relevant comorbidities–, were not. This can
confound associations between ADHD PGSs and emotional
features. Genetically, the association may be confounded by
genetic liability for anxiety or ODD. It is unclear whether the
association is independent of any shared genetic effects on ADHD
and these comorbidities. Clinically, anxiety, depression, and ODD
are comorbid with ADHD [15, 16]; anxiety disorders are present in
18% [17], depression in 14% [17], and ODD [15] in roughly half of
children and adolescents with ADHD. As these disorders are also
associated with emotional features [15, 18, 19], it can be argued
that what in ADHD appears to be an emotional symptom is simply
ADHD being comorbid with anxiety and/or depression and/
or ODD.
Second, assessing emotional features by behavioral manifesta-

tion ratings of temperament captures only one aspect (behavioral)
of one precursor (temperament) of the construct [10, 20].
Assessment of changes in electrocortical response, via electro-
encephalogram (EEG) including event-related potentials (ERPs)
and event-related power spectrum desynchronization (ERD)/
synchronization (ERS) capture another aspect (electrophysiologi-
cal). Assessment of such changes in electrocortical response to
affectively and/or motivationally salient stimuli captures another
precursor (affective-motivational processing). Specifically, presen-
tation of affectively and/or motivationally salient stimuli or tasks is
followed by a sustained positivity in the ERP waveform, i.e. the late
positive potential (LPP) [21, 22] and a decrease in alpha power, i.e.
alpha desynchronization [23]. Experimental paradigms designed
to elicit automatic reactions to stimuli probe bottom-up processes
whereas those designed to elicit controlled, regulatory responses
probe top-down processes. Both the LPP [24] and the alpha ERD
[23] are modulated by bottom-up image content, e.g. the LPP is
enhanced whereas alpha ERD is attenuated by arousing pleasant
and unpleasant emotional stimuli relative to neutral stimuli.
Further, both the LPP [24] and the alpha ERD [23] are modulated
by top-down processes, e.g. LPP is attenuated whereas alpha ERD
is enhanced by emotion regulation [24]. Beyond emotional
paradigms, both the LPP and the alpha ERD can be also be
elicited by motivational paradigms (e.g. punishment and reward),
including guessing paradigms such as the Doors task [25–28]. In
such paradigms, the LPP and alpha ERD following loss and win
feedback can be conceptualized as reflecting affective-
motivational processing [26–28], specifically, in case of the LPP,
extended cognitive processing of the affective value of feedback
stimuli [25, 29].

Current study
Here, our general goal is to examine whether accounting for
genetic and behavioral markers of comorbidities relevant to the
association of ADHD with emotional features, PGSs for ADHD are
associated with electrophysiological indices of affective-
motivational processing in adolescents.
Specifically, the first aim was to examine whether PGSs for

ADHD are associated with LPP (Aim 1). The second aim was to
examine whether PGSs for ADHD are associated with fronto-
centro-parietal alpha ERD (Aim 2). Across aims, we controlled for
PGSs for anxiety-, depressive-, and ADHD with comorbid
disruptive behavior disorders. We also controlled for severity of
ADHD, internalizing, and oppositional defiant disorder symptoms.
We hypothesized that greater ADHD PGSs would be associated
with lower LPP amplitude and that greater ADHD PGSs would be
associated with greater alpha ERD [6, 14, 24].
Evidence indicates that ADHD pharmacotherapy may affect

changes in emotional features including anger, irritability,

emotional dysregulation, and emotional lability [30, 31]. Evidence
further shows that childhood maltreatment is associated with
increased psychopathology risk [32], at least in part, through
emotion dysregulation [33, 34] and that in individuals with a given
psychopathology, history of maltreatment may lead to a distinct
ecophenotype [35]. Accordingly, we also accounted for current
ADHD pharmacotherapy and childhood maltreatment.

METHOD
General procedure
The data analyzed herein were collected during the first and second
assessment sessions of the baseline and 18-month follow-up (T2)
timepoints of a larger longitudinal project, the Budapest Longitudinal
Study of ADHD and Externalizing Disorders (BLADS).
In the larger study, adolescents were included if they were between the

ages of 14 and 17 years and excluded if they exhibited cognitive ability
below the percentile rank representing an estimated full-scale IQ score of
80 on select subtests of the Wechsler Adult Intelligence Scale–Fourth
Edition (WAIS-IV) or Wechsler Intelligence Scale for Children–Fourth Edition
(WISC-IV) [36, 37]; met criteria for bipolar, obsessive–compulsive or
psychotic disorder on the Structured Clinical Interview for DSM-5, Clinical
Version (SCID-5-CV) [38]; reported a prior diagnosis of autism spectrum
disorder (severity ≥ 2); current or past neurological illness; or uncorrected,
impaired vision ( <50 cm).
In the first assessment session at baseline, adolescents were adminis-

tered a clinical interview (SCID-5-CV) and tests of cognitive performance
(WAIS/WISC-IV), followed by genetic sampling and completion of ques-
tionnaires. In the second assessment session at baseline, adolescents
completed EEG measurement and questionnaires. At follow-up, in the first
assessment session, adolescents completed questionnaires and in the
second assessment session, an EEG measurement. Parents completed
questionnaires using Psytoolkit [39, 40] and the Qualtrics software, versions
June 2020–May 2023 (Qualtrics, Provo, UT).

Ethical approval and consent to participate. This research was conducted
in adherence to the ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments and approved by the National Institute
of Pharmacy and Nutrition (OGYÉI/17089-8/2019). Informed consent (and
assent) was obtained from all parents (and adolescents).

Participants
In the larger project, adolescents were a community sample of participants
oversampled for ADHD; at baseline, data were available for N= 314 youth
(Mage= 15.78 years, SD= 1.08; 39.2% girls), 89 (28.34%) of whom met
criteria for ADHD, defined as exhibiting ≥6 for youth <17 years old or ≥5
for youth ≥17 years old inattentive or hyperactive/impulsive symptoms
and showing moderate impairment (rating of ≥2) in ≥3 domains of
functioning on the ADHD Rating Scale-5 [41], see Method/ Measures. The
sample size was determined for the larger study [42, 43].
For descriptive statistics on analytic subsamples, see Table 1.

Measures
Genotyping. Genomic DNA (isolated from saliva samples) were geno-
typed using the Illumina Infinium Global Screening Array-24 v3.0 BeadChip
by LIFE & BRAIN GmbH (Bonn, Germany). For description of and details on
quality control and imputation, see Supporting Information.

Electrophysiology
EEG paradigm: In the larger project, the Doors task [44] was applied to
probe initial response to attainment of reward. Consistent with prior work
[26–28], the post-feedback processing portion of the task was conceptua-
lized as probing affective-motivational processing, specifically, extended
cognitive processing of the affective value of feedback stimuli [25].
Participants completed 120 trials, divided into two blocks of 60 trials each.
Each block contained 30 trials per condition (win or loss), with two
conditions in total (60 trials per condition overall). Adolescents were told
that in each trial, they could either lose 50 (HUF) or win 100 (HUF). Each
trial began with presentation of a fixation mark (+) for 900ms, followed by
presentation of an image of two doors for 3000ms. Adolescents were to
choose one of the two doors by pressing either the number 7 for the left
door or the number 8 for the right door on the numeric keypad, using their
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dominant hand. Finally, following a brief delay (1100ms with a ± 50ms
jitter), feedback was presented for 1500ms. Loss was indexed by a red “↓”
and win was indexed by a green “↑”. Duration of the intertrial interval was
2000 ms with a ± 250ms jitter. In a single block, 30 loss and 30 win
trials were presented, ordered randomly. To enhance the effectiveness of
the experimental manipulation, adolescents could exchange the virtual
money that they accumulated for previously chosen snacks (candy, gum,
popcorn, etc.).

EEG data acquisition and processing: EEG data acquisition and
processing has been described elsewhere [42, 45]. Briefly, continuous EEG
was recorded with a 64-channel BrainAmp DC system equipped with
actiCAP active electrodes (Brain Products GmbH, Gilching, Germany) and
digitized at a sampling rate of 1000 Hz and 16-bit resolution at baseline
and equipped with actiChamp active electrodes (Brain Products GmbH,
Gilching, Germany) and digitized at a sampling rate of 1000 Hz and 32-bit
resolution at follow-up. Impedances were kept under 5 kΩ, and the FCz
electrode was used as online reference. One electrooculogram electrode
was placed below the left eye and another lateral to the outer canthus of
the right eye.
All EEG processing was conducted in MATLAB R2017a. The Maryland

Analysis of Developmental EEG (MADE) pipeline – based on the EEGLAB
toolbox (v.2022.0) [46] and its ADJUST (v.1.1.1) [47] and FASTER (v.1.2.4)
[48] plugins – was used for EEG offline processing [49]. To facilitate
preprocessing, the two continuous EEG files (for the two blocks of the
Doors task) were concatenated into a single EEG file for each participant.
The MADE pipeline script was modified for compatibility with our EEG data
and the appropriate were set parameters for preprocessing: (1) Down-
sampling from 1000 to 250 Hz for faster processing. (2) Filtering

downsampled data, first with a high-pass filter (0.1 Hz), then with a low-
pass filter (30 Hz). Based on the EEGLAB FIRfilt plugin (v.2.4), both filters
were zero-phase Hamming-windowed sinc finite impulse response (FIR)
filters. (3) Automatic detection and removal of bad channels by MADE
using the FASTER plugin. (4) Independent component analysis (ICA) to
decompose the signal and, employing a logistic infomax ICA algorithm
[50], to identify artificial ICA components (blinks, electromyography, and
eye movements) and, using a modified version of the ADJUST algorithm, to
detect and remove artificial components. (5) Segmentation of the ICA-
cleaned data into epochs with a fixed length (from −200 ms to 3000ms
around events). (6) Baseline correction of extracted trials using the 200ms
time interval prior to event onset (only for ERP but not for ERS analysis). (7)
Application of a voltage threshold-based ( ± 100 μV) artifact rejection
algorithm onto the baseline corrected (and uncorrected) trials to remove
remaining artifacts [49]. (8) Interpolation of channels removed in step (3)
using spherical spline interpolation. (9) Re-referencing of the data to the
average of the electrodes located at the left and right mastoids (TP9 and
TP10, respectively).

ERP analysis: Following MADE preprocessing, ERP averages were
calculated for each condition, for each participant as follows. Mean values
were calculated first across electrodes (following adult [51] and child
[21, 22] studies, at CP1, CPz, CP2, P1, Pz, P2, and POz), and then across
trials; average ERP waveforms were calculated in given time windows
(1600–2200ms after onset of feedback stimulus [22, 52]). As a final step, for
each component, grand average ERP waveforms were calculated from
individual ERP averages. Amplitude values for LPP to loss and win for each
participant were used in statistical analyses. Loss and win trials achieved
acceptable internal consistency by the ~tenth trial, see Figure S1.

Table 1. Demographic and clinical characteristics of the Aim 1 & 2 samples.

Aim 1 samples Aim 2 sample

LPP gain LPP loss Alpha ERD

n 166 168 84

Age (in years), M ± SD (Visit 1,
baseline)

15.75 ± 1.07 15.77 ± 1.06 15.76 ± 1.05

Age (in years), M ± SD (Visit 2,
baseline)

15.83 ± 1.08 15.83 ± 1.07 15.83 ± 1.06

Age (in years), M ± SD (Visit 1,
follow-up)

17.25 ± 1.07 17.26 ± 1.06 17.24 ± 1.06

Age (in years), M ± SD (Visit 2,
follow-up)

17.33 ± 1.06 17.33 ± 1.06 17.30 ± 1.05

Sex 71 female / 95 male 72 female / 96 male 35 female / 49 male

IQ percentile, M ± SD 62.83 ± 20.48 62.73 ± 20.5 64.57 ± 21.33

Net household income per person
(in HUF)†, M ± SD

172363.9 ± 89332.23 171516.3 ± 89205.67 167763.3 ± 77013.34

With ADHD# 39 (23.49%) 39 (23.21%) 27 (32.14%)

Medication-naїve at baseline& 21 (53.85%) 21 (53.85%) 16 (59.26%)

On stimulant medication at
baseline&

6 (15.38%) 6 (15.38%) 2 (7.41%)

On nonstimulant medication at
baseline&

3 (7.69%) 3 (7.69%) 2 (7.41%)

Took ≥24-hour medication hiatus
before baseline EEG^

18 yes / 2 no / 7 did not indicate 18 yes / 2 no / 7 did not indicate 13 yes / 1 no / 4 did not indicate

Medication-naїve at follow-up& 17 (43.59%) 17 (43.59%) 12 (44.44%)

On stimulant medication at
follow-up&

1 (2.56%) 1 (2.56%) 0 (0%)

On nonstimulant medication at
follow-up&

9 (23.08%) 9 (23.08%) 6 (22.22%)

Took ≥24-hour medication hiatus
before follow-up EEG^

15 yes / 2 no / 7 did not indicate 15 yes / 2 no / 7 did not indicate 10 yes / 1 no / 4 did not indicate

†=The 2020 Hungarian average was 147 000 HUF [101]; #=ADHD diagnosis was ascertained at baseline; &=of those with ADHD; ^=adolescents who were
prescribed ADHD pharmacotherapy in the past but discontinued or who were prescribed ADHD pharmacotherapy at the time of participation and took a ≥24-
hour medication washout before EEG.
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ERD analysis: After applying MADE preprocessing, ERD was calculated
using the MATLAB EEGLAB toolbox [46], consistent with convention in the
literature [53, 54]. Time-frequency analysis was performed on 3200ms long
epochs extracted in the −200 to 3000ms latency range around task
events. Each epoch underwent convolution with a set of Morlet wavelets,
which varied linearly between 2 and 7 cycles and covered frequencies
from 1 to 30 Hz in 0.5 Hz steps. Power spectrum was calculated for a
fronto-centro-parietal region, across F1, Fz, F2, FC1, Fz, FC2, C1, Cz, C2, CP1,
CPz, CP2, P1, Pz, P2, and POz [55–57]. Baseline correction was applied using
resting-state EEG data for each participant, obtained during a 2 × 3-minute
resting state paradigm, for which participants were instructed to look at a
fixation cross and allow their thoughts to freely wander, while their head
was placed on a chin rest. Specifically, we randomly segmented the
resting-state EEG recordings (collected from the same electrodes used in
the Doors task) into 3200ms epochs, same length as for the task. Then,
time-frequency power values were calculated on these resting-state
epochs with the same parameters as for task. We then computed the
mean resting-state time-frequency power of each participant and
electrode and applied it to baseline-correct the task-related EEG time-
frequency power. Next, we averaged the baseline-corrected power
spectrum values across the above-mentioned electrodes and calculated
the extended alpha band (5–14 Hz) power within the 1600–2200ms time
window. This method allowed us to quantify desynchronization or
synchronization as an average decrease or increase in power spectrum
values from the resting state to the task, reflecting affective-motivational
processing. The resulting desynchronization values were expressed in
decibels (dB). Alpha power ERD values were used in statistical analyses.

Rating scale measures. The parent-reported ADHD Rating Scale-5 (ARS-5)
[41] was used to assess ADHD; the Internalizing problems subscale of the
Youth Self-Report 11-18 (YSR) [58] to measure anxiety and depression; the
parent-reported Disruptive Behaviour Disorders Rating Scale (DBD-RS) [59]
to assess ODD; and the self-reported Child Abuse and Trauma Scale (CATS)
[60] was used to measure childhood maltreatment.
Prior findings indicate acceptable psychometric properties for the ARS-5

[41–43], the YSR [43, 58], the DBD-RS [43, 59], and the CATS [34]. In the
entire sample, all measures exhibited at least acceptable internal
consistency. For details, see Supporting Information.

Analytic plan
All analyses were conducted in RStudio (version 2024.04.2. Build 764, R
version 4.4.1.). For packages used, see Table S1.

PGS. PGSs were calculated with PRSice-2 (v2.3.5) [61] using publicly
available GWAS summary statistics for ADHD [62], ADHD with DBD
comorbidity [63], anxiety [64] and depression [65]. Variants with INFO
scores <0.9 were excluded from the discovery sample before clumping
(window size 250 kb, p-value threshold 1, R2 threshold 0.1). ADHD PGSs
were calculated using target phenotypes. Adolescents were classified as
with ADHD if they exhibited ≥6 (youth <17 years old) or ≥5 (youth ≥17
years old) ADHD inattentive (IA) or hyperactive/impulsive (H/I) symptoms
and showed moderate impairment (rating of ≥2) in ≥3 domains of
functioning on the ARS-5. Control adolescents did not meet these
thresholds. Adolescents were classified as with ADHD and DBD if they
also exhibited ≥4 symptoms of ODD (“probable ODD”) or ≥3 symptoms of
conduct disorder (“probable conduct disorder”) on the DBD-RS. Control
adolescents did not meet these thresholds.
For PGS models, p-value thresholds were assessed at intervals of 5e-05

between 5e-08 and 1 for the inclusion of variants. Anxiety and depressive
disorder PGSs were calculated using all clumped variants.
Details on both discovery and target samples are presented in Table 2.

Statistical analyses
Regression analysis: Across models, linear regression analyses were
conducted. Independent variables of non-interest were current ADHD,
internalizing, and ODD severity, current ADHD pharmacotherapy, anxiety
PGSs, depression PGSs, ADHD with comorbid DBD PGSs, childhood
maltreatment, as well as the first four genetic principal components and
baseline values of the outcome variables. The independent variable of
interest was standardized ADHD PGSs and dependent variables were T2
values of LPP to win, LPP to lose, alpha ERD. p-values corresponding to the
independent variable of interest were adjusted for false discovery rate
(FDR) [66].Ta
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Across models, distribution of residuals was checked applying
the Anderson-Darling and Lilliefors-corrected Kolmogorov-Smirnov
tests, homoscedasticity applying the studentized Breusch-Pagan test,
and multicollinearity was checked via variance inflation factors.
Where applicable, we also inspected diagnostic plots (e.g., density
plots, histograms, Q-Q plots, residuals vs fitted values). In cases of
model assumption violations, robust linear regression analyses were
conducted using the robustbase package, and tuning parameters were set
using the “KS2014” setting [67]. Multicollinearity was never severe
(VIFs < 2.23).
To ensure that the inclusion of all covariates was not driving findings

of significance, blocks of conceptually related covariates were
added separately to each model in sensitivity analyses [68]
conducted following identical steps as in main analyses (see Supporting
Information).
To determine whether attrition was at random, binary logistic regression

analyses were conducted in the entire (N= 314) sample with age,
sex, ADHD status, cognitive ability, and socioeconomic status
(net household income per person) as independent variables entered
simultaneously and whether an adolescent had T2 data as the dependent
variable.

RESULTS
Attrition
The model for attrition analysis was nonsignificant: χ2(6)= 11.592,
p= 0.072.

Descriptives
For distribution of ADHD PGSs by ADHD diagnosis, see Figure S2.
In the entire (n= 284) sample, in a robust regression model with

ADHD PGSs and the first four ADHD genetic principal compo-
nents, χ2(5)= 14.759, p= 0.011, adj. R2= 0.033, standardized
ADHD PGSs were associated with ADHD severity, b= 2.404,
SE= 0.783, p= 0.002.

ERPs and ERD
For baseline and T2 scalp distributions and ERP grand average
waveforms, see Fig. 1 and for baseline and T2 alpha ERD, see Fig. 2.
The robust regression model predicted LPP to win,

χ2(14)= 34.651, p= 0.002, adj. R2= 0.125 (Table 3), with a
negative association of standardized ADHD PGSs (b=−0.563,
SE= 0.248, pcorr= 0.039) and a positive association of baseline LPP
to win (b= 0.273, SE= 0.062, p < 0.001) and PC1 (b= 9.599,
SE= 3.579, p= 0.008) with follow-up LPP to win (Fig. 3a). In
sensitivity analyses, alternative models with adjusted covariates
were comparable to main models (see Supporting Information
and Figure S4).
The linear regression model did not predict LPP to loss, F(14,

153)= 1.503, p= 0.116.
The robust regression model predicted FCP alpha ERD,

χ2(14)= 53.160, p < 0.001, adj. R2= 0.316 (Table 4), with a positive
association of standardized ADHD PGSs (b= 0.259, SE= 0.114,

Fig. 1 LPP to win and loss. A Baseline scalp distributions depicting activation to win (LPP to win) and lose (LPP to lose) in the 1600-2200ms
time window, with electrodes selected for scoring the LPP (CP1, Cpz, Cp2, P1, Pz, P2, and Poz) in red. B Baseline ERP grand average waveforms
of the win (blue) and lose (red) condition cues. ERPs were scored in the 1600-2200ms time window indicated by grey shading. (C) Follow-up
scalp distributions depicting activation to win (LPP to win) and lose (LPP to lose) in the 1600-2200ms time window, with electrodes selected
for scoring the LPP (CP1, Cpz, Cp2, P1, Pz, P2, and Poz) in red. (D) Follow-up ERP grand average waveforms of the win (blue) and lose (red)
condition cues. ERPs were scored in the 1600-2200 ms time window indicated by grey shading.

Fig. 2 Event-related spectral perturbation of fronto-centro-parietal EEG power. Figure depicts event-related desynchronization of fronto-
centro-parietal EEG power in the 1000-3000ms post-feedback time window (scored at F1, Fz, F2, FC1, Fz, FC2, C1, Cz, C2, CP1, CPz, CP2, P1, Pz,
P2, and POz), with the average of alpha calculated in the 5-14 Hz frequency range, in the 1600-2200ms time window) for adolescents at
A baseline and B 18-month follow-up.
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pcorr= 0.039), of baseline ERD (b= 0.515, SE= 0.117, p < 0.001),
and of PC2 (b= 4.685, SE= 1.409, p= 0.001) with follow-up ERD
(Fig. 3b). In sensitivity analyses, alternative models with adjusted
covariates and alpha ERD scored at 8-13 Hz were comparable to
main models (see Supporting Information and Figure S4).

DISCUSSION
Historically, in ADHD, emotional features were considered a core
feature. In the first clinical descriptions of ADHD by Melchior Adam
Weikard in 1775, then by Alexander Crichton in 1798 and by
George Still in 1902 [69], difficulties with attention and distract-
ibility were accompanied by –and described as being etiologically
related to– difficulties with emotional control and stability,

manifesting in extreme passionateness and morbid exaggeration
of emotional excitability [70]. In later descriptions of ADHD in the
1960s, difficulties with regulating activity, attention, and impulses
and with perseveration were accompanied by emotional excit-
ability or lability. However, arguably because emotional features
were difficult to measure, beginning with the second DSM in 1968,
the taxonomic doctrine for ADHD has been that difficulties with
regulating activity, attention, and impulses are core features of
ADHD whereas emotional symptoms are merely an associated
feature of the disorder [70].
Given that ADHD is heterogeneous [2], “core feature” indicates

that even if emotional features are part of the ADHD clinical
phenotype, those are essential or manifest only in a subpopula-
tion. Accordingly, when we ask whether emotional features should

Table 3. Parameter estimates for robust regression model predicting LPP to win.

b SE t p 95% CI VIF

(Intercept) −0.296 0.557 −0.531 0.596 −1.397 0.805 –

Baseline LPP to win 0.273 0.062 4.386 <0.001 0.150 0.397 1.081

Standardized ADHD PGSs −0.563 0.248 −2.267 0.025 −1.053 −0.072 1.140

Genetic PC1 9.599 3.579 2.682 0.008 2.528 16.670 1.064

Genetic PC2 0.061 4.429 0.014 0.989 −8.691 8.812 1.070

Genetic PC3 5.118 4.061 1.260 0.210 −2.907 13.142 1.113

Genetic PC4 3.794 4.442 0.854 0.394 −4.983 12.571 1.103

Standardized anxiety disorders PGSs −0.240 0.289 −0.830 0.408 −0.811 0.331 1.319

Standardized ADHD+DBD PGSs 0.062 0.266 0.232 0.817 −0.464 0.587 1.211

Standardized depression PGSs 0.111 0.286 0.389 0.698 −0.454 0.676 1.353

Childhood maltreatment 0.003 0.020 0.127 0.899 −0.037 0.042 1.555

ADHD medication# 0.141 1.046 0.135 0.893 −1.925 2.207 1.216

ADHD severity# −0.016 0.030 −0.524 0.601 −0.074 0.043 2.227

ODD severity# 0.067 0.061 1.101 0.273 −0.053 0.187 2.187

Internalizing severity# 0.004 0.032 0.117 0.907 −0.060 0.067 1.344
# at baseline; ADHD attention-deficit/hyperactivity disorder, DBD disruptive behavior disorders, ODD oppositional defiant disorder, PC principal component, PGS
polygenic score, VIF variance inflation factor.

Fig. 3 In adolescents, ADHD PGSs are associated with electrophysiological affective-motivational processing. A ADHD PGSs are
associated, prospectively, with LPP to win. B ADHD PGSs are associated, prospectively, with fronto-centro-parietal alpha ERD. Note.
Residualized LPP scores are created by regressing all covariates (current ADHD, internalizing, and ODD severity, current ADHD
pharmacotherapy, childhood maltreatment, anxiety PGSs, depression PGSs, ADHD with comorbid DBD PGSs, as well as the first four genetic
principal components and baseline LPP to win values) onto follow-up LPP to win values. Residualized ERD scores are created by regressing all
covariates (current ADHD, internalizing, and ODD severity, current ADHD pharmacotherapy, childhood maltreatment, anxiety PGSs,
depression PGSs, ADHD with comorbid DBD PGSs, as well as the first four genetic principal components and baseline alpha ERD values) onto
follow-up ERD values. Data points are weighted using the analysis weights obtained from the robust regression model presented in the text.
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be considered “core features”, we are asking whether ADHD
should be conceptualized as including difficulties not only with
regulating activity, attention, and impulses but also with regulat-
ing and processing emotions.
It is against this backdrop that here, we assumed that if blunted

affective-motivational processing is a core feature of ADHD, then it
will be associated with ADHD genetic liability. But, if blunted
affective-motivational processing is merely an associated feature
of ADHD that is a comorbidity manifestation, then accounting for
relevant behavioral and genetic variables, it will not be associated
with ADHD genetic liability. To examine this hypothesis, we aimed
to determine the extent to which accounting for relevant
behavioral and genetic variables, prospectively measured electro-
physiological affective-motivational processing is associated with
ADHD PGSs.
Specifically, we hypothesized that greater ADHD PGSs would be

associated with lower LPP amplitude and that greater ADHD PGSs
would be associated with greater alpha ERD [6, 14, 24]. We found
that greater ADHD PGSs were associated with an attenuated
occipito-parietal LPP and an enhanced fronto-centro-parietal
alpha ERD, consistent with less electrophysiological engagement
in –or response to– affective-motivational processing [23].
Because associations between variables substantially vary as a
function of which covariates are included in models [71], we
conducted sensitivity analyses with blocks of conceptually
relevant covariates entered separately. The original results were
replicated with previously tested (depression PGSs and internaliz-
ing symptom severity) and without biological (genetic and
pharmacotherapy variables) covariates.
Conceptually, in combination with earlier findings, these results

support a conceptualization of emotional features being a core
ADHD feature. Specifically, accounting for cognitive [11], comorbid
[11, 72, 73], and demographic (e.g. age and sex) [72–74]
characteristics, earlier findings show that (1) different aspects of
emotional features (e.g. emotional dysregulation, emotional
lability, temperament), assessed by different measurement mod-
alities (e.g. behavioral [75, 76], experiential [73] and neurophysio-
logical [77, 78]) are phenotypically associated with ADHD. (2) In
ADHD, differences in emotional features explain heterogeneity
[1, 10, 12] and exacerbate [73] or explain functional impairment
[72, 74]. Accounting for genetic and behavioral markers of
comorbidities, the current (and earlier [6, 14]) results show that

(3) different aspects of emotional features –temperament and
affective-motivational processing– are associated with genetic
liability for ADHD. Taken together, emotional features are relevant
to the manifestation of ADHD, prognosis in ADHD, and the
etiology of ADHD.
Clinically, diagnostic procedures ideally entail a comprehensive

assessment of characteristics implicated in the phenotypic
presentation and prognosis of a disorder and are informed by
what is known about the etiology of that disorder. Intervention
planning, in turn, is ideally informed by the data obtained in the
context of such diagnostic procedures. Prior findings underscore
the relevance of emotional features as a characteristic implicated
in the phenotypic presentation and prognosis of ADHD and the
current findings underscore the relevance of affective-
motivational processing as a characteristic related to the etiology
of ADHD. As such, considering emotional symptoms in assess-
ments of ADHD stands to enhance the effectiveness and precision
of both diagnostic and intervention planning processes [12].
Future studies may focus on establishing the clinical and
incremental utility of assessing emotional features in evaluations
for ADHD, for diagnostic and intervention planning purposes [79].
Assessments could target differences in emotional features
including emotional impulsivity, intensity, lability and variability
[3, 4] as well as temperament (e.g., irritability and negative and
positive surgency) [5, 6] and affective-motivational processing
[7–9]. Techniques directly and explicitly targeting affective-
motivational processing or other emotional features are currently
not incorporated into treatments that are evidence-based for
children and adolescents with ADHD. The need for the develop-
ment of such techniques (or treatments incorporating such
techniques) has been underscored in recent reviews of the
treatment evidence-base [80].
Prior work has shown that across children and adolescents,

ADHD PGSs are associated with parent-rated domains of
temperament, accounting for depression polygenic scores [6, 14].

(1) In assessing electrophysiological indices of affective-
motivational processing during a reward task, we captured
a new aspect of emotional features. Parent ratings of
temperament, despite their advantages including adminis-
tration and cost effectiveness, are inherently subjective and
not informative about underlying biological mechanisms of

Table 4. Parameter estimates for robust regression model predicting alpha ERD.

b SE t p 95% CI VIF

(Intercept) −0.595 0.253 −2.346 0.022 −1.100 −0.089 –

Baseline alpha ERD 0.515 0.117 4.390 <0.001 0.281 0.749 1.101

Standardized ADHD PGSs 0.259 0.114 2.279 0.026 0.032 0.486 1.223

Genetic PC1 −0.879 1.271 −0.692 0.491 −3.414 1.655 1.151

Genetic PC2 4.685 1.409 3.326 0.001 1.874 7.495 1.154

Genetic PC3 −2.027 1.700 −1.192 0.237 −5.418 1.364 1.264

Genetic PC4 −0.184 1.788 −0.103 0.918 −3.752 3.383 1.261

Standardized anxiety disorders PGSs −0.227 0.128 −1.767 0.082 −0.483 0.029 1.372

Standardized ADHD+DBD PGSs −0.125 0.119 −1.055 0.295 −0.362 0.112 1.329

Standardized depression PGSs 0.148 0.133 1.110 0.271 −0.118 0.414 1.304

Childhood maltreatment 0.003 0.008 0.411 0.683 −0.013 0.019 1.568

ADHD medication# 0.177 0.433 0.408 0.685 −0.688 1.041 1.157

ADHD severity# 0.021 0.012 1.801 0.076 −0.002 0.045 1.979

ODD severity# 0.011 0.022 0.490 0.626 −0.033 0.055 2.014

Internalizing severity# 0.010 0.014 0.686 0.495 −0.019 0.039 1.507
# at baseline; ADHD attention-deficit/hyperactivity disorder, DBD disruptive behavior disorders, ODD oppositional defiant disorder, PC principal component, PGS
polygenic score, VIF variance inflation factor.
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characteristics of interest. Conversely, assessment of ERPs
and ERD during controlled experimental paradigms yields a
direct and objective measure of brain response that can
inform mechanism-based assessment and intervention [81].
In support, e.g. children classified as behaviorally inhibited
at age 3 have been observed to exhibit an attenuated error-
related negativity at age 6 but an enhanced error-related
negativity at age 9, indicating that the same manifest
childhood temperament is associated with different neuro-
biological mechanisms across development [82] and may
thus warrant different intervention targets. Nevertheless, we
agree with others that empirical integration across data
types is a priority [1] and call for combination of different
measures in research on emotional features in ADHD.

(2) In accounting for both etiologic and manifest markers of
anxiety, depression and ODD, we focused on attenuating
biases that could emerge from confounds given overlap in
the causes and presentation of emotional symptoms across
ADHD and its comorbidities. Manifestations –deficits in
acceptance and reappraisal accompanied by avoidance,
rumination and suppression– and mechanisms (e.g. atten-
tion biases [21]) of difficulties with emotion processing and
regulation in anxiety and depression [83], may be less
related to the manifestations (anger, exuberance, frustration
intolerance, lability, negativity, reactivity [10, 11]), and
mechanisms (autonomic inflexibility and reactivity [77, 84])
of emotional symptoms in ADHD. Conversely, the manifes-
tations –anger, negativity, reactivity [5]– and mechanisms of
difficulties with emotional processing and regulation in ODD
[85] appear more strongly related to the manifestations and
mechanisms of emotional symptoms in ADHD. Nevertheless,
other characteristics and disorders, including callousness-
unemotionality and conduct disorder are also relevant for
the association of ADHD with differences in emotional
features [86, 87] and are to be examined in the context of
the aims of the current study in the future.

No association was observed between ADHD PGSs and LPP to
loss. As there is no precedent on the association between ADHD
PGSs and the LPP, the explanatory hypotheses we offer are
speculative. There is some evidence that differences in affective
and behavioral characteristics corresponding to a the positive
valence –such as to monetary reward in a guessing task– are
related to emergence of ADHD symptoms [88]. These character-
istics may be relatively specific to ADHD symptoms (as opposed
to the covariates in our analyses, e.g., ODD [88]). Conversely,
differences in affective and behavioral characteristics corre-
sponding to the negative valence –such as to monetary loss in a
guessing task– may be general markers of pathology. As a result,
covarying genetic liability for and manifest symptoms of anxiety,
depression, and ODD may have contributed to us not having
observed an association between ADHD PGSs and LPP to loss.
Specifically, a body of work indicates ADHD is associated with
high parent- and teacher report negative emotionality and self-
report neuroticism [89–93], and dysregulation of negative
emotions [10, 73]. Yet, it has been argued that as both negative
emotionality and neuroticism are associated with a large
number of disorders, they may be general markers of
psychopathology [94], and as rating scale measures of negative
emotionality include items reflecting anger and irritability,
negative emotionality may be more closely related to the
externalizing spectrum generally, and ODD specifically, than to
ADHD per se [95]. Indeed, in some samples, compared to the
number of children with ADHD characterized by low control or
high surgency, only a very small subgroup are characterized by
high negative affect [96].

Directions for future research and limitations
Affective-motivational processing was probed in experimental
paradigms and indices of this characteristic were measured via
EEG. With regard to the LPP as an electrophysiological index,
evidence is fairly robust that, when probed during the Doors task,
it can be interpreted as reflecting extended cognitive processing
of the affective value of feedback stimuli [25–27, 29]. However,
with regard to alpha ERD, we cannot conclusively state that it can
be interpreted without limitations as reflecting affective-
motivational processing, especially in the absence of other
measurement modalities in this study against which it could be
validated.
For example, alpha ERD can also be interpreted as reflecting

impaired attention [97] or within the framework of alpha
inhibition theory, as reflecting impaired inhibition [55, 98].
However, despite being one of the most often investigated
frequency bands, few studies examined alpha ERD during reward
tasks and these have focused on ERD to anticipation of cue,
-feedback, and -receipt of reward but none on ERD following
feedback [29].
However, not unlike any other neural phenomenon [55, 99],

alpha ERD likely does not reflect a specific cognitive process (e.g.,
attention, inhibition, memory). Rather, it reflects a basic mechan-
ism involved in different contexts and processes [100]. A
possibility is that alpha ERD reflects the basic mechanism
associated with engagement of (affective-)motivational systems
that underlie processing of the significance of stimuli [55].
Empirical findings are consistent with this insofar as those suggest
there is affective modulation by pictures of the alpha ERD that is
independent of picture size [56] and is apparent even after
massive repetition of stimuli and when emotional stimuli serve as
task-irrelevant distractors [55], indicating that alpha ERD reflects
the engagement of affective-motivational systems [56]. Affective
modulation of alpha ERD is also apparent by other types of cues
that are motivationally salient (e.g., conditioned aversive stimuli,
pleasant stimuli, or in anticipation of a potential threat), further
underscoring an interpretation of the alpha ERD as reflecting
cortical excitability associated with engagement of motivational
systems [55]. Nevertheless, it will be key to validate alpha ERD
during the Doors task against other measures of affective-
motivational processing.

CONCLUSIONS
Findings indicated that ADHD PGSs were associated with
electrophysiological measures of affective-motivational proces-
sing, namely the LPP and alpha desynchronization, suggesting
blunted neural response during affective-motivational processing
and in case of the LPP specifically, extended cognitive processing
of the affective value of feedback stimuli.
Convergence across models with different electrophysiological

indices and with support from sensitivity testing indicates that our
results are robust, and the conclusions drawn are independent of
construct operationalization or model structuring. Although the
current and previous, relevant results [6, 14] certainly do not close
the debate about emotional features being an ADHD core or
associated feature, they do indicate that such features are related
to ADHD genetic liability but not to comorbidity risk or symptoms
and, as such, point to those being a core feature.
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