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Abstract Emotional dysregulation (ED) is being increas-
ingly recognized as a core feature of attention-deficit/
hyperactivity disorder (ADHD), but the pathophysiologi-
cal underpinnings remain unclear. In this study, we provide
meaningful electrophysiological evidence of ED in adult
patients with ADHD (n = 39) compared to healthy controls
(n = 40) by exploring the electrophysiological correlates
of the emotion regulation strategies reappraisal, distrac-
tion, and expressive suppression. Event-related potentials
(ERPs) were recorded during passive viewing of neutral
and negative images, as well as during emotion regulation.
The patients with ADHD exhibited increased frontal late
positive potential (LPP) amplitudes during passive view-
ing of the aversive images and during emotion regulation.
Compared with the healthy controls, a subgroup of medi-
cation-naive patients with ADHD (n = 25) also exhibited
larger centroparietal LPP amplitudes and provided more
negative ratings of the aversive and neutral images. Both
the frontal and centroparietal LPP amplitudes were associ-
ated with ADHD symptom severity. However, no significant
deficit in LPP modulation during emotion regulation was
found. These findings strongly support the clinical obser-
vation of increased emotional responsivity toward negative
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stimuli and difficulty during the implementation of emotion
regulation strategies and thus encourage the implementa-
tion of emotion regulation modules in the treatment of adult
patients with ADHD.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a
childhood-onset neurodevelopmental condition that is
associated with impairment in the domains of attention,
activity, and impulse control [1]. With a persistence rate
of approximately 60% [2, 3] and a prevalence of 2.5% [4],
ADHD remains a significant cause of social and occupa-
tional impairment in adulthood. Although the main body
of ADHD research has focused on inattentiveness and
hyperactivity/impulsivity, more recent efforts to delineate
the underlying deficits have increasingly targeted emotional
dysregulation (ED) [5, 6]. Shaw et al. have reported preva-
lence rates of ED ranging from 34 to 70% in adults with
ADHD [6]. Importantly, ED has been found to indepen-
dently contribute to the prediction of impairment in various
domains, such as social and occupational functioning and
marital satisfaction [7, 8]. Despite the ample evidence of
ED as a common and disabling symptom cluster of ADHD,
few studies have addressed the underlying pathophysiologi-
cal mechanisms [9].

Beyond ADHD, Fernandez et al. [10] have recently
proposed emotion regulation as a key transdiagnostic fac-
tor within the Research Domain Criteria framework [11].
According to the extended process model of emotion reg-
ulation [12, 13], ED may occur at any of the following
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stages: identifying emotions that need regulating, selecting
an emotion regulation strategy, implementing the selected
strategy, and monitoring the implemented strategy over
time. Thus, the study of the time course of emotion regu-
lation and the study of the strategies that target different
stages of the emotion regulation process may provide fur-
ther insight into the deficits that lead to ED in adults with
ADHD.

In the past decade, the event-related potential (ERP)
technique has been successfully implemented in studies
of emotion regulation. Particularly, the late positive poten-
tial (LPP), a centroparietally maximal, emotion-sensitive
component that begins approximately 300 ms after stim-
ulus presentation and lasts for several seconds, has been
studied extensively in this context [14]. Reductions in the
LPP amplitudes elicited by aversive stimuli following the
implementation of emotion regulation strategies, such as
reappraisal, distraction, and expressive suppression, have
been repeatedly demonstrated in healthy subjects [15-20].
Furthermore, the LPP has been found to be a suitable meas-
ure of ED, as indicated by the diminished or abnormal LPP
modulation during the use of emotion regulation strategies,
in various clinical populations [21-25]. The frontal aspect
of the LPP (i.e., frontal LPP) has been studied in terms of
the cognitive effort associated with the implementation of
emotion regulation strategies [17, 26].

The only ERP study of reappraisal effects in ADHD was
conducted with pediatric patients, and the results indicate
reduced LPP modulation during reappraisal in patients with
ADHD [27]. However, there were no reappraisal effects in
either group, making these results difficult to interpret. Other
studies of the neural and psychophysiological ED correlates
in patients with ADHD have mostly used indirect ED meas-
ures, utilizing facial stimuli or incorporating emotional dis-
tractors into well-established executive function paradigms
[28-31]. Even fewer studies have investigated the corre-
lates of ED in adult ADHD populations, and the results are
ambiguous. While some evidence indicates increased ini-
tial processing of negative facial stimuli, as reflected by the
elevated P1 and N170 amplitudes [32], sustained processing
of emotional stimuli, as reflected by the LPP amplitude, was
found to be reduced [33] or similar to that of the healthy
controls [34].

These findings map onto the most influential theoretical
models of ADHD, which suggest a prominent role of emo-
tional dysfunctions in ADHD psychopathology, albeit within
different frameworks. For example, Barkley has postulated
that ED is but another manifestation of a general deficit in
executive functioning [35]. Correspondingly, Petrovic and
Castellanos [36] have suggested a continuum of top-down
dysregulation extending from mostly non-emotional (i.e.,
“cold”) executive functions to emotional (i.e., “hot”) execu-
tive functions. Within this framework, they have located
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emotional ADHD presentations on the intermediate levels
of this continuum. A different hypothesis states that ED in
patients with ADHD results more directly from abnormally
strong emotional responses rather than from executive func-
tion impairment [37, 38].

In this study, we chose a direct approach to further
explore ED mechanisms in adult patients with ADHD. To
this end, we recorded ERPs during a modified version of
the emotion regulation task from Thiruchselvam et al. [20].
The participants viewed neural and negative images from
the International Affective Picture System (IAPS; [39]) and
were instructed to downregulate their emotions using the
emotion regulation strategies reappraisal, distraction, and
expressive suppression. Using strategies that affect differ-
ent emotion regulation stages [40] and are associated with
activation in different neural networks [41], we aimed to
achieve a better understanding of the specific processes
affected in ADHD. Cognitive reappraisal, i.e., reinterpret-
ing the meaning of emotional stimuli, is arguably the most
extensively studied emotion regulation strategy in terms of
electrophysiology and functional imaging [14, 41]. Since
reappraisal requires elaborate processing of the stimulus, it
affects the emotion generation process relatively late (i.e.,
1500 ms post-stimulus [20]). Distraction, i.e., diverting
attention away from the emotional stimulus, has been shown
to attenuate the LPP prior to reappraisal [18, 20], thus sug-
gesting an early disruption of emotional processing [40].
Findings concerning the effect of expressive suppression on
the LPP are more heterogeneous, with some evidence of a
regulative effect of expressive suppression [18, 42], but also
contrary findings [43].

Based on previous findings, we expected the patients with
ADHD to exhibit heightened emotional reactivity, as indi-
cated by overall larger LPP amplitudes and more negative/
arousing ratings of the IAPS images. Further, we hypoth-
esized that, compared with the healthy controls, the patients
with ADHD would show impaired emotion regulation
reflected by an attenuated centroparietal LPP and valence/
arousal modulation during emotion regulation versus passive
viewing of aversive pictures. Finally, given the executive
deficit in ADHD [44, 45], we expected increased cognitive
effort in the ADHD subjects, as indicated by heightened
frontal LPP amplitudes. We formulated no specific hypoth-
eses regarding the three emotion regulation strategies, given
the explorative nature of this question.

Methods
Participants

Forty-four adults with a diagnosis of ADHD according to the
DSM-5 [1] and 45 healthy controls (HC) matched for age,
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Table 1 Sample characteristics ADHD (n = 39) HCs (1 = 40) Statistics »
Gender (female: male) 18: 21 18:22 )(2(1) =0.011 0.549
Age 31.21 (8.27) 31.08 (8.83) U=2807.0 0.791
Educational level® 35.94 43.96 U=621.5 0.093
WAIS-IV matrix reasoning® 38.17 41.79 U="1708.5 0.479
WAIS-IV vocabulary 42.42 (8.32) 43.80 (5.37) #(76) = 0.865 0.390
FAIR-Q?* 34.44 45.42 U=563.0 0.033*
ADHD-SR (full scale) 31.87 (9.03) 5.35(4.07) #(50.85) = 16.58 <0.001*
ADHD-SR- TA 17.68 (4.21) 2.70 (2.26) #(56.02) = 19.47 <0.001*
ADHD-SR-H/I 14.18 (6.65) 2.65 (2.63) 1(47.78) = 9.97 <0.001*
WURS-K 37.71 (11.33) 12.975 (7.46) #(76) = 11.443 <0.001*
BDI-IT 15.21 (10.74) 3.28 (4.74) #(50.32) = 6.29 <0.001*

Values in parentheses represent the standard deviations

WAIS-1V Wechsler Adult Intelligence Scale, FAIR-Q Frankfurt Attention Inventory performance quality
index, ADHD-SR ADHD Self Report Scale (/A subscale inattention, H/I subscale hyperactivity/impulsiv-
ity), WURS-K Wender Utah Rating Scale-German Short Version, BDI-II Beck Depression Inventory-II

# Mann—-Whitney—Wilcoxon test; ranks of the groups are reported

*p < 0.05

gender, and years of education participated in the study. We
recruited the patients with ADHD from the Outpatient Clinic
of the Department of Psychiatry and the Outpatient Clinic
of the Department of Psychology at the University of Miin-
ster. The controls were recruited through advertisements in
local newspapers. All participants were pre-screened with
the WHO’s Adult ADHD Self-Report Scale (ASRS; [46]).
The ADHD diagnoses in childhood and adulthood were veri-
fied by a trained clinical psychologist with the structured
Diagnostic Interview for ADHD in adults (DIVA 2.0; [47]).
Twenty-one patients with ADHD met the criteria for the
combined ADHD subtype, and 18 patients met the criteria
for the predominantly inattentive subtype. Of the patients
with ADHD, ten subjects were taking stimulant medica-
tion, and four were taking stimulants in combination with
antidepressants (two subjects were taking selective seroto-
nin reuptake inhibitors; one subject was taking a selective
serotonin-norepinephrine reuptake inhibitor, and one subject
was taking a norepinephrine-dopamine reuptake inhibitor).
For the sake of readability, we refer to the subjects as either
medicated or unmedicated. However, note that all subjects
discontinued their stimulant medication 24 h prior to testing.
We used the 22-item ADHD self-report scale (ADHD-SR;
[48]) and the Wender Utah Rating Scale (WURS-K German
short version; [49]) to assess the current and lifetime severity
of ADHD symptoms in the ADHD group and to identify any
HCs with current or lifetime ADHD. The comorbid diag-
noses were assessed with the Structured Clinical Interview
for the DSM-IV [50]. The comorbid psychiatric disorders
identified in the ADHD group included mild dysthymic dis-
order (n = 2), mild social phobia (n = 1), and a not otherwise
specified eating disorder (n = 1). Additionally, we assessed

depressive symptoms with the Beck Depression Inventory-II
(BDI-II; [51]). The general intellectual ability of all partici-
pants was estimated with the vocabulary and matrix reason-
ing subtests from the German version of the Wechsler Adult
Intelligence Scale (WAIS-IV; [52]). Attention was assessed
using the Frankfurt Attention Inventory (FAIR-2; [53]. We
also assessed habitual use of emotion regulation strategies
using the Emotion Regulation Questionnaire (ERQ); [54])
and emotion regulation skills using a German self-report
measure (SEK-27; [55]).

The exclusion criteria for both groups included bipolar
disorder, psychotic disorder, obsessive—compulsive disorder,
a severe major depressive episode within the past 5 years,
substance abuse or dependence, borderline personality dis-
order (screened with the Borderline Symptom List BSL-23;
[56]), neurological disorders, brain damage, and a serious
head injury. In the ADHD group, one subject was excluded
due to cannabis abuse, and another was excluded due to
intellectual disability. In the control group, we excluded
two more subjects due to above-threshold ADHD symptom
scores and below-average performance on the FAIR-2. The
data of three patients with ADHD and three controls were
discarded due to excessive EEG artifacts (>25%). The final
sample consisted of 39 patients with ADHD and 40 con-
trols. The demographical and clinical characteristics of both
groups are displayed in Table 1. The groups did not differ
among the demographic variables or IQ scores. As expected,
the patients with ADHD reported higher current and child-
hood ADHD symptoms (ADHD-SR, WURS-K) and ele-
vated depression scores (BDI-II) compared with those of the
HCs. Additionally, the patients with ADHD performed sig-
nificantly worse on the FAIR-2. All participants had normal
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or corrected-to-normal vision, were fluent in German, and
provided written informed consent. The study protocol was
approved by the local Medical Ethics Committee accord-
ing to the Declaration of Helsinki (1964). The participants
received financial compensation at an hourly rate of € 10.

Apparatus and stimuli

We selected 120 IAPS images (96 negative, 24 neutral)!
for the five experimental conditions (neutral view, negative
view, reappraisal, distraction, suppression). The negative
and the neutral image sets differed in the IAPS-derived
ratings of valence (M = 2.56, SD = 0.46 for negative;
M = 5.03, SD = 0.23 for neutral) and arousal (M = 5.87,
SD = 0.67 for negative; M = 2.94, SD = 0.32 for neutral).
The negative images were divided into four sets of 24 pic-
tures, which were assigned to the four emotional condi-
tions: Negative View, Reappraisal, Distraction, and Sup-
pression [20]. The sets were matched for valence, arousal
(all p values >0.9), the presence of human characteristics,
and content (e.g., accidents and hurt animals). The assign-
ment of the sets to the conditions was varied between the
subjects. The stimuli were presented centrally on a color
monitor using Inquisit 3 Software [57]. The viewing dis-
tance was held constant at 1.5 m, resulting in a visual angle
of 6.5° x 9.1°. The testing was conducted in a sound-atten-
uated Faraday chamber.

Emotion regulation task

Upon arrival, the participants received a general descrip-
tion of the experiment and completed the informed consent
form. Then, EEG/EOG electrodes were attached, and the
participants received detailed instructions for the emotion
regulation task. The participants were asked to either expe-
rience their natural emotional response to the negative and
neutral pictures or to decrease their negative emotions using
the emotion regulation strategies reappraisal, distraction,
or suppression (cf. [15, 18]). In the reappraisal trials, the
participants were instructed to mentally change the meaning

I Codes of the IAPS images: negative [set 1]: 1050, 2276, 2717,
2456, 3500, 5961, 6200, 6250, 6312, 6560, 9163, 6510, 3230, 9570,
9300, 9321, 9400, 9423, 9424, 9560, 9610, 9901, 9911, 9922 [set 2]:
1052, 2141, 2710, 2799, 3530, 5971, 6210, 6243, 6315, 6540, 6825,
6830, 9007, 9183, 9301, 9322, 9419, 9425, 9427, 9561, 9620, 9903,
9905, 9941 [set 3]: 1033, 2301, 2753, 2900, 6571, 5972, 6230, 6231,
6360, 6550, 6831, 6370, 3220, 9185, 9302, 9325, 6520, 9428, 9429,
9571, 9611, 9900, 9910, 9925 [set 4]: 1040, 2455, 2750, 9332, 9414,
5973, 6260, 6263, 6530, 6350, 6838, 6213, 9043, 9187, 9320, 9326,
9421, 9426, 2683, 9140, 9600, 9902, 9904, 9623; neutral: 2038,
2102, 2190, 2377, 2393, 2397, 2411, 2440, 2493, 2516, 2745.1, 2880,
5510, 5740, 7002, 7003, 7009, 7026, 7052, 7059, 7090, 7493, 7950,
9210.
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of the depicted situation by either imagining a positive out-
come, finding a less negative interpretation, or viewing the
scene from a detached perspective. In the distraction con-
dition, the participants were instructed to generate neutral
thoughts unrelated to the picture (e.g., imagining a neutral
environment, such as their desk or neighborhood, or imag-
ining a complex geometric shape). In the suppression condi-
tion, the participants were instructed to hide any expression
of negative feelings. Prior to testing, the participants were
trained in the regulation strategies and received feedback
from the experimenter. Each participant’s correct under-
standing of the instructions was then tested in five practice
trials.

The trial sequence started with a white fixation cross
on a black screen (2000 ms), followed by the instruction
cue (view, reappraise, distract, or suppress; 2000 ms) and
the picture (8000 ms). To facilitate the switching between
the trial types, we color-coded the cue screen and the back-
ground of the following image according to the condition
(cf. [20]). After picture offset, the participants rated their
emotions and arousal on the 9-point Self-Assessment Mani-
kin scales [58]. The participants were asked to attend to the
pictures during the entire presentation time, without clos-
ing their eyes or averting their gaze. The participants were
instructed to apply the emotion regulation strategies only
after the picture onset and not in advance.

The experiment was divided into 6 blocks of 20 trials
(4 negative view trials, 12 negative regulation trials and 4
neutral trials per block) with 15 s breaks between the blocks.
We chose a blockwise presentation of the regulation condi-
tions (reappraisal, distraction, and suppression) to prevent
subjects from combining the strategies. The sequence of tri-
als within each block was randomized for each participant,
and the presentation order of the blocks was counterbal-
anced. The duration of the entire experiment was ca. 35 min.
After the experiment, the participants rated the difficulty and
successful implementation of distraction, reappraisal, and
suppression, as well as those of the reduction of negative
feelings and arousal with the regulation strategies on 5-point
Likert scales.

EEG recording and analysis

The continuous electroencephalogram (EEG) was recorded
with a SynAmps amplifier and SCAN 4.3 software (Neu-
roscan, Inc.) at 28 electrode sites (Fpl, Fp2, F7, F3, Fz,
F4, F8, FCS5, FC1, FC2, FCé6, C3, Cz, C4, CP5, CP1, CP2,
CPo, T7, TS, P7, P3, Pz, P4, P8, POz, O1, O2) and the
mastoids using an electro-cap-system (Waveguard™).
The Ag/AgCL electrodes were arranged according to the
international extended 10-20 system. During recording,
the electrode site Cz served as the online reference, and
AFz served as the ground electrode. The electrooculogram
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(EOG) was monitored with bipolar tin cup electrodes posi-
tioned above and below the right eye (vertical EOG) and
at the outer canthi of both eyes (horizontal EOG). The
skin impedance was maintained below 5 kQ. The EEG
and EOG signals were amplified by a factor of 1000 and
recorded at a sampling rate of 1000 Hz. The offline data
analyses were performed using BrainVision Analyzer 2.1
software (Brain Products, Munich, Germany). First, the
data were down-sampled to 250 Hz by spline interpolation
and bandpass filtered from 0.05 to 30 Hz (24 dB/oct). After
removal of the large muscle artifacts and extreme offsets
following visual inspection, the data were epoched (—500
to 8000 ms) and baseline-corrected using the whole epoch
as the baseline [59, 60]. The eye blinks and horizontal eye
movements were then corrected using independent compo-
nent analysis (ICA, cf. [61]). The data were re-referenced
to the linked mastoids and epochs containing voltage steps
of more than 50 uV between the sample points, and voltage
differences of more than 200 pV within a 200 ms interval
were automatically rejected. The residual artifacts were
removed following visual inspection. The artifact-free data
were segmented into epochs that began 200 ms before the
onset of the pictures and lasted for 5000 ms. We used the
200 ms before the picture onset for baseline correction. The
resulting waveforms were then averaged for each group and
condition (neutral view, negative view, reappraisal, distrac-
tion, and suppression). The number of artifact-free trials
(M = 23.24, SD = 0.89) did not differ significantly between
the conditions or the groups (p = 0.171 and p = 0.218,
respectively).

In accordance with previous research, the centroparietal
LPP was evaluated as the average amplitude from 300 to
5000 ms collapsed over the four centroparietal electrodes
Cz, CP1, CP2, and Pz (e.g., [62-64]). We also conducted
an additional analysis of the centroparietal LPP in order to
investigate the temporal dynamics of the emotion regulation
strategies. To this end, we evaluated the centroparietal LPP
in five consecutive time windows: 300—1000, 1000-2000,
2000-3000, 3000-4000, and 4000-5000 ms [19]. On the
basis of previous studies (e.g., [17, 26]), the frontal LPP
was evaluated as the mean amplitude at Fz between 800 and
1100 ms. The ERPs were low-pass filtered at 12 Hz (48 dB/
oct) for visual presentation.

Statistical analyses

First, we analyzed the SAM ratings of valence and arousal
as well as the centroparietal LPP amplitudes using mixed-
model repeated measures analyses of variance (rmANOVAs)
with the factors group (ADHD, HC) and emotion (negative
view, neutral view) to determine the emotion effects. The
emotion regulation effects (centroparietal LPP, SAM rat-
ings) and the cognitive effort (frontal LPP) were evaluated

with rmANOVAs, including the factors group (ADHD, HC)
and regulation strategy (negative view, reappraisal, distrac-
tion, suppression). To investigate the temporal dynamics of
the regulation effects, we included the factor time window
(300-1000 ms, 1-2, 2-3, 3—4, 4-5 s) in the analysis. We
used planned contrasts to compare the three regulation strat-
egies to the negative viewing condition. For all other signifi-
cant main effects and interactions, we performed post hoc
tests with Bonferroni-Holm adjusted p values. Three HCs
and five ADHD subjects who did not exhibit an electrophysi-
ological response to the negative pictures (i.e., LPPs <0 uV)
were excluded from the emotion regulation analyses. One
subject with ADHD was excluded from the rating analyses
due to a misunderstanding of the SAM scales. To account
for medication effects, we conducted additional rmANO-
VAs including only subjects who were not using medica-
tion. The Greenhouse—Geisser correction was used when
appropriate. We set the threshold for statistical significance
at p < 0.01 for correlational analyses and at p < 0.05 for all
other analyses.

Results
Ratings of valence and arousal
Emotion effects

The rmANOVA of valence ratings revealed a large effect of
emotion on the valence ratings (Fy 76 = 310.4, p < 0.001,
’73 = (0.803, Table 2) with lower ratings of the negative than
the neutral images. Neither the group effect (F; ;4 = 3.074,
p =0.084, 775 = 0.039, d = 0.40) nor the group by emotion
interaction reached significance (I} ;4 = 1.537, p = 0.219,
115 = 0.020). However, the reanalysis of the emotion effect
including only the unmedicated ADHD subjects revealed
a significant group effect (F ¢, = 5.723, p = 0.020,
1112, = 0.085, d = 0.61), indicating overall more negative
ratings in the unmedicated ADHD group versus the con-
trol group. The rmANOVA of the arousal ratings revealed
a significant effect of emotion (F| ;¢ = 206.1, p < 0.001,
r]ﬁ = 0.731). The negative pictures were rated as more
arousing than the neutral ones. Neither the effect of group
(Fy, 76 = 0.106, ns) nor the group by emotion interaction
(F| 76 =2.459,p =0.121, 7712) = 0.031) was significant.

Regulation effects

We found a significant main effect of regulation strat-
egy on the valence ratings (F3 553 = 59.882, p < 0.001,
1112) = 0.441, € = 0.67). Planned contrasts confirmed more
positive valence ratings in all three regulation strate-
gies compared with those of the viewing condition
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Fig.1 Emotion effects: centroparietal LPPs of the healthy controls, the patients with ADHD, and the sub-group of the unmedicated patients
with ADHD for the negative and neutral images averaged over CP1, CP2, Cz, and Pz

(reappraisal: Fy 6= 90.80, p < 0.001, ng = (0.544, distrac-
tion: F| 56 = 63.54, p < 0.001, 5} = 0.455, suppression:
Fi 6= 6.43, p = 0.013, nﬁ = 0.078). Neither the effect
of group (F; ;5 = 0.847, ns) nor the group by regulation
strategy interaction (F| ;5 = 1.280, p = 0.28], 775 =0.017)
was significant. Concerning the arousal ratings, we found
a significant group by regulation strategy interaction
(F3, 28 =2.918, p = 0.047, ;112) =0.037, e = 0.81). Follow-
up ANOVAs for each group revealed significant effects of
regulation strategy in both groups (ADHD: F; |, = 4.524,
p =0.012, 2 = 0.109, ¢ = 0.72; HCs: F;3 117 = 14.972,
p < 0.001, ng = 0.277, e = 0.79). Post hoc tests showed
that the HCs rated the negative pictures as less arousing
when using reappraisal and distraction than when using
suppression (reappraisal: t;o = 4.01, p = 0.001; distraction:
t30 = 3.68, p = 0.001). In the ADHD group, the arousal
ratings did not vary among the strategies used (smallest
p =0.18).

Late positive potential (LPP)
Emotion effects

The rmANOVA on the LPP amplitudes revealed a signifi-
cant main effect of emotion (F ;; = 10.651, p = 0.002,
'75 = 0.122; see Table 2), indicating larger LPPs for the
negative than for the neutral images. Neither the effect
of group (F; ;7 = 0.932, ns) nor the group by emotion
interaction (F; ;; = 0.474, ns) was significant. The aver-
aged waveforms per group and condition are presented in
Fig. 1. The analysis of the emotion effect including only
the unmedicated subjects yielded a trend for a significant

main effect of group (Fy 63= 3.941, p =0.051, nﬁ =0.059,
d =0.51), indicating larger LPP amplitudes in the unmedi-
cated ADHD subjects than in the HCs. The group by emo-
tion interaction remained non-significant (F; ¢; = 0.086,
ns).

Regulation effects

We found a significant effect of regulation strategy on the
LPP amplitudes (F3 5; = 3.237, p = 0.023, 7, = 0.045,
Fig. 2). Compared to the viewing condition, planned con-
trasts confirmed reduced LPP amplitudes when the subjects
used suppression (Fy 60 = 7.645, p = 0.007, 77;2) = 0.100)
and, at a trend level, reappraisal (F 169 = 3.957, p = 0.051,
ng = 0.054), but not distraction (F| 4 = 0.244, ns). The
group effect was significant at a trend level (F ¢ = 3.908,
p = 0.052, 775 = 0.054, d = 0.47), indicating larger LPP
amplitudes in the ADHD group than in the HCs. The anal-
ysis of regulation effects including only the unmedicated
subjects revealed a significant group effect (¥, 5; = 8.095,
p = 0.006, ;15 = 0.124, d = 0.77) with the same pattern of
results (Fig. 3). The group by regulation strategy interaction
was not significant (F5 ,o; = 0.285, ns).

Concerning the cognitive effort, the rmANOVA on the
frontal LPP amplitudes revealed significant main effects of
group (Fy 47 = 4.099, p = 0.046, ’7]% =0.51,d = 0.46) and
regulation strategy (F3 3, = 3.095, p = 0.028, ’75 =0.39)
but no significant group by regulation strategy interaction
(F3, 231 = 0.317, ns). The subjects with ADHD exhibited
larger frontal LPPs than the HCs (see Fig. 4). Post hoc
tests revealed larger frontal LPPs during reappraisal than
during suppression (#;3 = 2.879. p = 0.03, d = 0.29). We
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Fig. 3 Emotion regulation: centroparietal LPPs of the healthy controls, the patients with ADHD, and the sub-group of the unmedicated patients
with ADHD for the three regulation conditions (reappraisal, distraction, and suppression) averaged over CP1, CP2, Cz, and Pz

obtained similar results including only the unmedicated
subjects in the analysis. There was a significant group effect
(Fy, 63 ="7.083, p=0.010, 77;2; =0.101, d = 0.69) indicating
larger frontal LPPs in the unmedicated ADHD group than
those in the control group. The group by regulation strategy
interaction was not significant (F3 g9 = 0.657, ns).

To account for possible timing effects, we conducted a
rmANOVA of the LPP amplitudes including the factor time
window. In addition to the significant main effect of regula-
tion strategy (F; 597 = 3.331, p = 0.021, ;1}2, = 0.46) and a
trend for a group effect (F, o = 3.817, p = 0.055 1112) =0.52),
we also found a significant time window by regulation
strategy interaction (F, gy = 2.548, p = 0.023, ng = 0.36,
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e = 0.462). To delineate the time courses of the regulation
effects, we conducted pairwise comparisons of the LPPs in
the view condition with the LPPs in each of the three regula-
tion conditions for each time window. The results are pre-
sented in Table 3. We found that suppression attenuated the
LPPs from the very beginning, while reappraisal attenuated
the LPPs only in the last two time windows (3000—-4000 and
4000-5000 ms). Interestingly, the effect of suppression was
no longer significant in the last time window. There were
no significant interactions with the factor group (smallest
p = 0.715). The main effect of time on the LPP amplitudes
was not significant (F, 576 = 2.979, p = 0.071, i, = 0.41,
e =0.366).
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Fig. 4 Frontal LPP amplitudes of the healthy controls, the patients
with ADHD, and the sub-group of the unmedicated patients with
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Table 3 LPP amplitudes by time window and regulation strategy

400 \0 1200 1600 2000 24

PN
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\
N

conditions at Fz. The rectangles indicate the time window submitted
to statistical analysis (800—1100 ms)

Time (ms) Negative view Reappraisal 7(70) p* (one-tailed) Distraction #70) p* (one-tailed) Suppression #(70) p* (one-tailed)
M (SD) M (SD) M (SD) M (SD)

300-1000 4.24 (4.02) 4.34 (4.19) -0.272 0.393 4.24 (4.35) 0.003 0.999 3.12(4.36) 3.287 0.005*

10002000 4.28 (2.80) 3.74 (3.37) 1.602 0.117 4.22 (3.41) 0.202 0.999 3.38(3.35) 2.702 0.014*

2000-3000 3.76 (2.75) 3.14 (3.21) 1.790 0.117 3.59 (3.21) 0.529 0.999 2.70 (3.71) 2.814 0.012*

30004000 3.61 (2.78) 2.75 (3.63) 2.387 0.045* 3.44(3.52) 0.485 0.999 2.77 (4.24) 2.142 0.036*

4000-5000 3.41(3.22) 2.42 (3.80) 2.419 0.045* 3.21(3.79) 0.535 0.999 2.70 (4.67) 1.525 0.066

# Significance after Holm’s correction

*p <005
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Questionnaire data

After adjusting for multiple comparisons, we found that the
patients with ADHD reported significantly more difficulty
devising reappraisals than the HCs (U = 546.5, p = 0.036).
All other comparisons (i.e., difficulty implementing dis-
traction and suppression, reduction of negative feelings and
arousal with the regulation strategies) were not significant
(smallest p = 0.096). Concerning the habitual emotion regu-
lation (ERQ), the patients with ADHD reported more fre-
quent use of suppression (¢, = 2.96, p = 0.008, d = 0.67;
Table 1) and less frequent use of reappraisal than the HCs
(t;6 = 2.60, p = 0.011, d = 0.59). In addition, the patients
with ADHD reported significantly lower appraisals of their
own emotion regulation skills (SEK-27) than those of the
HCs (t;6="7.59, p < 0.001, d = 1.72). In the ADHD group,
habitual reappraisal was associated with smaller centropari-
etal LPP amplitudes in the suppression condition (r = —0.44
p = 0.005). In the unmedicated subjects, habitual reap-
praisal was associated with smaller frontal LPPs during the
viewing of the negative images (r = —0.52, p = 0.009) and
smaller centroparietal LPPs during suppression (r = —0.54
p = 0.006).

Clinical correlates

In the ADHD group, the symptom severity (ADHD-SR
full scale) was associated with larger frontal LPPs dur-
ing the passive viewing of the negative pictures (r = 0.53,
p = 0.001) and larger centroparietal LPPs during suppres-
sion (r = 0.46, p = 0.004). After excluding the medicated
subjects, we found even stronger associations between
ADHD symptom severity and the frontal LPPs during pas-
sive viewing (r = 0.63, p = 0.001) and a significant cor-
relation between symptom severity and the centroparietal
LPP amplitudes during reappraisal (r = 0.58, p = 0.003),
which was not evident in the whole ADHD group. The cor-
relations between the electrophysiological measures and the
depression symptoms (BDI-II) were not significant (smallest
p =0.014).

Discussion

The study is the first to provide electrophysiological evi-
dence of ED in adult patients with ADHD using a paradigm
that directly targets emotion regulation. The results confirm
our hypothesis of abnormally elevated emotional reactivity
to negative stimuli in adult patients with ADHD, as indicated
by the larger centroparietal LPP amplitudes and the more
negative valence ratings of the aversive and neutral IAPS
images. We found no significant deficit in the centroparietal
LPP modulation or the self-reported valence and arousal
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ratings after the use of the emotion regulation strategies in
the patients with ADHD. However, the processing of aver-
sive stimuli as well as emotion regulation was associated
with greater cognitive effort in patients with ADHD than in
healthy controls, which was reflected by the larger frontal
LPP amplitudes. Correspondingly, the patients with ADHD
exhibited lower self-appraisals of emotion regulation skills,
more difficulty generating reappraisals, and less habitual use
of reappraisal but more use of suppression. Both the cen-
troparietal and frontal LPPs were associated with ADHD
symptom severity.

To date, the neural and physiological correlates of
increased emotional reactivity have been mostly obtained
from pediatric patients with ADHD [28-31]. Until now, the
enhanced and sustained processing of emotional stimuli have
not been replicated on an electrophysiological level in adults
[35, 36]. Therefore, our findings provide valuable support
of the persistence of emotional hyper-reactivity into adult-
hood and corroborate the behavioral findings of heightened
emotional interference in adults with ADHD (e.g., [65, 66]).
Enhanced emotional reactivity was particularly strong in the
unmedicated ADHD subjects. This finding is consistent with
the results from the randomized controlled trials showing
positive stimulant effects on ED symptoms in adults with
ADHD [67-69]. On a neural level, Posner and colleagues
have also demonstrated attenuation of the atypical mPFC
[28] and the amygdala [29] activations when the subjects
were tested with methylphenidate. Importantly, in our sam-
ple, the beneficial stimulant effects appear to persist, despite
discontinuation of the medication 24 h prior to testing.

The finding of the enhanced frontal LPPs (i.e., cogni-
tive effort) during the processing of the aversive stimuli
and emotion regulation is consistent with the concepts that
link ED in patients with ADHD to executive dysfunctions
[36, 70]. Frontal hyperactivation also provides a possible
explanation for the intact self-reported emotion regulation
and the unimpaired centroparietal LPP modulation in our
ADHD subjects, which could be attributed to compensa-
tional mechanisms [71, 72]. Taken together, our findings
support both the theoretical concepts of ED in patients with
ADHD discussed above, that is, the abnormally strong emo-
tional responses [38] and top-down emotion regulation dif-
ficulties [35, 36].

Within the framework suggested by Sheppes et al. [13],
our results suggest difficulties in several stages of emotion
regulation in adult ADHD. For example, the abnormally
elevated emotional reactivity may lead to the selection of
maladaptive regulation strategies in patients with ADHD.
As shown by Shafir et al. [26] in healthy adults, high emo-
tional intensity leads to the preference of regulatory tactics
that prevent emotional processing (such as suppression) over
tactics that require in-depth processing (such as reappraisal).
This result is consistent with our finding of more frequent
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habitual suppression than reappraisal in the adults with
ADHD. However, the choice of suppression over reappraisal
could also stem from difficulties during the implementation
phase [13]. The patients with ADHD may overrepresent
regulation tactics, which offer immediate effects (such as
suppression), over strategies that offer long-term benefits
(such as reappraisal) due to difficulties in focusing on the
long-term beneficial courses of action. Correspondingly, the
suppression effects in the present study were limited to the
early time windows of the LPP. The frontal hyper-activation
during emotion regulation also indicates difficulties during
the implementation stage. Finally, although the patients with
ADHD exhibited increased cognitive effort over the rela-
tively short presentation time in our experiment, the sig-
nificantly lower self-appraisals of emotion regulation skills
may lead to dysregulation during the monitoring stage in
longer lasting, emotionally challenging everyday life situ-
ations. Patients with ADHD might stop regulation efforts
prematurely due to low emotion regulation self-efficacy [73].
This hypothesis should be explored in future research using
paradigms with higher ecological validity.

The potential limitations of the present findings must be
considered. First, although the patients discontinued medica-
tion, the stimulant effects appear to have persisted. Previous
findings of maintained medication effects in patients with
ADHD after treatment discontinuation have been discussed
in terms of lasting neurobiological changes [74] and pro-
longed alleviation of ADHD symptoms promoting the devel-
opment of adaptive coping skills [75]. While we recruited a
considerable number of medication-naive subjects and were
able to confirm the hypothesis of heightened emotional reac-
tivity, the reduced sample size in the subanalyses could have
led to insufficient power to discover aberrant LPP modu-
lation in the unmedicated patients. Since heterogeneity is
a major concern in ADHD research, future studies should
consider exploring ED in larger medication-naive samples
and different subtypes of ADHD (e.g., [76]). Second, as
typically observed in ADHD samples, there was a moderate
increase in the depression symptoms in our ADHD group.
However, comorbid depression is an unlikely explanation for
our results, since the correlations between the electrophysio-
logical measures and the BDI-II scores were not significant.
Further, depression has been repeatedly found to be associ-
ated with blunted not increased LPP amplitudes [77-79].
We assume that the heightened BDI-II scores mostly stem
from the overlap of the BDI-II items with the ADHD symp-
tomatology [80] and symptom distress. Finally, we were
not able to replicate the LPP attenuation during distraction.
Inspection of the post-experiment questionnaires revealed
that a considerable number of subjects from both groups
used positive rather than neutral distraction, which might
have led to enhanced LPPs [81].

The present study might also have some clinical implica-
tions which need further validation. In the light of emotional
hyper-reactivity and difficulty with the implementation of
the emotion regulation strategies, the regular overall time
courses of emotion regulation and the intact centroparietal
LPP modulation encourage the implementation of emo-
tion regulation modules in the treatment of patients suffer-
ing from ADHD. Training patients to reinterpret aversive
experiences might be particularly promising, given that the
literature has linked reappraisal to psychological well-being
(e.g., [82]) and the association of ADHD symptom severity
with the enhanced LPPs during reappraisal. In addition to
clinical training, neurofeedback, such as the fMRI-inspired
electroencephalography method developed by Keynan et al.
[83], might be another avenue for the treatment of emotional
hyper-reactivity in patients with ADHD.
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