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Abstract This study examined identification of emo-

tional information in facial expression, prosody, and their

combination in 23 adult patients with combined attention

deficit-hyperactivity disorder (ADHD) versus 31 healthy

controls (HC) matched for gender, age, and education. We

employed a stimulus set which was carefully balanced for

valence as well as recognizability of the expressed emo-

tions as determined in an independent sample of HC to

avoid potential biases due to different levels of task diffi-

culty. ADHD patients were characterized by impaired

recognition of all employed categories (neutral, happiness,

eroticism, disgust, anger). Basic cognitive functions as

assessed by neuropsychological testing, such as sustained

attention, constancy of alertness, and verbal intelligence

partially explained lower recognition rates. Removal of the

correlated variance by means of regression analyses did not

abolish lower performance in ADHD indicating deficits in

social cognition independent of these neuropsychological

factors (p\ 0.05). Lower performance correlated with

self-rated emotional intelligence (r = 0.38, p\ 0.05)

indicating that adults with ADHD are aware of their

problems in emotion perception. ADHD patients could

partly compensate their deficit in unimodal emotion per-

ception by audiovisual integration as revealed by larger

gains in emotion recognition accuracy during bimodal

presentation (p\ 0.05) as compared to HC. These behav-

ioral results can serve as foundation for future

neuroimaging studies and point rather towards sensory-

specific regions than audiovisual integration areas in per-

ception of emotional information in adult ADHD.

Keywords ADHD � Attention � Audiovisual integration �
Emotional intelligence � Facial expression � Prosody

Introduction

Attention deficit hyperactivity disorder (ADHD) in adults

is considered to be frequent and of high clinical relevance

(Wender et al. 2001; Schmidt et al. 2012). Deficits in social

interactions of ADHD patients present a central problem

causing social, occupational, and emotional disadvantages

(Barkley 1997; Barkley et al. 2006; Murphy and Barkley

1996; Sobanski and Alm 2004; Barkley and Murphy 2010).

Several studies revealed alterations in subcomponents of

‘‘emotional intelligence’’ (Salovey et al. 1995) in ADHD,

like influencing one’s own (Barkley 1997; Wender et al.

2001; Shaw et al. 2014) as well as perceiving and inter-

preting emotions of others (Uekermann et al. 2010; Sjowall

et al. 2013). This may be so prominent, that some authors

argued for the establishment of a new core-symptom in

diagnosis of ADHD, capable to explain problems on

interpersonal levels independently from inattention and

hyperactive-impulsive reacting (Barkley and Murphy 2010;

Uekermann et al. 2010; Shaw et al. 2014; Bunford et al.

2014). This symptom complex includes social cognition

deficiencies consisting of more fundamental abilities like

attending to and recognition of emotions as well as more

complex social functions including theory of mind (Uek-

ermann et al. 2010). Impaired emotion recognition is

associated with behavioral problems already in preschool

children (Chronaki et al. 2015). Therefore, a better
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understanding of emotion recognition as fundamental

function of social cognition in ADHD could contribute to

the solution of some of their interpersonal problems.

There is a solid basis of behavioral studies evidencing

deficits in facial emotion recognition in children and ado-

lescents with ADHD (Singh et al. 1998; Corbett and Glidden

2000; Cadesky et al. 2000; Pelc et al. 2006; Yuill and Lyon

2007; Sinzig et al. 2008; Aspan et al. 2014; Boakes et al.

2008), which can to some extent be ameliorated by medi-

cation with methylphenidate (Beyer von Morgenstern et al.

2014). These impairments seem to diminish with age

(Shapiro et al. 1993), but can still be present in adult ADHD

patients (Rapport et al. 2002; Miller et al. 2011). While

recognition of vocal emotions (prosody) in ADHD has

received much less attention, lower recognition scores have

also been described in children (Corbett and Glidden 2000;

Kochel et al. 2015) and adults (Grabemann et al. 2013).

Furthermore, comorbid ADHD tended to aggravate alter-

ations of prosody processing in children with autismus

spectrum disorder (Oerlemans et al. 2014). So far, however,

it is unclear whether ADHD patients exhibit a more general

deficit in emotion recognition (Cadesky et al. 2000; Serrano

et al. 2015; Corbett and Glidden 2000) or specific impair-

ments for negative connotations like ‘‘anger’’ (Singh et al.

1998; Pelc et al. 2006; Rapport et al. 2002), ‘‘fear’’ (Rapport

et al. 2002; Sinzig et al. 2008; Aspan et al. 2014; Miller et al.

2011), or ‘‘sadness’’ (Pelc et al. 2006; Aspan et al. 2014;

Miller et al. 2011). Any interpretation of results on such

specific deficits is limited by the fact that these studies

typically comprised several negative emotions, but only one

positive emotion (happiness) which results in biases due to

different levels of task difficulty for these two types of

stimuli. Moreover, it has not been clarified whether these

findings which are usually based on judgment of static

photographs can be transferred to more realistic emotion

displays with dynamic expressions of faces and voices as

well as their combinations.

In the current study, we aimed to achieve a higher

ecological validity by using dynamic video clips as stim-

ulus material. Furthermore, we directly addressed the

question to which extent deficits of ADHD patients during

unimodal emotion perception can be compensated by

audiovisual integration of simultaneously presented face-

voice combinations or whether integration processes are

additionally impaired in ADHD. To minimize potential

biases of valence and task difficulty, we selected the same

number of negative and positive emotions and carefully

balanced the stimulus material based on recognition rates

of the employed emotions in a pre-study. Regarding

recruitment of ADHD patients and healthy controls (HC),

we controlled for gender, age, and education as these fac-

tors can influence performance in social cognition tasks

(Buitelaar et al. 1999; Sinzig et al. 2008; Ethofer et al.

2013). As results of some recent studies in ADHD children

argue for a strong effect of comorbidities on emotion

recognition (Schwenck et al. 2013; Noordermeer et al.

2015), we aimed to recruit patients without comorbid

psychiatric disorders to avoid such confounds in our study.

Previous studies revealed a strong correlation between

attention performance and recognition of facial emotions in

children with ADHD (Sinzig et al. 2008) raising the question

whether impairments of emotion recognition are a mere

consequence of the lower performance in attention

demanding tasks. To clarify this issue, all participants

underwent neuropsychological testing and we determined if

deficits in emotion recognition are still detectable if con-

founding factors due to lower attention or verbal intelligence

(Sinzig et al. 2008) are regressed out. Additionally, we

analyzed differences between arithmetic mean and median

of the reaction time as task intrinsic measure for attentional

lapses. Similarly, depression can also result in impaired

emotion recognition (Schlipf et al. 2013), was found to

influence judgment of facial emotions in childhood ADHD

(Williams et al. 2008), is one of the most common comor-

bidities in adult ADHD (Sobanski et al. 2007) and was thus

also considered as covariate in our analyses. Finally, we also

examined to which extent the core features of ADHD

(inattention, hyperactivity/impulsivity) and emotional intel-

ligence as assessed by self-rating questionnaires are corre-

lated with deficits in emotion recognition. This was done to

clarify whether deficits in emotion recognition obtained

under laboratory conditions are associated with daily life

impairments of ADHD patients.

Considering the aforementioned previous studies we

hypothesized that:

1. ADHD is associated with impaired emotion recogni-

tion and these deficits correlate with self-rating scores

of emotional intelligence as well as the ADHD core

symptoms inattention and hyperactivity/impulsivity

(unidirectional hypothesis).

2. These impairments are correlated, but cannot be

entirely explained by confounding factors such as

attention in neuropsychological testing, verbal intelli-

gence, or concurrent depressive symptoms. Thus,

ADHD patients still reveal lower emotion recognition

rates if the variance correlating with these confounding

factors is removed by means of regression analysis

(unidirectional hypothesis).

3. Audiovisual integration of nonverbal emotional stimuli

is altered in ADHD. As there are no studies on

integration of emotional information in ADHD so far,

this can either result in stronger integration effects as

partial compensation of impairments in unimodal

perception or weaker integration effects if this process

is additionally impaired (bidirectional hypothesis).
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Methods

Participants

Twenty-three patients with ADHD [seven women, 16 men,

mean age ± standard deviation (SD): 27.6 ± 9.3 years]

and 31 HC (ten women and 21 men, 29.3 ± 8.2 years)

were included in the study. ADHD patients were outpa-

tients treated at the University Hospital for Psychiatry and

Psychotherapy Tübingen. Control participants were

recruited via advertisement. ADHD patients and HC were

balanced for sex, age, and educational level assessed by

years in the educational system (not counting repetition of

classes or unfinished professional training). All patients

were diagnosed by an experienced psychiatrist and fulfilled

the criteria of the combined subtype according to DSM-IV

(American Psychiatric 2000), without comorbid psychiatric

diseases, such as dementia, addiction or substance abuse

(except to nicotine) as well as anxiety, psychotic, post-

traumatic stress, mood, or personality disorders. The

diagnosis of childhood manifestation of ADHD was ret-

rospectively assessed with the Wender Utah Rating Scale

(Retz-Junginger et al. 2003). In order to improve diagnostic

validity, additional information was obtained via third-

party anamnesis (parents or other close relatives) and from

school report certificates. To quantify deficits in attention,

all participants underwent neuropsychological testing.

Patients were without medication for 24 h prior to

testing. All subjects were German native speakers, right-

handed according to the Edinburgh Handedness Inventory

(Oldfield 1971), had normal or corrected to normal vision

and did not suffer from any neurologic diseases. HC had no

history of psychiatric illness. The study was approved by

the Ethical Committee of the University of Tübingen and

written informed consent was obtained from all partici-

pants. All study procedures were performed according to

the Declaration of Helsinki.

Stimuli

Stimulus material consisted of short color video sequences

(resolution 720 9 576 pixels, sound 48 kHz, duration 2 s)

showing professional actors (two women, two men) who

spoke one of 12 German words either in neutral, happy,

alluring, angry, or disgusted intonation with congruent

facial expressions. The stimulus material was balanced for

the sex of the speakers as well as semantic valence and was

selected from a pool of 600 stimuli (120 words 9 5 cate-

gories) which were evaluated in a pre-study (31 healthy

volunteers, mean age: 27.3 ± 6.0 years, 16 females).

Careful stimulus selection ensured that all emotional

categories of every stimulus were correctly identified dur-

ing audiovisual presentation with a minimum hit rate of

80 %. Furthermore, we balanced our stimulus material for

recognition rates across emotional categories (mean hit

rates: neutral = 93.4 %; happiness = 95.1 %; eroticism:

94.1 %; anger = 95.1 %; disgust = 95.2 %). All video

sequences were presented using three different conditions:

auditory (A), visual (V), and audiovisual (AV). Thus, the

complete stimulus set comprised 180 stimuli (12

words 9 5 emotional categories 9 3 modalities).

Experimental design

Participants were seated in a comfortable position

approximately 60 cm from a 17-inch flat screen (LG Fla-

tron L1953PM, resolution 800 9 600 pixels). Acoustic

stimuli were presented through headphones (Sennheiser,

HD515) in a volume individually adjusted to a comfort-

able level. During demonstration of visual stimuli the

speakers’ faces had approximately the same size like real

faces. Presentation of the experiment and recording of the

behavioural data were performed using the software

‘‘Presentation’’ (Neurobehavioral Systems, http://www.

neurobs.com/). The stimuli were presented during three

sessions with 60 trials each. In each session the order of

stimulus presentation was fully randomized. Prior to the

three sessions, all participants absolved a short training

consisting of ten trials under supervision to ensure that they

understood their task.

In the beginning of each trial, one of those stimuli was

presented for 2 s followed by a circular scale portraying

the German words for ‘‘happiness’’; ‘‘eroticism’’, ‘‘neu-

tral’’, ‘‘anger’’, and ‘‘disgust’’. The word ‘‘neutral’’ was

placed on top of the circle whereas the two positive

connoted expressions ‘‘eroticism’’ and ‘‘happiness’’ where

demonstrated on one side and the negative connoted

emotions on the other side. In order to avoid possible

laterality effects, the scale was flipped horizontally for

half of the group. A white dot was randomly placed at

one of the five categories and participants had 5 s to

choose the response which was fitting best to the

expressed affect by moving the white dot clockwise or

counter-clockwise by pressing one of two buttons on the

keyboard. The time interval between stimulus onset and

first button press was defined as reaction time. Trials

which did not necessitate any button press (because the

white dot was already located at the location intended by

the participant) were excluded from analyses of reaction

times. Afterwards the scale was shown for another second

before a fixation cross shown for one second announced

beginning of the next trial.
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Psychometric data

Depressive symptoms

The self-rating test Becks-Depressions-Inventory (BDI-II,

Beck and Steer 1987) was completed by all participants.

Participants which scored higher than 19 points were

excluded from the study. Lower scores were registered in

order to analyse the influence of actual mood on the per-

formance in emotion recognition.

Verbal intelligence

Verbal intelligence was assessed with the Mehrfach-

Wortschatz-Intelligenz-Test (MWT-B) which consists of

37 groups including one German word and four pseu-

dowords. The task of the participants is to mark the word

existing in German language. This test correlates to a rel-

atively high content (r = 0.72) with other measures of

global intelligence (Blaha and Pater 1979; Lehrl 1977;

Lehrl et al. 1995).

Self-report emotional intelligence

The Self-Report Emotional Intelligence Test (SREIT,

Schutte et al. 1998) estimates the abilities to recognize, to

manage, and to use own and other peoples’ emotions. This

self-report-measure which was developed based on the

model of emotional intelligence from Salovey and Mayer

(Salovey et al. 1995) comprises 33 statements. A 5-point

Likert scale (1—strongly agree to 5—strongly disagree) is

used and thus, scores range between 33 and 165 with

higher scores indicating higher levels of trait emotional

intelligence.

Self-report inattention and hyperactivity/impulsivity

The ADHS-Selbstbeurteilungsskala (ADHS-SB, Rösler

et al. 2004) is a self-report-questionnaire used in clinical

settings to rate the experienced level of inattention as well

as hyperactivity/impulsivity in every-day life. The test

contains 22 items concerning inattentive (items 1–9),

hyperactive (items 10–14), and impulsive (15–18 items)

symptoms as well as the duration and impact of these

symptoms (items 19–22). The items range from 0 (does not

apply) to 3 (fully applies) with higher scores indicating

higher experienced levels of inattention, hyperactivity, and

impulsivity in daily life situations.

Sustained attention and alertness

In order to asses an objective measure of basic attentional

functions, we applied the subtests ‘‘sustained attention’’

and ‘‘alertness’’ from the Testbatterie zur Aufmerk-

samkeitspruefung (TAP, Zimmermann and Fimm 2009).

During the sustained attention subtest a sequence of several

geometrical shapes of different colours, fillings, and sizes

was presented on a monitor. The participants’ task was to

press a button each time two identical shapes were pre-

sented in direct sequence concerning colour, filling, and

size (one-back task). False alarms, misses, and reaction

times were recorded. In the subtest ‘‘alertness’’ the par-

ticipants have to respond by pressing a button as quickly as

possible irrespectively of whether it was cued by a warning

sound or not. Intrinsic alertness is estimated as reaction

time without cueing stimulus, phasic alertness as reaction

time without cue minus reaction time with cue, and alert-

ness constancy is estimated as standard deviation of reac-

tion times without cueing stimulus.

Data analysis

Demographic values (age and number of educational years)

are reported as mean ± standard deviation (SD). All other

values are reported as mean ± standard error of the mean

(SEM). Statistical analysis was performed employing SPSS

statistics 22. To assess possible differences between the

groups in sociodemographic and psychometric data (BDI,

MWTB, SREIT, ADHS-SB, TAP subtests) independent

two-sample t tests and Mann–Whitney U tests were used

for normally and not normally distributed data, respec-

tively. We expected higher scores for BDI and ADHS-SB,

but lower scores for SREIT and neuropsychological testing

(MWTB and TAP subtests) and thus applied one-tailed

statistical tests for these comparisons between ADHD

patients and HC. The unbiased hit rate described by

Wagner (HU, Wagner 1993) was applied as measurement

of performance in emotion recognition. By multiplying raw

hit rate with the positive predictive value the HU does not

only take account of the sensitivity, but also of the speci-

ficity of emotion recognition. Prior to statistical analysis,

HUs were arcsine transformed.

2 9 3 9 5 repeated-measure analyses of variance

(ANOVA) were conducted on the arcsine transformed HUs

and mean reaction times with group as between-subjects

factor (ADHD, HC) and modality (A, V, AV) and emo-

tional category (neutral, happiness, eroticism, disgust, and

anger) as within-subject factors. Non-sphericity was

accounted for using the Greenhouse-Geisser correction

(Geisser and Greenhouse 1958). Post-hoc paired t tests

were Bonferroni-corrected for multiple comparisons. To

assess potential attentional lapses during the experiment

differences between arithmetic mean and median of reac-

tion times were determined for each participant and com-

pared between groups. In order to analyse performance

changes across the experiment and if the two groups differ
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in terms of possible alterations between the three sessions,

a 2 9 3 repeated-measure ANOVA was performed on the

arcsine transformed HUs with group as between-subjects

factor (ADHD, HC) and session (first, second, third) as

within-subject factor. To investigate correlations between

emotion recognition and depressive symptoms, verbal

intelligence and basic attentional functions, Pearson and

Spearman correlation analyses were conducted for nor-

mally and not normally distributed data, respectively. In

case of significant correlations, the correlated variance was

removed by regression analysis (single regression analysis

for each parameter separately as well as multiple regression

analysis for their conjoint effect) from the overall perfor-

mance in emotion recognition (unbiased hit rate averaged

across experimental conditions) and the resulting regres-

sion residuals were compared using one-tailed t tests in

order to determine if group differences remain significant

after accounting for differences in depressive symptoms,

verbal intelligence, or basic attentional functions. Fur-

thermore, we determined whether audiovisual emotion

recognition correlates with SREIT values or inattentive and

hyperactive/impulsive symptoms as measured by the

ADHS-SB. Finally, audiovisual integration was estimated

as the difference between the unbiased hit rate during

audiovisual stimulation [HU(AV)] and the higher unbiased

hit rate obtained for auditory and visual stimulation

[max(HU(A), HU(V))] and compared between groups

using a two-tailed t test.

Results

Demographic and psychometric data

Demographic and psychometric data of ADHD patients

and healthy controls including statistical comparisons are

presented in Table 1. The two groups did not differ

regarding gender distribution [X2(1) = 0.0; p = 0.89], age

[U(52) = -0.9; p = 0.35], or educational level

[U(52) = -0.4; p = 0.68]. Verbal intelligence scores,

however, were significantly lower in ADHD patients

(p\ 0.01) reflecting lower academic success of ADHD

patients in spite of comparable number of educational years

in both groups. Patients exhibited significantly higher self-

rating scores than HC for inattention and hyperactivity/

impulsivity as well as depressive symptoms (all p\ 0.01)

while significantly lower emotional intelligence (p\ 0.01)

were observed in the ADHD group than in HC. Neu-

ropsychological testing revealed significantly more errors

and misses in the subtest ‘‘sustained attention’’ of the TAP

and showed a higher variation of reaction times (alertness

constancy) during the subtest ‘‘alertness’’ (both p\ 0.01).

Moreover, differences between reaction times without and

those with reaction time during the subtest ‘‘alertness’’

were higher in ADHD, representing a higher ‘‘phasic

alertness’’. The parameters for intrinsic alertness of the

subtest ‘‘alertness’’ failed to reach significance in the group

comparison.

Table 1 Demographic and psychometric data

ADHD HC Statistical scores

M SD M SD U(52) Two-tailed p

Age 27.6 9.3 29.2 8.3 -0.9 0.35

Educational years 14.5 4.2 13.9 3.1 -0.4 0.68

M SEM M SEM U(52) One-tailed p

BDI score 6.6 0.8 2.7 0.7 3.6 \0.01

ADHS-SB rating scores

Inattention 20.7 0.5 4.3 0.8 6.2 \0.01

Hyperactivity/impulsivity 19.7 0.7 3.0 0.9 6.0 \0.01

TAP

Sustained attention

(misses ? false alarms)

25.4 4.6 8.0 1.5 3.8 \0.01

Alertness (intrinsic) 268.4 13.5 247.0 8.5 0.7 0.26

Alertness (constancy) 74.2 10.8 34.5 3.6 3.4 \0.01

M SEM M SEM t(52) One-tailed p

Alertness (phasic) 13.0 5.3 2.0 3.9 1.6 \0.05

MWT-B score 102.6 2.7 112.3 3.0 2.4 \0.01

SREIT score 110.7 2.5 127.9 2.8 4.6 \0.01

ADHD attention deficit hyperactivity disorder, HC healthy controls, M mean, SD standard deviation, SEM standard error of the mean
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Unbiased hit rates

Mean unbiased hit rates depending on emotional category

and sensory modality are shown in Fig. 1 for ADHD

patients and HC (grey and white bars, respectively). The

repeated-measures 2 9 3 9 5 ANOVA with group

(ADHD, HC) as a between-subjects factor and emotion

(neutral, happiness, eroticism, disgust, anger) as well as

sensory modality (acoustic, visual, audiovisual) as within-

subjects factors revealed a significant main effect of group

[F(1, 52) = 16.6; p\ 0.01]. This main effect of group

reflected significantly lower unbiased hit rates (averaged

across categories and modalities) in the ADHD group

(66 ± 2 %) than in HC [76 ± 1 %; t(52) = 4,4;

p\ 0.01]. Furthermore, we found a significant main effect

of modality [F(2, 104) = 195.6; p\ 0.01]. Pairwise

comparisons with Bonferroni correction revealed that

emotion recognition was easier during bimodal than during

unimodal acoustic or visual as well as visual compared to

acoustic presentation (all p\ 0.01). There was also a sig-

nificant main effect of emotion [F(4, 208) = 19.6;

p\ 0.01] which was due to significantly lower unbiased

hit rates for neutral and angry stimuli than happy, alluring,

or disgusted cues (all p\ 0.01). In agreement with the

results of our pre-study, HC achieved similar unbiased hit

rates across categories (90.6–96.2 %) during audiovisual

stimulation. During unimodal presentation a larger vari-

ability across categories was observed with unbiased hit

rates ranging from 76.3 to 88.3 % during visual and

52.4–75.1 % during acoustic stimulation. In line with these

differences across modalities, we found a significant

interaction between sensory modality and category [F(8,

416) = 4.3; p\ 0.01]. Post-hoc t tests comparing

recognition rates separately within the three modalities

revealed that alluring and disgusted voices were better

recognized than all other voice categories (all p\ 0.05),

while happiness was the emotion which was best recog-

nized in unimodal visual stimuli (all p\ 0.05). Impor-

tantly, however, these effects occurred to a similar extent in

both groups and consequently, there were no significant

interaction between group and modality [F(2, 104) = 0.8;

p = 0.42], group and emotion [F(4, 208) = 0.5; p = 0.65],

or group and modality and emotion [F(8, 416) = 0.1;

p = 0.59]. A second 2 9 3 repeated-measure ANOVA

with session (first, second, third) as within and group

(ADHD, HC) as between-subjects factor revealed again a

significant main effect of group [F(1, 52) = 15.9;

p\ 0.01] and a significant main effect of session [F(2,

104) = 29.7; p\ 0.01]. Post hoc conducted t test showed

that the overall performance for the first (average perfor-

mance ± standard error: 74 ± 3 %) and second session

(75 ± 3 %) was lower as for the last one [89 ± 3 %; both

t(53)[ 6.0, both p\ 0.01]. There was no significant

interaction between group and session [F(2, 104) = 0.6;

p = 0.56].

Reaction times

The repeated measure 2 9 3 9 5 ANOVA on reaction

times showed no significant main effect for group [F(1,

52) = 1.9; p = 0.18], but a significant main effect of

modality was found [F(2, 104) = 28.2, p\ 0.01]. Pairwise

comparisons with Bonferroni correction revealed that par-

ticipant reacted faster during bimodal (1.1 ± 0.05 s) and

unimodal visual (1.1 ± 0.04 s) than during unimodal

acoustic presentation (1.3 ± 0.04 s, both p\ 0.01). There

was also a significant main effect of emotion [F(4,

208) = 7.6; p\ 0.01] due to significantly shorter reaction

times for happy cues than for angry, disgusted, or neutral

stimuli (all p\ 0.03). Mirroring the results of the ANOVA

on unbiased hit rates, a significant interaction between

modality and category was revealed for reaction times

[F(8, 416) = 11.2; p\ 0.01]. There were no significant

interaction between group and emotion [F(4, 208) = 1.9;

p[ 0.12], group and modality [F(2, 104) = 3.0; p[ 0.05]

or group, modality and emotion [F(8, 416) = 0.6 respec-

tive 0.7; both p[ 0.68]. A 2 9 3 repeated-measure

ANOVA on mean reaction time with session as within and

group as between-subjects factor revealed a significant

main effect of session [F(2, 104) = 6.5; p\ 0.01]. Post

hoc conducted t tests showed that reaction times during the

first session (average reaction time ± standard error:

1.2 ± 0.04 s) were longer than during the second

(1.1 ± 0.03 s) and third session (1.1 ± 0.04 s, both

p\ 0.01). There was no significant main effect of group

[F(1, 52) = 1.9; p = 0.17] nor a significant interaction

Fig. 1 Performance in emotion recognition (unbiased hit rate ± s-

tandard error of the mean) of healthy controls (white bars) and

patients (grey bars) of neutral (N), happy (H), erotic (E), disgusted

(D), and angry (A) stimuli presented in unimodal acoustic (right

panel), unimodal visual (center panel), and audiovisual (right panel)

modality
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between group and session [F(2, 104) = 0.5; p = 0.55].

t tests for independent samples did not show significant

differences between groups for the differences between

arithmetic mean and median of reaction times [t(52)\ 0.8;

p[ 0.40].

Correlation analyses

Bivariate Pearson correlation analysis revealed a signifi-

cant positive correlation (r = 0.33; p = 0.01) between

verbal intelligence quotient and mean unbiased hit rates

(averaged across sensory modalities and emotional cate-

gories). In the same way, significant inverse relationships

were found between the latter and deficits in sustained

attention (r = -0.43; p\ 0.01) as well as alertness con-

stancy (r = -0.46; p\ 0.01). No such correlation was

found for performance in emotion perception and depres-

sive symptoms (r = -0.09; p = 0.45) or phasic alertness

(r = -0.13; p = 0.33). After regressing out the correlated

variances of verbal intelligence, sustained attention, and

alertness constancy from the overall performance in affect

recognition, group differences in emotion recognition were

still significant [all t(52)[ 2.0; all p\ 0.05].

Within the group of ADHD patients, SREIT scores

correlated significantly with audiovisual emotion recogni-

tion (r = 0.38; p = 0.04). No such significant correlation

was found between the latter and the extent of inattentive

(r = 0.30; p = 0.16) and hyperactive-impulsive symptoms

(r = 0.09; p = 0.60). Within the group of HC, no signifi-

cant correlations with SREIT (r = 0.17; p = 0.36), inat-

tentive (r = -0.04; p = 0.85), or hyperactivity/

impulsivity symptoms (r = -0.10; p = 0.59) were found.

The difference between the mean HU during audiovisual

presentation and the higher HU obtained during unimodal

presentations [max(HU(A), HU(V))] was significantly lar-

ger [t(52) = 2.2; p = 0.04] in ADHD patients (15 ± 2 %)

than in HC (11 ± 1 %).

Discussion

The current study investigated recognition of emotions in

voices, faces, and their combination in patients with

ADHD of combined subtype and HC balanced for gender,

age, and education. We aimed to extent previous findings

on affect recognition with respect to the following issues:

First, we aimed to overcome limitations of previous studies

and clarify whether deficits regarding specific emotions can

be identified if a stimulus set is used which is balanced for

task difficulty across emotional categories or whether adult

ADHD patients display a more general impairment that

occurs irrespective of the expressed emotion and is also

present for neutral stimuli. Thus, we found a stimulus-

independent deficit of ADHD patients in an emotion

recognition task independent of the expressed category or

valence. Second, we examined to which extent deficits in

affect recognition can be explained by general differences

of ADHD patients and HC in verbal intelligence and

attention levels as obtained during neuropsychological

testing. Third, we wanted to clarify whether audiovisual

integration can partially compensate deficits in affect

recognition or whether this process is additionally com-

promised in adult ADHD.

Our results indicate lower performance of ADHD

patients which was observed for all five categories and all

sensory modalities. Thus, our findings clearly argue for a

general deficit in encoding of emotional cues which occurs

independent of emotion type, valence or modality. A pos-

sible explanation could be a disturbance in earlier stages of

emotion perception which would be in line with previous

suggestions including e.g. altered viewing patterns of facial

emotional cues as observed in children with ADHD (Ser-

rano et al. 2015). However, the latter has been shown to be

differently pronounced for the type of emotion and would

not account for the deficits in prosody perception. Our

results are in line with experiments showing general defi-

cits in emotion recognition (Cadesky et al. 2000; Corbett

and Glidden 2000), but inconsistent with other studies

indicating specific impairments for certain negative emo-

tions (Sinzig et al. 2008; Singh et al. 1998; Aspan et al.

2014; Miller et al. 2011; Pelc et al. 2006; Rapport et al.

2002). However, it should be noted that most of the

aforementioned studies were conducted in childhood

ADHD and it cannot be excluded that deficits regarding

specific emotions can only be found in children, but not

adults with ADHD. In some of these previous studies, task

difficulty varied considerably across emotions with nearly

perfect recognition of some categories (usually including

happiness) while other emotions were identified with much

lower accuracy (or even at chance level in ADHD patients

and controls). We aimed to overcome this problem by

choosing the same number of positive and negative emo-

tions and balanced our stimulus set for recognition rates

across categories. We selected our stimuli based on iden-

tification rates obtained in an independent sample of HC

during audiovisual presentation which presents the eco-

logically most valid signal encountered in many daily sit-

uations while affect recognition based on only acoustic or

visual information occurs much less frequently (e.g. tele-

phone). It should be noted that balancing for affect

recognition during audiovisual presentation does not

automatically result in similar identification rates of emo-

tions of unimodal acoustic or visual stimuli as vocal and

facial cues contribute differently depending on the

expressed emotion (Lambrecht et al. 2012, 2014). Such

differential contributions explain the significant main effect
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of category and the interaction of category and emotion in

our results. However, these effects occurred similarly in

ADHD patients and HC and did thus not influence com-

parisons between the two groups. Significantly increased

performance in the last and faster reaction times during the

two last sessions in both groups indicate that there was a

learning effect across the experiment. The lack for signif-

icant interactions between group and session shows that

this effect was not pronounced differently for the two

groups. Analysis of reaction times did not reveal a signif-

icant main effect of group or any interactions between

group and the other factors. There were also no significant

differences between the two groups regarding the differ-

ence between the arithmetic mean and median of reaction

times as indicator of potential attentional lapses. These

findings argue for a deficit in emotion recognition in

ADHD which cannot be explained by confounds due to

decreases in attention during the task. To further substan-

tiate this line of argumentation we additionally included

classical neuropsychological tests to measure attention

parameters. In line with previous results (Sinzig et al.

2008), deficits in emotion recognition in ADHD correlated

with neuropsychological parameters with variance expla-

nation of 21 % for sustained attention, 18 % for alertness

constancy, and 11 % for verbal intelligence. Removal of

this correlated variance for each parameter separately or in

combination, however, did not extinguish the difference in

task performance between ADHD patients and HC indi-

cating that such differences in neuropsychological func-

tions contribute to but are not the sole explanation for

deficits in emotion recognition. ADHD patients were

characterized by slightly higher BDI scores than HC. No

significant effect of depressive symptoms on emotion

recognition, however, was found. The most likely expla-

nation for this negative result is the explicit exclusion of

participants with major depressive disorder as we aimed to

recruit patients without comorbid mood disorders. This

represents a strength of the current study, as the recruit-

ment of patients without considerable comorbidities

allowed us to assess the specific ADHD-related deficits in

emotion recognition rather than secondary effects due to

other disorders. As ADHD without comorbidities is rather

the exception than the rule in clinical populations, how-

ever, it might be also interesting to assess the contributions

of comorbid disorders which might further deteriorate

affect recognition. Thus, future studies should address this

issue by also including ADHD patients with depression or

other important comorbid disorders (e.g. substance abuse)

and quantify their impact on affect recognition by means of

correlation analysis.

Performance in audiovisual affect recognition signifi-

cantly correlated with self-rated emotional intelligence

scores indicating that adult ADHD patients are well aware

of their deficit. This concurs with previous results showing

correlations between affect recognition deficits and patho-

logically increased intensity of experienced emotions in

adult ADHD (Rapport et al. 2002). These findings, how-

ever, contrasts with results obtained in childhood ADHD

where rating of task difficulty during emotional face

recognition suggested lack of awareness for impaired

emotion recognition (Pelc et al. 2006) in spite of the fact

altered emotion processing correlated with parents’ ratings

of emotional lability (Williams et al. 2008) and self-

assessments of interpersonal problems (Pelc et al. 2006).

These results obtained by us and others (Rapport et al.

2002) in adult ADHD on the one hand, and in children with

ADHD on the other hand (Pelc et al. 2006; Williams et al.

2008) point to an increasing awareness for such deficits in

the course of the disease.

No such significant relationship was found between

performance in affect recognition and self-rated inattention

or hyperactive-impulsive symptoms. On the first glance,

this seems to contradict our neuropsychological test results

that clearly showed a correlation between basic attentional

functions and performance in emotion identification as well

as data obtained in children with ADHD indicating corre-

lations between impaired affect recognition and parent

ratings of inattentive as well as hyperactive-impulsive

behavior (Williams et al. 2008; Boakes et al. 2008; Aspan

et al. 2014). The most likely explanation for this finding is

that inattentive symptoms assessed by the ADHS-SB cover

much broader areas in daily life including also organiza-

tional problems. It is also possible that correlation between

hyperactive-impulsive symptoms and social dysfunctioning

diminish with age (Zoromski et al. 2015) and therefore was

absent in our study on adults. Furthermore, it is possible

that adult ADHD patients can better discriminate whether

problems arise from the ADHD core symptoms or addi-

tional deficits in social cognition.

Finally, our data suggest that participants with ADHD

can partly compensate their deficits in emotion recognition

in unimodal stimuli by means of audiovisual integration of

emotional cues. Our stimulus selection aimed to achieve a

high recognizability of all employed emotional categories

in the audiovisual condition which guaranteed also suffi-

cient emotion recognition in the unimodal condition and

helped to avoid floor effects. This methodological

approach, however, can result in ceiling effects (i.e. the

unbiased hit rate cannot exceed 100 %). As only four of 31

healthy controls achieved an unbiased hit rate of 100 % a

ceiling effect seems to be an improbable explanation for

the larger gains of ADHD patients during audiovisual

presentation. So far, little is known about audiovisual

integration processes in ADHD, but a recent study

observed that ADHD patients benefitted less from con-

curred presentation of visual stimuli by lip-reading during
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(non-emotional) speech comprehension than HC (Michalek

et al. 2014). These opposing findings for emotional and

non-emotional stimulus materials point to distinct mecha-

nisms of audiovisual integration in ADHD.

Taken together, our data indicate general deficits in

affect recognition of unimodal stimuli which are partially

compensated by bimodal presentation. These results pro-

vide also the ground for hypotheses in neuroimaging

studies and point rather to altered neural activity within

sensory-specific cortices for face and voice processing,

such as the fusiform face area (Vuilleumier et al. 2001) or

emotional voice area (Ethofer et al. 2012), than audiovisual

integration areas in the superior temporal sulcus (Kreifelts

et al. 2007; Ethofer et al. 2013).
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