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meta-analysis
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School of Psychology and Computer Science, University of Central Lancashire, UK

ABSTRACT

There is debate within the literature as to whether emotion dysregulation (ED) in
Attention-Deficit Hyperactivity Disorder (ADHD) reflects deviant attentional
mechanisms or atypical perceptual emotion processing. Previous reviews have
reliably examined the nature of facial, but not vocal, emotion recognition accuracy
in ADHD. The present meta-analysis quantified vocal emotion recognition (VER)
accuracy scores in ADHD and controls using robust variance estimation, gathered
from 21 published and unpublished papers. Additional moderator analyses were
carried out to determine whether the nature of VER accuracy in ADHD varied
depending on emotion type. Findings revealed a medium effect size for the
presence of VER deficits in ADHD, and moderator analyses showed VER accuracy in
ADHD did not differ due to emotion type. These results support the theories which
implicate the role of attentional mechanisms in driving VER deficits in ADHD.
However, there is insufficient data within the behavioural VER literature to support
the presence of emotion processing atypicalities in ADHD. Future neuro-imaging
research could explore the interaction between attention and emotion processing
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in ADHD, taking into consideration ADHD subtypes and comorbidities.

Attention-deficit / hyperactivity disorder (ADHD) is a
neurodevelopmental disorder characterised by per-
sistent and developmentally inappropriate levels of
inattention, hyperactivity, and impulsivity (APA,
2013). When clinically diagnosed, individuals with
ADHD display impaired functioning at school/ work,
home and in social situations. The prevalence of a
clinical ADHD diagnosis lies between 5 and 8% in
children and adolescents (Polanczyk et al, 2014;
Thomas et al, 2015), and 2.8% in adults (Fayyad
et al, 2017). Although not included in the diagnostic
criteria for ADHD, Emotion dysregulation (ED) is pro-
posed to be a clinical feature of the disorder
(Bunford et al., 2015; Graziano & Garcia, 2016; Shaw
et al, 2014). ED is defined as an impaired ability to
regulate an internal emotional state appropriately
(D’Agostino et al., 2017), and is often conveyed
through reactive anger, irritability, outbursts, and

inordinate positive emotion (Bunford et al., 2015;
Drechsler et al., 2020; Shaw et al., 2014). Evidence
suggests ED is present in 25-45% of children, and
30-70% of adults diagnosed with ADHD (Shaw
et al, 2014), a rate which is significantly higher than
healthy adult controls (Barkley & Fischer, 2010). Fur-
thermore, ED in ADHD is associated with increases
in academic and social impairments (Bunford et al.,
2015; Wehmeier et al,, 2010), and an increased risk
for the development of comorbidities, such as
conduct disorder and depression (Steinberg &
Drabick, 2015). Therefore, it is important to consider
the underlying causes of ED in ADHD, and their impli-
cations for treatment.

Emotion dysregulation (ED) in ADHD is thought to
arise from deficits in recognising and/or allocating
attention to emotions (e.g. anger, happiness,
sadness and fear), such as those from the face and
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voice (Shaw et al, 2014; Uekermann et al., 2010).
However, there is debate in the literature as to the
neurodevelopmental pathways which underpin
these deficits (Shaw et al., 2014). Cognitive behav-
ioural models of ADHD suggest ED stems from
generic difficulties in allocating attention towards
emotional expressions (Barkley, 1997; Nigg et al.,
2005). Thus, these theories imply emotion recognition
deficits and ED are secondary symptoms of core atten-
tion deficits in ADHD. Support for this view comes
from research linking cognitive deficits in individuals
with ADHD directly with emotion regulation difficul-
ties (Fantozzi et al., 2021; Groves et al., 2020; Sjowall
et al., 2013). Alternatively, socio-cognitive (Crick &
Dodge, 1994), and motivational (Sonuga-Barke,
2005) theories of ADHD state ED may arise from
specific deficits in interpreting emotions at a percep-
tual level (Borhani & Nejati, 2018). These theories
suggest impaired perception of emotions may arise
due to atypicalities in the bottom-up processes,
which are necessary to perceive emotions. These
bottom-up emotion processing atypicalities may be
manifested behaviourally if an individual misinter-
prets emotional expressions or fails to understand
the emotional significance of an expression. For
example, incorrectly perceiving specific types of
emotions, such as anger, in an emotional expression
may lead to inappropriate hostile responses in social
situations (Crick & Dodge, 1994). Similarly, not recog-
nising the emotional significance of an incentive may
result in a lack of motivation to behave appropriately
(Sonuga-Barke, 2005). Finally, it is also possible that
attentional and socio-cognitive mechanisms are not
mutually exclusive, as perceptual processes, including
attention, may be influenced by motivation-related
processes (Crick & Dodge, 1994; Lemerise & Arsenio,
2000).

To add to the debate on the underpinnings of ED
in ADHD, research can explore the nature of
emotion recognition accuracy in ADHD using
emotion recognition tasks. Typically, in emotion rec-
ognition tasks, participants with ADHD, and a typically
developing (TD) control group are presented with
facial and/or vocal expressions and are asked to
label each expression with the correct emotion.
Emotion types incorporated within emotion recog-
nition tasks typically include at least anger and happi-
ness, and several other emotions which consist of
some or all of the other six basic emotion types (i.e.
fearful, disgust, sadness and surprise), and a neutral
expression. If participants with ADHD perform

significantly worse on emotion recognition tasks,
compared to TD participants, it can be concluded
that individuals with ADHD present with emotion rec-
ognition deficits. In addition, research can explore the
nature of emotion recognition deficits by analysing
the pattern of errors participants display during
emotion recognition tasks. A generic deficit is
defined as a reduced ability to recognise all types of
emotions in a random pattern, thought to arise from
a general deviancy to allocate attention to emotional
expressions. An emotion-specific deficit is defined as a
consistent pattern of error towards one or several
types of emotions. For example, an anger-specific
deficit would arise if participants with ADHD consist-
ently failed to recognise angry emotional expressions
more than other emotion types (i.e. happiness)
included in the task. Emotion-specific deficits may
be indicative of an atypicality at the perceptual pro-
cessing stage of emotion recognition, in support of
socio-cognitive (Crick & Dodge, 1994) and motiva-
tional accounts (Sonuga-Barke, 2005), as a consistent
pattern of error towards a specific emotion cannot
be due to inattention alone.

To date, reviews have provided reliable evidence
for the presence and nature of facial emotion recog-
nition (FER), but not vocal emotion recognition
(VER), deficits in individuals with ADHD (Bora & Pante-
lis, 2016; Borhani & Nejati, 2018; Collin et al., 2013;
Cooper et al.,, 2020). For example, Bora and Pantelis
(2016) reported a reliable synthesised effect for the
presence of FER deficits in ADHD, and further pro-
vided support for an emotion-specific deficit for nega-
tive facial expressions, such as anger and fear, in
ADHD. This result is supported in various other
reviews focusing only on FER deficits in ADHD
(Borhani & Nejati, 2018; Collin et al., 2013; Cooper
et al., 2020). However, thus far no reviews have
reliably synthesised an effect for the presence of
VER deficits in ADHD. Bora and Pantelis (2016)
aimed to synthesise VER deficits in ADHD, however
this meta-analysis only included VER effects from six
studies, which is a low number of studies to reliably
interpret a synthesised effect size. Moreover, there
was not enough emotion-specific data included
within these six studies to explore whether VER
deficits were generic or emotion-specific in nature. It
is important to explore the nature of VER accuracy
in ADHD to the same rigour as FER accuracy
because understanding vocal expressions requires
interpreting how the intensity, pitch and loudness of
a voice change over time, whereas facial stimuli do



not have to be dynamic to be interpreted correctly
(Schirmer & Adolphs, 2017). Thus, facial and vocal
emotions activate different areas of the brain (Schir-
mer & Adolphs, 2017), and need to be examined
separately.

There are mixed findings within the literature relat-
ing to the nature of VER accuracy in ADHD. Studies
employing VER tasks, such as the Diagnostic Analysis
of Nonverbal Accuracy (DANVA; Nowicki & Duke,
1994) reported significantly more generic errors
across happy, sad, angry, fearful and neutral vocal
expressions in children with ADHD compared to typi-
cally developing children (Cadesky et al., 2000; Chron-
aki, Garner, et al, 2015; Corbett & Glidden, 2000).
Similar findings have also been shown in adults
(Bisch et al., 2016; Zuberer et al., 2020). In contrast,
several VER studies have reported that children and
adults with ADHD have a specific deficit to recognise
negative vocal emotions, such as anger (Kis et al.,
2017; Plecevic et al., 2021). A specific emotion proces-
sing atypicality for vocal anger has been supported by
evidence from Functional Magnetic Resonance
Imaging data (Kochel et al., 2015) and Event-Related
Potentials (Chronaki, Benikos, et al., 2015). For
example, the finding of an enhanced N1 response to
vocal anger in children with ADHD compared to con-
trols is thought to reflect a pre-attentive hypervigi-
lance to anger in ADHD (Chronaki, Benikos, et al.,
2015). Finally, there is some evidence that the
nature of VER accuracy changes depending on the
subtype of ADHD or comorbid conduct disorder. For
example, ADHD-inattentive subtype is associated
with more VER errors overall, whilst hyperactive/
impulsive symptoms are associated with greater
difficulties to recognise negative (e.g. sad) vocal
emotions (Miller et al., 2011). Moreover, a bias to
recognise vocal anger in individuals with ADHD has
been associated with comorbid conduct disorder
(Cadesky et al., 2000). Findings from a number of
studies are limited (Egan et al, 1998; Hall et al,
1999; Manassis et al., 2007; Rapport et al., 2002; Wad-
dington et al., 2018) as they did not report accuracy
scores for specific emotions, so it is inconclusive
whether the VER deficits reported in these articles
are reflective of a generic or an emotion-specific
deficit in ADHD.

The present meta-analysis aims to provide robust
evidence for the presence of VER deficits in ADHD
by gathering and synthesising effects from all up-to-
date literature, both published and unpublished,
which measures the difference in accuracy scores

COGNITION AND EMOTION e 3

between participants with ADHD and TD controls
when completing an explicit VER task. Our primary
prediction is that VER deficits will be present in
ADHD, in accordance with previous reviews demon-
strating the presence of FER deficits in ADHD (Bora
& Pantelis, 2016; Borhani & Nejati, 2018; Collin et al.,
2013; Cooper et al, 2020). Secondly, we aim to
explore the nature of VER deficits in ADHD by quanti-
fying the moderating effect of emotion type (e.g. hap-
piness and anger) and valence (i.e. positive and
negative) on VER accuracy in ADHD. There are two
possible outcomes to this exploratory aim. If
emotion does not have a moderating effect on VER
accuracy in ADHD, this would suggest individuals
with ADHD make random errors when recognising
vocal emotions, due to general attention deviancies.
If, however, emotion type has a moderating effect
on VER accuracy in ADHD, this would suggest individ-
uals with ADHD present with a consistent pattern of
error towards a specific emotion type (e.g. anger), as
found in FER research (Bora & Pantelis, 2016). This
would reflect a distinct emotion processing atypicality
in ADHD.

Method
Search strategy

The databases utilised to conduct searches for relevant
studies published until 14 April 2022 included Psy-
chINFO and PsychArticles, Pubmed and ProQuest
Central. To address publication bias, ProQuest Disser-
tations and Theses Global databases were searched
and authors were contacted for unpublished work.
The Boolean expression used for the literature search
was:

(ADHD OR “attention-deficit hyperactivity dis-
order” OR “attention-deficit/ hyperactivity disorder”
OR “externalising behaviour* OR “externalizing
behavior*” OR “externalising problems” OR “externa-
lizing problems” OR hyperact* OR inattent* OR
impuls* OR “attention problem*” OR “hyperkinetic
disorder”) AND (emotion* OR affect* OR ang* OR
happ* OR joy OR sad* OR surprise* OR fear* OR
disgust* OR fright*) AND (prosod* OR voice* OR
speech OR vocal* OR auditory OR paralanguage OR
nonverbal) AND (recogni* OR percept* OR decod*
OR identify* OR process* OR naming OR detect* OR
match* OR interpret* OR understand*).

The asterisk on some terms allowed for different
possible endings e.g. processing, identifying. We
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formulated our search expression based on terms
included in the titles of a list of pre-collected studies
exploring associations between vocal emotion recog-
nition and ADHD. Most searches were limited to title
and/or abstracts for most terms, apart from words
similar to “vocal”, which were searched throughout
the whole text. This was because some studies
which measured emotion recognition in different
modalities do not specify the vocal modality in the
title or abstract. To identify additional studies, we
searched the reference lists of all included studies,
and we searched (via google scholar) for any papers
we had missed which had cited one key and most
cited paper (Cadesky et al., 2000).

Inclusion and exclusion criteria

For a study to be included in the meta-analysis, it was
required to meet a number of criteria. First, the study
had to include a task which measured VER accuracy.
We included tasks which presented vocally emotive
stimuli to the participant and instructed the participant
to explicitly identify the emotion in the voice. Tasks
were labelled as explicit if the experimenter instructed
the participant to recognise and label the emotion, and
thus, the participant was aware they were recognising
emotions. Participants could respond by pressing a
corresponding button on a computer, verbally
naming the emotion, or pointing to the corresponding
emotion word. Generally, VER tasks (i.e. the DANVA) are
valid to employ with both adults (Miller et al.,2011) and
children (Chronaki, Garner, et al.,, 2015), so studies
which employed various ages of participants, from
childhood to adulthood, were included in this meta-
analysis. The literature search yielded some studies
with tasks instructing participants to match the vocal
expression with a facial expression, or to detect
whether the semantic content of the vocal expression
matched the prosody (e.g. the MNTAP; Greenbaum
etal,, 2009), as well as dichotic listening tasks (Manassis
etal,, 2000). Although face matching tasks and dichotic
listening tasks included elements of recognising
emotions from voices, these studies were excluded
from the meta-analysis because they were not a
direct measure of VER. One study was excluded
because participants were selected due to having
difficulties recognising emotions as reported by
parents or a professional, therefore this measure was
biased (Loytomaki et al., 2020). Second, the emotions
presented in the task needed to include at least two
basic emotions, portraying happiness, anger,

sadness, fear, disgust, or surprise. Third, all studies
had to include a measure of ADHD, either defined as
a categorical or a continuous variable. We included
studies which employed only community samples
and studies which compared clinical cases of ADHD
and controls. These latter studies needed to include a
sample of clinically diagnosed individuals with ADHD
who met the criteria of the Diagnostic and Statistical
Manual (DSM) or Diagnostic Interview Schedule for
Children (DISC). Studies which included ADHD as a
comorbid diagnosis alongside one other disorder,
apart from Conduct Disorder (CD) and Oppositional
Defiant Disorder (ODD), were excluded. Studies in
which ADHD participants were on medication for
ADHD symptoms were not excluded due to the ambi-
guity of medication status in some studies. However,
we coded for variations in medication status as an
exploratory variable. Fourth, studies which defined
ADHD as a categorical variable had to include a TD
group of individuals with no diagnosis of ADHD or
other psychiatric disorder. Finally, studies that
defined ADHD as a continuous variable and recruited
only community samples had to include a measure
of ADHD-related behaviours (i.e. inattention, and/or
hyperactivity/impulsivity) on a dimensional scale by
including a questionnaire measure consistent with
the diagnostic criteria of ADHD.

The literature search produced 1,626 published and
unpublished research reports. After removing dupli-
cates (n=275), titles and abstracts were assessed for
inclusion. 1,296 were removed on the basis they did
not include an emotion recognition task, or a
measure of ADHD or ADHD-related behaviour. Two
articles were removed as the full-text version could
not be retrieved. Finally, based on full-text examin-
ation of 53 potentially relevant articles, 26 articles
were excluded because they did not measure VER in
ADHD and TD participants. Three articles were
excluded because they included duplicate data.
Finally, we contacted 17 authors regarding missing
emotion-specific accuracy scores. Six of these authors
provided us with the missing emotion-specific data
and five responded but could not access the data
due to it being deleted in line with ethics guidelines.
A total of six authors did not respond despite being
contacted multiple times. Two authors could not be
contacted (e.g. due to no forwarding email). Due to
the lack of relevant statistics provided to calculate
effect sizes for either a generic or emotion-specific
vocal emotion recognition score, three papers were
excluded (Bisch et al., 2016; Egan et al., 1998; Manassis



et al., 2000). We were left with a final number of 21
studies which met our inclusion criteria. See Figure 1
for a flowchart of the literature search, which followed
PRISMA guidelines for reporting systematic reviews
and meta-analyses (Page et al., 2021).

Study coding

All studies were double coded by two independent
raters. Any coding disagreements were resolved by
discussion. To assess intercoder reliability, intraclass
coefficient and kappa coefficient were calculated for
continuous and categorical characteristics, respect-
ively (Orwin & Vevea, 2009). The mean reliability
coefficient was 0.95, and the mean percentage agree-
ment was 95% on coded study characteristics.

Theoretical moderator variables

When articles reported a VER accuracy score for all
included emotions, this was coded as an overall VER
score. When articles reported several VER accuracy
scores for separate emotions, these were coded as
emotion-specific VER scores. Twenty studies provided
relevant statistics for an overall VER score, and 11 for
emotion-specific VER scores. Emotion type and
valence of emotion-specific VER scores were coded
to assess the effect of emotion as a moderator vari-
able. All 11 studies included scores for happy and
angry vocal emotions, eight for sad, six for fearful
and six for neutral expressions. Only one study pro-
vided scores for disgust and erotic vocal emotions
(Zuberer et al., 2020), so these emotion types were
excluded from the moderator analyses. Surprise was
not coded as it was not included in any papers. In
regard to valence, anger, sadness, and fear were
classified as negative emotions. Happiness was
classified as the only positive emotion.

Exploratory moderator variables

Participant characteristics coded for included the
sample size, mean age, age range, and the percentage
of female participants in each sample. Within the
included 21 studies, there was a total of 763 partici-
pants with ADHD (32% female) and 888 control par-
ticipants (42% female). Ages ranged from 3 to 65.
Samples with mean ages from 3 to 11 were coded
as children, and 12 to 18 as adolescents. This was
based on the definition of the start of adolescence
being the onset of puberty, which on average starts
around 12 years (Blakemore, 2008). Those aged 18
and upwards were classified as adults, as the ability
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to recognise vocal emotions reaches adult levels by
18 years (Chronaki, Hadwin, et al., 2015; Grosbras
et al., 2018). Based on this criterion, there were eight
adult, nine child, and four adolescent samples
included.

Within each study, it was noted whether ADHD
was defined as a continuous or categorical variable.
Within the 19 studies which defined ADHD as a categ-
orical variable, participants were generally recruited
due to being previously diagnosed. The diagnosis
was confirmed with a mix of interview and question-
naire measures. The ADHD diagnosis was based on
the DSM criteria (APA, 2013), apart from one study
(Chronaki, Benikos, et al., 2015), which used the
DISC-IV (Shaffer et al, 2000). Only two papers
defined ADHD as a continuous variable. To measure
ADHD traits, both continuous studies used the
Strengths and Difficulties Questionnaire (Goodman,
1997), which maps onto the DSM criteria of ADHD
(see Table 1b for all continuous measures of ADHD
employed by each included study).

For the purpose of this meta-analysis, we defined
ADHD as a categorical variable, and therefore we
coded the subtypes of ADHD to fit this definition.
The categorical subtypes of ADHD included a)
ADHD-predominantly inattentive, b) ADHD-predomi-
nantly hyperactive/impulsive, and c) ADHD-combined
subtype. If the outcome variable included a mix of
different subtypes, we coded it as “ADHD-Combined
type” but noted the number of ADHD participants
with each subtype included in the sample, if reported.
If ADHD was defined as a continuous variable in the
included paper, then we coded the subscale used to
gain a score of ADHD symptoms (i.e. inattentive-sub-
scale, or hyperactive/ impulsive-subscale from the
SDQ) under the respective subtype category outlined
above. For example, if the inattentive subscale was
used to quantify a score for ADHD symptoms, the
outcome variable was coded as “ADHD-predomi-
nantly inattentive”. If both inattentive and hyperac-
tive/impulsive subscales were combined to give one
overall score for ADHD symptoms, this was coded as
“ADHD-combined  subtype”. Eighteen samples
included a participant group of “ADHD-combined
subtype”. Two studies included samples of “ADHD-
predominantly hyperactive/impulsive”, and three
studies included samples of “ADHD-predominantly
inattentive”. We also coded the presence of comorbid
Conduct Disorder and medication status within the
ADHD participants. Three studies included ADHD par-
ticipants with CD or ODD (Cadesky et al., 2000;
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Figure 1. PRISMA flowchart of literature search.

Chronaki, Benikos, et al., 2015; Noordermeer et al.,
2020). In 11 studies, participants with ADHD were
on medication but withdrew from their medication
between 4- and 48-hours prior to the study. In one
study, all ADHD participants were non-medicated
(Plecevic¢ et al., 2021), and in another, all ADHD partici-
pants were on medication (Norvilitis et al., 2000). In
three studies, the medication status of ADHD partici-
pants was mixed, in that some participants were

medicated, and some were not. In three studies, medi-
cation status was not reported.

Publication status and year of study were coded.
Six studies were unpublished, and 15 were pub-
lished between the years of 1999 and 2021. Design
variables coded included the name of the VER task,
the type of response participants made, the linguis-
tic properties of the stimuli, and the characteristics
(i.e. age and gender) of the actor who voiced the



Table 1a. Participant characteristics of included studies.

ADHD Outcome ADHD Age, mean Female Presence of ~ TD  Age, mean  Female 1Q, mean
Study Age Group Variable / Type (N) years (SD) (%) 1Q, mean Medication Status CD or ODD (N) years (SD) (%) (SD)
Chronaki, Children Hyperactive/ 16 5.2 (0.9) 25 N/A N/A Mix 41 4.2 (0.7) 49 N/A
Garner, et al. Impulsive
(2015) (Continuous)
Chronaki, Children Combined 25 8.9 (1.5) 4 99.0 (10.8) Medicated but 3 samples: 25 9.0 (1.5) 8 102.6 (10.2)
Benikos, et al. (Categorical) withdrew (24hrs) with CD,
(2015) excluded
CD, mix
Sells et al. Adults Inattentive, 0 N/A N/A N/A N/A N/A 26  26.7 (4.0) 65 N/A
(Unpublished) Hyperactive/
Impulsive
(Continuous)
Adolescents 0 N/A N/A N/A N/A N/A 23 143(14) 65 N/A
Kis et al. (2017) Adults Combined 28 33.8 (8.9) 36 109.4 (9.30) N/A CD excluded 29 36.5(11.4) 52 110.2 (8.9)
(Categorical)
Kochel et al. Children Combined 14 10.3 (17.4) 0 99.3 (11.9) Medicated but N/A 14 10.2 (11.3) 0 107.3 (8.9)
(2015) (Categorical) withdrew (24 hrs)
Cadesky et al. Children Combined 86 9.0 (1.4) 17 97.3 (12.5) Medicated but 2 samples: 27 93 (1.4) 40 108.4 (17.1)
(2000) (Categorical) withdrew (24 hrs) with CD,
excluded
(@)
Grabemann Adults Combined 20 30.3 (9.4) 0 112.7 (11.2) Medicated but N/A 20 279 (6.0) 0 112.7 (10.2)
et al. (2013) (Categorical) withdrew (24 hrs)
Corbett and Children Combined 37 10.1 (1.78) 30 100 (11.1)  Medicated but N/A 37 9.5 (1.9) 49 113 (14.5)
Glidden (2000) (Categorical) withdrew (24 hrs)
Waddington Children and Combined 111 12.6 (1.7) 49 99.5 (14.1)  Mix N/A 220 13.1 (2.3) 50 105.2 (12.4)
et al. (2018) Adolescents (Categorical)
Noordermeer Adolescents Combined 82 16.3 (3.0) 33 96.9 (11.0) Medicated but 2 samples: 82 16.1(3.3) 33 98.3 (7.3)
et al. (2020) (Categorical) withdrew (48 hrs) mix, with
oDD
Hall et al. (1999) Children Combined 15 N/A N/A N/A 2 Samples: On N/A 15 N/A N/A N/A
(Categorical) Medication,
Medicated but
withdrew (24 hrs)
Plecevic et al. Children Combined 31 9.25 (1.9) N/A N/A Non-Medicated N/A 29  9.25(1.9) N/A N/A
(2021) (Categorical)
Miller et al. Adults 2 samples: 17 33.4 (11.45) 35 114.2 (8.3) Medicated but N/A 18 319(7.7) 28 121.9 (11.7)
(2011) Combined, withdrew (24 hrs)
(Categorical)
Inattentive 36.4 (10.7) 116.3 (14.4)
Rapport et al. Adults Combined 28 36.3 (10.9) 42 106.7 (8.8) N/A N/A 28 334 (11.5) 46 105.2 (8.4)
(2002) (Categorical)
Norvilitis et al. Children Combined 44 10.0 (2.1) 30 N/A On Medication N/A 36 106 (3.1) 45 N/A
(2000) (Categorical)
(Continued)
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Table 1a. Continued.

ADHD Outcome ADHD Age, mean Female Presence of  TD  Age, mean  Female 1Q, mean
Study Age Group Variable / Type (N) years (SD) (%) 1Q, mean Medication Status CD or ODD (N) years (SD) (%) (SD)
Hanford (2000) Adults 2 samples 17 33.4 (11.5) 35 114.2 (8.3) Mix N/A 18 319(7.7) 28 121.9 (11.7)
(Categorical):
Combined,
Inattentive 36.4 (10.7) 116.3 (14.3)
Techentin Adolescents Combined 39 12.4 (1.0) 0 N/A Medicated but N/A 39 124 (1.04) 0 N/A
(2009) (Categorical) withdrew (24 hrs)
(Unpublished)
Abraham (2004)  Adults Combined 31 20.7 (SD not 51 N/A Mix N/A 31 23.8(SDnot 77 N/A
(Unpublished) (Categorical) reported) reported)
Friedman (2000)  Adults Combined 32 36.9 (11.2) 42 102.6 (14.6) N/A N/A 41 346 (11.6) 55 97.9 (15.1)
(Unpublished) (Categorical)
Zuberer et al. Adults Combined 44 30 (7.0) 23 N/A Medicated but N/A 43 282 (6.5) 42 N/A
(2020) (Categorical) withdrew (24hrs)
Aldea (2013) Children Combined 13 8.5 (SD not 23 100.5 (15.5) Medicated but N/A 16 8.4 (SD not 56 1183 (11.3)
(Unpublished) (Categorical) reported) withdrew (24 hrs) reported)
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Table 1b. Design characteristics of included studies.

Informants of Informants of Emotion  Total
How study Definition Categorical Continuous Measure of Continuous Task  Linguistic Stimuli Types no.

Study diagnosed ADHD  of ADHD Diagnosis ADHD Measure VER Task / Battery Response / Voice Included  Trials

Chronaki, Garner, NA (Continuous DSM-IV Professional SDQ (Goodman, 1997) Parent DANVA 2 Verbal Semantically Generic, 70
et al. (2015) Study) Naming  neutral phrase Ang, Sad,

(English Adult Hap, Neu
Female)

Chronaki, Research and DISC-IV Professional SDQ (Goodman, 1997) Parent and Maurage et al. (2007) Button Interjection Generic, 360
Benikos, et al. Clinical Diagnosis Teacher Press sound “ahh” Ang, Sad,
(2015) (Adult Female) Neu

Sells et al. NA (Continuous DSM-IV NA SDQ (Goodman, 1997) Self Maurage et al. (2007) Button Interjection Generic, 156
(Unpublished) Study) Press sound “ahh” Ang, Hap,

(Adult) Neu
Kis et al. (2017)  Clinical Diagnosis DSM-IV-TR  Professional ADHS (Rosler et al., 2004),  Self Tibinger Affect Battery  Verbal Semantically Generic, 20
WURS-K (TAB; Breitenstein Naming  neutral phrase Ang, Sad,
(Retz-Junginger et al., et al., 1996) (German Adult  Fear,
2002) Female) Hap, Neu

Kochel et al. Clinical Diagnosis ~ DSM-IV-TR  Professional FBB-ADHS (Dopfner, Gortz-  Parent/ TAB Verbal Semantically Generic, 12
(2015) and Parent Dorten, Lehmku, 2008), Teacher Naming  neutral phrase Ang, Sad,

CBCL (D6pfner, Schmeck & (German Adult Fear,
Berner, 1994) Female) Hap, Neu

Cadesky et al. Research Diagnosis DSM-IV Parent and Parent and Teacher Parent / DANVA 2 Verbal Semantically Generic 40
(2000) Teacher Interview (Schacher et al.,  Teacher Naming  Neutral

1995), (English Adult
& Child)

Grabemann et al. Clinical Diagnosis ~ DSM-IV Professional ADHS (Résler et al,, 2004),  Self TAB Verbal Semantically Generic 15

(2013) WURS-K Naming  Neutral Phrase
(Retz-Junginger et al., (German Adult
2002) Female)

Corbett and Clinical Diagnosis ~ DSM-IV Professional CPRS (Goyette, Conners &  Parent The Prosody Test (Tucker Point Semantically Generic 16

Glidden (2000) and Parent and Parent Ulrich, 1978) et al., 1977) Neutral Phrase
Account (English)

Waddington Clinical and DSM-IV Professional SCQ (Rutter, Baily & Lord, Self and Parent Amsterdam Verbal Semantically Generic, 48

et al. (2018) Research and Parent 2003), CPRS (Goyette et al. Neuropsychological Naming  Neutral Phrase Ang, Hap,
Diagnosis and 1978) Tasks (ANT; De (Dutch Adult) Sad, Fear
Parent Account Sonneville, 1999),
Noordermeer Clinical and DSM-IV Professional, CTRS-R:L, CAARS-S:L Self and ANT Verbal Semantically Ang, Hap, 48
et al. (2020) Research Parent, (Conners 1990; Goyette Teacher Naming  Neutral Phrase  Sad, Fear
Diagnosis Teacher et al. 1978) (Dutch Adult)
Hall et al. (1999) Clinical Diagnosis DSM-IV Professional HESB, WPBIC Parent and DANVA Verbal Semantically Generic 16
Teacher Naming  Neutral
(English Child
Female)

Plecevic et al. Clinical Diagnosis DSM-IV-TR  Professional SNAP-IV Parent and GEES (Jovicic et al., 2004) Verbal Semantically Generic, 18

(2021) and Parent Teacher Naming  Neutral Phrase Ang, Hap,
(Serbian Adult)  Sad, Fear

(Continued)
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Table 1b. Continued.

Informants of Informants of Emotion  Total
How study Definition Categorical Continuous Measure of Continuous Task  Linguistic Stimuli ~ Types no.
Study diagnosed ADHD  of ADHD Diagnosis ADHD Measure VER Task / Battery Response / Voice Included  Trials
Miller et al. Clinical and DSM-IV Professional DSM-IV Subscales (Murphy  Self and Other DANVA 2 Verbal Semantically Generic, 24
(2011) Research & Barkley, 1995) (Spouse, Naming  Neutral Phrase Ang, Hap,
Diagnosis Friend or (English Adult)  Sad, Fear
Parent)
Rapport et al. Clinical Diagnosis ~ DSM-IV Professional ADHD Symptom Checklists ~ Self DANVA 2 Verbal Semantically Generic 24
(2002) (Barkley & Murphy, 1998) Naming  Neutral Phrase
(English Adult)
Norvilitis et al. Clinical and DSM-IV Professional CPRS (Conners, 1990) Parent Rothenberg (1970) Verbal Semantically Generic N/A
(2000) Research and Parent Naming  Neutral Phrase
Diagnosis
Hanford (2000)  Clinical and DSM-IV Professional DSM-IV Subscale (Murphy & Self DANVA 2 Verbal Semantically Generic 24
(Unpublished) Research Barkley, 1995) Naming  Neutral Phrase
Diagnosis (Adult)
Techentin (2009) Clinical Diagnosis DSM-IV Professional CBLC - Attention Scale Parent Binaural Word Task Verbal Pseudo Word Generic 18
(Unpublished) (Dopfner, Schmeck & Naming  (Adult Female)
Berner, 1994)
Abraham (2004) Standardised Self- DSM-IV Self and CAARS (Conners, 1990) Self DANVA 2 Verbal Semantically Generic, 24
(Unpublished) Report Professional Naming  Neutral Phrase Ang, Hap,
Questionnaire, (English Adult)  Sad, Fear
and Clinical
Diagnosis
Friedman (2000) Clinical and DSM-IV Professional, ADHD Symptom Checklist ~ Self DANVA 2 Verbal Semantically Generic 24
(Unpublished) Research Patients, (Barkley & Murphy, 1998) Naming  Neutral Phrase
Diagnosis Parents, (English Adult)
Spouse
Zuberer et al. Clinical Diagnosis DSM-IV Professional ADHS (Rosler et al., 2004),  Self Bisch et al. (2016) Button Meaningful Word Generic, 60
(2020) WURS-K (Retz-Junginger Press (German Adult)  Ang, Hap,
et al., 2002) Sad, Dis,
Ero
Aldea (2013) Clinical Diagnosis DSM-IV-TR  Professional CBCL (Dopfner, Schmeck & Parent DANVA 2 Verbal Semantically Generic 24
(Unpublished) and Parent and Parent Berner, 1994) Naming  Neutral Phrase
Account (English Adult

& Child)
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stimuli. See Tables 1a and 1b for full details of par-
ticipant, and design characteristics associated with
all included studies.

Analysis strategy
Since we defined ADHD as a categorical variable,
effect sizes were computed as standardised mean
differences (SMD; hedges g) for VER accuracy scores
between individuals with ADHD and controls (ADHD
group minus TD group; Hedges & Olkin, 1985). All
effects from correlational studies were converted
from Pearson’s r to hedges g. In total there were 93
effect sizes from 21 included studies. The variance
for each effect size was also computed. As we can
assume that the effect sizes gathered differ due to
heterogeneity in samples recruited and study
methods, the data were analysed using random-
effects models (Borenstein et al, 2010). In typical
random-effects models, there is the assumption that
all effect sizes are independent from one another
(Borenstein et al., 2010). However, in the present
meta-analysis, this assumption was violated because
we gathered more than one relevant effect size per
included study. For example, some studies reported
multiple effect sizes for each emotion type (e.g.
anger, happiness, neutral), and ADHD participant
group. This resulted in clusters of correlated effects
for each study. To handle multiple dependent effect
sizes within our meta-analyses, the method of
robust variance estimation (RVE) was used (Tanner-
Smith et al.,, 2016). There was also evidence of some
hierarchical effects within our included studies (e.g.
multiple studies from the same lab group). Note
though, that most of the dependent effects were cor-
related, and therefore variance weights for correlated
effects were employed (Tanner-Smith et al., 2016).
Two meta-analyses using RVE with variance
weights for correlated effects in random-effects
models were conducted separately. The first meta-
analysis computed the average synthesised effect
size for the presence of VER deficits. Twenty studies
were included in this analysis as these studies pro-
vided the relevant statistics for overall VER accuracy
scores. The second analysis explored the moderating
effect of the theoretical moderator variables -
emotion type and valence - on VER deficits in
ADHD. Eleven studies were included in the moderator
analyses as these studies provided relevant statistics
for each specific emotion type included in the study.
All analyses were conducted in the R environment
(version 4.1.0). The Metafor package (Viechtbauer,
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2010) was used to calculate and convert effect sizes
into hedges g. The Robumeta package was used to
estimate mean effect sizes using the RVE method
(Tanner-Smith et al.,, 2016). The Grid package was
used to create forest plots.

All exploratory moderator variables included in this
meta-analysis contained distributions from fewer than
10 studies reporting relevant effect sizes for each vari-
able condition. Therefore, following Kjeervik and
Bushman (2021) and Sterne et al. (2011), we judged
there was insufficient data to undertake formal stat-
istical exploratory moderator analyses in line with
best practice for conducting comprehensive meta-
analyses. For transparency of data, we report the
numerical trends (SMD and Standard Error) of all
exploratory categorical variables in Table 2.
However, these should be interpreted with caution
due to paucity of data.

Results

When quantifying VER accuracy scores from 20
studies, there was a medium statistically significant
effect size (SMD=-0.56, Clgs0,[—0.78, —0.34]). See
Figure 2 for a forest plot showing the weight of
each effect size within the analyses, taking into con-
sideration sample size and clusters of correlated
effects. Similarly, across all emotion-specific VER accu-
racy scores from 11 studies, there was a small effect
size (SMD =—0.39, Clgse[—0.59, —0.18]). The slightly
smaller effect size in the emotion-specific compared
to the overall analyses is likely due to fewer effect
sizes and studies included in the emotion-specific
analysis. The | squared statistic indicated that 72% of
the heterogeneity in the effects was due to
between-study differences. These results suggest
there is strong evidence for VER deficits in ADHD, in
accordance with our primary prediction. Moderator
analyses showed that neither emotion type or
valence significantly influenced the magnitude of
the effect size for emotion-specific accuracy scores
(Table 3). This indicates the presence of a generic
VER deficit in ADHD, supporting cognitive behavioural
theories (Barkley, 1997; Nigg et al., 2005). Alterna-
tively, it is possible there is insufficient power within
the literature to provide evidence that emotion mod-
erates VER deficits in ADHD.

Sensitivity analyses were conducted to explore the
robustness and validity of the effect for the presence
of VER deficits in ADHD. A naive SMD (Copas & Shi,
2000), along with prediction intervals (Riley et al.,
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Table 2. Numerical trends (SMD and Standard Error) of vocal emotion recognition deficits for all categorical exploratory moderator variables.

Variable Condition SMD Standard Error Outcomes (k) No. Studies
Theoretical Moderators
Emotion Type Angry —0.45%* 0.14 18 1
Happy —0.37%%* 0.07 16 1
Sad —0.43%* 0.13 10 8
Fearful —0.30 0.20 8 6
Neutral —0.44 0.06 9 6
Emotion Valence Positive —0.31%** 0.07 16 1
Negative —0.47%** 0.12 34 1
Participant Characteristics
Age Group Children —0.75%** 0.21 14 9
Adolescents —-0.195 0.18 11 4
Adults —0.47%%* 0.07 1 9
Outcome Variable Continuous —-0.56 0.03 3 2
Categorical —0.53%** 0.19 33 19
ADHD- Subtype ADHD-Predominantly Inattentive —-0.65 0.11 8 3
ADHD- Predominantly Hyperactive/Impulsive —0.54 0.05 7 2
ADHD- Combined —0.51%** 0.11 33 20
ADHD Comorbid CD ADHD with comorbid CD -043 0.58 5 2
ADHD without CD -0.20 0.13 10 4
ADHD Medication Status ~ Withdrew for study —0.39%* 0.13 23 1
Not reported or Mixed Status 0.46%** 0.08 10 8
Non-medicated =225 0.11 1 1
On medication —0.52 0.34 2 2
Design Characteristics
VER Task DANVA —0.45%** 0.11 16 9
Maurage et al -0.61 0.13 3 2
TAB —0.65 0.09 3 3
Prosody Test —-0.78 0.06 1 1
ANT -0.17 0.14 9 2
GEES —2.25 0.11 1 1
Rothenberg -0.79 0.01 1 1
Binaural Word 0.26 0.05 1 1
Bisch et al —0.38 0.05 1 1
Response Type Verbal Naming —0.52%*% 0.13 31 17
Button Press —-0.63 0.14 5 3
Point —0.78 0.06 1 1
Linguistic Stimuli Type Semantic Neutral Phrase —0.58%** 0.12 31 17
Interjection Sound —0.61 0.13 3 2
Nonsense Word 0.26 0.05 1 1
Meaningful Word —0.38 0.05 1 1
Voice Type Adult Female —0.48** 0.17 6 6
Adult Mix Gender —0.54%** 0.17 23 12
Child —-0.39 0.30 5 3
Language of Stimuli English —0.54%** 0.1 18 11
German —0.54 0.1 4 4
Dutch -0.17 0.14 9 2
No Language —0.33 0.31 4 3
Serbian —2.25 0.1 1 1
Source Characteristics
Publication Status Published —0.58%** 0.12 29 16
Unpublished —0.37 0.22 7 5

Note. We can only reliably interpret those in bold, as the df was more than 4 when undertaking the analysis using RVE. All other results should
be interpreted with caution due to paucity of data.

2011), and tests for publication bias (Duval & Tweedie,
2000; Egger et al., 1997) were calculated (see Table 4).
Potential outliers were identified from funnel plots
(see Figures 3 and 4). Thus, we re-ran all analyses1
with two extreme outliers (Plecevic et al., 2021; Tech-
entin, 2009) excluded. Additionally, to rule out the
possible influence of medication of VER deficits in

ADHD, we re-ran the analyses excluding all 7 studies
in which the medication status of ADHD participants
was not reported, mixed or “on medication”. Exclud-
ing all 7 studies did not change the results. Overall,
sensitivity analyses showed publication bias was not
present within the current meta-analyses, nor did out-
liers or medication status influence the overall effect
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Studies Effect Size Weight
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Figure 2. Forest plot showing SMD (hedges g) for 20 studies which included a generic VER accuracy score, and the corresponding weight of
each effect size.



14 R.C.SELLS ET AL.

Table 3. Table showing coefficient estimate, and associated t values,
significance (p values), and Cl of emotion type and valence
moderator analyses.?

Moderator Coefficient T p d] df
Emotion Type
Anger vs -0.18 139 .194 [-0.11, 9.20
Happiness 0.46]
Anger vs Fear —-0.18 1.04 333 [-0.24, 6.58
0.60]
Anger vs Neutral —0.01 0.06 .951 [-0.42, 6.36
0.44]
Anger vs —0.02 025 812 [-0.18, 8.20
Sadness 0.22]
Valence
Negative vs —0.13 1.04 323 [-0.15, 9.32
Positive 0.40]
Negative vs 0.04 0.22 .836 [—0.44, 5.83
Neutral 0.39]

size for VER scores. However, when outliers were
removed, the prediction intervals suggested the
range of true effects that could be reported within
an individual study were negative 95% of the time
(between —0.90 and —0.04). This provided strong
support that our reported effect of a VER deficit in
ADHD was consistent and robust (Riley et al., 2011).

Discussion

This meta-analysis provided evidence for the pres-
ence of VER deficits in ADHD and explored whether
they were reflective of a generic attention deviancy
and/or atypical emotion processing. Twenty-one pub-
lished and unpublished studies were included as part
of two meta-analyses quantifying VER accuracy
scores, and the moderating effect of emotion type
and valence on VER deficits in ADHD. First, our
results showed a medium effect size for the presence
of VER deficits in ADHD (d = 0.56). Despite heterogeity
in study methods and characteristics of ADHD partici-
pants within the included studies, our results indi-
cated VER deficits in ADHD are found in 95% of
studies employing VER tasks, suggesting this effect
is reliable and robust. This result is consistent with
previous reviews reporting the presence of FER
deficits in ADHD (Borhani & Nejati, 2018; Collin et al.,
2013; Cooper et al., 2020). This is supportive of the
preliminary finding from Bora and Pantelis (2016)
who reported an effect of d=0.4 for VER deficits
from only six papers prior to 2015. Importantly, the
present meta-analyses confirms the effect of VER
deficits in ADHD is reliable and consistent due to
synthesising effects from a high number of studies

(more than 10), in line with best practice. Therefore,
our results add weight to the literature stating difficul-
ties to recognise vocal emotional expressions, are
present in ADHD.

Second, our meta-analysis showed a lack of moder-
ation to VER deficits present in ADHD by emotion type
or valence. There are two possible explanations for this
finding. One explanation is that this is a true effect,
indicating that the pattern of errors made by individ-
uals with ADHD during VER tasks is random. This
suggests VER deficits in ADHD are generic in nature,
in support of attentional mechanisms being implicated
in emotion recognition difficulties in ADHD. This is con-
sistent with previous research suggesting emotion
regulation difficulties in ADHD are associated with
deficits in executive function (Groves et al., 2020;
Sjowall et al., 2013). These findings are in line with cog-
nitive behavioural theories (Barkley, 1997; Nigg et al.,
2005), which imply individuals with ADHD may have
difficulty regulating emotions due to a core deviancy
in allocating attention towards emotions. It is also
important to consider that attentional and socio-cogni-
tive mechanisms are not mutually exclusive, as percep-
tual processes, including attention, may be influenced
by processes related to motivation and impact sub-
sequent interpretations of emotional information
from vocal cues (Crick & Dodge, 1994; Lemerise &
Arsenio, 2000).

An alternative explanation for this finding is that this
result has arisen because of a lack of power in regard to
the moderator analyses, despite including all VER
studies to date, and gathering missing emotion-
specific data from authors. For instance, most studies
in the present meta-analysis only consistently included
angry and happy vocal emotion types within the VER
tasks. The other emotion types which were included
within the VER literature (i.e. fear, sadness, neutral
expressions) were not consistent throughout task
designs. This inconsistency in emotion types made it
difficult to reliably perform moderator analysis with a
varied and nuanced selection of emotion types
within the present meta-analysis. If this explanation
regarding a lack of power is true, it indicates the cumu-
lative evidence within the behavioural VER literature is
not statistically robust to provide evidence for
emotion-specific VER deficits in ADHD. Therefore,
there is insufficient data reported within the behav-
ioural VER literature to provide support for atypicalities
in emotional processes implicated by socio-cognitive
(Crick & Dodge, 1994) and motivational (Sonuga-
Barke, 2005) theories of ED in ADHD. More thorough



Table 4. Table showing the effect size (Standardise Mean Difference; SMD) and associated statistics for the sensitivity analyses, with and without outliers (w/o).

Tests for Publication Bias

Meta-Analyses Eggers Test Trim and Fill.

No. p No. Inputted Studies t&f Associated
Distribution Type k  Studies  SMD Cl (95%) Pl (95%) Q (%) Tau z (sig)  (Left or Right Side) SMD t&f Cl (95%) Funnel Plot
Generic VER (w/0) RVE 26 18 —0.52 [-0.67, —0.38] N/A N/A 40 .03 N/A N/A N/A
Generic VER (No  RVE 19 13 —0.59 [-0.96, —0.24] N/A N/A 7790 23 N/A  N/A N/A

Medication)

Generic VER Naive 25 20 -0.53 [-0.71,-0.35] [-1.26,0.19] 69.83 7019 36 026 .793 6 (L) —0.696 [—0.89, —0.50] Figure 3
Generic VER (w/o) Naive 23 18 -0.51 [-0.63, -0.39] [-0.83,-0.19] 3066 30.05 .15 021 .835 (L) —0.512 [-0.63, —0.39] Figure 4

Note. Columns 1-4 display the generic VER distribution of means analysed with or without outliers (w/0), the type of analyses (Robust Variance Estimation; RVE, or a Naive Random-Effects analyses),
the number of effects included (k), and the number of studies included in the analysed distributions respectively. Columns 5 to 9 provide the estimated mean standardised mean difference (SMD)
effect size, 95% confidence intervals (Cl), 95% prediction intervals (Pl), the weighted sum of squared deviations from the mean (Q) and the ratio of true heterogeneity to total variance across
observed effect sizes (I?) and the estimate of between study variance (tau) for each analysed distribution. Columns 10 to 14 report the publication bias results. This includes the eggers test for
funnel plot asymmetry statistics (z and p), and the trim and fill (t&f) analyses statistics, including the estimated number of missing studies on the left (L) or right (R) side, the trim and fill adjusted
observed standardise mean difference (t&f SMD), and the trim and fill adjusted 95% confidence intervals (t&f Cl). Funnel plots for sensitivity analyses are displayed in Figures 3 and 4.
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Figure 3. Funnel plot for generic VER analysis.
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Figure 4. Funnel plot for generic VER analysis without outliers.



research is necessary to determine whether emotion-
specific deficits are present in individuals with ADHD,
and whether they may be causally implicated in poor
clinical and functional outcomes.

Future research might aim to explore whether
emotion processing atypicalities contribute to vocal
emotion processing deficits in ADHD through use of
different experimental designs, employing neuro-
imaging techniques, and by considering other impor-
tant moderator variables, such as ADHD subgroup
and comorbidities. This is important as there appear
to be some trends within the literature indicating
the presence of processing abnormalities at the per-
ceptual processing stage of emotion recognition.
For example, neuro-imaging data, such as those
from fMRI and EEG studies, have provided support
for a specific atypicality to process vocal anger in
ADHD (Chronaki, Benikos, et al., 2015; Kochel et al,
2015). Moreover, there is some evidence which indi-
cates exploring biases in emotion perception may
be a better marker of “cognitive distortion”, reflecting
misinterpretation at a perceptual level of emotion rec-
ognition, compared to deficits, which are suggestive
to be a better marker of attention deviancies
(Cadesky et al., 2000; Uekermann et al., 2010). Within
the present meta-analysis, the decision to quantify
VER deficits was justified due to limited research
exploring recognition biases in the literature.
Additionally, trends within the VER literature suggest
it is possible that other variables, such as varying
ADHD subtypes, and comorbid CD, may affect the
nature of VER deficits in ADHD. For example, Miller
et al. (2011) found ADHD-inattentive type was associ-
ated with generic VER deficits in adults, whereas
hyperactive/impulsive symptoms were associated
with a specific deficit for recognising negative
emotions. Moreover, children with comorbid ADHD
and CD were more likely to make VER errors due to
a bias to label ambiguous voices as anger, which
was not found in children with ADHD-only (Cadesky
et al., 2000). Overall, these trends should be inter-
preted with caution due to limited evidence. Further
research is required to substantiate them within the
VER literature.

The finding of robust VER deficits in ADHD comp-
lements results from the extensive reports of FER
deficits in ADHD (Bora & Pantelis, 2016; Borhani &
Nejati, 2018; Collin et al., 2013; Cooper et al., 2020).
Together, these findings suggest emotion recognition
deficits in ADHD are present across modalities, in both
the face and voice. However, there is no evidence
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from the behavioural literature to support the pres-
ence of emotion-specific deficits in the voice, as pre-
viously found in the face (Bora & Pantelis, 2016;
Borhani & Nejati, 2018). One explanation for this
could be due to the dynamic nature of vocal stimuli,
compared to static stimuli generally employed in
FER studies. For example, perceiving emotions in
voices, involves a participant attending to various
acoustic parameters which change over time. This
activates different areas of the brain compared to
interpreting a single static image in FER studies (Schir-
mer & Adolphs, 2017). It is therefore possible that, due
to the nature of the stimuli, FER tasks are more sensi-
tive, compared to VER tasks, in demonstrating the
moderating effects of emotion in individuals with
ADHD. In support of this, FER tasks which employed
dynamic facial stimuli reported deficits for both posi-
tive and negative stimuli in children with ADHD com-
pared to controls but did not report any specific
deficits for negative emotions (Jusyte et al., 2017;
Ludlow et al., 2014). Future research might aim to
employ dynamic multimodal presentations of
emotional stimuli (e.g. presentation of the voice and
face together), which has been shown to increase
the accuracy of emotion perception in typical individ-
uals (Klasen et al., 2012). This will enable us to under-
stand whether emotion-specific effects are present
when vocal emotional signals are integrated into
more holistic emotional expressions, thought to be
a more reliable measure of emotion perception (Schir-
mer & Adolphs, 2017).

In summary, this meta-analysis provides evidence
for a robust and reliable effect for the presence of
VER deficits in ADHD, in accordance with previous
reviews and facial emotion recognition research
(Bora & Pantelis, 2016). Secondly, there is a lack of
robust evidence in support of the modulation of
emotion on VER deficits in ADHD. This suggests VER
deficits are generic in nature, supporting the view
that ED in ADHD is a secondary problem under-
pinned, at least in part, by primary attention deficits
(Barkley, 1997; Nigg et al., 2005). There is currently
not sufficiently robust evidence within the behav-
ioural VER literature to support the definite presence
of atypicalities in the perceptual emotion processing
mechanisms in ADHD. There is a clear need for
further behavioural and neuro-imaging emotion pro-
cessing studies exploring both biases and deficits in
vocal, and multimodal, emotion processing, which
take into consideration ADHD subtype and
comorbidities.
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Notes

1. We also calculated the RVE analyses again for both the
generic analyses and emotion-specific analyses, but
with the outliers (Plecevi¢ et al., 2021; Techentin, 2009)
removed. When we re-ran the moderator analyses with
the outliers removed, we found no change to the signifi-
cance of the moderating effect of emotion type and
valence. See row 5 in Table 3 for associated statistics.

2. Within the “emotion type” moderator analysis, anger was
the intercept for contrasts with the four other emotion
types (happiness, fear, neutral and sadness). Within the
“valence” moderator analysis, negative was the intercept
for contrasts with two other valence types (positive and
neutral). It is important to note, not all 11 studies
included in the emotion-specific analyses provided
effect sizes for all emotion types (i.e. fearful, sadness,
and neutral expressions). There were 36% missing for
sadness, 45% missing for fear, 45% missing for neutral
expression. As a sensitivity analysis, we re-ran the mod-
erator analysis with only the emotions which were
included in all 11 studies (anger and happiness). The
mean SMD was —0.369, with 95% Cl between —0.574
and —0.164. Moderator analyses (anger vs happiness)
remained non-significant. Please see Table 4 for numeri-
cal trends of all other exploratory variables which cannot
reliably be analysed via moderator analysis.
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	Abstract
	&/title;&p;Attention-deficit / hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterised by persistent and developmentally inappropriate levels of inattention, hyperactivity, and impulsivity (APA, 2013). When clinically diagnosed, individuals with ADHD display impaired functioning at school/ work, home and in social situations. The prevalence of a clinical ADHD diagnosis lies between 5 and 8&percnt; in children and adolescents (Polanczyk et al., 2014; Thomas et al., 2015), and 2.8&percnt; in adults (Fayyad et al., 2017). Although not included in the diagnostic criteria for ADHD, Emotion dysregulation (ED) is proposed to be a clinical feature of the disorder (Bunford et al., 2015; Graziano &amp; Garcia, 2016; Shaw et al., 2014). ED is defined as an impaired ability to regulate an internal emotional state appropriately (D&rsquo;Agostino et al., 2017), and is often conveyed through reactive anger, irritability, outbursts, and inordinate positive emotion (Bunford et al., 2015; Drechsler et al., 2020; Shaw et al., 2014). Evidence suggests ED is present in 25&ndash;45&percnt; of children, and 30&ndash;70&percnt; of adults diagnosed with ADHD (Shaw et al., 2014), a rate which is significantly higher than healthy adult controls (Barkley &amp; Fischer, 2010). Furthermore, ED in ADHD is associated with increases in academic and social impairments (Bunford et al., 2015; Wehmeier et al., 2010), and an increased risk for the development of comorbidities, such as conduct disorder and depression (Steinberg &amp; Drabick, 2015). Therefore, it is important to consider the underlying causes of ED in ADHD, and their implications for treatment.&/p;&p;Emotion dysregulation (ED) in ADHD is thought to arise from deficits in recognising and/or allocating attention to emotions (e.g. anger, happiness, sadness and fear), such as those from the face and voice (Shaw et al., 2014; Uekermann et al., 2010). However, there is debate in the literature as to the neurodevelopmental pathways which underpin these deficits (Shaw et al., 2014). Cognitive behavioural models of ADHD suggest ED stems from generic difficulties in allocating attention towards emotional expressions (Barkley, 1997; Nigg et al., 2005). Thus, these theories imply emotion recognition deficits and ED are secondary symptoms of core attention deficits in ADHD. Support for this view comes from research linking cognitive deficits in individuals with ADHD directly with emotion regulation difficulties (Fantozzi et al., 2021; Groves et al., 2020; Sjowall et al., 2013). Alternatively, socio-cognitive (Crick &amp; Dodge, 1994), and motivational (Sonuga-Barke, 2005) theories of ADHD state ED may arise from specific deficits in interpreting emotions at a perceptual level (Borhani &amp; Nejati, 2018). These theories suggest impaired perception of emotions may arise due to atypicalities in the bottom-up processes, which are necessary to perceive emotions. These bottom-up emotion processing atypicalities may be manifested behaviourally if an individual misinterprets emotional expressions or fails to understand the emotional significance of an expression. For example, incorrectly perceiving specific types of emotions, such as anger, in an emotional expression may lead to inappropriate hostile responses in social situations (Crick &amp; Dodge, 1994). Similarly, not recognising the emotional significance of an incentive may result in a lack of motivation to behave appropriately (Sonuga-Barke, 2005). Finally, it is also possible that attentional and socio-cognitive mechanisms are not mutually exclusive, as perceptual processes, including attention, may be influenced by motivation-related processes (Crick &amp; Dodge, 1994; Lemerise &amp; Arsenio, 2000).&/p;&p;To add to the debate on the underpinnings of ED in ADHD, research can explore the nature of emotion recognition accuracy in ADHD using emotion recognition tasks. Typically, in emotion recognition tasks, participants with ADHD, and a typically developing (TD) control group are presented with facial and/or vocal expressions and are asked to label each expression with the correct emotion. Emotion types incorporated within emotion recognition tasks typically include at least anger and happiness, and several other emotions which consist of some or all of the other six basic emotion types (i.e. fearful, disgust, sadness and surprise), and a neutral expression. If participants with ADHD perform significantly worse on emotion recognition tasks, compared to TD participants, it can be concluded that individuals with ADHD present with emotion recognition deficits. In addition, research can explore the nature of emotion recognition deficits by analysing the pattern of errors participants display during emotion recognition tasks. A generic deficit is defined as a reduced ability to recognise all types of emotions in a random pattern, thought to arise from a general deviancy to allocate attention to emotional expressions. An emotion-specific deficit is defined as a consistent pattern of error towards one or several types of emotions. For example, an anger-specific deficit would arise if participants with ADHD consistently failed to recognise angry emotional expressions more than other emotion types (i.e. happiness) included in the task. Emotion-specific deficits may be indicative of an atypicality at the perceptual processing stage of emotion recognition, in support of socio-cognitive (Crick &amp; Dodge, 1994) and motivational accounts (Sonuga-Barke, 2005), as a consistent pattern of error towards a specific emotion cannot be due to inattention alone.&/p;&p;To date, reviews have provided reliable evidence for the presence and nature of facial emotion recognition (FER), but not vocal emotion recognition (VER), deficits in individuals with ADHD (Bora &amp; Pantelis, 2016; Borhani &amp; Nejati, 2018; Collin et al., 2013; Cooper et al., 2020). For example, Bora and Pantelis (2016) reported a reliable synthesised effect for the presence of FER deficits in ADHD, and further provided support for an emotion-specific deficit for negative facial expressions, such as anger and fear, in ADHD. This result is supported in various other reviews focusing only on FER deficits in ADHD (Borhani &amp; Nejati, 2018; Collin et al., 2013; Cooper et al., 2020). However, thus far no reviews have reliably synthesised an effect for the presence of VER deficits in ADHD. Bora and Pantelis (2016) aimed to synthesise VER deficits in ADHD, however this meta-analysis only included VER effects from six studies, which is a low number of studies to reliably interpret a synthesised effect size. Moreover, there was not enough emotion-specific data included within these six studies to explore whether VER deficits were generic or emotion-specific in nature. It is important to explore the nature of VER accuracy in ADHD to the same rigour as FER accuracy because understanding vocal expressions requires interpreting how the intensity, pitch and loudness of a voice change over time, whereas facial stimuli do not have to be dynamic to be interpreted correctly (Schirmer &amp; Adolphs, 2017). Thus, facial and vocal emotions activate different areas of the brain (Schirmer &amp; Adolphs, 2017), and need to be examined separately.&/p;&p;There are mixed findings within the literature relating to the nature of VER accuracy in ADHD. Studies employing VER tasks, such as the Diagnostic Analysis of Nonverbal Accuracy (DANVA; Nowicki &amp; Duke, 1994) reported significantly more generic errors across happy, sad, angry, fearful and neutral vocal expressions in children with ADHD compared to typically developing children (Cadesky et al., 2000; Chronaki, Garner, et al., 2015; Corbett &amp; Glidden, 2000). Similar findings have also been shown in adults (Bisch et al., 2016; Zuberer et al., 2020). In contrast, several VER studies have reported that children and adults with ADHD have a specific deficit to recognise negative vocal emotions, such as anger (Kis et al., 2017; Ple&cacute;evi&cacute; et al., 2021). A specific emotion processing atypicality for vocal anger has been supported by evidence from Functional Magnetic Resonance Imaging data (Kochel et al., 2015) and Event-Related Potentials (Chronaki, Benikos, et al., 2015). For example, the finding of an enhanced N1 response to vocal anger in children with ADHD compared to controls is thought to reflect a pre-attentive hypervigilance to anger in ADHD (Chronaki, Benikos, et al., 2015). Finally, there is some evidence that the nature of VER accuracy changes depending on the subtype of ADHD or comorbid conduct disorder. For example, ADHD-inattentive subtype is associated with more VER errors overall, whilst hyperactive/impulsive symptoms are associated with greater difficulties to recognise negative (e.g. sad) vocal emotions (Miller et al., 2011). Moreover, a bias to recognise vocal anger in individuals with ADHD has been associated with comorbid conduct disorder (Cadesky et al., 2000). Findings from a number of studies are limited (Egan et al., 1998; Hall et al., 1999; Manassis et al., 2007; Rapport et al., 2002; Waddington et al., 2018) as they did not report accuracy scores for specific emotions, so it is inconclusive whether the VER deficits reported in these articles are reflective of a generic or an emotion-specific deficit in ADHD.&/p;&p;The present meta-analysis aims to provide robust evidence for the presence of VER deficits in ADHD by gathering and synthesising effects from all up-to-date literature, both published and unpublished, which measures the difference in accuracy scores between participants with ADHD and TD controls when completing an explicit VER task. Our primary prediction is that VER deficits will be present in ADHD, in accordance with previous reviews demonstrating the presence of FER deficits in ADHD (Bora &amp; Pantelis, 2016; Borhani &amp; Nejati, 2018; Collin et al., 2013; Cooper et al., 2020). Secondly, we aim to explore the nature of VER deficits in ADHD by quantifying the moderating effect of emotion type (e.g. happiness and anger) and valence (i.e. positive and negative) on VER accuracy in ADHD. There are two possible outcomes to this exploratory aim. If emotion does not have a moderating effect on VER accuracy in ADHD, this would suggest individuals with ADHD make random errors when recognising vocal emotions, due to general attention deviancies. If, however, emotion type has a moderating effect on VER accuracy in ADHD, this would suggest individuals with ADHD present with a consistent pattern of error towards a specific emotion type (e.g. anger), as found in FER research (Bora &amp; Pantelis, 2016). This would reflect a distinct emotion processing atypicality in ADHD.&/p;&/sec;
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