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For the hemispheric laterality of emotion processing in the brain, two competing hy-
potheses are currently still debated. The first hypothesis suggests a greater involvement of
the right hemisphere in emotion perception whereas the second hypothesis suggests
different involvements of each hemisphere as a function of the valence of the emotion.
These hypotheses are based on findings for facial and prosodic emotion perception.
Investigating emotion perception for other stimuli, such as music, should provide further
insight and potentially help to disentangle between these two hypotheses. The present
study investigated musical emotion perception in patients with unilateral right brain
damage (RBD, n = 16) or left brain damage (LBD, n = 16), as well as in matched healthy
comparison participants (n = 28). The experimental task required explicit recognition of
musical emotions as well as ratings on the perceived intensity of the emotion. Compared to
matched comparison participants, musical emotion recognition was impaired only in LBD
participants, suggesting a potential specificity of the left hemisphere for explicit emotion
recognition in musical material. In contrast, intensity ratings of musical emotions revealed
that RBD patients underestimated the intensity of negative emotions compared to positive
emotions, while LBD patients and comparisons did not show this pattern. To control for a
potential generalized emotion deficit for other types of stimuli, we also tested facial
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emotion recognition in the same patients and their matched healthy comparisons. This
revealed that emotion recognition after brain damage might depend on the stimulus
category or modality used. These results are in line with the hypothesis of a deficit of

emotion perception depending on lesion laterality and valence in brain-damaged partici-
pants. The present findings provide critical information to disentangle the currently
debated competing hypotheses and thus allow for a better characterization of the
involvement of each hemisphere for explicit emotion recognition and their perceived

intensity.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Studying perception in brain-damaged patients has contrib-
uted to a better understanding of various brain functions,
including emotion perception. Seminal studies have investi-
gated brain-damaged patients’ emotion processing in faces
and voices, aiming for a better understanding of patients’
communication with their social environment (Borod, 1992;
Peretz, 1990; Peretz, Gagnon, & Bouchard, 1998; Sackeim et al.,
1982). For facial emotion recognition, results consistently
describe increased difficulties for brain-damaged patients to
recognize facial emotions in comparison with controls (Borod,
Bloom, Brickman, Nakhutina, & Curko, 2002; Charbonneau,
Scherzer, Aspirot, & Cohen, 2003; Cheung, Lee, Yip, King, &
Li, 2006; Harciarek, Heilman, & Jodzio, 2006). However, the
degree of impairment seems to depend on lesion location
(Yuvaraj, Murugappan, Norlinah, Sundaraj, & Khairiyah,
2013). For example, lesions in subcortical structures, such as
thalamus and basal ganglia, have been associated only with a
small decrease in facial emotion recognition compared to
controls (Cheung et al., 2006). When the lesion involves
cortical regions, the degree of impairment for facial emotion
recognition varies according to the damaged area, with more
impairment for anterior brain lesions than posterior lesions,
in particular for negative valence emotions (Harciarek &
Heilman, 2009).

Numerous studies have investigated the effect of lesion
laterality on (facial and prosody) emotion recognition, with
findings resulting in two contrasting hypotheses. The Right
Hemisphere Hypothesis suggests that the right hemisphere is
dominant for emotion processing independently of the type of
emotion, while the Valence Hypothesis suggests that positive
emotions are preferentially processed in the left hemisphere
whereas negative emotions are preferentially processed in the
right hemisphere (Abbott, Cumming, Fidler, & Lindell, 2013;
Adolphs, Jansari, et al., 2001). In support of the Right Hemi-
sphere Hypothesis, numerous studies have reported stronger
emotion recognition impairments in right brain-damaged
(RBD) patients compared to left brain-damaged (LBD) pa-
tients and to controls (Adolphs, Tranel, & Damasio, 2001;
Borod, Bloom, Brickman, Nakhutina, & Curko, 2002;
Charbonneau et al., 2003; Harciarek et al., 2006; Kucharska-
Pietura, Phillips, Gernand, & David, 2003a; Tippett et al,,
2018), without potential interaction with the valence of the
emotions. Notably, a meta-analysis on facial emotion

recognition in brain-damaged patients suggests more
involvement of the right hemisphere for emotion perception
as RBD patients were more impaired than were LBD patients.
However, it also suggests a right lateralization specific for
negative valence emotion perception, but no lateralization for
positive valence emotion perception (Abbott et al., 2013). In
support of the Valence hypothesis, recent studies reported a
specific deficit of RBD patients for negative emotions (Braun,
Traue, Frisch, Deighton, & Kessler, 2005; Nijboer & Jellema,
2012). This finding is in line with the observation that right-
hemisphere lesions were associated to pathological laughing
and euphoric mood change, while left-hemisphere lesions
were associated to pathological crying (Sackeim et al., 1982).
Yet other studies also reported impaired emotion perception
for both RBD and LBD patients without lateralization of the
deficit and no clear link with the valence of the emotion
(Abbott, Wijeratne, Hughes, Perre, & Lindell, 2014; Braun,
Traue, Frisch, Deighton, & Kessler, 2005; Cheung et al., 2006).
Overall, the results regarding brain lateralization and emotion
perception are still unclear, with no clear-cut evidence for one
specific hypothesis, at least when emotion processing was
studied with face stimuli (Abbott et al., 2013).

As emotions can be communicated not only via visual
cues, but also auditory cues, some studies have investigated
vocal emotion perception, such as emotional prosody, in
brain-damaged patients (see Yuvaraj et al., 2013 for a review).
Most studies using language and vocalization materials were
in support of the Right Hemisphere Hypothesis, reporting
greater impairment of RBD patients for emotional prosody
recognition than LBD patients and controls (Borod et al., 2002;
Charbonneau et al., 2003; Harciarek et al., 2006; Kucharska-
Pietura, Phillips, Gernand, & David, 2003). Another study
confirmed the deficit for RBD patients, which was larger than
for LBD patients, but for this one study, the LBD patients also
had a mild impairment for emotional prosody compared to
controls (Kucharska-Pietura et al., 2003).

Overall, numerous studies investigating emotion percep-
tion in brain-damaged patients with facial and prosody ma-
terials have revealed complex patterns of impairments
depending both on lesion lateralization and lesion localiza-
tion. Only few studies have investigated musical emotions in
brain-damaged patients, even though emotions are an
important motivation for music listening (Egermann,
Fernando, Chuen, & McAdams, 2014). In the musical
domain, it has been shown that emotion recognition can be
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preserved in patients even when their musical structure
perception is impaired (Peretz et al., 1998). Several case reports
have revealed that brain damage can result in musical anhe-
donia, a specific loss of experience of pleasure for music
whereas emotion recognition is intact (Belfi, Evans, Heskje,
Bruss, & Tranel, 2017; Griffiths, Warren, Dean, & Howard,
2004; Satoh, Nakase, Nagata, & Tomimoto, 2011, 2016). For
instance, a patient with a right inferior parietal lobe infarct did
not perceive any emotion when listening to music, but its
music perception and emotion recognition were preserved
(Satoh et al., 2011). Case reports (Gosselin, Peretz, Johnsen, &
Adolphs, 2007; Griffiths et al., 2004; Satoh et al., 2016) and
group studies (Gosselin, Peretz, Hasboun, Baulac, & Samson,
2011, Jafari, Esmaili, Delbari, Mehrpour, & Mohajerani, 2017;
Khalfa et al., 2007, 2008) have also reported deficits of music
emotion recognition in brain-damaged patients. For instance,
patients with unilateral medial temporal lesions showed more
difficulties to recognize musical emotions, especially for
fearful stimuli (Gosselin et al., 2011), with no clear association
to one side of the lesion. Regarding the potentially differenti-
ated roles of the two hemispheres for musical emotion
recognition, it has been observed that patients with right
temporal lobe lesions have more difficulties in recognizing
emotions in music than patients with left temporal lobe le-
sions (Jafari et al., 2017). More precisely, these RBD patients
had greater difficulties in recognizing negative emotions such
as sadness compared to LBD patients (Jafari et al., 2017; Khalfa
et al., 2007), whereas LBD patients had greater difficulties in
recognizing positive emotions such as happiness (Khalfa
et al., 2007), in keeping with the predictions of the Valence
Hypothesis. These results were consistent with the studies of
musical emotion perception in healthy participants that
demonstrate a lateralization of this perception according to
the valence of the emotion (Altenmiiller, Schiirmann, Lim, &
Parlitz 2002; Tsang, Trainor, Santesso, Tasker, & Schmidt,
2001). In another study, RBD patients overestimated the
arousal for happiness in music, compared to LBD patients
(Khalfa et al., 2008). However, when asked to judge emotional
dissimilarities in musical excerpts in terms of arousal and
valence instead of emotion recognition, patients with left or
right unilateral medial temporal lesions did not show any
deficit (Dellacherie, Bigand, Molin, Baulac, & Samson, 2011).
This was consistent with results reported for healthy partici-
pants that showed no clear pattern regarding brain laterali-
zation of valence for musical perception (Khalfa, Schon,
Anton, & Liégeois-Chauvel, 2005).

Variability in the results regarding musical emotions pro-
cessing of previous studies might be related to the diversity of
experimental paradigms. Some studies used musical emotion
categorization tasks (Gosselin et al., 2011; Jafari et al., 2017;
Peretz et al., 1998) and others required ratings of the emotions’
intensity (Gosselin et al., 2007; Griffiths et al., 2004) or ratings
of valence and arousal (Dellacherie et al., 2011; Gosselin et al.,
2007; Khalfa et al., 2008; Satoh et al., 2011). As previously
suggested in studies with facial and prosodic material in
healthy participants and unilateral brain-damaged patients
(Abbott et al., 2013; Borod et al., 2002; Demaree, Everhart,
Youngstrom, & Harrison, 2005), these task effects could
reflect the distinction between the recognition and the actual
experience of emotions. Indeed, some studies have suggested

that the right hemisphere hypothesis would be more strongly
associated with emotion recognition, i.e., with a cognitive or
intentional process, whereas the valence hypothesis would be
more strongly associated with automatic processing of the
emotion and thus being closer to the emotional experience of
participants (Abbott et al., 2013; Borod et al., 2002; Demaree
et al., 2005). These two modes of emotional processing
would rely on different anatomical substrates, with emotion
recognition associated with hemispheric asymmetries in
posterior and temporal regions, whereas emotion experience
would be associated with hemispheric asymmetries in more
frontal regions (Abbott et al., 2013; Borod, 1992). To further
contribute to the distinction between these two processes in
association with the two hypotheses of emotion processing in
music, tn the present study, a two-task paradigm was used to
assess both musical emotion categorization and intensity
ratings of these emotions in unilateral brain-damaged pa-
tients and matched healthy comparison participants. In this
paradigm, participants were required to choose the recog-
nized emotion among four possibilities (Joy, Fear/Anger,
Sadness, or Neutrality/Serenity) in musical, and then to rate
the intensity of this emotion on a five-point scale. The in-
tensity of emotions can be done without verbal or categorical
representation of the emotion as a global appreciation of the
stimulus or a fuzzy representation of emotion suffices
(Léveque et al., 2018). Intensity ratings of emotions reflect a
more implicit perception of the emotion and could be closely
related to the actual feeling of this emotion (Hirel et al., 2014).
In previous studies, this paradigm has allowed us to show that
emotion recognition, but not intensity ratings of these emo-
tions, is disrupted in congenital amusia, both for musical
material (Lévéque et al., 2018) and emotional prosody material
(Pralus et al., 2019). This paradigm also allowed for the iden-
tification of emotion recognition deficits without intensity
ratings deficits in single cases of brain-damaged patients: in
one patient with musical material (Hirel et al., 2014) and in
another patient with emotional prosody material
(Bourgeois—Vionnet, Moulin, Hermier, Pralus, &
Nighoghossian, 2020). Furthermore, participants were tested
with the same paradigm but using face stimuli, to assess the
specificity of the reported effects to the musical domain.
Indeed, brain imaging studies in healthy participants have
demonstrated shared brain networks for emotion perception
with music, vocalization and also face material, especially for
fear recognition (Aubé, Angulo-Perkins, Peretz, Concha, &
Armony, 2015; Koelsch et al., 2013; Paquette et al., 2018). Thus
impairments of facial and vocal emotion perception might
cooccur with impaired musical emotion perception.

The aim of the present study was to investigate musical
emotion recognition and its perceived intensity after unilat-
eral brain damage, in particular to determine the potential
effect of lesion side on emotion perception. In contrast to
previous group studies investigating musical emotions in
brain-damaged patients, we did not restrict the patient se-
lection to lesions encompassing mesial temporal structures
(including amygdala or parahippocampus) (Dellacherie et al.,
2011; Frihholz, Trost, & Grandjean, 2014; Gosselin et al,
2006, 2011), but included patients with a large variability of
lesion locations aiming for a wider conclusion about the link
between lesion side and emotion perception. We compared
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the recognition of musical emotions and their rated intensity
in RBD patients, LBD patients, and healthy comparison par-
ticipants. To tease apart general emotion recognition deficits
from specific auditory or musical deficits, we also used a facial
emotion recognition task with its subsequent intensity rat-
ings. Music perception abilities were also assessed to analyse
their potential contribution and/or dissociation to musical
emotion perception.

2. Materials and methods
2.1. Participants

Thirty-two brain-damaged patients and 28 healthy comparison
participants were included in the study (Table 1). Thirty-four
participants were recruited in Lyon and its surroundings
(France), and 26 participants in Iowa (USA). Inclusion criteria for
patients were the presence of a focal unilateral brain damage
involving the cortex, without prior psychiatric disease, severe
cognitive disorder, severe hearing or visual loss. All patients
were tested in the chronic phase of their condition.

(more than 3 months after lesion onset). In total, 16 left
brain-damaged patients (eleven from France, five from Iowa)
and 16 right brain-damaged patients (ten from France, six
from Iowa) were included. The 21 French patients were
recruited among the patients of the stroke unit of the neuro-
logical hospital in Lyon, France. They presented a unilateral
ischemic stroke in the right or left middle cerebral artery
territory, confirmed by MRI. The 11 patients from Iowa (USA)
presented focal brain damage due to vascular lesions (n = 7,
including four in the territory of the middle cerebral artery,
one in the anterior cerebral artery, one in the internal carotid
artery, and one in the vertebral artery), surgical resection of a
frontal tumor (n = 1), temporal lobectomy for epilepsy relief
(n = 3). They all (except one) underwent a high resolution MRI
to localize their lesions (see Table 2). Thirteen healthy com-
parisons were recruited in France, and fifteen healthy com-
parisons were recruited in the USA. They were matched to
patients for age, gender, education level, and music training.
Study procedures were approved by the appropriate ethics
committee on both sites and participants were paid for their
participation. All participants’ consent was obtained accord-
ing to the Declaration of Helsinki.

2.2. Neuropsychological assessment

Prior to the main experiment, all participants were tested with
an audiometry, the Montreal Battery of Evaluation of Amusia
(MBEA) (Peretz et al., 2003) to diagnose amusia, and a Pitch
Discrimination Threshold (PDT) test (Tillmann et al., 2009). A
participant was considered as amusic if he/she had a global
MBEA score below 22.4/30 for participants under 60 years and
21.6/30 for participants aged over sixty years (see Table 1)
(http://www.brams.umontreal.ca/plab/publications/article/
57#extras) (Peretz et al., 2003).

To assess general cognitive abilities of patients, neuro-
psychological measures were collected before the testing

session (Tables S1 & S2). Different, though globally equivalent
neuropsychological tests were used in the two recruitment
sites (France and Iowa). To test general cognitive functioning,
French patients underwent the Mini Mental State Examina-
tion (MMSE) (Folstein, Folstein, & McHugh, 1975), and the
American patients underwent the WAIS-IV (Wechsler Adult
Intelligence Scale) (Hartman, 2009) for full-scale IQ (we also
report sub-scores for working memory, WMI, and processing
speed, PSI), the WCST (Wisconsin Card Sorting Task, Nelson,
1976) for perseverative errors (PE) and categories completed
(CAT). To test verbal abilities, the French patients underwent
lexical and categorical verbal fluencies, and the Montreal
Evaluation of Communication (MEC) for the comprehension of
linguistic prosody and emotional prosody, and the American
patients were tested with an auditory-verbal learning test
(AVLT), the Boston Naming Test (BNT, Kaplan, Goodglass,
Weintraub, & Goodglass, 1983), and the Controlled Oral
Word Association (COWA, Loonstra, Tarlow, & Sellers, 2001).
The French patients also were administrated a depression
scale test (Hamilton, 1960).

2.3. Stimuli

Forty musical excerpts were selected from the Western clas-
sical repertoire (Table S3). All excerpts were orchestrated
instrumental stimuli, without voice, lasted 20 s, and were
aimed to be representative of four emotions in real recordings
(see Bigand, Filipic, & Lalitte, 2005; Filipic, Tillmann, & Bigand,
2010; Léveque et al., 2018; Liégeois-Chauvel et al., 2014). In this
selection of stimuli, ten excerpts related to joy (e.g., an excerpt
from Beethoven’s Piano, sonata 32, mvt 2), ten to sadness (e.g.,
an excerpt from Shostakovitch’'s Symphony 15, Adagio), ten to
fear/anger (e.g., an excerpt from Chopin’s Prelude, op.28,
no.22), ten to serenity (e.g., an excerpt from Scarlatti’s Sonata
A for Harpsichord). Thus, there were two positive valence
emotion categories and two negative valence emotion cate-
gories, with two high arousal emotion categories and two low
arousal emotion categories.

For the visual task, forty photos of faces were selected from
Ekman and Friesen (1976) (Lévéque et al., 2018). All photos
were in black and white. They appeared on the screen for two
seconds. To match the musical material, ten faces were
related to joy, ten to sadness, ten to fear, and ten were
emotionally neutral, as in Hirel et al. (2014) and Léveque et al.
(2018). Neutrality was used instead of serenity because se-
renity is difficult to recognize on a face.

2.4. Procedure

In each trial, participants listened to or watched a stimulus
and were then asked to select the recognized emotion from
four options (joy, serenity (music)/neutral (faces), sadness,
fear/anger). During the tasks, only the word “fear” appeared
on the screen. However, participants were informed at the
beginning of the experiment that this category in the musical
task corresponded to anger and fear. Indeed, anger and fear
can be evoked by the same musical excerpts depending on
perspective taken (see Hirel et al., 2014; Johnsen, Tranel,
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Table 1 — Demographic data of participants. Standard deviations are indicated in parentheses. Group comparisons use
ANOVAs with group (Comparisons, RBD patients, LBD patients) as between-participants factor, except for sex ratio and
laterality where a Chi2 test was used. MBEA (Montreal Battery for the Evaluation of Amusia, Peretz, Champod, & Hyde, 2003)
score — average score of the six subtests (scale, contour, interval, rhythm, meter, memory), significant difference between
groups (in bold): LBD patients have significantly lower MBEA scores compared to healthy comparisons (p = .022) according to
a Fisher-LSD post-hoc test. PDT: Pitch Discrimination Threshold (Tillmann, Schulze, & Foxton, 2009).

HEALTHY RBD PATIENTS LBD PATIENTS P-VALUE
COMPARISONS (N = 16) (N = 16) (GROUP COMPARISON)
(N =28)
Sex ratio (M/F) 11/17 6/10 10/6 .26
Age (years) 58.3 (+9.9) 56 (+10.8) 67,8 (+11.7) 21
Laterality* 2L 24R 1L 15R 1L 15R .98
Education (years) 14.5 (+3.4) 12.2 (+3.7) 12.9 (3.5) .15
Musical education** (years) 2 (+£3.4) .8 (+2.3) 5.6 (+14) .24
Time since stroke (months) NA 30.6 (+39.3) 67.4 (+£78.6) .19 (RBD vs. LBD)
Lesion size (mL) NA 15.4 (£17.9) 21.2 (+18.4) .55 (RBD vs. LBD)
MBEA score (max. score = 30) 25.2 (x2.1) 24 (+2.8) 23.3 (+3) .04
PDT*** (semi-tones) 74 (+.92) 1.31 (£1.25) 1.78 (+2.6) 13

*Missing data for 2 healthy comparisons.
**Missing data for 5 healthy comparisons and 5 patients.
**+*¥Missing data for 6 patients.

Lutgendorf, & Adolphs, 2009; Lévéque et al.,, 2018). After
having given their response, they were asked to rate the in-
tensity of the emotion evoked by the musical excerpt or the
face from 1 (not intense) to 5 (very intense), except for face
stimuli judged as neutral. After the intensity rating response,
the following stimulus was automatically played after a
variable delay of 2500 ms on average (ranging from 2000 to
3000 ms). The stimuli were presented in two blocks: music in
one and faces in another. The presentation order of the two
blocks was counterbalanced across participants. The
participant was allowed taking a small break between the
two blocks. Within a block, the presentation order of the
stimuli was randomized for each participant, with the
constraint that a given emotion cannot be presented more
than three times in a row. For both blocks (music and faces),
participants were not asked to distinguish between felt and
perceived emotion. Indeed, it was shown that this distinction
can be complex to perform (Niedenthal, 2007; Scherer, 2004).
Presentation software (Neurobehavioral systems, Albany,
CA, USA) was used to present the stimuli to the participants
and to record responses on a keyboard. The duration of the
experiment was 20 min.

2.5. Data analyses

For each participant and emotion, separately for musical ex-
cerpts and faces, the percentages of correct responses (cate-
gorization score) and the average ratings of intensity for
correctly categorized trials were calculated. Each dependent
variable was analyzed with a 3 x 4 ANOVA with Group (LBD
patients vs. RBD patients vs. comparison participants) as the
between-participants factor and Emotion (Joy, Sadness, Fear,
Serenity/Neutral) as the within-participant factor. For in-
tensity ratings for facial emotions, the factor Emotion had
only three levels (Joy, Sadness, and Fear), as intensity ratings
were not performed for neutral stimuli. The Greenhouse-
Geisser correction was applied if appropriate and corrected

degrees of freedom are reported. We calculated Pearson-
correlation between categorization scores and MBEA scores
within each participant group (RBD, LBD, comparisons) and
over the three groups. Similarly, we calculated Pearson-
correlation between categorization scores and the PDT
within each participant group (RBD, LBD, comparisons) and
over the three groups, even though PDT data were missing for
six participants (3 RBD and 3 LBD patients).

We run an additional ANOVAs for music material on
categorization scores and intensity ratings with MBEA score
as a covariate, to further investigate a possible link between
musical perception and memory abilities (as measured in the
MBEA) and emotional processing in the three groups of
participants.

As the music material had been constructed in France,
we also tested for potential cross-cultural differences be-
tween participants by analyzing the data of comparison
participants with a 2 x 4 ANOVA with Site (France vs. USA)
as a between-participants factor and Emotion (Joy, Sadness,
Fear, Serenity/Neutral) as the within-participant factor, for
recognition performance and intensity ratings of music and
for recognition performance of face material respectively.
For intensity ratings of face material, a 2 x 3 ANOVA was
performed as the factor Emotion did not include Neutrality.

To test for potential effects of slightly different patient
recruitment criteria on the two sites (only middle cerebral
artery stroke patients were recruited in France, whereas pa-
tients with more diverse lesion etiologies were recruited in the
USA), we analyzed the patient data of each dependent variable
witha2 x 2 x4 (or2 x 2 x 3) ANOVA with Site (France vs. USA)
and Lesion Laterality (RBD vs. LBD) as between-participants
factors, and Emotion (Joy, Sadness, Fear, and Serenity/
Neutral where appropriate) as the within-participant factor.

For all analyses, post-hoc analyses for significant effects or
interactions were carried out using Fisher LSD tests.

Individual patient data for musical excerpts and faces (per-
centages of correct responses and average intensity ratings for
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Table 2 — Individual data on lesion localization, correct categorizations and intensity ratings of music and faces, and MBEA
scores. F1-F21: French patients (F11 is described in detail in Hirel et al., 2014), A1-A11: American patients. T = temporal,
F =frontal, P = parietal, I = insula, O = occipital, BG = basal ganglia. % Corr: mean correct categorization. Int.: mean intensity

ratings. Data below or above the cutoffs are in bold.

PATIENTS LESION SIDE LESION LOCALISATION MUSIC FACES MEAN MBEA (MAX=30)
T F P I O BG %CORR. INT. % CORR. INT
F1 Right X X 62.5 3.27 70 1.90 22.5
F2 Right X X X 77.5 3.82 90 4.06 24.17
F3 Right X X X 75 4.18 85 3.43 27
F4 Right X X X 55 3.67 85 4.47 24.17
F5 Right X X 77.5 3.55 90 4.13 24.5
F6 Right X 80 3.33 90 3.07 27.5
F7 Right X X X 67.5 3.31 87.5 3.40 26.83
F8 Right X 82.5 4 70 3.21 235
F9 Right X X 75 4.42 80 3.33 22.67
F10 Right X X 57.5 3.43 77.5 2.40 23.33
F11 Right X 77.5 1.48 80 3.3 21.5
Al Right X 82.5 2.42 95 3.89 19.17
A2 Right X 72.5 3.08 85 3.7 23
A3 Right X 65 2.52 67.5 3.05 21
A4 Right X 92.5 3.37 97.5 3.47 28.67
AS Right Missing data 60 3.73 95 3.63 21.33
F12 Left X X X 52.5 2.42 95 3.43 18.5
F13 Left X X X 85 3.48 92.5 3.90 24.17
F14 Left X X 65 3.11 82.5 3.45 26.67
F15 Left X X X 72.5 3.44 85 3.86 22.83
F16 Left X X 72.5 3.33 82.5 3.33 25.33
F17 Left X X 42.5 3.56 82.5 3.36 22
F18 Left X X X 50 4.34 80 4.49 17.67
F19 Left X X 62.5 4.96 80 3.94 18.67
F20 Left X 67.5 3.17 87.5 3.50 26.17
F21 Left X 85 3.69 82.5 3.86 26.17
A6 Left X 50 3.56 92.5 3.91 21.17
A7 Left X X 82.5 2.87 90 3.70 24
A8 Left X 72.5 4.29 87.5 3.93 25.5
A9 Left X 70 3 95 2.92 22.5
A10 Left X 55 3.49 85 1.90 26
All Left X 77.5 3.42 87.5 2.51 26.67
TOTAL Right 7 6 7 0 3
TOTAL Left 6 5 6 10 2 0
COMPARISONS MEAN 78.92 3.56 88.39 3.44
HIGH CUTOFF 4.86 4.38
LOW CUTOFF 55.53 2.26 74.04 2.50 22.4 (<60 years)

21.6 (>60 years)

correctly categorized trials) were also analyzed. For percent-
ages of correct responses, individual data were compared to a
cutoff score corresponding to the comparisons’ mean minus
two standard deviations. For average intensity ratings, indi-
vidual data were compared to a cutoff score corresponding to
the comparisons’ mean minus two standard deviations (low
cutoff) and to a cutoff score corresponding to the comparisons’
mean plus two standard deviations (high cutoff).
2.6. Transparency and openness promotion of the study
We reportin the ‘Participants’ section how we determined our
sample size, all data exclusions, all inclusion/exclusion
criteria, whether inclusion/exclusion criteria were established
prior to data analysis, all manipulations, and all measures in
the study.

We were not the owners of most of the stimuli we used in
the study. Readers seeking access to the stimuli may contact A.

Pralus to obtain the contacts of the research teams who origi-
nally created the stimuli and collaborated with us either in the
present study or a previous one or have made public access
already. Material and stimuli of the MBEA (Peretz et al., 2003)
are accessible on https://www.peretzlab.ca/knowledge_
transfer/. The Pitch Discrimination test has been developed
by Jessica Foxton and used in the following publications or our
team: Hirel et al.,, 2014; Lévéque et al., 2018; Pralus et al., 2019;
Tillmann et al., 2009. Stimuli from the MMSE test are hold by
the Folstein group (Folstein et al., 1975). Instructions for the
WAIS examination are commercialized by the Wechsler group
(Hartman, 2009). Stimuli from the MEC protocol are commer-
cialized by Ortho Edition (Joanette et al., 2004. Protocole Mon-
tréal d’évaluation de la communication (MEC). Isbergues,
France: Ortho-Edition). The stimuli of the Boston Naming Test
are commercialized by Pearson Clinical (Kaplan et al., 1983.
Boston Naming Test-Second Edition). The stimuli of Controlled
Oral Word Association are owned by the Psychological
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Assessment Resources (Loonstra et al, 2001. PAR, https://
www4.parinc.com/Products/PermissionsAndLicensing.aspx).
The depression scale test is available as an appendix in the
original research article (Hamilton, 1960). Musical stimuli for
the emotion categorization test have been selected by Emma-
nuel Bigand and Philippe Lalitte (University of Burgundy,
LEAD—CNRS 5022, Dijon, France), and used in the following
collaborative publication: Leveque et al. (2018). Copyright for
face stimuli (Ekman & Friesen, 1976) is held by Paul Ekman
Group.

The conditions of our ethics approval do not permit public
archiving of anonymized study data. Readers seeking access
to the data should contact A. Pralus. Access will be granted to
named individuals in accordance with ethical procedures
governing the reuse of clinical data, including completion of
a formal data sharing agreement and approval of the local
ethics committee.

No part of the study procedures was pre-registered prior to
the research being conducted.

3. Results
3.1. Neuropsychological data

Tables S1 and S2 show results of the neuropsychological
assessment for patients from both recruitment sites. For
general cognitive functioning, only three French LBD patients
were slightly cognitively impaired (MMSE scores between 23
and 24), no American patient had an impairment (all WAIS
scores between 70 and 130), except one American RBD patient
who was below the norms of the WCST-PE (but not impaired
for the WCST-CAT). For verbal abilities in French patients, two
RBD and one LBD patients had a deficit for lexical fluencies
(scores lower than 8.09, age-adjusted cutoff) and one RBD
patient had a deficit for categorical fluencies (score lower than
20.46, age-adjusted cutoff), no patient was below the norm for
emotional and linguistic prosody (MEC battery). For verbal
abilities in American patients, only one RBD patient had a
deficit for AVLT (score lower than 6.8), no patient had a deficit
for BNT and COWA. For the depression scale (only French
patients were tested), 6 RBD and 7 LBD patients had scores
below the norm (scores lower than 7).

Overall, these neuropsychological tests revealed that the
patients included in the study were not severely cognitively
impaired, and potential deficits observed in our paradigm
would most likely not be due to a more general deficit of
cognition. The depression scale revealed that some patients
were not in the norm (6 RBD and 7 LBD patients), which is
common in brain-damaged patients. However, most impor-
tantly, depression scores were similar in LBD and RBD pa-
tients, thus depression scores cannot explain potential group
differences between the two patient groups in the other tasks.

Regarding music perception abilities, MBEA scores revealed
that two healthy comparison participants and eight patients (4
RBD and 4 LBD) were amusic (MBEA scores below the cutoff
according to their age). An ANOVA with the factor group (LBD
patients, RBD patients, comparisons) (see Table 1) revealed a
significant main effect (F (2, 57) = 3.38, p = .04), with only the
LBD patients having lower MBEA scores than comparisons

(p = .022, other p > .064). For PDT, the ANOVA did not reveal a
significant main effect of group (F (2, 51) = 2.11, p = .13).

Finally, the patterns of lesions observed for the patients in
cortical and subcortical regions were variable across patients,
with overall similar localizations of lesions for LBD and RBD
patients (Table 2, Fig. 1).

3.2. Musical emotions

Emotion categorization (Fig. 2A). The main effect of group was
significant (F (2, 58) = 5.02, p = .0097, partial n* = .15). LBD
patients had significantly lower scores than comparisons
(p = .0028), but no significant difference was found between
RBD patients and comparisons (p = .09) or between the two
patient groups (p = .23). The main effect of emotion was Sig-
nificant (F (2.74, 159.02) = 20.195, ¢ = .91, p < .001, partial
n? = .26), with Joy and Fear being each better recognized than
Sadness or Serenity (all p <.001). The interaction of group with
emotion was not significant (F (5.48, 159.02) = .76, ¢ = .91,
p = .59, partial n? = .026).

The correlation between correct emotion categorizations
and MBEA scores was significant when pooling data across the
three groups (r (58) = -.54, p < .001). A significant correlation
was found for the group of LBD patients (r (14) = .57, p = .022)
and for comparisons (r (26) = .51, p = .006), but not for RBD
patients (r (14) = .35, p = .19) (Fig. 3A). The correlation between
correct emotion categorizations and PDT was significant over
the three groups (r (52) = -.3, p = .027). No significant correla-
tion was found for RBD patients (r (14) = -.47, p = .1), and for
LBD patients (r (14) = .025, p = .94), but the correlation was
significant for comparisons (r (26) = -.5, p = .007) (Fig. 3B).

Additional analysis with MBEA covariate.” The main effect of
group was still nearly significant (F (2, 56) = 3, p = .058, partial
n? = .097). LBD patients had significantly lower scores than
comparisons (p = .05), but no significant difference was found
between RBD patients and comparisons (p = .36) or between
the two patient groups (p = .32). The main effect of emotion
was no longer significant (F (2.77, 155.01) = 1.19, e = .92, p = .32,
partial n> = .021). The interaction of group with emotion was
not significant (F (5.54, 155.01) = .79, e = .92, p = .58, partial
n? = .026). The main effect of MBEA was significant (F (1,
56) = 15.3, p < .001, partial n? = .215). The interaction of MBEA
with emotion was not significant (F (2.77, 155.01) = 1.17, ¢ = .92,
p = .32, partial n? = .02).

Intensity ratings for correct responses (Fig. 2B). The entire
range (from 1 to 5) of intensity ratings was covered by the
participants, showing that over the groups, the subjective
scale was fully used when rating the stimuli. One RBD patient
was excluded from the analysis of intensity ratings because
for sad musical excerpts, recognition performance was 0%.

The main effect of group was not significant (F (2, 57) = .52,
p = .60, partial n? = .018). The main effect of emotion was sig-
nificant (F (2.63, 149.64) = 4.99, ¢ = .88, p = .0024, partial n? = .08),
with Joy rated as more intense than Sadness, Fear, and Serenity

2 We performed an additional analysis with PDT as a covariate
on 54 participants (6 PDT scores were missing) on categorization
scores of musical emotions. This analysis gave similar pattern of
results as in the main analysis, and no effect or interaction
involving PDT was significant.
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Fig. 1 — Localization of patients’ lesions. Overlay of lesions in the patient groups revealed a quite distributed localizations of
lesions with similar patterns in left and right hemisphere. Missing data: 1 RBD and 2 LBD patients.

(p <.001, p = .011, and p = .018 respectively). The interaction of
group with emotion was significant (F (5.25, 149.64) = 2.46,
€= .88, p = .026, partial n*> = .079). RBD patients rated Serenity as
more intense than Sadness and Fear (all p < .003), whereas no
such pattern was observed in the two other groups (p > .09).
Comparisons rated Joy higher than Sadness and Serenity
(p = .009 and p = .004, respectively). RBD patients had lower
intensity ratings for Fear compared to comparisons (p = .037),
and marginally lower intensity ratings for Fear compared to
LBD patients (p = .10) (all other p > .13).2

The correlation between intensity ratings and MBEA scores
was not significant over the three groups (r (58) = -.10, p = .44)
nor in any of the three groups: for RBD patients (r (14) = .37,
p = .16), for LBD patients (r (14) = -.26, p = .33), and for com-
parisons (r (26) = .10, p = .61) (Fig. 3C). The correlation between
the intensity ratings and the PDT was not significant over the
three groups (r (52) = .14, p = .33) nor in any of the three
groups: for RBD patients (r (14) = .13, p = .67), for LBD patients
(r (14) = .45, p = .12), and for comparisons (r (26) = -.074,p = .71)
(Fig. 3D).

Additional analysis with MBEA covariate.* The main effect of
group was not significant (F (2, 55) = .413, p = .66, partial
n? = .015). The main effect of emotion was no longer signifi-
cant (F (2.67, 146.56) = 1.38, ¢ = .89, p = .25, partial n? = .024).
The interaction of group with emotion was significant (F (4.29,
146.56) = 2.48, ¢ = .89, p = .046, partial n? = .076). RBD patients
rated Serenity as more intense than Sadness and Fear (all
p < .003), whereas no such pattern was observed in the two
other groups (p > .3). Comparisons rated Joy higher than
Sadness and Serenity (p = .009 and p = .004, respectively). RBD
patients had lower intensity ratings for Fear compared to
comparisons (p = .037), and marginally lower intensity ratings
for Fear compared to LBD patients (p = .10) (all other p > .13).
The main effect of MBEA was not significant (F (1, 55) = .16,
p = .70, partial n* = .003). The interaction of MBEA with
emotion was not significant (F (2.67, 146.56) = 1.48, ¢ = .89,
p = .23, partial n? = .026).

3 An additional ANOVA was performed on all intensity ratings
(not only for intensity ratings of the correctly categorized trials).
This showed similar results, notably with the main effect of
Emotion being significant (p < .001) and the interaction between
Group and Emotion falling just short of significance (p = .059).

* We performed an additional analysis with PDT as a covariate
on 54 participants (6 PDT scores were missing) on intensity rat-
ings of musical emotions. This analysis gave similar pattern of
results as in the main analysis, and no effect or interaction
involving PDT was significant.

3.3. Facial emotions

Emotion categorization (Fig. 2C). The main effect of group was
not significant (F (2, 58) = 1.78, p = .18, partial n? = .059). The
main effect of emotion was significant (F (2.12, 120.84) = 43.09,
€=.71,p < .001, partial n? = .43), with Joy and Fear being better
recognized than Sadness and Neutrality (all p < .001). The
interaction between group and emotion was not significant (F
(4.24, 120.84) = 1.84, € = .71, p = .094, partial n? = .061).

Intensity ratings for correct responses (Fig. 2D). The entire
range (from 1 to 5) of intensity ratings was covered by the
participants, showing that over the groups, the subjective
scale was fully used when rating the stimuli.

The main effect of group was not significant (F (2, 58) = .05,
p = .95, partial n? = .002). The main effect of emotion was
significant (F (1.97, 114.46) = 48.72, ¢ = .99, p < .001, partial
n? = .47), with Joy rated higher than Sadness and Fear (p < .001,
and p = .035 respectively), and Fear rated higher than Sadness
(p < .001). The interaction of group with emotion was not
significant (F (3.95, 114.46) = 1.012, ¢ = .99, p = .4, partial
n®=.034).°

Data for music and faces material were also analyzed
together with a 3 x 4 x 2 ANOVA for emotion categorization
with Group (LBD vs RBD patients vs comparisons) as the
between-participant factor and Emotion (Joy, Sadness, Fear,
Neutrality/Serenity) and Task (Music vs Face) as the within-
participant factors. For Intensity ratings, a 3 x 3 x 2 ANOVA
was done as Neutrality with Faces material did not have in-
tensity ratings. For correct categorization, the main effect of
Task, Emotion and Group were significant (p < .001, p < .001
and p = .009 respectively) as the interactions between Task
and Group (p = .021), and between Task and Emotion (p =
.017). Post-hoc revealed that the three participant groups had
higher scores for faces than music (all p < .006), for music
material, comparisons had higher scores that LBD patients (p
= .001). Post-hoc revealed significant higher scores for faces
material compared to music material for Joy, neutrality/Se-
renity and Fear (all p < .001). For intensity ratings, the main
effect of Emotion was significant (p < .001), as well as the
interaction of Task and Emotion (p < .001). The triple inter-
action of Task, Group and Emotion was nearly significant (p =
.057). For faces material, post-hoc revealed that Sadness was
rated lower than Fear and Joy for the three groups (all p < .04).

> An additional ANOVA was performed on all the intensity
ratings (not only for intensity ratings of the correctly categorized
trials). This showed similar results, notably with the main effect
of Emotion being significant (p < .001).
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Fig. 2 — Percentage of correct emotion categorization and intensity ratings for music (A and B) and face (C and D) materials in
the three groups of participants (RBD patients, LBD patients, comparisons). Bars represent the group means and dots
correspond to individual data points. LBD patients had significantly lower correct categorization scores than comparison
participants for music material (Panel A). RBD patients had lower intensity ratings for negative emotions in music, a pattern
that was not observed in the other two groups (Panel B). All groups showed similar correct categorizations and intensity

ratings for faces (Panels C & D).

For music material, post-hoc revealed that Joy was rated
higher than Sadness for comparisons and RBD patients (all p
< .038), interestingly RBD patients also rated Fear lower than
Joy (p = .028), no such pattern was observed in the other two

groups.

3.4. Testing for potential cross-cultural differences and
patient recruitment differences in France and the USA

3.4.1. Cross-cultural differences in comparisons participants
Only effects and interactions involving the factor recruitment
site are reported below, effects of emotion mirror the results
of the main analyses.

Musical emotion categorization (Fig. 4A). The main effect of
site (F (1, 26) = .71, p = .40, partial n?> = .026) was not significant,
neither its interaction with emotion (F (2.42, 62.82) = 1.76,
€= .81, p = .17, partial n? = .063).

Musical emotion intensity ratings (Fig. 4B). The main effect of
site (F (1, 26) = 1.15, p = .29, partial n> = .042) was not signifi-
cant, neither its interaction with emotion (F (2.36,
61.25) = 1.55, € = .79, p = .22, partial n? = .056).

Face emotion categorization (Fig. 4C). The main effect of site (F
(1,26) = 3.55, p = .071, partial n? = .12) did not reach signifi-
cance, but suggests a slight tendency of Americans compari-
sons to have better recognition scores compared to French
comparisons. The interaction between site and emotion was
not significant (F (1.86, 48.42) = .83, ¢ = .62, p = .43, partial
n? =.031).

Face emotion intensity ratings (Fig. 4D). The main effect of site
(F (1, 26) = .11, p = .74, partial n? = .0043) was not significant,
neither its interaction with emotion (F (1.83, 47.58) = .34,
€=.92, p = .70, partial n? = .013).

3.4.2. Patient recruitment across the two sites

Only effects and interactions involving the site factor are re-
ported below, effects and interactions of emotion and group
mirror the results of the main analyses.

Musical emotion categorization (Fig. 5A). The main effect of
site was not significant (F (1, 28) = .34, p = .57, partial
n?> = .012), neither its interaction with emotion (F (2.75,
77.03) = .49, € = .92, p = .67, partial n? = .017), nor its inter-
action with lesion-side (F (1.28) = .0029, p = .96, partial
r]2<.001). The three-way interaction of lesion-side, emotion
and site was not significant (F (2.75, 77.03) = 2.1, e = .92,
p = .11, partial n? = .07).

Musical emotion intensity ratings (Fig. 5B). The main effect of
site was not significant (F (1, 27) = 1.27, p = .27, partial
n?> = .045), neither its interaction with emotion (F (2.77,
74.71) = 2.46, ¢ = .92, p = .074, partial n*> = .083), nor its inter-
action with lesion-side (F (1, 27) = .048, p = .49, partial
n? = .018). The three-way interaction of lesion-side, emotion
and site was not significant (F (2.77, 74.71) = .78, e = .92, p = .50,
partial n? = .028). The marginal interaction between the effect
of site and emotion revealed a slight tendency of French pa-
tients to rate higher the intensity of Fear stimuli compared to
American patients.

Face emotion categorization (Fig. 5C). The main effect of site
was not significant (F (1, 28) = 3.61, p = .068, partial n* = .11),
neither its interaction with emotion (F (2.25, 63.08) = 1.41,
e=.75,p=.25, partial n?= .048), nor its interaction with lesion-
side (F (1.28) = .044, p = .84, partial n? = .002). The three-way
interaction of lesion-side, emotion and site was not signifi-
cant (F (2.25, 63.08) = .18, e = .75, p = .91, partial n? = .006).

Face emotion intensity ratings (Fig. 5D). The main effect of site
was not significant (F (1, 28) = .61, p = .44, partial n? = .019),
neither its interaction with emotion (F (1.96, 54.85) = .87,
e=.98, p = .42, partial n?= .030), nor its interaction with lesion-
side (F (1.28) = 2.86, p = .1, partial n> = .093). The three-way
interaction of lesion-side, emotion and site was not signifi-
cant (F (1.96, 54.85) = 1.47, e = .98, p = .24, partial n? = .050).

According to these results, potential differences of patient
recruitment across site cannot be considered as a major
source of variability or groups differences observed in our
study. It seems that even though the recruitment of patients
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Fig. 3 — Correlations between MBEA and PDT scores and correct categorizations and intensity ratings of music material in
the three groups of participants (RBD patients, LBD patients and comparisons). Significant correlation between MBEA score
and correct categorization (A) was found for LBD patients (r (14) = .57, p = .022) and for comparisons (r (26) = .51, p = .006).
Significant correlation between PDT and correct categorization (B) was found for comparisons (r (26) = -.5, p = .007). No
significant correlation was found between intensity ratings and MBEA score (C) and PDT (D), respectively.
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was conducted in two countries, with slightly different in-
clusion criteria, similar patterns of results were observed on
both sites. In conclusion, the results observed with facial and
musical emotions are observed across the two western cul-
tures and reflect potential deficits in patients compared to
comparisons.

4, Discussion

The present study investigated musical and facial emotion
processing after unilateral brain damage. Participants had to
categorize the emotion of musical excerpts or faces and rate
the intensity of the emotion. Performance in the musical
emotion recognition test was significantly lower in LBD pa-
tients than comparison participants. RBD patients were not
impaired for musical emotion recognition, but rated the
emotional intensity of music lower for sadness and fear than
for joy and serenity; this difference in intensity ratings was
not observed for LBD patients and comparisons. There was no
difference for facial emotions (categorization or intensity)
between patients and comparison participants, suggesting
that the patient groups did not present a general emotion
deficit or alteration.

4.1.  Deficits of musical emotion recognition after
unilateral brain damage

Recognition scores of musical emotions revealed a signifi-
cant deficit in LBD patients compared to comparisons. No
significant deficit was observed in RBD patients; note, how-
ever, that their performance was numerically in-between
that of comparisons and LBD patients. Previous case re-
ports in brain-damaged patients already reported deficits in
music emotion recognition associated to various lesions
sites (Gosselin et al., 2011, 2007; Griffiths et al., 2004), but no
clear association between the lesion site and the deficits has
been made. Hence, previous group studies have investigated
musical emotion recognition in brain-damaged patients, but
focusing up to now only on lesion locations in the mesio-
temporal area. The findings of Khalfa et al. (2007, 2008)
were in line with our results, notably with stronger impair-
ment of LBD patients than in RBD patients. Note however the
slightly different patterns across studies, with one study
showing deficit of the LBD patients for sadness and happi-
ness (Khalfa et al., 2008), but another for sadness and anger
(Khalfa et al., 2007), and here a more distributed deficit across
all emotions in LBD patients. In contrast, Jafari et al. (2017)
observed stronger impairment for RBD patients than LBD
patients with music material, in particular for sadness and
neutrality. Another group study on patients with temporal
lobe resection did not find any deficit in LBD and RBD pa-
tients in comparison to comparisons for valence and arousal
categorizations (Dellacherie et al., 2011). Altogether, the re-
striction of lesion location in the mesio-temporal area in
these studies restricted conclusions. Our study extends the
link between potential musical emotion perception deficits

and involved brain structures by investigating more various
lesion locations than previous studies. It also allows for a
comparison between left and right brain damage, with a
stronger deficit for emotion recognition associated to left
hemisphere damage. Beyond the laterality differences
observed here, there were no clear associations between the
pattern of musical emotion recognition performance and
individual lesion localizations (Table 2). For example, pa-
tients showing a deficit at the individual level in musical
emotion categorization had a lesion in either parietal, fron-
tal, or temporal cortex. One could argue that there were
slightly more LBD patients with a lesion to the insula
compared to RBD patients (10 vs 7 patients) that could have
influenced the musical emotion recognition results. How-
ever, there were no clear association between insula lesion
and individual deficit of musical emotion recognition as only
half of the LBD patients showing individual deficit also had
insula lesion, and only one RBD patient with insula lesion
had individual deficit.

Differences in the duration of the used musical mate-
rial might explain some of the differences observed be-
tween previous and our results. Previous studies
investigating musical emotions in brain-damaged patients
used shorter excerpts of music than we did. In most
studies, the stimuli lasted less than 10 s on average (5 s in
Dellacherie et al., 2011; 1.5 s in Jafari et al.,, 2017; 7 s in
Khalfa et al., 2008), which limits the number of acoustic
cues available to make a decision about the presented
emotion. Even though these stimuli might be long enough
for comparison participants to detect and identify an
emotion (Bigand et al., 2005), they might be too short for
patients to make the same judgement. As previously
shown in individuals with congenital amusia, the duration
of stimuli is essential to allow for extracting a sufficient
number of acoustic cues to determine the emotion (Pralus
et al, 2019). In the present study, we used musical ex-
cerpts of an average duration of 20 s aiming to put par-
ticipants in the best situation to recognize the emotion.
This could explain why we found no deficit in RBD pa-
tients. However, the deficit of musical emotion recognition
was still present in LBD patients. These results are similar
to Khalfa et al. (2007), who also used stimuli that lasted
20 s on average. Moreover, some studies used excerpts
played with just one instrument (piano or violin), which
could also explain the difference observed between their
results and ours (Jafari et al., 2017; Khalfa et al., 2008).
Here, we used orchestrated musical extracts to commu-
nicate stronger emotions with the use of ecologically valid
music, and avoid the potential confound of deficits in the
processing of specific timbres (see also Khalfa et al., 2007).

Deficits in musical emotion recognition in LBD patients
were not linked to facial emotion recognition deficits in the
present study. In contrast to previous studies on facial
emotion recognition after brain damage (Borod et al., 2002;
Charbonneau et al., 2003; Cheung et al., 2006; Harciarek et al.,
2006), no deficit was observed here for patients on the facial
task at the group level. Note however, that the facial task was
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Fig. 5 — Percentages of correct categorization and intensity ratings of patients (RBD and LBD) from France and USA, with
music (A and B) and face (C and D) materials. No difference was observed between patients from France and USA with both
materials, confirming that selection of patients from both countries did not significantly influence the results. Error bars

indicate the standard error of the mean.

easier than the musical task, as revealed by the higher scores
obtained by comparison participants. This suggests that the
Right Hemisphere Hypothesis previously supported by facial
material (Borod, Bloom, Brickman, Nakhutina, & Curko, 2002;
Charbonneau et al., 2003; Harciarek et al., 2006; Kucharska-
Pietura, Phillips, Gernand, & David, 2003; Tippett et al,,
2018) may be specific to facial material and not generalized
to all emotions recognition. These results with facial mate-
rial also confirmed that despite the depression scores below
the cut-off in some patients, they did not have a general
emotional deficit that could have influenced the results with
music material.

Three RBD patients had a brain damage in the basal
ganglia, which could have influenced the group results.
Another study on facial emotion recognition showed that
patients with localized basal ganglia damage performed
significantly worse in recognizing negative emotions than
comparisons (anger, disgust and fear) (Cheung, Lee, Yip, King,
& Li, 2006). However, at the group level, we did not observe any
difference between the three groups for facial emotion
recognition.

4.2. Links between musical emotion recognition and
music perception

Over the three participant groups, percentage of correct
categorization of musical emotions correlated positively

with the MBEA mean score. This was also the case for LBD
patients and comparisons, but not for RBD patients. LBD
patients had a lower MBEA mean score compared to com-
parisons. Moreover, when MBEA was considered in the
categorization scores analysis, we demonstrated that the
effect of MBEA was indeed significant, demonstrating a po-
tential effect of the deficit of musical perception in LBD
patients on musical emotion recognition results. These re-
sults of LBD patients are in agreement with a study on
congenital amusia (Léveéque et al, 2018) showing that
congenital amusic individuals (diagnosed by low MBEA
scores) were impaired in musical emotion categorization in
comparison to comparison participants. These findings
reveal that some of the participants could have a global
deficit in evaluating musical stimuli (Sarkamo et al., 2009;
Tillmann, Albouy, & Caclin, 2015). This might also reflect
deficits in more general cognitive abilities required by the
MBEA (Sarkamo et al., 2009, 2010). Indeed, three LBD pa-
tients had also a MMSE score below the cut-off which could
have influenced the MBEA results. However, this medium
cognitive deficit could not be the only cause of musical
emotion perception deficit as LBD patients were not
impaired for facial emotion perception.

Based on the present group-level results, we can argue that
cognitive and perceptual musical abilities are important for
explicitly recognizing musical emotions, as the LBD patients
showed decreased MBEA scores as well as deficits in musical
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emotion recognition. However other parameters must be
involved in recognizing musical emotions, as patients can
have acquired amusia without deficit in categorization of
musical emotions (see patient F11, also in Hirel et al., 2014) or
participants with congenital amusia can demonstrate pre-
served sensitivity to emotional music (Gosselin, Paquette, &
Peretz, 2015). The variety of profiles observed among the
present patient sample are in keeping with the hypothesis of
(at least partly) separate processes for music perception and
emotion (Peretz et al., 1998; Satoh et al.,, 2011; Stewart, von
Kriegstein, Warren, & Griffiths, 2006). Furthermore, we did
not observe any link between emotion intensity ratings and
perceptual musical abilities.

4.3. A deficit of valence processing in musical emotions
in RBD patients

For the musical materials, RBD patients did not show any
deficit on musical emotion recognition, but rated the
emotional intensity of music lower for sadness and fear than
for joy and serenity, in agreement with the valence hypoth-
esis. This pattern of ratings was not observed in the two
other groups (LBD patients and comparisons). Previous group
studies on mesio-temporal lobe damaged patients also pro-
vided data in line with the validity of the valence hypothesis
using a task of musical emotion recognition (Jafari et al.,
2017; Khalfa et al., 2007, 2008). The present results further
support this hypothesis based on patient groups with more
diverse lesion locations and on intensity ratings of musical
emotions.

4.4. Clinical interest of assessing musical emotions

In the present results, it is noteworthy that RBD patients did
not show any deficit in emotion categorization, whereas
they exhibited an abnormal pattern of intensity ratings of
musical emotions. This pattern suggests that conceptual
knowledge about emotion categories can persist even when
the intensity of emotions is abnormally perceived. Intensity
ratings may reflect more implicit representation of the
emotion and could be linked to what emotions the listener
really feels (Hirel et al.,, 2014; Léveque et al.,, 2018). For
congenital amusic participants, this paradigm has revealed
a reverse pattern compared to the present study, with pre-
served implicit capacities to process musical emotions (i.e.,
with preserved intensity ratings), but impairments in the
classical explicit categorization test (Léveque et al., 2018; see
also; Tillmann, Lalitte, Albouy, Caclin, & Bigand, 2016). In-
tensity ratings can be considered as an implicit investiga-
tion method as no verbal categorization of a given emotion
and only a weak internal representation of the stimulus is
necessary to provide a judgement. In the present study,
intensity ratings allowed revealing deficits in patients that
could not be detected with the recognition paradigm. Thus,
intensity ratings, in combination with explicit recognition
measures, could allow building a sensitive test to detect
possible emotion perception abnormalities in clinical set-
tings, even if a patient is unaware of this deficit (Stewart
et al., 2006; Tillmann et al., 2016). Moreover, this paradigm
reveals the distinction between cognitive intentional

process of emotion recognition, and the emotional experi-
ence of music in unilateral brain-damaged patients, as it
was already suggested in healthy participants and unilateral
brain-damaged patients with facial and vocal stimuli
(Abbott et al., 2013; Borod et al., 2002; Demaree et al., 2005).

5. Conclusion

The present study revealed two major patterns of potential
deficits in musical emotion processing after brain damage.
Our findings reveal a specific deficit for musical emotion
categorization in LBD patients, whereas intensity ratings
showed that right brain-damaged patients underrated nega-
tive valence emotions (compared to left brain-damaged pa-
tients and comparisons). Intensity rating data were thus
compatible with the valence hypothesis, and the overall data
pattern refines the distinction between the roles of the two
hemispheres: the right hemisphere seems to be important to
experience emotions, in particular negative emotions,
whereas the left hemisphere seems to be more strongly
involved in recognizing emotions at an explicit level. This
hemispheric differentiation extends beyond the mesio-
temporal structures of the brain, which were the focus in
previous musical emotion studies with brain-damaged
patients.
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