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ABSTRACT

The objective of this study was to explore themraodifications associated with vocal
emotion (i.e., emotional prosody) processing defiici patients with Parkinson’s disease after
deep brain stimulation of the subthalamic nuclansl the impact of motor asymmetry on
these deficits. We therefore conducted 18-fluoragiglucose positron emission tomography
scans of 29 patients with left- or right-sided mictpmptoms of Parkinson’s disease before
and after surgery, and correlated changes in glhetose metabolism with modified
performances on the recognition of emotional prgs&esults were also compared with
those of a matched healthy control group. Patierits more left-sided motor symptoms
exhibited a deficit in vocal emotion recognition feeutral, anger, happiness and sadness in
the preoperative condition that was normalized gqstatively. Patients with more right-sided
motor symptoms performed comparably to controlh@preoperative condition, but differed
significantly on fear postoperatively. At the methb level, the improvement observed
among patients with left-sided motor symptoms wasatated with metabolic modifications
in a right-lateralized network known to be involMacemotional prosody, while the
behavioral worsening observed among patients wgtit-+sided motor symptoms was
correlated with metabolic modifications in the Ilpéirahippocampal gyrus and right
cerebellum. We suggest that surgery has a diffeantpact on emotional processing
according to motor symptom lateralization, andnnitet these results as reflecting the
(de)synchronization of the limbic loop in the pgetmative condition.

Keywords:emotional prosody, Parkinson's disease, asymmstigtum,**FDG-PET,

subthalamic nucleus, deep brain stimulation
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Abbreviations: ANOVA, analysis of variance; BA, Brodmann area; RBleep brain
stimulation;**FDG-PET, 18-fluorodeoxyglucose positron emissiandgraphy; FDR, false
discovery rate; fMRI, functional magnetic resonamaging; GLMM, generalized linear
mixed model; HC, healthy control; H&Y, Hoehn andhYacale; IFG, inferior frontal gyrus;
LEDD, levodopa-equivalent daily dose; LPD, patienith Parkinson’s disease exhibiting
predominantly left-sided motor symptoms; MADRS, Ngomery-Asberg Depression Rating
Scale; MCST, Modified Wisconsin Card Sorting T&A8DRS, Mattis Dementia Rating Scale;
OFC, orbitofrontal cortex; PD, Parkinson’s dised®BD, patients with Parkinson’s disease
exhibiting predominantly right-sided motor symptQr8&E, Schwab and England scale;
SPM, statistical parametric mapping; STAI, StataHTAnxiety Inventory; STN, subthalamic

nucleus; UPDRS, Unified Parkinson’s Disease R&afiogle.
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1 INTRODUCTION

Over the past decade, research on the emotioraiteff subthalamic nucleus (STN)
deep brain stimulation (DBS) in patients with Paskin’s disease (PD) or
obsessive-compulsive disorder, coupled with inaaial recordings or metabolic functional
imaging, has enabled researchers to explore thésSuihctional specialization and
integration in emotion (Le Jeune et al., 2010; RgFatihholz, Vérin, & Grandjean, 2013;
Péron, Grandjean, et al., 2010; Péron, Le Jeura,, @010). On the basis of this corpus of
findings, an integrative model has been developgdah et al., 2013), according to which the
STN forms part of a distributed neural network whdeg emotion processing in humans.
More specifically, rather than playing a specifinction in a given emotional process, the
STN, together with other basal ganglia, coordinatasal patterns, either synchronizing or
desynchronizing the activity of the different nensbpopulations involved in specific
emotion components. For the recognition of vocg@ressions of emotion (i.e., emotional
prosody), for instance, the basal ganglia recinuit synchronize the activity of the structures
involved in the different steps of emotional progpdocessing, while competing neuronal
patterns are inhibited (Péron et al., 2013). Thesmanistic process subtends the ensuing
function. In line with Graybiel (2008)’s propositie concerning the motor and cognitive
domains, the basal ganglia iteratively assess gtméand select actions in order to form (or
control the expression of) coordinated emotionglsaces. If these emotional sequences
become recurrent or repetitive, the basal gangimline their representations into units (also
calledchunks. In other words, the basal ganglia code for thgranal co-activation of the
different cortical and subcortical structures nekfile specific emotion components, in order
to chunk information into manageable quanta. Timfigrmation chunking provides a
mechanism for acquiring and expressing emotiorgneires which, without such

information compression, would be biologically ueldly or difficult to implement. This
5
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model has given rise to several postulates thag hlready been partially tested and

validated.

First, it suggests that, in functional terms, tiH&Ss a constituent part of all the
distributed networks that subtend specific emotien@processes. This hypothesis was
confirmed in a high-resolution functional magnegsonance imaging (fMRI) study of
healthy individuals (Péron, Frihholz, Ceravolo, &a@djean, 2015) that explored the
structural and functional connectivity of the SThwother brain regions related to vocal

emotion, by combining diffusion tensor imaging gsychophysiological interaction analysis.

Second, it suggests that the basal ganglia, and spacifically the STN, are sensitive
to rhythm, owing to their intrinsic functional roté rhythm organizer, or coordinator of
neural patterns. In a more operational way, theaghlbgpothesizes that the STN is involved
in i) all stages of emotion processing, and iieallotion processing irrespective of stimulus
valence (positive or negative) and sensory modédity., visual or auditory). This has been
confirmed by intracranial local field potential oedings in patients with PD undergoing DBS

(Kuhn et al., 2005; Péron et al., 2017).

Third and last, the model suggests that although BBS restores motor functions,
the surgery impairs nonmotor functions such as emgrocessing. More specifically, STN
DBS restores the functional synchronization ofrti@or loop while at the same time
desynchronizing the limbic one (Péron et al., 20T8e model further suggests that the
metabolic modifications correlating with emotiomigturbances following surgery are both
task dependent and sensory input dependent (Péabn 2013). This hypothesis has been
tested and validated for most emotional componémtkjding the recognition of facial
emotions (Le Jeune et al., 2008), the affectivemmment of theory of mind (Péron, Le Jeune,

et al., 2010), subjective emotional experienceeelings (Ory et al., 2015), and action
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tendencies (Le Jeune et al., 2009). However, ityeato be tested for the recognition of vocal
emotions (i.e., emotional prosody), defined as asggmental changes in the course of a
spoken utterance, encompassing intonation, amglitelavelope, tempo, rhythm, and voice

quality (Grandjean, Banziger, & Scherer, 2006).

Finally, a recent study in the field of emotionagaition in PD indicated that the
asymmetry of motor symptoms is an important clihiaator, in that it may influence the
presence or severity of affective disorders in Bbthis study, results indicated that patients
with left-sided motor symptoms (LPD) displayed Vosaotion deficits. These correlated
with the asymmetry of these motor symptoms, as ageilith glucose metabolism
modifications in the right brain network subtendhigher-order processes of vocal emotion
recognition. This inferred differential impact obPnotor symptom asymmetry on the
recognition of emotional prosody was recently cbomated by a meta-analysis (Coundouris,
Adams, Grainger, & Henry, 2019). However, the iattion of this variable with the effects

of STN DBS has yet to be explored.

1.1 Aim of the study

In this context, the purpose of the present study twofold. Thdirst aimwas to test
the notion that the STN is a functional componédrhe brain network subtending the
recognition of emotional prosody at the metabaieel. Thesecond ainwas to test the
impact of motor asymmetry on emotional performarisfere and after DBS. We therefore
combined and correlated the emotional prosody padaces of 29 consecutive patients with
PD who underwent STN DBS in pre- versus postoperatonditions with modifications in
cerebral glucose metabolism, as assessed withu8tleoxyglucose positron emission

tomography**FDG-PET), and according to the precise anatomiasitipns of the
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stimulation contacts within the target structurke patients were carefully selected to create
two clinically homogeneous subgroups of patiends tdould be differentiated by the

lateralization of their motor symptoms, as attestgdhe calculation of an asymmetry index.

1.2 Predictions

Regarding behavioral resulten the strength of previous results concernirg th
effects of STN DBS on emotional prosody recognifiopatients with PD (Péron, Cekic, et
al., 2015; Péron, Grandjean, et al., 2010), we eepeto observe a significant modulation of
emotional prosody recognition scores in the posteipe condition, but no difference in the
preoperative condition between the PD group anebajgof healthy controls (HC). Given the
results reported by Stirnimann et al. (2018), wedpoted that these effects would be driven
by the LPD subgoup (i.e., patients with greatentriigemispheric brain dysfunction).

Regarding cognitive-metabolic resylts the basis of Péron et al.’s model (2013), we
expected to find significant correlations betweerdifications in emotion recognition
performances in the postoperative condition andaga metabolism modifications in the
brain network subtending emotional prosody recogmitnamely the orbitofrontal and
auditory cortices (i.e., voice-sensitive areas)ygaiala, basal ganglia (notably the striatum),
and posterior cerebellum (Ethofer, Anders, Erb,lDed al., 2006; Ethofer, Anders, Erb,
Herbert, et al., 2006; Ethofer et al., 2011; FrilhhGeravolo, & Grandjean, in press;
Grandjean et al., 2005; Sander et al., 2005; SehidrKotz, 2006; Wildgruber, Ethofer,

Grandjean, & Kreifelts, 2009).
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2 PARTICIPANTS AND METHODS

2.1 Participants

One group of patients with PD and one HC group feexk in the study. All the
patients met the clinical criteria of the ParkinsddK Brain Bank for idiopathic PD (Hughes,
Daniel, Kilford, & Lees, 1992).

2.1.1 Patients with Parkinson’s disease (Table 1)

The patient group consisted of a series of 29 @uise patients with medically
intractable PD who underwent bilateral STN DBS ahfRes University Hospital (France).
Standard selection and exclusion criteria for stiyrgeere applied to all patients (Welter et al.,
2002). In particular, patients with brain atrophgrevexcluded on the basis of the
preoperative MRI. There were 16 men and 13 womeharmpatient group. Their mean age at
surgery was 56.5 yearSID= 7.98, range = 36-68), and their mean educa#vel I(in years
of school completed) was 11.380= 3.60, range = 6-20). According to the criteriahe
Edinburgh Handedness Inventory (Oldfield, 1971)pa#lents were right-handed, and two
were left-handed. Their mean disease durationrgesywas 11.20 yearSD= 4.20, range =
6-22). The total levodopa-equivalent daily dose@Il8 was calculated on the basis of
Lozano et al. (1995M = 1280.76 mg$D = 588.50, range = 360-2520) before STN DBS and
M =717.21 mg¥$D=562.47, range = 0-2020) after STN DBS.

The patients with PD were divided into two subgsugased on side of symptom
onset: primarily left-affected (LPDy= 13) versus primarily right-affected (RPBs= 16). We
then calculated an asymmetry index based on teealaed items (Items 20-26) of Part Il of
the Unified Parkinson’s Disease Rating Scale (UPDIR$ahn & Elton, 1987), by
subtracting the item scores related to the le# sidthe body from the item scores related to
the right side of the body, in order to use thegpés’ current asymmetry status to corroborate

our distinction.T tests for independent groups revealed a signifiddierence between the
9
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201 two subgroups on the asymmetry index in both thdapa { = -4.72,p < .001) and off-dopa
202 (t=-3.25,p =.003) conditions. In the preoperative conditithe, two patient subgroups were
203 otherwise similar, in terms of sex ratio (8 womed & men in the RPD group; 6 women and
204 7 men in the LPD group), age, education level,agaotor symptom onset, disease duration,
205 and stage of the disease (Table 1).

206

207 Table 1. Sociodemographic data before STN DBS fohé two patient subgroups (RPD

208 and LPD) (n = 29)

RPD group LPD group T value and
Mean £SD Mean +SD p value
Age (years) 56.13 £ 6.69 57.00+9.60 t=-29,p=.8
Education level (years) 10.63 +3.81 12.08+3.03 | t=-1.08p=.3
Age at motor symptom onset (years) 45.81 £ 7.60 1316.7.55 t=-12,p=.9
Disease duration (years) 11.19 + 3.58 11.15+469 t=.02,p=.9

Levodopa-equivalent daily dose (LEDD) 1248.85 235 1306.69 +93.50 t=-.26,p=.8

209 Note. Ttest for independent grouD: standard deviation; LPD: patients with PD exligjt
210 predominantly left-sided motor symptoms; RPD: pagevith Parkinson's disease exhibiting

211 predominantly right-sided motor symptoms.

212 2.1.2 Matched healthy controls

213 The HC group consisted of 29 healthy matched iddi&is who had no history of
214 neurological disease, head injury or alcohol abasd,displayed no signs of dementia, as
215 attested by their scores on the Mattis DementimB&cale (Mattis, 1988) (mean score =
216 141.70,SD=1.70). There were 16 men and 13 women in tlog@rTheir mean age was

217 54.35 years§D= 8.50, range = 35-66), and their mean educativel was 12.40 yearSD =

10
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2.50, range = 9-15). According to the criterialed Edinburgh Handedness Inventory
(Oldfield, 1971), 27 HC participants were right-dad and two were left-handed.

The two groups (whole PD vs. HC) were comparahidémdedness and sex ratio.
Furthermore, there was no statistical differende/ben the two groups on either age ¢
1.274,p = .2) or education levet € 1.594p = .1).

After receiving a full description of the studyl participants gave their written
informed consent, and the study was conductedaardance with the Declaration of
Helsinki.

2.2 General procedure

All patients were assessed 3 months before andm@hsafter surgery with motor,
PET, and neuropsychological tests. These evalusati@ne all performed in the same week.
All patients had stimulation turned on and werdeModopa when they underwent the PET
and neuropsychological assessments.
2.3 Motor assessments

All patients were evaluated according to the Coseessment Program for
Intracerebral Transplantation (Langston et al.,2)@hd scored on the UPDRS I-1IV (Fahn &
Elton, 1987), Hoehn and Yahr scale (H&Y, Hoehn &nY,g1967), and Schwab and England
scale (S&E, Schwab & England, 1969) 3 months bedoie 3 months after surgery. Patients
were assessed on and off levodopa before andsaiftgery. Stimulation remained on after
surgery.
2.4 Neurosurgery and electrode location (SI 1)

Quadripolar (from 0 for the most ventral contacBttor the most dorsal) 3389 DBS
electrodes (Medtronic, Minneapolis, MN, USA) wemgpianted bilaterally in the STN in a
single operating session. The overall methodology similar to that previously described by

Benabib and colleagues (2000). A brain MRI wasqrered at the onset of the surgical
11
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243 procedure, to calculate the stereotactic coordanfatepositioning the two selected electrode
244  contacts (one on the left and one on the rightg ifkended coordinates at the tip of Contact O
245 were 10-12 mm from the midline, 0-3 mm behind thdaommissural point, and 3-5 mm
246 below the anterior commissure-posterior commisBnee During the operation, the final
247 course and depth of the electrodes was determyéuelbest effect obtained on rigidity with
248 no side effects and at the lowest voltage. A tldiegensional computed tomography brain
249 scan performed a few days later confirmed the jposdf the electrodes. The exact contact
250 locations for each patient and for each of thetragid left electrodes are available in

251 Supplementary Material SI 1.

252 In all patients, chronic stimulation was monopoleing a single contact of the

253 quadripolar electrode chosen for the best motorawvgment. The stimulation characteristics
254  were as follows: mean pulse width g8 for the right side§D = 0) and 6Qus (SD = 0) for the
255 left side, mean frequency 133 H2[= 8.2) for the right side and 131 H2[}= 6.1) for the
256 left side, and mean voltage 2.2 ST§= 0.6) for the right side and 2.2 8D = 0.6) for the left
257 side.

258 2.5 Neuropsychological and psychiatric assessment

259 A short neuropsychological and psychiatric batteag administered to participants
260 prior to the vocal emotion recognition sessiong¢R&t al., 2011; Péron, Grandjean, et al.,
261 2010). This battery included the MDRS (Mattis, 1p88d a series of tests to assess frontal
262 executive functions: Nelson modified Wisconsin C&atting Test (MCST, Nelson, 1976),
263 Trail Making Test (TMT, Reitan, 1958), Categorieald Literal Fluency Test (Cardebat,
264 Doyon, Puel, Goulet, & Joanette, 1990), Action ®Jedfluency Task (Woods et al., 2005),
265 and Stroop test (Stroop, 1935). Depression wassedavith the Montgomery-Asberg

266 Depression Rating Scale (MADRS, Montgomery & Ashéi@j79). This scale was chosen

267 because of the predominance of psychic items aaasc ones, thus limiting interference
12
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with the PD symptoms. Finally, the State-Trait Aetyilnventory (STAI, Spielberger,
Gorsuch, Lushene, Vagg, & Jacobs, 1993) was usasssess anxiety, and the Apathy
Evaluation Scale (clinician version; (Marin, Biegeki, & Firinciogullari, 1991) to assess

apathy.

2.6 Vocal emotion recognition assessment
2.6.1 Stimuli

All participants were exposed to a set of vocahati (Péron et al., 2011; Péron,
Grandjean, et al., 2010). These stimuli, extrabteh the database developed and validated
by Banse and Scherer (1996), consisted of shomeets of meaningless speech
(pseudoword 1:1fgcet laf fa kil gos &R, pseudo-word 2: kt s'ddik pr'vg nj'y v’ entzi),
obtained by concatenating different syllables foimbhdo-European languages so that they
would be perceived of as natural utterances, withtenal intonation (across different
cultures) but no semantic content. Four categafiesnotional prosody (anger, fear,
happiness, and sadness), together with a neutnditamm, were used in the present study. We
selected utterances produced by 12 different a¢foreomen and 6 men), each expressed
with five different prosodies (anger, fear, hapgseeutral, and sadness). The set of vocal
stimuli (pseudowords) comprised 60 stimuli (12 exto 5 emotion conditions) and is
extensively described elsewhere (Péron, Cekid, 2@L5; Péron, Grandjean, et al., 2010).
2.6.2 Vocal emotion recognition procedure

All stimuli were presented bilaterally via steremaldphones with an Authorware
program designed especially for this study. Paudicts sat comfortably in a quiet room in
front of the computer and looked at a fixation srasile listening to the stimuli. They were
told that they would hear meaningless speech atigyanale/female actors and that these

actors would express emotions through their utsanParticipants were required to listen to
13
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each stimulus, after which they were asked toitatemotional content on a set of visual
analogue scales ranging fravot at allto Very muchwhich were simultaneously displayed
on the computer screen (see Appendix). More spedlfi participants rated each stimulus on
six scales: one scale for each featured emotiagefafear, happiness, and sadness), one for
neutral, and one for treurpriseemotion, so that we could determine whether the fe
emotion expressed by the human voice was confugldsurprise, as is the case with facial
expressions (Ekman, 2003; Scherer & Eligring, 20B@yticipants were told that they could
listen again to each stimulus as many as six tilmeslicking on a button on the computer
interface (click counter). Participants were giwen examples to familiarize themselves with
the task.

2.6.3 Audiometric screening procedure

To ensure that all participants had normal heamegcarried out a standard
audiometric screening procedure (AT-II-B audioneetest) to measure tonal and vocal
sensitivity. This was done in the Ear, Nose ancdb@hDepartment of Rennes University
Hospital. None of the patients included in the gtwadre hearing aids or had a history of
tinnitus or a hearing impairment.

As described elsewhere (Le Jeune et al., 2008nPBiseul, et al., 2010; Péron,
Grandjean, et al., 2010; Péron et al., 2009), YessA and B of the emotional recognition
task were counterbalanced, to avoid a list effetivben the pre- and postoperative conditions
in the PD group. The protocol was completed imglsi 90-minute session.

2.7 PET imaging
2.7.1 Acquisition

All patients underwent th@FDG-PET scans in a resting state with their eyesiop

They underwent two scans while on their antipaidnman medication: the first was

performed 3 months before surgery, and the secandri2hs after surgery, with the
14
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stimulator switched on. PET measurements were peeo with a dedicated Discovery ST
PET scanner (GEMS, Milwaukee, WI, USA) in 2D modévan axial field of view of 15.2
cm. A 222-296 MBq injection 0fFDG was administered intravenously under standeddiz
conditions (in a quiet, dimly lit room with the pext’'s eyes and ears open), with normal
fasting blood glucose < 1.4 g/l before injectiomuridg acquisition, the patient’s head was
immobilized with a head holder. A cross-laser gysteas used to achieve stable and
reproducible positioning. A 20-minute 2D emissicars was performed 30 minutes post-
injection and after X-ray-based attenuation coroectThe patient was positioned at the
center of the field of view. Following scatter, de¢ane, and random corrections, the PET
images were reconstructed by 2D filtered back ptaa, yielding 47 contiguous transaxial
3.75-mm thick slices.
2.7.2 PET image transformation

Using a method described elsewhere (Le Jeune @088), we analyzed the data with
statistical parametric mapping (SPM) software (\tethe Department of Cognitive
Neurology, London, UK) implemented in MATLAB Versi@® (Mathworks Inc., Sherborn,
MA, USA). All the patients’ images were first regiied and normalized to MNI space.
2.8 Statistical analysis
2.8.1 Analyses testing predictions about behaviagegults

Sociodemographic, neuropsychological, and psych@attata.Intergroup
comparisons were performed usingsts for two independent groups. Intragroup
comparisons were performed usingsts for two dependent groups, to evaluate tleetadf
experimental condition.

Vocal emotion recognition datalVe calculated three generalized linear mixed models
(GLMMs) with participant as the random factor. Ttype of statistical model allows random

effects such as interindividual variability to bentrolled, in addition to fixed effects. Using R
15
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software, we calculated a first GLMM with three lit-participants factors: emotion (five
levels), scale (six levels), and condition (pre-p@stoperative; two levels). A second GLMM
was run with emotion (five levels) and scale (exdls) as within-participants factors, and
group (PD preoperative vs. HC; two levels) as avbeh-participants factor. A third GLMM
was calculated with emotion (five levels) and s¢ale levels) as within-participants factors,
and group (PD postoperative vs. HC; two levels) astween-participants factor. To
investigate the effects in greater detail, for emddel, we used the phia package in R and
performed contrasts between the groups (or comdififtor each prosodic category and each
rating scaleEach p value yielded by the contrasts was false discovergte (FDR)
corrected.

Relationship between vocal emotion recognition perhances and secondary
variables.To assess the relationships between the psychielinccal, neuropsychological
and sociodemographic variables and the recogniti@motional prosody variables, we
entered these variables in multiple regression tsoMore specifically, the postoperative -
preoperative deltas for emotional prosody ratingseventered as dependent variables and the
postoperative - preoperative deltas for the socramgraphic, psychiatric, clinical, and
neuropsychological variables, as well as the cahbaations, were entered as independent
variables. In addition, relative to our operationgbotheses, we included the preoperative on-
dopa motor asymmetry index. The regression analyses performed with experimental
emotional conditions and secondary variables @frest (i.e., those reported to be significant
between the pre- and postoperative conditions)rder to avoid Type | errors. The results of
forward, backward, and stepwise regressions wémmasistent.
2.8.2 Analyses testing predictions about cognitimetabolic results

The SPM software established correlations betweenversus postoperative changes

in recognition of emotional prosody data and pexsus postoperative changes in brain FDG
16
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uptake. To identify those regions that correlaigdicantly with the recognition of

emotional prosody, we tested a general linear feisgbject, covariates only” model for

every voxel, with emotional prosody as a covariane model for each of the emotional
prosody recognition-dependent variables that wawed to be significantly different in the
postoperative condition compared with the preoperaine, between the RPD and LPD
subgroups, or between the PD patient group andA3@evodopa medication can influence
neural metabolism, we included LEDD as a nuisarcgble. Relative to our operational
hypotheses, and as with the cognitive-emotionaksegions, we included the preoperative on-
dopa motor asymmetry index as a second nuisan@blarThis yielded a regression
coefficient that was then converted intbvalue. Twat tests were performed, one intended to
reveal correlations between modifications in emmlscores and decreased cerebral glucose
metabolism, the other to reveal correlations betwtbese modifications and increased
cerebral FDG uptake. Nesxtstatistic parametric maps were calculated for easfariate.
Clusters of a minimum of 70 contiguous voxels vatthreshold op < 0.001 (corrected for
multiple comparisons) were deemed to be signifié@ntortical structures, while clusters of

a minimum of 25 contiguous voxels with a threshafigh < 0.001 (corrected for multiple
comparisons) were deemed to be significant for lemsiructures such as the basal ganglia,

thalamus and amygdala, as well as for cerebellactsires.

17
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3 RESULTS

3.1 Clinical and motor results (Table 2)
3.1.1 Intergroup comparisons

Apart from the motor asymmetry index (see Methods)significant difference
between the LPD and RRiatients was observed in either the pre- or postipe condition
(all ps > .08).
3.1.2 Intragroup comparisons

For both patient subgroups, we observed a sigmificeotor improvement 3 months
after surgery. For the RPD subgroup, the effectewmgnificant for the motor UPDRS llI
score in both the off-dopa £ 4.79,p < .001) and on-dopa € 4.16,p = .008) conditions, the
off-dopa S&E scoret(= 2.08,p = .046), and the off-dopa H&Y score<-2.18,p = .04). For
the LPD subgroup, the effects were only signifidanthe motor UPDRS Il score in the off-
dopa conditiont(=4.1,p = .001). LEDD decreased significantly after surgeryboth
subgroups (RPt:=-3.41,p<.001; LPD1 =-2.09,p = .047). All the data, other effects,

and statistical values are available in full in Bab.

18
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404 Table 2. Motor scores before (preoperative conditio, baseline) and after (postoperative

405 condition, M+3) STN DBS for patients with PD ( = 29), according to subgroup (LPD or

406 RPD).
RPD Off-dopa RPD On-dopa LPD Off-dopa LPD On-dopa
Pre Post Pre Post Pre Post Pre Post
Mean £SD Mean £SD Mean £SD Mean £SD Mean £SD Mean £SD Mean £SD Mean £SD
UPDRS Il | 35.34 14.83 +8.38 8.16 +5.32 4.90 + 3.66 31.12+9.01 15.46 +9.98 8.27 £6.39 481 +3.82
15.87
S&E (%) 56.54 + 74.38 + 81.43 +24.13 93.75+6.19 70.77 £15.49 76.92495 87.69+1256  94.62 +10.32
23.00 23.00°
H&Y 2.60 +1.05 1.72+1.17 1.1+0.99 0.91+1.07 2.19+0.75 2.04£0.77 31®.83 0.81+0.99
LEDD NA NA 1306.69 + 685.47 + NA NA 1248.75 753.85 +
593.18 544,17 605.23 603.07
407

408 Note.T test for dependent groups. STN DBS: subthalamateris deep brain stimulation;
409 LPD: patients with Parkinson’s disease exhibitingdominantly left-sided motor symptoms;
410 RPD: patients with Parkinson's disease exhibitieglpminantly right-sided motor

411 symptoms; UPDRS: Unified Parkinson’s Disease Rd&fogle;SD. standard deviation; S&E:
412 Schwab & England scale; H&Y: Hoehn & Yahr scaleAE levodopa-equivalent daily

413 dose; NA: not applicablep < 0.05.” p < 0.001.

414

415 3.2 Neuropsychological background and psychiatricasults (Table 3)

416 3.2.1 Intergroup comparisons

417 RPD versus HCIn the preoperative condition, there were sigatiit differences

418 Dbetween the RPD and HC groups on the TMT B-A {2.92,p = .01), the numbers of criteria
419 (t=2.49,p=.02) and errord £ -2.56,p = .01) in the MCST, the Action (Verb) Fluency Task

420 (t=-2.13,p=.04), MADRS { = -3.95,p < .01), and STAI A(= -2.13,p = .04). In the
19
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postoperative condition, there were significantestdnces between the RPD and HC groups
on the TMT B-A { =-2.99,p=.01) and MDRSt(= -2.8,p = .01). The RPD subgroup
therefore had poorer cognitive performances tharahiCwere more depressed.

LPD versus HCIn the preoperative condition, no significanfeliénces were found
for neuropsychological background and psychiagstd. In the postoperative condition
however, there were significant differences onrtbber of criteriat(= 2.15,p = .04) in the
MCST and on the Action (Verb) Fluency Task(2.19,p = .03). The LPD subgroup
therefore had poorer cognitive performances than HC

LPD versus RPDInterestingly, the RPD and LPD subgroups diffeseghificantly in
the preoperative condition on STAI A< 2.69,p=.01) and Bt{(= 2.17,p = .01), with RPD
patients scoring higher on anxiety than LPD pasielnt the postoperative condition, no
significant difference was found between the RP® @D subgroups on any of the
neuropsychological background or psychiatric tests.

3.2.2 Intragroup comparisons

Within RPD No significant difference was found between the @and postoperative
conditions for neuropsychological background angthmtric tests, except for phonemic
verbal fluency (= -3.19,p = .009), on which RPD patients performed more poiorkthe
postoperative condition than in the preoperative. on

Within LPD. No significant difference was found between thepperative and
postoperative conditions for neuropsychologicakigaound and psychiatric tests, except for
phonemic verbal fluency € -3.05,p = .01) and the MDRS € -2.53,p = .03), on which
LPD patients performed more poorly in the postofezacondition than in the preoperative

one.
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444 Table 3. Performances of patients with PD before (poperative condition, M-3,n = 29)

445 and after (postoperative condition, M+3,n = 29) STN DBS, according to subgroup (LPD

446 or RPD), and HC (h = 29) on neuropsychological tests

RPD Preoperative

Mean =SD
MDRS (/144) 140.31 £2.94
Stroop Test - Interference 1.73+£8.17
TMT B-A (s) 75.06 + 47.08
Categorical verbal fluency (2 30.38 £9.49
min)
Phonemic verbal fluency (2 min)  22.69 £ 6.07
Action (Verb) Fluency (1 min) 13.06 +6.21
MCST - Number of categories = 5.54 + 0.82
(/6)
MCST - Number of errors 5.50 + 456
MCST - Number of 144 +1.82
perseverative errors
MADRS 5.60 + 4.39
STAI-A State 40.62 +11.84
STAI-B Trait 44.79 + 8.62
AES Total 32.40 +£5.45

RPD Postoperative

Mean £SD
141.00 £ 2.22

2.48 £7.55

95.93 + 84.64

28.94+9.24

196829

13.56 £5.12

5.82+0.35

3.63 £3.59

1.13+1.67

4.73 £4.61

34.54 +7.78

41.86 +9.87

34.73 +9.66

LPD Preoperative

Mean £SD
140.92891.

3.60 £6.39

64.54 £ 79.16

27.69 +13.30

20.92 +£7.43

14.38 £6.59

5.75+0.62

3.58 +4.68

1.08 +2.07

3.15+3.48

29.64 +5.87

36.64 + 1022

30.08 +£7.54

LPD Postoperative

Mean +SD
138.08 +4.36

5.21+7.52

75.69 +£76.2

29.38 812.

17.00 + 6.38

13.31+5.95

5.21+1.75

4.67 +£6.84

1.83+3.33

3.38 £4.46

32.36 +11.25

38.64 £11.25

.69C 7.06

HC

Mean £SD

141.68 +1.70

3.09 £6.83

42.56 + 23.87

32.64 +7.52

20.96 +6.29

16.24 +4.85

5.96 £0.20

2.80+2.10

6G9.77

1.29 +2.07

31.06 £10.70

39.82+£9.16

447 Note.STN DBS: subthalamic nucleus deep brain stimutatid®D: patients with Parkinson’s

448 disease exhibiting predominantly left-sided motgmptoms; RPD: patients with Parkinson's

449 disease exhibiting predominantly right-sided matymptoms; HC: healthy controls; MDRS:

450 Mattis Dementia Rating Scale; TMT: Trail Making TdgICST: Modified Wisconsin Card

451 Sorting Test; MADRS: Montgomery-Asberg Depressia@iifiRy Scale; STAI: State-Trait

452  Anxiety Inventory; AES, Apathy Evaluation ScaD: standard deviation.p < 0.05

453  compared with HC group test for independent samplesi < 0.05 compared with

454  preoperative conditiort (est for dependent sample€)p < 0.05 compared with RPD group (

455 test for independent samples).

456
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3.3 Vocal emotion recognition results (Tables 4 &)5

Interestingly, analysis revealed the following s$figant interaction effects: Emotion x
Scale x Condition x Side of symptom on$€f0, 20733) = 1.8 = .01; Emotion x Scale x
Side of symptom onsef(20, 20733) = 4.4p < .001; Scale x Condition x Side of symptom
onsetF(5, 20733) = 5.28) < .001; Condition x Emotion x Scal20, 20733) = 2.1p <
.001; Emotion x Scal&;(20, 20733) = 376.44 < 0.001; Scale x Side of symptom onset,
F(20, 20733) = 8.4%) < .001; and Scale x ConditioR(5, 20733) = 3.76p = .002. There
were also main effects of emotidf(4, 20733) = 13.67 < .001, and scalé&(5, 20733) =
37.1,p < .001. There was no significant effect of eithen@ition x Emotion x Side of
symptom onsef: < 1, Emotion x Side of symptom onsEétg< 1, Emotion x Conditiorf; < 1,
or Condition x Side of symptom ons&{4, 20733) = 2.43p = .12. Nor was there a
significant main effect of either conditioR(1, 20733) = 3.25y = .07, or side of symptom
onsetF < 1.

To investigate these effects in greater detailraveCondition x Side of symptom
onset x Scale interaction analyses for each sepanabtion. Contrasts (FDR corrected) were
then performed between the groups for each prosadégory and ratings on (a) the target
scale, that is, the scale (e.g., Anger) correspantl the stimulus emotion (e.g., anger), and
(b) the nontarget scales, that is, the scalegdiiatot correspond to the stimulus emotion (e.g.
Fear scale for anger stimulus). Contrasts wereopedd for the nontarget scales in order to
investigate the patterns of confusion between itherednt emotions. Means and standard
deviations are available in Table 4, and summanigsdits in Table 5.

In the preoperative condition, compared with b RPD subgroup and HC, the
LPD subgroup exhibited emotional deficits for rgiron the target scales when they listened

to neutral (Fig. 1) and happiness stimuli. Morepeempared with HC, the LPD subgroup
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exhibited emotional deficits for ratings on thegetrscale when they listened to sadness

stimuli. These significant differences were no lengresent in the postoperative condition.

Figure 1. Mean ratings (and standard deviations) aoss all three groups (RPD,

LPD and HC) on the Neutral scale when the stimulus/as neutral

*

-

—
*

Preoperative condition

wn
o
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s
o

Mean range on the Neutral scale
w
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-
o

-
©

Healthy controls RPD D

neutral stimuli

By contrast, for ratings on the Fear scale whetigyaants listened to fear stimuli, the
RPD subgroup did not differ significantly from estithe HC or LPD in the preoperative
condition. However, they provided a significantigher number of emotional misattributions

in the postoperative condition, compared with HE (R2).
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495 Figure 2. Mean ratings (and standard deviations) foall three groups (RPD, LPD and
496 HC) on the Fear scale when the stimulus was fear.
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498

499 All the effects are summarized in Table 5.
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Table 4. Mean ratings (standard deviations) of pseloword stimuli in emotional prosody

task for patients with PD (preoperative vs. postop&tive condition), according to

subgroup (LPD; n =13 vs. RPDn = 16), and for HC

RPD Preoperative condition (baseline) € 16)

Emotion Anger scale
Anger 46.20 (£ 11.91)
Fear 7.34 (£ 7.26)
Happiness 5.36 (+ 4.92)
Neutral 0.15 (+ 0.08)
Sadness 0.98 (+2.17)

Happiness scale
1.76 ( 2.50)
3.16 (+ 2.58)
34.07 (+ 11.99)
6.41 (+ 5.90)

1.06 (+ 2.75)

RPD Postoperative condition (M+3h(= 16)

Emotion Anger scale
Anger 48.39 (+ 11.98)
Fear 6.74 (£ 5.34)
Happiness 3.85 (x4.59)
Neutral 0.43 (x 0.54)
Sadness 2.65 (+ 4.08)

Happiness scale
0.71 (+ 1.46)
3.38 (£ 3.41)
30.45 (+ 13.93)
6.67 ( 6.60)

1.17 (+ 2.20)

LPD Preoperative condition (baselineh & 13)

Emotion Anger scale
Anger 46.01 (+ 13.67)
Fear 11.33 (+ 14.70)
Happiness 9.39 (+ 11.67)
Neutral 5.69 (+ 11.61)
Sadness 5.07 (+ 11.53)

Happiness scale
1.92 (£ 4.95)

3.42 (£ 7.14)

Neutral scale
5.03 (+ 5.88)
4.23 (+ 3.83)

1.77 (6B.0
34.40 (+ 18.54)

18.93 (+ 10.42)

Neutral scale
6.51 (+ 6.72)
5.67 (+ 7.20)

4.61 (Fp.4
36.04 (+ 15.29)

14.34 (+ 12.09)

Neutral scale
5.75 (x 3.97)

5.76 (+ 7.51)

23.29 (+10'87) 2.52 (+4.02)

7.22 (+ 8.80)

2.01 (+ 4.85)

LPD Postoperative condition (M+3n(= 13)

Emotion Anger scale
Anger 48.31 (+ 13.51)
Fear 7.95 (+11.37)
Happiness 8.66 (+ 11.73)
Neutral 3.77 (x 11.56)
Sadness 4,13 (x11.32)

Happiness scale
3.56 (+10.13)
4.21 (£12.32)
24.66 (+ 11.88)
4.97 (£8.81)

3.41 (+ 9.85)

22.67 (£8.71)

19.12 (+ 8.52)

Neutral scale
9.34 (+10.71)
8.78 (+ 11.98)

7.73 (R4p
38.95 (+ 1§24

21.14 (+ 92.61

Fear scale
574+ 5.27)
38:514.65)
6.95 (+ 6.73)
0.67 (+0.97)

8.91 (+ 8.13)

Fear scale
A8(+ 7.11)
84:813.30)
6.12 (+ 6.09)
1.68 (+ 1.83)

9.33 (+ 7.44)

Fear scale
62(+ 11.14)
487+ 21.02)
10.41 (+ 10.71)
4.94 (+ 10.34f°

11.94 (+ 11.40)

Fear scale
6.68 (+11.11)
8.93 (+ 17.64)
14.06 (+ 12.74)
3.93 (+10.72)

9.11 (+ 10.54)

Surprise scale
7.72 (+ 6.66)
8.68 (+ 10.29)
13.81 (+ 10.57)
11.36 (£ 8.32)

3.52 (+5.42)

Surprise scale
9.08 (+ 6.34)
12.99 (+ 9.91)
19.70 (+ 10.11)
11.83 (£ 9.75)

4.65 (+5.87)

Surprise scale
11.91 (+10.91)

14.68 (+ 12.56)

Sadness scale
0.66 (+ 1.97)
10.03 (+12.94)
5.87 (+ 6.19)

1.34 (+ 1.69)

33.58 (+ 17.96)

Sadness scale
1.13 (+1.81)
9.47 (£ 8.48)

6.50 (+ 8.26)
1.63 (+ 2.01)

36.14 (£ 17.23)

Sadness scale
6.05 (+ 12.14)

14.35 (+ 15.37)

24.03 (+ 1496) 12.39 (+ 12.12)

17.69 (+ 14.25%

6.82 (+ 13.99)

Surprise scale
12.86 (+12.72)

14.15 (+ 14.57)

19.83 (+ 15.13)

18.61 (+ 14.68)

5.6 (x12.2)

7.03 (+ 12.44)

30.65 (+ 10/96)

Sadness scale
4.36 (£12.31)
12.08 (+ 11.06)

13.29 (+ 12.07

5.64 (+ 13.03)

36.58 (£ 9.19)
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HC group ( = 29)

Emotion Anger scale Happiness scale Neutral scale = ear $cale Surprise scale Sadness scale
Anger 51.97 (+ 10.09) 1.29 (+ 4.55) 4.22 (+5.55) A406(+ 8.04) 11.26 (+ 9.51) 2.24 (£ 4.26)
Fear 8.75 (+ 9.63) 1.27 (£ 2.23) 2.67 (+4.86) 83411.09) 12.04 (£ 9.93) 14.56 (+ 11.19)
Happiness 9.49 (+ 7.41) 30.83 (+ 10.23) 1.88 (8.2 7.38 (+4.62) 19.44 (+ 10.81) 8.74 (+7.12)
Neutral 1.09 (+ 2.70) 6.76 (+ 7.83) 3457 (+17.33) 1.20 (+1.57) 16.34 (+ 10.08) 3.23 (+3.82)
Sadness 2.38 (+4.26) 1.28 (+2.38) 20.16 (+ 13.86) 9.55 (+ 7.17) 3.17 (£ 3.95) 39.53 (+ 16.96)

Note.PD: Parkinson’s diseas8D: standard deviation; LPD: patients with Parkinson’
disease exhibiting predominantly left-sided motgmptoms; RPD: patients with Parkinson's
disease exhibiting predominantly right-sided mastgmptoms; HC: healthy controisp < .05
compared with HC group (intergroup comparisohg)< 0.05 compared with preoperative
condition (intragroup comparison& p < 0.05 compared with RPD group (intergroup

comparisons).
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Table 5. Table summarizing vocal emotion recognitio results (FDR corrected)

Emotion

Anger

Fear

Happiness

Neutral

Sadness

Scale

Anger
Fear
Happiness
Neutral
Sadness
Surprise
Anger
Fear
Happiness
Neutral
Sadness
Surprise
Anger
Fear
Happiness
Neutral
Sadness
Surprise
Anger
Fear
Happiness
Neutral
Sadness
Surprise
Anger
Fear
Happiness
Neutral
Sadness
Surprise

Intergroup
comparisons

Preoperative condition
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
LPD < RPD; LPD < HC
ns
ns
LPD > RPD
ns
ns
ns
LPD < RPD; LPD <HC
ns
LPD > RPD; RPD < HC
ns
ns
ns
ns
LPD < HC
ns

Postoperative condition
ns
ns
ns
ns
ns
ns
ns
RPD < HC
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

Intragroup comparisons

(RPe2 post)
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
LPD pre < LPD post
ns

LPD < RPD ; RPD <HCns

ns
ns
S
ns
ns
ns

ns
ns
ns
ns
ns
ns

Note.LPD: patients with Parkinson’s disease exhibifangdominantly left-sided motor

symptoms; RPD: patients with Parkinson's diseabégig predominantly right-sided

motor symptoms; HC: healthy controls; pre: preopezacondition; post: postoperative

condition;ns Not statistically significant.
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3.4 Relationships between vocal emotion recognitigrerformances and secondary
variables

When the stimuli were neutral and the scale wadrskthe best fit was achieved
using LEDD & = .29,p = .008).

When the stimuli were neutral and the scale wapriaa, the best fit was achieved
using the on-dopa off-stim UPDRS Il scoR€ € .27,p = .007) and x coordinate of the right
DBS electrodeR¢ = .22,p = .005).

When the stimuli were happiness and the scale Happj the best fit was achieved
using the y coordinate of the right DBS electrage= .12,p = .048), x coordinate of the left
DBS electrodeR¢ = .08p = .02), preoperative on-dopa motor asymmetry ind@x=(.08,p =
.003), and Action (Verb) Fluency Task scdré £ .03,p = .02).

When the stimuli were happiness and the scale wawiSe, the best fit was achieved
using the on-dopa off-stim UPDRS Il scoR¥ € .22,p = .02), off-dopa on-stim UPDRS |lI
score R = .16,p = .03), and Action (Verb) Fluency Task scoRé € .09,p = .04).

When the stimuli were fear and the scale was Feaihest fit was achieved using the
MDRS score & = .22,p = .02), on-dopa S&E scor&{= .22,p = .008), x coordinate of the
right DBS electrodeRf = .11,p = .04), on-dopa off-stim UPDRS Il scor@*(= .03,p = .02),
number of categories in the MCSFE(= .06,p = .02), and Action (Verb) Fluency Task score
(RF=.03,p=.02).

When the stimuli were sadness and the scale Sadresgnificant results were

observed.
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Table 6. Regions with decreased or increased glueosietabolism following STN DBS in
the patient group (nh = 29), for each significant result

Emotion / Regions MNI MNI MNI z z Voxel

Scale X coordinates ' Y coordinates | coordinates value number

Negative correlations:

Right cerebrum, frontal 36 6 54 3.75 91
lobe, middle frontal gyrus

neutral / (BA 6)

Neutral
Positive correlations: 36 44 50 361 2g*
Right cerebellum, posterior
lobe, Lobules VIII and VIIb
Negative correlations:
Right temporal lobe, 54 24 6 3.90 167

superior temporal gyrus

(BA 41)

Right frontal lobe, inferior

frontal gyrus (BA 45)

sadness /

Sadness
40 20 16 3.76 108

Positive correlations:

_ Right temporal lobe,
happiness /

Happiness superior temporal gyrus,

44 8 -16 3.58 30*

insula (BA 38)

Negative correlations:

Left limbic lobe,
_ -16 -10 -24 3.82 29*
parahippocampal gyrus (BA
fear / Fear 35)
Right cerebellum, anterior
lobe of cerebellum, culmen, 26 -34 -26 3.79 36*

Lobules IV and V

Note.Results for each emotion/Scale are ordered acuptdi score values. MNI: Montreal
Neurological Institute; BA: Brodmann arga< .001 corrected. k > 70 for cortical structures.

k > 25* for subcortical and cerebellar structures.
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3.5 Relationship between recognition of emotionalrpsody and cerebral metabolic
results (Table 6 and Figs 3-6)
3.5.1 Model 1: Ratings on Neutral scale for neutrstimuli (Fig. 3)

Correlations between decreased cerebral glucosboletm and increased ratings
after STN DBS (negative correlations) were obseimdte right middle frontal gyrus
(Brodmann area, BA 6). Correlations between in@eéa®rebral glucose metabolism and
increased ratings after STN DBS (positive correls) were observed in the right posterior

lobe of the cerebellum (Lobules VIII and VlIb).

Figure 3. Statistical parametric maps displaying correlationsbetween decreased
cerebral glucose metabolism and increased ratingéngages a, d, e and f) on the Neutral
scale when patients listened to neutral stimuli (ifblue), and between increased cerebral
glucose metabolism and increased ratings (Imagesia,c and d) on the Neutral scale

when they listened to neutral stimuli (in red) afte STN DBS.

middle frontal
gynus

BAG

cerebellum
lobule VIII

Note.Significant differencesp(< .001 corrected, k > 70 for cortical structurad & > 25 for
subcortical and cerebellar structures) are showhrae orthogonal views. R: right

hemisphere; L: left hemisphere.

30



566

567

568

569

570

571

572

573

574

575

576

S77

578

579

580

581

582

Voruzet al.- Vocal emotion and STN DBS in PD

3.5.2 Model 2: Ratings on Surprise scale for nedtsaimuli

No significant correlations were observed.

3.5.3 Model 3: Ratings on Sadness scale for sadrstissuli (Fig. 4)

Correlations between decreased cerebral glucosgboism and increased ratings
after STN DBS (negative correlations) were obseimdte right superior temporal gyrus
(BA 41) and right inferior frontal gyrus (IFG) (BA5). No significant correlations were
observed between increased cerebral glucose metabahd increased ratings after STN

DBS (positive correlations).

Figure 4. Statistical parametric maps displaying correlationsbetween decreased
cerebral glucose metabolism and increased ratingéngages a, b and c) on the Sadness

scale when patients listened to sadness stimuli @tSTN DBS.

Note.Significant differencegy(< .001 corrected, k > 70) are shown in three gotinal views.

IFG: inferior frontal gyrus; L: left hemisphere; Rght hemisphere; STG: superior temporal

gyrus.
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3.5.4 Model 4: Ratings on Happiness scale for hapgss stimuli (Fig. 5)

No significant correlations were observed betwestrehsed cerebral glucose
metabolism and increased ratings after STN DBSd(tieg) correlations)Correlations
between increased cerebral glucose metabolismnanelised ratings after STN DBS

(positive correlations) were observed in the rigstla (BA 38).

Figure 5. Statistical parametric maps displaying correlationsbetween increased cerebral
glucose metabolism and increased ratings (Imageskaand c) on the Happiness scale

when patients listened to happiness stimuli after BN DBS.

insula

Note.Significant differencesp(< .001 corrected, k > 70 for cortical structurad & > 25 for
subcortical and cerebellar structurasy shown in three orthogonal views. R: right

hemisphere; L: left hemisphere.

3.5.5 Model 5: Ratings on Surprise scale for hapegs stimuli

No significant correlations were observed.
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3.5.6 Model 6: Ratings on Fear scale for fear stith(Fig. 6)

No significant correlations were observed betwestrehsed cerebral glucose
metabolism and increased ratings after STN DBSd(tieg) correlations). Correlations
between increased cerebral glucose metabolismnanelised ratings after STN DBS
(positive correlations) were observed in the rigtierior cerebellum (Lobules IV and V) and

left parahippocampal gyrus (BA 35).

Figure 6. Statistical parametric maps displaying correlationsbetween increased cerebral
glucose metabolism and decreased ratings (Imageska,c, d, e and f) on the Fear scale

when patients listened to fear stimuli after STN DE.

cerebellum
lobule IV-V

parahippocampical
gyrus

anjea 7

E 0 o s

Note.Significant differencesp(< .001 corrected, k > 70 for cortical structured & > 25 for
subcortical and cerebellar structures) are showhrae orthogonal views. R: right

hemisphere; L: left hemisphere.
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4 DISCUSSION

The aim of the present study was twofold: fitstinvestigate the effects of STN DBS
on the ability of patients with PD to recognize e¢imaal prosody, and to correlate these
emotional prosody modifications with changes irebeal glucose metabolismeecondjo test
the impact of motor asymmetry on emotional prospeiformances before and after DBS.
We therefore correlated the emotional prosody perémces of 29 consecutive patients with
left- or right-sided PD motor symptoms who underi®&hN DBS in pre- versus
postoperative conditions with modifications in daad glucose metabolism, as assessed with
¥*FDG-PET.

Based on Péron et al. (2013)’s model, we expectethserve impaired emotional
prosody recognition in the postoperative conditibimese emotional modifications following
STN DBS would be correlated with glucose metabolmsadifications in the cerebral network
that subtends emotional prosody, namely, the drbiital cortex (OFC), IFG, auditory
cortex, basal ganglia, amygdala, and posteriotbeditan. In the light of Stirnimann et al.
(2018)'s results, we predicted that these emotieffi@tts would be driven by a specific
subgroup of patients characterized by more le®gichotor symptoms (i.e., with greater right
hemispheric brain dysfunction). Results partiatyfirmed these hypotheses, but also
revealed patterns of effects that were more comghlex expected. An interaction between
STN DBS and motor lateralization had a differenti@bact on the performances of LRIDd

RPD patients, resulting in two main patterns oéetfs.

4.1 Dichotomization of effects
The behavioral results could be grouped into twitepas of effect.
Thefirst pattern was characterized by performances thatesg:¢éonormalize

postoperatively. This was the case for ratingshentérget scales when participants listened to
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neutral, happiness or anger stimuli, as well adhemontarget Surprise scale when
participants listened to happiness stimuli. Théfeets were driven by the performances of
the LPD subgroup.

Thesecondpattern was characterized by a postoperateteriorationin the ability to
recognize emotional vocal expressions, characttbyecomparable performances across the
control and PD groups in the preoperative condjtinrt significantly different performances
in the postoperative condition for ratings on tleafscale when participants listened to fear
stimuli. This effect was driven by the performanoéthe RPD subgroup.

As far as cognitive-metabolic correlations are @ned, interesting and partly
predicted results emerged. We found predicted ladivas between modifications in
emotional prosody recognition and metabolic modifans in the right IFG, superior
temporal gyrus, insula and posterior cerebellumvéicer, the involvement of the left

perirhinal cortex (BA 35) and right middle frontajrus (BA 6) had not been predicted.

4.2 Differential impact of STN DBS according to madr symptom asymmetry

Overall, we observed that patients in the LPD soipgrexhibited a vocal emotional
impairment in the preoperative condition for neljtsadness and happiness stimuli that STN
DBS seemed to normalize. By contrast, the surgegyned to have a deleterious effect on
fear recognition abilities in the RPD subgroup afignts.

From our point of view, this pattern of results,ilelpartly unexpected, can still be
interpreted in the context of Péron et al. (2018)&del, and even seems to reinforce it.
Accordingly, RPD patients, who did not show any &or@al impairment prior to surgery,
owing to the right hemispheric specialization a&f fasal ganglia during vocal emotion
processing (Stirnimann et al., 2018), developedtemal impairment in the wake of DBS.

Just as dopatherapy can create an overdose efféghctionally intact circuits, so STN DBS
35
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can desynchronize the limbic loop while at the séame re-synchronizing the activity of the
motor loop, as predicted by Péron et al. (2013pdeh By contrast, LPD patients did display
vocal emotional impairment prior to surgery (ineliwith Stirnimann et al., (2018), but STN
DBS seemed to normalize this deficit, through thectional re-synchronization of the limbic
loop, thereby restoring the necessary cerebratarebellar interactions needed for intact
vocal emotion processing.

The present results corroborate the notion of heineisc specialization of the STN
during vocal emotion decoding, suggesting thatigji@ STN plays a role in emotional
prosody processing. This is in line with three sadn patients with PD (Garrido-Vasquez et
al., 2013; Stirnimann et al., 2018; Ventura et2012) that demonstrated an emotional
prosody processing impairment in LPD but not in RB@mpared with HC. It is also
congruent with a neuroimaging study in HC (Kotalet2003) that reported right but not left
basal ganglia activation by emotional prosody. l§naur results are in line with two
intracranial event-related potential studies amaattents with PD who had undergone DBS
that revealed heightened neural activity at thkesfititan et al., 2013) and local field
potential (Péron et al., 2017) levels in tight ventral STN, in response to emotional versus
neutral auditory material. STN DBS appears to lmddferential impact, depending on the
lateralization of patients’ motor symptoms and thiseline emotion perception abilities. The
metabolic results seem to go in the same direcéisnye observed that the pattern of effects
primarily involving modifications in the RPD subgna's performances (worsening)
correlated with metabolic modifications in the leeimisphere (i.e., parahipppocampal gyrus),
while the pattern of results mainly involving maddtions in the LPD subgroup’s
performances (improvement) correlated with metabmlodifications solely in the right

hemisphere.
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Accordingly, we believe that the literature in td@main should be reread in the light
of these new findings, and it may be that the djeat results that have sometimes been
reported, and which have fueled virulent debatekerscientific community (Péron, 2014),
can be attributed to the fact that analyses arergy conducted for the whole group, even
though the patients in question are actually cheterogeneous. We observed an effect of
DBS on emotional prosody recognition at subgrouplevel, and we can assume that studies
suggesting that there is no post-DBS effect arsghbat fail to take motor lateralization at
disease onset into account, thereby inducing affemteFor instance, a recent study
concluded that after STN DBS, the ability to redagremotional prosody remains intact, and
only fear production is impaired (Jin et al., 2Q1¥)s interesting to note that its results at the
whole group level were almost the same as oursgaeoenSupplementary Material Fig. Sl 2
in this article with Fig. 1b in Jin et al., 201 Aad these authors analyzed their data separately
according to motor lateralization, we can specutad¢ the patterns of results would have
been different. Future studies should distinguistwieen patients on the basis of their motor

lateralization.

4.3 Specificity of the emotions affected and poteial STN involvement in embodiment
processes

The question of the specificity of the emotioneeaféd remains to be addressed. Why
does the recognition of some emotions deteriotegee( fear) and that of others improve
(here, anger, happiness, neutral and sadness)®t@iyrwas not designed to answer this
guestion, but previous results can shed light omatably regarding neutral emotion.

The case of neutral is very interesting. Our resdplicated Mondillon et al. (2012)’s
results for the recognition of neutral, but unfoitely this study did not distinguish between

LPD and RPD patients. When Mondillon et al. (20&2)lored the recognition of facial

37



Voruzet al.- Vocal emotion and STN DBS in PD

713 emotions in patients with PD following STN DBS, yifeund that the patients in the

714  postoperative condition recognized neutral expoessbetter than the matched HC group did.
715 The authors interpreted their results in the candésimulation models (Niedenthal, 2007,
716 Niedenthal, Mermillod, Maringer, & Hess, 2010 ).elpatients’ amimia may have led them to
717 adopt a relatively neutral expression during tis&.tAs a consequence, they recognized the
718 corresponding neutral facbstterthan HC did. We believe that the same hypothesitdc

719 reasonably apply in the vocal modality, thus explag the present results. Although it

720 remains to be demonstrated, we can hypothesizedlcat emotion recognition deficits in PD
721 should be interpreted in the context of impairedia@autofeedback. Dysarthrophonic

722 disorders in PD can affect the speech productibsysiem (e.g., glottal-supraglottal

723 articulation system), but may also affect the lggal phonatory system and/or the pulmonary
724  system. Thus, we can also assume that minute mawsnmethe larynx and other muscles
725 involved in speech articulation (inner speech psees or related processes; i.e.,

726 subvocalization processes) are affected, leadimgcteased misattribution in the recognition
727 of vocal emotions. Interestingly, previous studiese reported modifications in

728 velopharyngeal control and speech respirationotig STN DBS (Hammer, Barlow, Lyons,
729 & Pahwa, 2010, 2011). In their discussion, Mondilkt al. (2012) could not rule out an

730 alternative explanation, whereby the answers gbyepatients with PD aréefault responses
731 that they give when they experience difficulty memotion recognition task. Interestingly,
732 our methodology featuring nontarget scales andimontis ratings (in contrast to the

733 categorical choices used in Mondillon et al.’s gJuénabled us to exclude this alternative
734  explanation. The embodiment explanation was alsmborated by our metabolic results. At
735 the neural level, lesions in the right ventral @mnand secondary somatosensory areas,
736 temporoparietal junction (Arzy, Thut, Mohr, Miché&l,Blanke, 2006) and, to a lesser extent,

737 the insula and anterior supramarginal gyrus, hapeatedly been found to compromise
38



738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

Voruzet al.- Vocal emotion and STN DBS in PD

emotion recognition (Adolphs, 2002). One interpiietaof these findings is that viewing
expressions of emotion triggers an emotional respamthe perceiver that mirrors the
emotion depicted in the stimulus (Wild, Erb, & Bdst 2001), and representing this
emotional response in somatosensory cortices mgrovides information about the emotion.
According to embodiment theories, by generatingriml somatosensory representations of
perceived emotional stimuli, and thereby simulagogially relevant information, the
somatosensory cortices play a role in emotion neitiog. To sum up, and in line with
Mondillon et al.’s propositions, we suggest thattfee LPD subgroup of patients, whereas L-
DOPA overdoseshe ventral stream of the OFC with dopamine inglremperative condition,
DBS compensates for this overactivation by decrgg®FC activity, thereby restoring the
necessary OFC-amygdala interaction needed to peesecal emotion processing. This is
reinforced by the fact that their patterns of perfances were correlated with LEDD, and is
corroborated by a previous report demonstratingpteeence of dopaminergic overdose
effects in the context of vocal emotion recognitiod’D (Péron, Grandjean, Drapier, &
Vérin, 2014). At the metabolic level, we were siggd not to observe correlations with a
network involving the OFC-amygdala pair. We onluiid significant effects in the right
middle frontal gyrus (BA 6) and right posterior &obf the cerebellum (Lobules VIII and

VIIb) (Fig. 3 and Table 6). This is, however, ayereresting result. First, regarding the right
premotor cortex, it is in line with the simulatibgpothesis. Second, recent propositions have
been made regarding the cerebellum’s involvemetitemetwork that subtends embodied
cognition (Guell, Gabrieli, & Schmahmann, 2018) amthe affective domain. It has been
suggested that increased volumes in Crus 1 in persdh high alexithymic traits are related
to an altered embodiment process, leading to emetimat are not cognitively interpreted
(Laricchiuta et al., 2015). (Thomasson et al., 30&8ently demonstrated that patients with

chronic cerebellar ischemic stroke display vocabtom deficits, compared with matched
39
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763 HC, and these emotional misattributions are camdlavith lesions in right Lobules Vlib,

764 Vllla,b and IX, corroborating the effects we obsathfor Lobules VIlb and VIII.

765 Regardindear, it is interesting to note that studies repor@ngjgnificant deficit in

766 emotion recognition following STN DBS have ofteginighted impairments for this

767 particular emotion. As mentioned previously, theBects may have been driven by RPD
768 patients (Biseul et al., 2005; Le Jeune et al.8200nfortunately, this information is rarely
769 documented, and analyses would therefore neediterbe on the raw data to take account of

770 this factor, which seems to be critical in the tesu

771 5 SUMMARY AND CONCLUSION

772 Taken together, patients with predominantly leftesi motor symptoms (i.e., with
773 greater right hemispheric brain dysfunction; LPDggented impaired vocal emotion

774  recognition in the preoperative condition for naljtsadness and happiness stimuli that STN
775 DBS seemed to normalize. By contrast, surgery sdémbave a deleterious effect on fear
776 recognition abilities in the subgroup of patientthvpredominantly right-sided motor

777 symptoms (i.e., with greater left hemispheric bidysfunction; RPD). The behavioral

778 improvement observed in LPD patients was correlatigid metabolic modifications in a
779 right-lateralized network known to be involved me@tional prosody recognition (i.e., right
780 IFG, superior temporal gyrus, insula, and poster@aebellum), while the behavioral

781 worsening effect among RPD patients was correlatddmetabolic modifications in the left
782 parahippocampal gyrus and right cerebellum.

783 The present results corroborate the notion of heineisc specialization of the STN
784  during vocal emotion decoding and the differentigbact of STN DBS according to PD
785 motor symptom asymmetry, and raise the questigheopotential involvement of this basal

786 ganglion in embodiment processes.
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977 APPENDIX
978 Computer interface for the original emotional prosaly recognition

979 paradigm

Jugement émotionnel

Rejouer le son

La voix exprime :

inexistante faible plutét forte trés forte

[ oie M
peur I
[iristesse [Nl
[ coere I
BT (]
[ Surprise [Nl

intensité émotionnelle intensité émotionnelle
que I'on rencontre exceptionnelle
assez fréquemment

980

981 Note.Joie= HappinessPeur= Fear,Tristesse= SadnessColere= Anger,Neutre= Neutral,
982 Surprise= SurprisePas d'émotion expriméeNo expressed emotiolmtensité émotionnelle
983 que lI'on rencontre assez fréquemmnre@motional intensity we quite often encounter,

984 Intensité émotionnelle exceptionneli&xceptional emotional intensity.
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