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ABSTRACT

Objective: While Parkinson’s disease (PD) has traditionally been described as a movement
disorder, there is growing evidence of disruption in emotion information processouedsd

with the diseasél'he aim of this study was to investigate whether there are specific
electroencephalographic (EEG) characteristics that discrimfiageatients and normal controls
during emotion information processing.

Method: EEG recordings from 14 scalp sites were collected from 20 PD patients and 30 age-
matched normal controls. Multimodal (audio-visual) stimuli were presented to gvetiécs
targeted emotional states such as happiness, sadness, fear, anger asurplisgustAbsolute

and relative power, frequency and asymmetry measures derived from $paoctbized EEGs
were subjected to repeated ANOVA measures for group comparisons as teadliscriminate
function analysis to examine their utility as classification indicesdditian, subjective ratings
were obtained for the used emotional stimuli.

Results Behaviorally, PD patients showed no impairments in emotion recognition as measured
by subjective ratings. Compared with normal controls, PD patients evidencéer sweatall

relative delta, theta, alpha and beta power, and at bilateral anteramgegnaller absolute theta,
alpha, and beta power and higher mean total spectrum frequency across diffieteriz
statesInter-hemispheric theta, alpha, and beta power asymmetry index difererece noted,

with controls exhibiting greater right than left hemisphere activation. Wéherga-hemispheric
alpha power asymmetry reduction was exhibited in patients bilaterallyegians.

Discriminant analysis correctly classified 95.0% of the patients and codtnatgy emotional

stimuli.



EEG analysis of Parkinson’s disease during emotion processing 3

Conclusion: These distributed spectral powers in different frequency bands might provide

meaningful information about emotional processing in PD patients.

Keywords: Emotion; EEG Power; Frequency bands; Hemispheric asymmetry
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BACKGROUND

Parkinson’s disease (PD) is a common progressive neurodegenerative disorder of the
central nervous system [1]. Nowadays, PD influences a large part of worldwidetpmpul
About 1% of the population over 55 years of age is affected by this disease [2]. The motor
clinical symptoms of PD such as resting tremor, rigidity, bradykiresiapostural instability [3,
4] results from dopaminergic deficiency in the basal ganglia. In addition, Rébis a
characterized by the presence of non-motor symptoms including disruption in emotion
information processing [5], which have been found in over 50% of newly diagnosed PDspatient

[6] and can appear in any stage of disease progression [7].

Individuals with PD show impairments in the ability to recognize emotions fromal fa
expression [5, 8-10], speech prosody [11, 12] and show reduced startle reactivity to highly
arousing unpleasant pictures [13, 14]. There is sparse event related potentia\i@B)e that
early processing of emotional prosody (mismatch negativity [15]) and eadyg posterior
negativity [16]) may be affected in PD. While there are also reports of artamtion recognition
[5, 16-21], others have documented impairments in recognizing some of the basic emotions
(anger, fear, disgust, happiness, sadness, and surprise) but not other emotionsi{&t22].
recently, lateralization (left versus right) of emotion recognition in REble@n debated. For
example, Clark et al. reported no asymmetry effects on explicit emotiqooasdion [8].

Ariatti et al. and Yip et al. reported problems in categorizing disgust prosgfients with
predominantly right-sided [23, 24]. While Ventura et al. reported that predonyitefhided
patient’s exhibit recognition of sadness emotion [25]. Finally, it is not yat\wleether deficits
appear in recognizing emotion only in one stimulus modality (i.e., facial €sipre [8]) or more

(facial displays and prosody [11, 23]; facial displays, voices, and verbs [12]). hikoge
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experimental evidence so far supports the view of impairments in emotion prgaas3D.
Most studies on emotion recognition mentioned above dealt with behavioral responses (i.e
participants were asked to match, to identify, to judge, or to rate the emotiondi)svhereas
very few studies dealt with physiological measures (i.e., startle eye bihERPS).

Furthermore, PD is characterized by a loss of dopaminergic innervation ofktie ba
ganglia, including the ventral striatum, and the subthalmic nucleus. Thesteirgs are highly
interconnected with, for instance the amygdala and the orbifrontal cortex, lyiainsre
associated with emotion recognition [23]. In addition, it is well documented thaibaiadot
processing involves a multitude of processes in several brain circuits. Onplexsathe
somatic marker hypothesis by Damasio, which states that emotions resulanfinterpretation
of somatic states [26]. Thus, impairments in the processing of emotional intorbgtPD
patients are also reflected in the characteristics of elechatiaation of the brain i.e.,
electroencephalogram (EEG). In general, due to their noninvasive recordiegum®and
temporal resolution, EEG signals have been widely used in order to study braty esfating
to affective responses. Evidence of such activity is reported in the majorityofrE@lency
bands i.e., deltad(1 — 4 Hz), thetat 4 — 8 Hz), alphao{ 8 — 13 Hz), beta( 13 — 30 Hz) and
gamma (J: 30 — 60 Hz). In line with results from healthy participant EEG emotion study, one of
the common indicators of emotional states is the alpha-power asymmewgddeom the
spectral differences between a symmetric electrode pair attiéoa areas of the brain [27].
Other spectral changes and brain regions were also reported, which areesgsothatmotional
responses, such as the alpha power changes at right parietal lobe [28], thezhpoges at
right parietal lobe [29], the frontal midline theta power [30], beta —power asygnatdtre

parietal region [31], and the gamma spectral changes at the right parietal [8g]ons
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This study aims to investigate whether differences in EEG frequency bandgdrguc
the emotional information could be used to discriminate PD patients and healthysc@#h@hl
For this purpose, we utilized traditional EEG spectral measures of absolutdadivé power as
well as the measures of EEG mean frequency. We also studied the functional etynecti
between brain regions by examining inter-hemispheric and intra-hemispaticrnships
responses to emotional stimuli. Statistical analysis was used to evhkiatdracted features
between the two groups. To our knowledge, no study has yet been conducted to explore the

correspondence between emotional states and EEG frequency bands in PD patients.

Materials and methods

Participants

Twenty three PD patients and 30 HC that have been matched for age, education level,
and gender participated in the study. Due to excessive artifacts (body mavamectosing of
the eyes), three participants of the PD group had to be excluded from the furthgisanaly
resulting in a sample of 20 PD patients (10 men and 10 women) and 30 HC (13 men and 17
women). The PD patients were recruited from the clinic Neurology outpagiemtes of the
Hospital University Kebangsaan Malaysia (HUKM) medical center, &uampur, Malaysia.

All of them had been diagnosed with idiopathic PD by a neurologist. All patienésopgmally
medicated during testing session (ON state) with d2-agonist (n=18)lapalii-dopa (n=13),
monoamine oxidase B (MAO-B) inhibitor (n=7), catechol-O-methyltranség{@OMT)

inhibitor (n=5), amantadine (n=5), or anticholinergics (n=3). The average duratin (@ost-
diagnosis) in the group was 5.75 years [standard deviation (SD) = 3.52, range = IsllZhea
severity of motor signs in the group could be characterized as mild to modizaéeats fit

Hoehn and Yahr stages (H & Y) [33] | — Ill (Stage | = unilateral diseagemiltl symptoms,
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stage Il = bilateral involvement, stage Il = bilateral symptontk mostural and gait
disturbances) with a mean Unified Parkinson’s Disease Rating ScaldR@)HB4] motor score
of 17.05 (SD = 3.15). None of the patients had coexisting neurological (e.g., epilepsy) or
psychiatric disturbance (e.g., major depression or anxiety, psychotic symptajnhattmight
independently influence their cognitive functioning.

The healthy control participants were recruited through the hospital’s madital
community and/or from patient’s relatives. Exclusion criteria for controladed any
psychiatric or neurological disorder. To exclude dementia or depressionippatscscoring 24
or lower on the Mini-Mental State Examination (MMSE) [16, 35] or 18 or higher on the Beck
Depression Inventory (BDI) [15, 36] were excluded. All participants were-hightled as
determined by self-report and confirmed by Edinburgh Handedness Inventtdj\fE]. This
test consisted of 10 questions asking for the preferred hand for a series oéagewvit writing,
throwing, using scissors, etc.). All participants reported normal or cedr¢atnormal vision,
and intact hearing was formally established in all participants by adeningsa pure tone
audiometric screening of both ears to ensure acceptable normal hearihglthesnimum 30
dB HL at 0.5, 1, 2, and 4 kHz, for the better hearing). All participants/caretakeirgarmed
consent before completing the study, which was ethically approved by theyFddukdicine,
Institutional Review Board of the University Kebangsaan Malaysia. Aligiaahts were paid
for their participation.

Patients and controls were comparable in demographic variables such as age (PD:
M=59.05 years, SD=5.64; HC: M=58.43 years, SD=3.01; t (48) = 0.502, p=0.61), gender
distribution (PD: 10 men, HC: 13 mexf;(1, N=50) = 0.21, p=0.68), and education level (PD:

M=10.45 years, SD = 4.8; HC: M=11.02 years, SD=3.24; t (48) = -0.62, p=0.51). As shown in
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Table 1, PD patients did not differ in mean MMSE scores, mean BDI scores, as nvedras

EHI scores.

The modeling and classification of emotions

Emotions can be defined as a complex psychophysiological behavior of an individual's
metal state. It is systematically produced by cognitive processgecsve feelings,
physiological arousal, motivational tendencies, and behavioral reactionsf3@jceht years,
the emotions have been studied in various fields such as cognitive science, psychology
behavioral science and human computer interaction. Researchers acrodsigsees have
agreed on two categories of emotional models. The first category includ#isdtete emotional
model (DEM) where the objective is to recognize the universally accaptbdsic emotions
namely happiness sadness, fear, anger, disgust and surprise [39]. On the otheliektnd, af
dimensional model (ADM) specifies emotions as a combination of two parametasyna
valence and arousal [40]. Valence stands for one’s judgment about a situation as goditi
negative and arousal spans from calmness to excitement, expressing the cfegneés
excitation. Figure 1 shows the basic emotions plotted on the 2D valence-arousdhplaise
work, six basic emotions (happiness, sadness, fear, anger, surprise, disgdsthlaEM were

considered.

Stimulus material

Gathering good and meaningful data is essential in any clinical apmtichtiworks
related to emotion recognition using physiological signal, acquiring emotictiaathdda
corresponds to specific emotional state is a challenging one, because of thieveuéere of
the emotions and cognitive dependence of physiological signals. This requirestiunal

states to be elicited internally in the participants. Until now, most studigsa@tioe recognition
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in PD have used only facial stimuli, prosodic stimuli, or both [41, 42]. Also, a number of
emotion induction techniques using pictures, sounds, music, or multimodal approach
(combination of audio & visual) have been used to elicit the target emotions [43-47lthy hea
controls. Among all these stimuli modality researchers have identifiechtiiatmodal stimuli
induce emotions in the participants more naturally and effectively than otitditres [45, 46,
48, 49]. In this work, we utilized a multimodal approach to evoke specific targetedeahoti

State.

The emotional stimuli were taken from different sources such as the bidaeata
Affective Picture System (IAPS) database [50], International Affedigitized Sounds (IADS)
[51] database and video clips (e.g., funny animals, wonder activities by humanslkgtcted
from various resources on the internet (e.g., YouTube, Facebook and others) [52]. Eimelicit
of emotions such as sadness, fear, and disgust was mainly attained by usiivg gifgates
from IAPS and sounds from IADS databases. Various psychological and psychapjigalol
experiments have experienced that these stimuli set has great potentiahuestigation of
sadness, fear, and disgust emotion [43, 53]. Moreover, Mikels et al. [54] & Redondo et al. [55]
provided a more complete characterization of the categorical structurelaPB8end IADS
stimulus set, with the objective of identifying images and sounds that elicit seretdiemotion
more than other emotions. From this, the IAPS pictudisgust: valence mean (SD) = 2.43
(1.51), arousal mean (SD)= 5.90 (2.25); fear: valence mean (SD) = 3.80 (1.89), arousal mean
(SD)=5.85 (2.12); sadness: valence mean (SD) = 2.74 (1.57), arousal mean (SD) =5.00 (2.08))
and IADS sounti(disgust: valence mean (SD) = 4.00 (1.72), arousal mean (SD) = 5.82 (1.93);
fear: valence mean (SD) = 4.00 (1.72), arousal mean (SD) = 5.82 (1.93); sadness: ved&nce m

(SD) = 3.28 (1.65), arousal mean (SD) = 6.61 (1.89)) were selected and combined together
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according to their arousal and valence values provided in the databases. For,example
negative/high aroused sound is matched with a negative/high aroused image. Furtlibemore
emotions happiness, surprise, and anger were elicited using vide®clgsf the major tasks in
inducing emotions using audio-visual clips is to identify video clips that would #Héctarget
emotions better. For this, around 30 video clips per emotional state were collectacfrous
sources on the internet, and a pilot study was conducted. Thirty volunteers in the mafan age
26.4 years (24 to 45 years) participated in the pilot study to rate the emotioegpleegnced
when watching the video clipall of them were psychology teachers or students of the UKM
medical center, Kuala Lumpusixty audio visual clips (ten for each emotion) with the highest

rating were chosen for data collection.

Emotion elicitation protocol

An illustrated version of the emotion elicitation protocol is shown in Figure 2. As shown,
the protocol had two sessions of six trails each. There was a break of 10-15 minutes bletw
sessions. The participants were allowed to relax during the break (sinoatine@us
assessment would have been too exhausting). The multimodal stimulus relaliitigetcia
emotional states (happiness, sadness, fear, anger, surprise and disgust) ayeesidisphch trial
in a random order. Each combination of picture and sound was presented for six seconds [56]. To
maximize the participants’ emotional reactivity, each clip block consistsik cbmbinations of
the same emotional category and lasted for 36-seconds. In addition, each of thepsdeo cli
varied from 36-45 seconds in duration, depending on the length of the clip. Neutral images,
which can calm down the participant state, were displayed for 10 seconds att thieesteln
trail. This would help the participant to get back to the normal or neutral state frotoreash

excitation. Besides, a 15-second rating interval [57] was provided betweerpthim elihich
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participants answered on a five point self-assessment scale. Each sedsaiyotd

approximately 30 minutes.

Procedure

The purpose of the study was clearly explained to the participants befaredteat
experiment. The participants were further requested to relax, minin@zebody movement (to
reduce the appearance of relevant artifacts in the EEG recordings), aadtcatecon the
emotional stimuli. Then, self-guided emotion elicitation protocol was displayed soriden.

The experiment set up was shown in Figure 3. At the end of each clip, participathis §HH-
assessment questionnaire to state the status and strength of the emotiaisdbegd the
experiment. They were asked to report the strength using a five-point soaidirag to the

degree (1 = very low, 2 = low, 3 = medium, 4 = high, and 5 = very high). The participants were
also allowed to indicate multiple emotions during the experiment. A picture oflthe se

assessment questionnaire is as shown in Figure 4.

EEG recording and data analysis

EEG recordings were conducted using the Emotive EPOC 14-chanteWkEless
recording headset (Emotive Systems, Inc., San Francisco, T®).electrode scheme was
arranged according to the international 10-20 system and included aleittdes at AF3, F7,
F3, FC5, T7, P7, O1, 02, P8, T8, FC6, F4, F8, and AF4 positions, referenced to thencom
mode sense (CMS-left mastoid)/driven right leg (DRL-righttwid$ ground as shown in Figure
5. The acquired data were digitized using the embedded 16-bit ADC1®& Hz sampling
frequency per channel and sent to the computer through wireldssoliegy. It utilizes a
proprietary USB dongle to communicate using the 2.4 GHz band. tBrige, all felt pads on

top of the sensors have to be moistened with a saline solltiaddition, the Emotiv Software
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Development Kit (SDK) provides packet count functionality to ensurdata is lost. The real

time sensor contact quality was visually monitored to ensure quality of meaatseme

EEG analysis was performed offline in the MATLAB (version7.12.0.635, R3011la
environment. The raw EEG data was split as per the emotiores.sédter that, the EEG signals
were subjected to filtering. In particular, IIR Butterworth bandp@® order filter) was used.
The focus was placed upon the four EEG frequency bands: delta (1z); théta (4 — 8 Hz),
alpha (8 — 13 Hz), and beta (13 — 30 Hz) [47, 58]. A study published by3&mproposed that
the use of different epoch size that depends on modality, e.g., 2—6 sémossech, and 3-15
seconds for biosignals. In this study, the EEG signals were esdggch into six seconds
corresponding to the duration of each multimodal stimuli projection. Theeparate threshold
method was used to remove eye blinking artifacts, in which epochsvéna found to have
amplitudes exceeding + 80 pV were excluded from the study [S8hll eighty four artifact-
free epochs from middle data segment of each emotional stass a@gita, theta, alpha, and beta

frequency band were selected for further analysis.

The frequency domain analysis was performed using the BaseF Transform (FFT)
algorithm (with the resolution of 0.125 Hz) to calculate absolute’/{iy power density,
relative (%) power density and mean frequency (Hz) within eathe sub-bands. The absolute
power of a band is the integral of all of the power values witsirfirequency range. Relative
power (RP) indices for each band were derived by expressing abpoluer in each frequency
band as a percent of the absolute power (AP) summed over the fguerfcy bands. Mean
frequency was calculated using a formula published by [60]. Meaad)(fotquency (Hz) was
also derived from the entire analyzed spectrum (1 — 30 Hz). Meastiieser-hemispheric

(absolute) power asymmetry for each band were also computesk¥en homologous sites



EEG analysis of Parkinson’s disease during emotion processing 13

(AF3-AF4, F7-F8, F3-F4, FC5-FC6, T7-T8, P7-P8, 01-02) and an additional set ofdizadse
site pairs (AF3-F3, AF4-F4, F3-0O1, F4-02, FC5-P7, FC6-P8, P7-O1, P8-021,T78202)
were used to derive measures of intra-hemispheric power asyrimetach band as based on
the ‘neurometrics’ formulas described by John et al. and Prexm@gdohn [61, 62]. Accordingly,
right (R) hemisphere vs. left (L) hemisphere asymmetry indiRels) were calculated with the
formula [(R-L)/ (R+L)]. For intra-hemispheric symmetry, arder(A) (frontal) vs. posterior (P)
(back) (A-P) value ratios for each electrode pair were denviéh the formula [(A-P) / (A+P)].

Absolut power and asymmetry EEG variables were log transthiotgx)) and, relative power
variables were transformed log[x + (L- x)] in order to normalize the distribution of the data

[63-65]. As with John et al. [66], the EEG frequency (Hz) indicesevieund to be normally

distributed and thus did not require transformation.

Statistical analysis

All statistical analyses were performed using the SPSS version 20.0regbackage
(SPSS Inc., Chicago, IL). The Shapiro-Wilk normality test was used to evalbateer
continuous variables exhibited a normal distribution. Parametric analysigppléedao normal
data, whereas nonparametric analysis was applied to non-normal data. A threpeeted
measures (mixed design) analysis of variance (ANOVA) was perfornaglthe factors: Group
(PD, normal controls), Emotional states (happiness, sadness, fear, anger, disgugirese) s
and Electrode sites for absolute power, relative power and frequency nsdas@ach
frequency band. Similarly, separate ANOVAs were conducted on inter andhémiviapheric
asymmetry measures. The ANOVAs treated Emotional states antB&esttes as a within
subjects factor and Group as between subjects factor. When a main effect efaations with

Emotional states were found as significantly different between two graugttiea ANOVA



EEG analysis of Parkinson’s disease during emotion processing 14

(two-way) was performed, using only the Emotional states factor values frasaléoted
frequency band. In these analyses Group was the between subjects th&acimode sites the
repeated factor. Violations of sphericity were adjusted by the Greenhouser silon
correction [67]. When a significant Group x Electrode sites interaction wasteldtoy ANOVA,
in order to determine significance of difference for each of the electrdeparate two tailed
student’s t-test was performed.

In addition, the data from the behavioral study (subjective ratings as welbamot
recognition rates) were analyzed separately by repeated ANOVAAures, with group as
between-subject factor and emotion as within-subject factor. The resultsamsidered as
significant at the level gb < 0.05. For all analyses, the uncorrected degrees of freedom and the
corrected p-values are reported. Due to space reasons, only significantbeffeetsn-group,

Emotional state factors and follow up test results are reported here.

Results

Behavioral measures

Mean subjective ratings are given in Table 2. As shown, overall the ratings gleee hi
for happiness, and lower for disgust; main effect of emotion [F(5, 240) =¥<88,0001]. No
significant difference between groups and no Group x Emotion interaction wereeabfe>
0.9). In the emotion recognition task (shown in Figure 6), performance of PD patients did not
differ significantly from HC [see Additional file 1]. Overall, happiness eortiwere
recognized best (% correct M = 93.42; SD = 9.00), whereas disgust emotionsocogrezed

worst (% correct M = 69.58; SD = 3.20), [F(5, 240) = 2199,0.023].

Absolute/relative power
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A three-way repeated measures ANOVA showed significant Emotionak$tatts were
evident with absolute delta [F(2, 332) = 4.184; 0.017], theta [F(2, 332) = 4.328= 0.014],
alpha [F(2, 332) = 6.33%,= 0.002], and beta [F(2, 332) = 4.7p8; 0.009] power. Significant
Group absolute power differences were limited to theta [F(1, 166) = 28=16,0001], alpha
[F(1, 166) = 20.42p = 0.0001], and beta [F(1, 166) = 8.89% 0.003] activity. To explain Group
x Emotion interaction, a post-hoc two-way ANOVA was performed for each emotibn wi
Group and Electrode pair. This disclosed a significant difference between Bbtgpatd NC
group in delta, theta, alpha, and beta frequency band during emotion information pgycessi
with PD patients having less absolute power across all the emotional state 2 3fadls the
summary ofp-values obtained from two-way ANOVA. Follow up t-tests showed that PD
patients had less absolute power values than in controls at all the scalp sig&ihational
stimuli of different categories. In general, the absolute power distributibimsh&ta, alpha, and
beta were maximum at anterior sites and delta maximum at posteripbsgesally during the

emotional stimuli.

Relative power measures with ANOVAs found that significant Emotional etiziets
were shown for delta [F(2, 332) = 7.0937 0.001], theta [F(2, 332) = 3.085= 0.047], alpha
[F(2, 332] = 6.332; p=0.002), and beta [F(2, 332) = 5.p350.006]. Although significant
Group differences were observed with delta [F(1,166) = 18@897.000], theta [F(1, 166) =
11.265,p = 0.001], alpha [F(1, 166) = 46.529= 0.001] and beta [F(1, 166) = 15.156;
0.000] activity. Two-way ANOVA on Emotional state values separately coadirsignificant
influence of Group x Electrode sites interaction in all the bands, which indicatdelitsdtients
show reduced brain electrical activity during the processing of diffeneoti@nal categories

than NC. Table 3 shows the summary of significant differences (p-valubs@adh emotional



EEG analysis of Parkinson’s disease during emotion processing 16

categories respect to frequency bands. The two-tailed t-tests showeD tetidhts exhibited
significant p < 0.05) differences, with smaller relative power values than normal contadls at

scalp sites.

Hemispheric asymmetry

The ANOVA with three way repeated measures interaction revealedcagiif
Emotional state effects for inter-hnemispheric delta [F(2, 332) = 322%.041], theta [F(2,
332) = 3.225p = 0.014], alpha [F(2, 332) = 3.4467= 0.033], and beta [F(2,332) = 4.258;
0.015) activity. Two-way ANOVA separately showed a significant Group xi6lee sites
interaction with inter-hnemispheric delta, theta, alpha, and beta band. This showadbithieat
Emotional states could be differentiated significantly between the two gneitpdess band
power (i.e., reduced brain activity) in the PD group when compared to the normal gomiml
Table 3 shows the summary of significant differenpegalues) with each emotional categories
respect to frequency bands. Figure 7(a) — 7(d) summarize the mean = Starold®l [E)
significance of differences between PD patients and NC group in delta, thktg,and beta
band for each of the Electrode sites, as revealed by an independent t¢eAtidjsenal file 2—
5]. Significant Group inter-hemispheric differences were limited to tigfa L66) = 20.80%) =
0.0001], alpha [F(1, 166) = 46.612F 0.0001], and beta [F(1,166) = 9.1$2; 0.003). In
general, inter-hemispheric theta, alpha and beta ratio values werer ssthafiéerior regions
across the significant electrode pairs. Whereas both groups evidenced pogitinestry ratio
values during the emotional stimuli indicating greater right than leftd@are power, the

positive values were generally larger in the normal controls than in the PD gatient

A three way repeated ANOVA measures found significant Emotional statesh@vn

for intra-hemispheric delta [F(5,332) = 3.4p6; 0.034], theta [F(5,332) = 3.153= 0.044],
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alpha [F(5,332) = 3.10,= 0.046], and beta [F(5,332) = 3.2265 0.041]. Two ways ANOVA
on Emotional state values separately confirmed significant influence of Grdeptxode sites
interaction with intra-hemispheric delta, theta, alpha, and beta, with decreadgubleer (i.e.,
less emotional activity) in PD patients than normal controls. Table 3 shows the rsuohma
significant difference values of with each emotional category with regp&equency bands.
Figure 8(a) — 8(b) summarize the mean (x S.E.) significance of differé&eteeen PD patients
and NC group in delta, theta, alpha, and beta band for each of the Electrode sitesleashgvea
independent t-test [see Additional file 6-9]. In general, intra-hemisphaoo/edties were
smallest with F4-O2 and P7-O1 and largest with AF4-F4, and F3-01 site pairthgesypect to
normal controls. Although significant Group intra-hemispheric differenceslwated to alpha
[F(1,166) = 6.613p = 0.011], with normal controls exhibiting greater ratio values (indicating
relatively greater alpha at anterior vs. posterior sites of eachthpamrpatients during emotion
processing. Follow-up tests found the two groups to differ with respect to sagiigite pairs in
both right and left hemisphere (i.e., bilaterally). For the significant sits, fe@th groups
exhibited both negative/positive ratio values, indicating evenly distributed powssanterior
and posterior electrodes of these site pairs, but values were less in the,ghtantsthe normal
controls during emotional stimuli.
Mean frequency

A three way repeated ANOVA measures did not find any significant Emotitatal s
effects with delta{ = 0.564), thetap(= 0.280), alphap(= 0.407), betag = 0.236) and total
mean frequencyp(= 0.163) during emotional stimuli. Mean (x S.E.) delta, theta, alpha, beta
band and total spectrum frequency values for each group collapsed across Entatesahsl
Electrode sites are shown in Figure 9 [see Additional file 10]. In geneltal fidmuency values

were higher at frontal-central sites, and theta frequency values wdlersshtemporal and
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occipital sites. Alpha and beta frequencies values were higher at postegpasd mean total
frequency value was higher at anterior sites. Although no significant grougeddés were
observed for mean delta, theta, alpha and beta frequency, significant Group [FE4188)p
= 0.034] effects were found for mean total frequency. Total frequency wasighéagher in
patients, reaching significange € 0.05) at six anterior (AF3, F7, F3, F4, F8, and AF4) of the

fourteen targeted electrode sites during emotion information processing.

Discriminant classification

With respect to discriminant analysis, we only used the indices (by three way
repeated ANOVA measures) that differentiated PD patients and normadlgotrps during
emotion information processing. To further reduce the number of predictors, valui@s wit
significant band index were averaged across the significant sitgssgavhich showed patients
and controls to be different, thus resulting in one value per band for each index. Bheadtati
procedure used was multiple stepwise discriminant analysis. Table 5 dis@agsults of the
initial discriminant and the independent replication (cross-validation)ifotas®n accuracy
from the separation of PD patients from NC group based on EEG variables colleqossdad
the emotional categories. The overall classification was 95.0% in both clatsifiattempts.
Theta, alpha, and beta absolute power; delta, theta, alpha, and beta relativehetayeipha,
and beta inter-hemispheric power asymmetry; and alpha intra-hemispberec asymmetry
contributed as features to the classification. The independent replication datesrise high

replicabilty and stability of this discriminant function.

Discussion

The present study is to our knowledge the first to examine a relativedyrande of

spectrally and statistically derived EEG features in relation to emotformation processing in
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PD patients. Significant patient vs. control group differences were seenmuithlzer of features
during emotion information processing. In line with previous findings on behavioral rasgSur
16, 17, 21}, the present study also found PD patients to report no impairment in emotion
recognition accuracy, and subjective ratings of emotional stimuli. It isvodtey that these
findings are most likely not due to low statistical power since PD patiemésdescriptively
even better in recognizing emotion disgust and fear compared to healthy cdntrasver,
Cohen et al. [68] found that PD patients under dopamine replacement therapy (D& hiptver
impaired in emotion recognition, but were more sensitive to cognitive load, whitis sede
especially true for non-demented and non-depressive participants as in our sttius .other
hand, absolute and relative power revealed that PD patients showed lower poweheaalues t
healthy controls during the processing of happiness, sadness, fear, angeg, surgriksgust
emotions. Significant group differences between PD patients and healthgisovere limited to
theta, alpha and beta frequency bands. These findings indicate the neuropathelapoale
that PD could be associated with the slowing of oscillatory brain activity [69, 7@]sldwing
of brain activity exhibits a significant correlation with progression of He&ahr Stage in PD
[71]. Although our PD samples were tested on dopaminergic medication, they salle@gigns
of dopamine deficiency as indicated by a mean value of 17.05 in the motor part of th& UPDR
In addition, some of the medications are known to be associated with impulse cootagrdis
in PD, as these aspects might have implications for emotion processing it pagielation [72-
74].

With respect to inter-hemispheric EEG, PD patients tended to show positive
interhemispheric theta, alpha, and beta ratios, indicating relative righggteare

hypoactivation, but this was more evidenced in NCs and was not limited to antes@ssit
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group differences were seen at almost all homologous site pairs. This wasithefrpower
asymmetry ratio analysis, with patients exhibiting relatively legg frontal activation. The
present inter-hemispheric results support the previously reported tradiiengks of emotional
processing suggesting right hemisphere specialization for the percepticcagudition of
social cues [75]. More recently, lateralization of emotion recognition in PD haslbbated.
For example, Clark et al. reported no asymmetry effects on explicit emategocization [8].
Ariatti et al. and Yip et al. reported problems in categorizing disgust prosqufients with
predominantly right-sided [23, 24]. While Ventura et al. reported that predonyitefhided
patient’s exhibit recognition of sadness emotion [25]. Intra-hemispheric EEGdsignificant
alpha band group differences, with evenly distributed power across anterior anadposteri
electrodes, with patients exhibited reduced intra-hemispheric valué¢ofthe significant site
pairs. Anteriorization was also evident for mean total spectrum frequency, @aih frequency
being higher in patients at bilateral pre-frontal, frontal and central Shesutility of EEG as a
clinical tool in the diagnosis of psychiatric disorders is progressing [John, 198@jfine use
in clinical practice remains in doubt until appropriate investigations aredami on the
reliability, sensitivity, and specificity of these tests [Nuwer 1988]. Howeke current
discriminant analysis, carried out retrospectively in a non-blinded fashion, dal een&rked
separation of PD patients and controls, yielding an overall accuracy of 95.08&6tlgorr
classifying 27/30 normal controls (90.0% specificity) and 20/20 PD patients (100%veghsi
in the separation of PD patients and normal controls during emotion information prgcésss
discriminant analysis utilized power measures and asymmetry indicestases.
Furthermore, the amygdala’s involvement in emotional processing is now well

documented in the literature [76, 77]. Interestingly, neuropathological redeatings support
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the theory of amygdala impairment in PD. For example, Tessitore et al. gatedtthe
activation of the amygdala in PD patients during emotion processing using fiRbund that
PD patients exhibited weaker amygdala activation in response to emotionai ttantHiC [78].
Similarly, absence of amygdala response in PD patients was also found by Yastimluf79].
Additionally, Cancelliere and Kertz (1990) reported that patients with corisialns who had
additional damage to the basal ganglia showed the most evident deficits in enfotimaiion
processing [80]. There is also a large body of evidence pointing to the involvementofraopa
in emotional process [81]. For example, the association between dopaminewgig acti
emotion processing has been demonstrated in healthy male volunteers thadl imeareine
D2-antagonist, which caused an impaired recognition of angry faces [82]. Sprengedtredye
investigated the effect of dopamine medication and observed impaired ematiomaitidn
processing [10]. This deficit was more severe in non-medicated patients thadigated
patients with PD. Using PET, it has been shown that reduced dopamine transporter (DAT)
availability was related to decrease in activation of emotional gestuignigcn [83]. Similarly,
an fMRI study revealed that the activity of several limbic regions (aalggtippocampus,
anterior cingulate cortex) during the perception of unpleasant imagesdvaed in healthy
controls that had been given a dopaminergic antagonist [84]. These results have baaadonfir

by other fMRI studies using dopamine manipulations [85].

To sum up, the current study revealed that PD showed no impairments in the behavioral
measures, but exhibited deficits in emotional information processing aseéfiec
neurophysiological measures. This indicated that distributed spectral powkerendi
frequency bands might provide meaningful information about emotional processes in PD

patients. Further controlled studies with PD patients ON and OFF medication cquid hel
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clarify the influence of the dopaminergic medication on emotion processing. lragéti2ns a
complex neurodegenerative disease; with significant influences on brainyadthetefore, as a
step forward, it is necessary to apply new emotion recognition analysis megleodisatt more
typical features from EEG signals of PD patients, and further make idassif analysis based
on those characteristics indices, which may have potential use as biomarkeranaf provide

an objective technique for the investigation of emotional state changes in PD.
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Appendix
The following pictures were used for emotion inductiBisgust 1945, 2352.2, 3000, 3010,
3015, 3030, 3051, 3060, 3061, 3071, 3080, 3110, 3120, 3130, 3140, 3150,3160, 3250, 3400,

7360, 7361, 7380, 8230, 9040, 9042, 9181, 9290, 9300, 9320, 9330, 9373, 9390, 9405, 9490,
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9570, 9830Fear: 1019, 1022, 1030, 1040, 1050, 1051, 1052, 1070, 1080, 1090, 1110, 1111,
1113, 1120, 1200, 1201, 1220, 1230, 1240, 1280, 1274, 1300, 1301, 1302, 1321, 1390, 1930,
1931, 3280, 5970, 5971, 5972, 6370, 9584, 9594, B&ess2205, 2271, 2276, 2490, 2520,
2590, 2700, 2800, 2900, 3220, 3230, 3300, 3301, 3350, 6570, 6838, 8010, 9000, 9041, 9050,
9120, 9190, 9210, 9220, 9331, 9410, 9415, 9470, 9520, 9530, 9561,9611, 9910, 9911, 9920,

9921.

*The following sounds were used for emotion inductDisgust: 134, 115, 251, 262, 284, 698,
702, 711, 712, 713, 714, 720, 728, 729, 730, 732, 812 @88 106, 133, 170, 171, 275, 276,
277,279, 291, 312, 378, 380, 424, 425, 500, 626, 627, 69958dAess115, 150, 260, 261,

278, 280, 285, 286,290, 293, 295, 310, 311, 368, 403, 420, 422, 501, 600, 625.

Figures

Figure 1 - 2D emotion model by valence and arousal

Figure 2 - Emotion elicitation protocol
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Figure 3 - Experimental setup
Figure 4 - Picture of self-assessment questionnaire

Figure 5 - Electrode positions

Table 1 Demographic and clinical characteristics of PD patients andC

38

. _ _ Test's Statistical
Variable PD (n=20) NC (n=30) value result*
Age (years) 59.05 (5.64) 58.43 (3.01) t=0.502 p=0.618

Gender 10F/10M 17F/13M x* =0.214 p=0.686
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Formal Education (years) 10.45 (4.86) 11.02 (3.24) t=-0.62p=0.515
MMSE (0-30) 26.90 (1.51) 27.46 (1.50) t=-1.30 p=0.199
Hoehn and Yahr scale (I/1I/Ill) 2.25 (0.63) - - -
Motor UPDRS score 17.05 (3.15) - - -
Duration of disease (years) 5.75 (3.52) - - -
Depression score, BDI 5.80 (2.87) 5.40 (3.71) t=0.406p = 0.686
EHI (1-10) 9.55 (0.76) 9.87 (0.73) t=-0.822 p=0.415

Note: Mean (standard deviations) are given. N = total number of getits, M = male, F = female,
MMSE = Mini Mental state Examination, UPDRS = Unified Paskin’s Disease Rating Scale, BDI =

Beck Depression Inventory, EHS = Edinburg Handedness Inventonfet@®ite is significant at the<
0.05 level

Table 2Mean subjective ratings of emotional stimuli by PD patients and tathy controls.

' PD HC

Emotion Mean SD Mean SD

Happy 4.25 1.12 4.37 0.96
Sad 3.55 1.28 3.77 0.68
Fear 3.45 0.94 3.57 1.07
Anger 3.30 1.17 3.63 0.96
Surprise 3.85 0.75 3.90 1.12
Disgust 2.95 1.10 3.07 1.23

Note. Ratings: 1 = very low, 2 = low, 3 = medium, 4 = high, and 5 = very high

Table 3Summary of significant two way ANOVA p-values for Group x Electrode ges interaction

difference between PD patients vs. normal controls with reggt to frequency bands

Frequency Emotional States (p-value)
Band

Happy | Sad Fear Angen,  Disgust  Surprige
o 2 o | Delta 0.001 0.028| 0.030 0.001 0.002 0.011
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Theta 0.000 0.003| 0.004 0.011 0.024 0.016
Alpha 0.016 0.009| 0.004f 0.007, 0.020 0.008
Beta 0.006 0.015| 0.001 0.00§ 0.003 0.004
Delta 0.004 | 0.001 | 0.000 |0.003 | 0.003 0.001

o g Theta 0.006 | 0.001 | 0.001 | 0.004 | 0.009 0.006

=

% G;) % Alpha 0.008 | 0.003 | 0.001 | 0.003 | 0.006 0.004

@ 8 £ | Beta 0.006 | 0.011 | 0.001 | 0.002 | 0.001 0.002
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Table 4 Summary of significant two way ANOVA p-values for Group X Electrode ges interaction

difference between PD patients vs. normal controls with reggt to frequency bands

Frequency Emotional States (p-values)
Band Happy | Sad | Fear| Angel Disgust Surpri
o Delta 0.005 | 0.008 0.000 0.001 0.002 0.007
E $ | Theta 0.006 | 0.0014 0.0083 0.004 0.024 0.011
% g’_ g Z Alpha 0.005 0.025| 0.002 0.002 0.035 0.010
£2¢2 g Beta 0.004 | 0.018 0.002 0.016 0.018 0.007,
o Delta 0.015 | 0.016 | 0.005 | 0.016 | 0.003 0.001
E @ | Theta 0.006 | 0.001 | 0.000 | 0.002 | 0.007 0.004
& g g % Alpha 0.009 | 0.002 | 0.000 | 0.002 | 0.005 0.002
E28 € |Beta 0.006 |0.005 | 0.000 | 0.001 |0.001 | 0.000

Table 5 Classification of PD patients and normal controls based ongtiriminant analysis of EEG
variables collapsed across all emotional categories.
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Classifications Classifications
Actual group n % Correct % Correct
I Il I Il
Initial discriminant Independent replication
I. PD patients 20 100.0 20 0 100.0 20 0
II. Normal 30 90.0 3 27 90.0 3 27
controls
Total % 95.0 95.0

Additional files
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Additional file 1 - Figure 6 Means and standard error of means (SEM) of emetagmition
accuracy (%) in PD and HC groups

Additional file 2 - Figure 7(a) Inter-hemispheric delta power (in’{Hz)

Additional file 3 - Figure 7(b) Inter-hemispheric theta power (Irf/fhz)

Additional file 4 - Figure 7(c) Inter-hemispheric alpha power (in’{H)

Additional file 5 - Figure 7(d) Inter-hemispheric beta power (in’{Hz)

Additional file 6 - Figure 8(a) Intra-hemispheric delta power (in’{Hz)

Additional file 7 - Figure 8(b) Intra-hemispheric theta power (in’{Hiz)

Additional file 8 - Figure 8(c) Intra-hemispheric alpha power (in’{Hz)

Additional file 9 - Figure 8(d) Intra-hemispheric beta power (in’{Hz)

Additional file 10 - Figure 9Mean frequencies during emotion processing
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Figure 1 2D emotion model by valence and arousal. This model defines emotions on a two dimensional
space — valence and arousal.

Figure 1
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Figure 2 Emotion elicitation protocol. This is a schematic diagram that details the protocols used for
emotion elicitation.

Figure 2
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Figure 3 Experimental setup. The environment used for data collection along with complete data

collection equipment’s.
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Figure 4 Picture of self-assessment questionnaire. The questionnaire used by the participant to state the
status and strength of the emotions they felt during the experiment.

Figure 4



Nasion

Figure 5 Electrode positions. The Emotiv EPOC electrode scheme was arranged on the head, according
to the 10-20 system.

Figure 5
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