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20  Abstract

21  Romantic jealousy is a complex social emotion combining the different primary
22 emotions of anger, fear and sadness. Previous evidence has suggested the involvement
23 of fronto-striatal dopaminergic circuitry in clinical pathological jealousy, although little
24 is known about overlaps with the neural representation of primary emotions involved
25 in non-morbid jealousy. In the current study, 85 healthy subjects underwent fMRI
26  during resting state and an emotional face recognition paradigm. A total of 150 faces
27  (happy, angry, fearful, sad, neutral) were presented and subjects were required to
28  identify the expression and rate its intensity. Trait romantic jealousy was assessed using
29  the Multidimensional Jealousy Scale. Behavioral results showed that only intensity
30 ratings of angry faces were positively associated with subjects’ jealousy scores. During
31  processing of angry versus neutral expression faces, subjects with higher jealousy
32 scores exhibited greater activation in the right thalamus, insula, fusiform gyrus and
33 hippocampus, left dorsal striatum and superior parietal lobule and bilateral cerebellum
34 and inferior frontal gyrus after controlling for trait aggression and sex. Functional
35  connectivity between the inferior frontal gyrus and caudate was also increased. No
36  associations with resting state functional connectivity were found. Overall, the present
37 study demonstrates an association between romantic jealousy and increased intensity
38  ratings of angry faces as well as in activity and functional connectivity of dorsal striatal-
39 inferior frontal circuitry. Thus, increased emotional responsivity to social threat and
40  enhanced activity in limbic regions and dopaminergic fronto-striatal circuitry may be
41  features of both non-morbid and pathological jealousy.

42
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46 1. Introduction

47  Jealousy is an important and complex social emotion which can be displayed when an
48  individual is threatened with losing something of personal value and involves affective,
49  behavioral and cognitive components (Harris, 2004; Pfeiffer and Wong, 1989).
50  Although, jealousy is often confounded with envy, it is characterized by distrust, fear
51  of loss, anger, and anxiety, whereas envy is characterized by feelings of inferiority,
52  longing and resentment and disapproval of the emotion (Parrott and Smith, 1993).
53  Jealousy is not considered as a primary emotion in Paul Ekman’s classification, but
54  rather as a combination of the different primary emotions anger, fear and sadness
55  (Ekman, 1999; Hupka, 1984) From an evolutionary perspective, jealousy in a
56  relationship is an evolved adaptation (Buss and Haselton, 2005) that can be beneficial
57  for stabilizing it by providing a warning that a sexual partner is potentially desirable
58  and attractive to others who may therefore compete for them.

59 Jealousy has mostly been studied in the context of close relationships, particularly
60  romantic jealousy among couples, and is associated with both implicit and explicit self-
61  esteem (Stieger et al., 2012), depression (Aronson and Pines, 1980), autism (Bauminger,
62  2004) and different romantic attachment styles (Marazziti et al., 2010). Romantic
63  jealousy is comprised of both emotional and sexual components (Weinstein and Wade,
64  2011) and can occur when one partner perceives a threat of loss of the other to a rival,
65  whether real or imagined. In its most extreme pathological form, romantic jealousy can
66  be delusional and promote aggression in terms of domestic violence, self-mutilation
67 and even murder (Camicioli, 2011).

68 Initial neuroimaging studies have examined the neural basis of jealousy by
69  monitoring neural reactivity during experimentally induced jealousy. In male monkeys,
70  the amygdala, striatum and superior temporal sulcus (STS), the temporal pole in right
71 hemisphere and bilateral insula are activated when they were confronted with threats to
72 their exclusive sexual access to a female mate (Rilling et al., 2004). Neuroimaging
73 research on pathological jealousy in humans has emphasized the role of dopaminergic
74  fronto-striatal reward circuitry and the ventral medial prefrontal cortex (vmPFC) and

75 insula involved in mentalizing/self-related processing and interoception/salience
3
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76  processing respectively (Marazziti et al., 2013). In line with this conclusion, empirical
77  studies on the behavioral and neural correlates of non-pathological romantic jealousy
78  have reported that the experience of jealousy is accompanied by increased activation in
79  the basal ganglia (BG), and frontal, particularly ventromedial prefrontal (vmPFC),
80 regions and that greater jealousy is associated with an elevated tendency for
81 interpersonal aggression (Harmon-Jones et al., 2009; Sun et al., 2016). Furthermore,
82 there is some evidence for sex differences in neural responses during the experience of
83 jealousy with men demonstrating greater activation than women in brain regions
84  involved in sexual/aggressive behaviors such as amygdala and hypothalamus while
85  women showed greater activation in the posterior superior temporal sulcus (Takahashi
86 etal, 2000). A study of the neural correlates associated with complex social emotions
87 such as envy and gloating has also demonstrated an important role for the vmPFC
88  (Shamay-Tsoory et al., 2007), suggesting that this region is involved more widely in
89  emotions related to jealousy.
90 Jealousy usually occurs in social interactive contexts, especially relationship
91 triangles, and subtle alterations in the processing of social signals may therefore
92  represent the neural mechanism that promotes its expression. Additionally, it is possible
93 that jealousy may be associated with more general neural processing differences which
94  can be determined even in the absence of external stimulation during resting state
95  conditions. Previous studies in the field have also not controlled for potential overlaps
96  with the neural representation of the individual emotions which comprise jealousy,
97  anger, fear and sadness, and as such we do not know whether there is a neural circuitry
98  which uniquely encodes non-pathological jealousy. An additional issue is to be able to
99  distinguish jealousy from related aggression and both jealousy and aggression can be
100  evoked by a perception of threat (Sun et al., 2016). One way to explore whether altered
101  reactivity towards social signals promotes jealousy as distinct from aggression is to
102  investigate associations between individual variations in trait jealousy and trait
103  aggression and differential responses to social stimuli which convey threat versus
104  neutral or positive social signals. Additionally, associations between trait jealousy as

105  opposed to aggression on neural processing, can be investigated in the absence of
4
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106  external stimuli by analyzing correlations with resting state functional connectivity.
107 Against this background the current study therefore aimed to investigate
108  associations between trait jealousy and neural activity and functional connectivity using
109  functional magnetic resonance imaging (fMRI) both during the resting state and in
110  response to social emotional signal (face emotion processing) conditions in a cohort of
111 85 healthy young adults. Given that previous studies have revealed aggressive behavior
112 and sex differences can contribute to jealousy responses (Schiitzwohl and Koch, 2004;
113 Schiitzwohl, 2005; Sun et al., 2016; Takahashi et al., 2006) both trait aggression and
114  sex were controlled for during the analyses to account for potential contributions of
115  these factors as confounders. Since jealousy often develops during social contexts, and
116  in interaction with emotional responses of others, we hypothesized that this complex
117  emotion would be specifically associated with neural reactivity towards social
118  emotional signals (affective facial stimuli) rather than the intrinsic interaction of the
119  underlying brain networks during the task-free state. We further hypothesized that trait
120  jealousy would be particularly associated with a heightened behavioral and neural
121 response to social threat signals (i.e. primarily angry and fearful faces).

122

123 2. Material and Methods

124 2.1 Participants

125 92 healthy adult Han Chinese subjects (male = 47; age range = 18-27 years, mean age
126 + SD=21.68 + 2.22 years) were enrolled in the present study. 38 subjects (male =
127  22) were in a current stable relationship and 54 were currently single (male = 25). All
128  volunteers reported no history of medical, neurological or psychiatric disorders, and no
129  history of head injury as well as frequent drug, cigarette or alcohol use and were free
130  of MRI contraindications. All subjects provided written informed consent. The study
131 had full ethical approval by the local ethics committee at the University of Electronic
132 Science and Technology of China and the experiments were carried out in accordance
133 with the latest revision of the Declaration of Helsinki.

134

135 2.2 Measurements
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136 To exclude potential confounding effects from clinically relevant levels of depression
137  and anxiety, all subjects completed Chinese versions of validated clinical screening
138  scales before the experiment, including the Beck Depression Inventory-II (BDI-II)
139  (Beck et al., 1996, Wang, et al., 2011) and State-Trait Anxiety Inventory (STAI)
140  (Spielberger et al., 1983; Li and Qian, 1995). Individuals with clinically relevant scores
141  on these two scales were excluded (BDI-II > 28; SAI > 69 or TAI > 69). Individual
142 levels of trait jealousy were assessed using the Multidimensional Jealousy Scale (MJS)
143 (Pfeiffer & Wong, 1989). To control for potential confounding effects of trait aggression,
144  all subjects were additionally administered a Chinese version of the Buss-Perry
145  Aggression Questionnaire (AQ) (Buss and Perry, 1992, Li, et al, 2011).

146

147 2.3 Experimental procedures and stimuli

148  Face stimuli from 30 Chinese subjects (15 males) with 5 different emotional
149  expressions (happy, angry, fearful, sad, and neutral) were selected from the Chinese
150  Facial Affective Picture System (Gong, et al, 2011) and the Taiwanese Facial
151  Expression Image Database (TFEID) (Chen and Yen, 2007). All 150 faces were
152 standardized into gray-scale pictures and covered with an oval mask to remove hair and
153  other individual features using Photoshop CS6.0 (see Figure 1).

154 Before the fMRI session, subjects completed 20 training trials after receiving detailed
155  instructions. Subjects were told to lie still during scanning and foam pads were used to
156  minimize head movement and reduce the impact of scanner noise. The MRI acquisition
157  started with an 8min 30sec resting-state fMRI acquisition. For the resting state acquisition,
158  subjects were instructed to keep their eyes closed and to think of nothing in particular and
159  without falling asleep. Subsequently, subjects performed an event-related fMRI face
160  emotion recognition paradigm. The paradigm consisted of a total of 150 trials that were
161  equally distributed across 3 subsequent runs (50 trials each run, duration 570s per run).
162  Face emotion and gender were balanced across the three runs. Each trial started with
163  passive viewing of the facial stimulus followed by emotion recognition and intensity ratings
164  (total duration, 7000 ms). In the first 1500 ms, a face was displayed for passive viewing.

165  Next, subjects had to indicate the emotion displayed by selecting the corresponding
6
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166  emotion from 5 answer options (1 = neutral, 2 = sad, 3 = happy, 4 = angry, and 5 = fearful)
167  displayed below the face for 2500 ms. Ratings of emotional intensity were subsequently
168  acquired using a separate 7-point rating scale (1 = very weak to 7 = very strong) presented
169  for 3000 ms. A jittered fixation-cross was displayed between the trials for 3600-4400 ms
170  (mean ITI = 4000 ms) and served as an implicit baseline for the analysis. The structure of
171  a trial is additionally visualized in Figure 1. The Face Recognition Task paradigm was

172 presented via E-prime 2.0 (Psychology Software Tools, USA,

173 http://www.pstnet.com/eprime.cfm).

1 2 3 4 5
neutral sad happy angry fearful ’

1 2_ 3 4 5 6 7

Ivery weak very strong|

3000ms +
Mean ITI=4000ms
174
175 Figure 1 Example trial of the event-related emotional face fMRI paradigm
176

177 2.4 Image acquisitions

178  MRI data were obtained using a 3 Tesla GE Discovery MR750 system (General Electric,
179  Milwaukee, WI, USA) located in the neuroimaging center of the University of
180  Electronic Science and Technology of China. During the task-based fMRI acquisition,
181 a time series of volumes was acquired using a T2*-weighted gradient echo-planar
182  imaging pulse sequence (repetition time (TR), 2000 ms; echo time (TE), 30 ms;
183  numbers of slices, 39; thickness, 3.4 mm; spacing, 0.6 mm; field of view (FOV), 240 x
184 240 mm?; flip angle, 90°; matrix size, 64 x 64). Identical sequence parameters were

185  used for the acquisition of the preceding 8min 30sec resting-state fMRI acquisition.
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186  Each run of the Face Recognition Task consisted of 285 volumes and each of the resting
187  state scans consisted of 255 volumes. High-resolution whole-brain T1-weighted images
188  were additionally acquired to improve normalization of the functional images (spoiled
189  gradient echo pulse sequence; repetition time (TR), 6 ms; echo time (TE), 1.964 ms;
190  number of slices, 156; thickness,] mm; FOV =256 x 256 mm?; flip angle = 9°; matrix
191 =256 x 256).

192

193 2.5 Behavioral data Analyses, quality control and assessment of collinearity

194  In an initial step, a reliability analysis was conducted to evaluate the psychometric
195  quality of the MJS and AQ and both demonstrated excellent internal consistencies
196  (Cronbach’s a coefficients: MJS, a = 0.848; AQ, a = 0.921). Independent sample tests
197  further revealed no sex differences for trait jealousy (zs3 = 0.635, p = 0.527) or
198  aggression (f33 =0.712, p = 0.478) and also no effect of current relationship status (MJS
199  -13=-1.165, p=0.247; AQ - 153=0.349, p = 0.728).

200 Next, the normal distribution of MJS and AQ scores as well as the emotional
201  intensity ratings given during the task and recognition accuracy for all emotional face
202  categories was assessed using Shapiro-Wilk’s tests. Results showed that the AQ,
203  emotional intensity ratings of neutral faces and recognition accuracy for all emotional
204  expression faces displayed a non-normal distribution (p < 0.05). Associations between
205  normal distributed indices were examined using Pearson correlations and cases where
206  normal distribution was violated corresponding non-parametric tests (Spearman) were
207 employed. Subsequently, associations between the two scales (Spearman correlation
208  analysis) were explored and associations between MJS scores and the behavioral
209 indices of the emotion recognition task (accuracy) (Spearman correlation analysis) were
210 examined. Pearson correlation analyses were therefore implemented to examine
211 associations between MJS scores and intensity ratings of angry, happy, fearful and sad
212 faces and Spearman correlation analysis between MIJS scores and intensity ratings of
213 neutral expression. All these behavioral analyses were conducted using SPSS 18
214 (Armonk, NY: IBM Corp).

215 Given that collinear regressors in fMRI models might lead to unreliable estimations
8
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216  (Andrade et al., 1999; Mumford et al., 2015), the variance inflation factor (VIF) (for a
217  similar approach see Chau et al.,2017; Ohashi et al., 2017) was additionally examined
218  to investigate collinearity between the regressors. A VIF > 5 is typically considered to
219  indicate problematic collinearity (Mumford et al., 2015; O’Brien, 2007). VIFs in the
220  present study (factors amongst sex, AQ scores, intensity ratings of angry faces and MJS
221 scores; factors amongst sex, AQ scores, intensity ratings of fearful faces and MJS scores;
222 factors amongst sex, AQ scores and MJS scores respectively) were all <1.153, arguing
223 against problematic collinearity.

224 A total of 6 subjects were excluded due to excessive head movement during the
225  resting-state acquisition (head motions > 2.5mm) and 1 subject with a clinically
226  significant depression load and elevated trait anxiety (BDI = 41, TAI = 72), leaving a
227  total of 85 subjects (male = 43, age range = 18-27 years, mean age+SD = 21.64 +
228  2.176 years) for all further analyses. A total of 4 subjects exhibited head motions >
229  2.5mm within a run of the face recognition task (two for Run 1, one for Run 3, and one
230  for Runs 2 and 3), and these specific runs were therefore excluded from further analyses
231  in these subjects.

232

233 2.6 Task fMRI analysis

234 2.6.1 Data preprocessing

235  Preprocessing of the fMRI data from the emotion recognition task was performed using
236 SPM12  (Statistical Parametric =~ Mapping, http://www.fil.ion.ucl.ac.uk/spm)
237  implemented in MATLAB. After discarding the first 5 volumes of each functional time
238  series to achieve magnet-steady images, the remaining images were initially realigned
239 to the first image. To facilitate accurate normalization of the functional images, the T1
240  structural image of each subject was segmented into grey matter (GM), white matter
241 (WM) and cerebrospinal fluid (CSF) and using skull-stripped bias corrected brain
242 images created using ImCalc. The mean functional image of each subject was co-
243 registered to the structural image and subsequently co-registration was applied to all
244 functional images. The functional images were next normalized to MNI space by

245  applying the normalization parameters that were obtained from the structural images.
9
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246 The resolution of the normalized functional images was 3 x 3 x 3 mm (voxel size).
247  Finally, the normalized data were spatially smoothed with a Gaussian kernel of 8 x 8 x
248 8 mm.

249 On the first level, condition-specific regressors for the passive viewing phase of
250 the happy, angry, fearful, sad, and neutral faces were modelled as main conditions of
251  interest. Regressors for the emotion recognition (1= neutral, 2=sad, 3=happy, 4=angry,
252 S5=fearful) and intensity ratings (from 1 = very weak to 7 = very strong), as well as for
253  the six movement parameters were additionally included. For the group level analyses
254 1st-level emotion-specific contrasts for each facial emotion compared with neutral
255  faces were created (angry > neutral, happy > neutral, fear > neutral, sad > neutral).

256

257  2.6.2 Task-based fMRI Analysis

258  Associations between levels of trait jealousy and emotion-specific neural activity were
259  examined using a whole-brain multiple regression analysis as implemented in SPM12.
260  The whole-brain regression served to identify brain regions where activation showed a
261 linear association with MJS scores for the contrasts angry > neutral, happy > neutral,
262  fear > neutral and sad > neutral respectively. All regression models included sex and
263  AQ scores as covariates.

264

265  2.6.3 Task-based Functional Connectivity Analysis

266  To further explore associations between MJS scores and task-related neural activity on
267  the network level, a functional connectivity analysis was employed using a seed-to-
268  whole brain approach. A generalized form of context-dependent psychophysiological
269 interactions (gPPI) (McLaren, et al., 2012) was implemented to model
270  psychophysiological interactions on the individual level. Seed regions were determined
271  on the basis of the significant results from the BOLD level regression analyses. Seed
272 regions were constructed by defining 6mm radius spheres centered at peak coordinates
273 of significant clusters from the BOLD level analysis using MarsBaR (Brett, et al., 2002).
274  Next, associations between MJS scores and the emotion-specific connectivity of these

275 regions were examined using SPM multiple regression models with the contrasts
10
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276  showing significant results from the BOLD level regression analyses. Again, sex and
277 AQ scores were included as covariates.

278

279 2.7 Resting State fMRI Analysis

280  2.7.1 Data preprocessing

281  The resting state fMRI time series were preprocessed using Data Processing Assistant
282  for Resting-state fMRI (DPARSF) (Yan and Zang, 2010). The first 5 volumes were
283  excluded to achieve magnet-steady images and allow the subjects to adapt to the
284  scanning noise. After slice timing correction, the time series were realigned to the first
285  volume to correct for head motion. Data was discarded if the head movement exceeded
286 2.5 mm of translation or 2.5 degrees of rotation in any direction. The fMRI images were
287  filtered with a temporal band-path of 0.01-0.1 Hz, normalized using DARTEL and
288  resampled to a 3 x 3 x 3 mm voxel-size. Finally, the functional images were smoothed
289  using a Gaussian kernel of 8§ mm full-width at half of the maximum value (FWHM).
290  Six motion parameters, white matter, cerebrospinal fluid and global mean signals were
291  regressed out.

292

293 2.7.2 Seed-to-whole brain and seed-to-ROI functional connectivity analysis

294  To explore whether associations between individual variations in jealousy can already
295  be detected in the absence of external stimulation we computed two resting state
296  analyses. Analysis 1 employed a seed-to-whole brain approach to explore whether
297  resting-state functional connectivity at the whole brain level was associated with MJS
298  scores. Seed regions of interest (ROIs) were defined as a sphere with a 6mm radius
299  centered on the peak voxel of significant associations in whole-brain BOLD level
300 analysis. Analysis 2 aimed at directly examining the pathways that showed associations
301 during task-based functional connectivity by employing a seed-to-ROI approach
302  specifically examining the respective pairs of seed-target regions (seed region and
303  significant target-region from the gPPI analysis). Partial correlation on the extracted
304  connectivity indices was subsequently implemented in SPSS18 to calculate the

305  association between resting state functional connectivity strength and MJS scores with
11
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306  sex and AQ scores as covariates.

307

308  2.7.3 Thresholding and mapping

309 For all whole-brain BOLD level and functional connectivity analyses a consistent
310 thresholding was applied with p < 0.05 cluster-level FWE correction (according to recent
311  recommendations to control false-positives in cluster-level based correction methods an
312 initial cluster-forming threshold of p <.001 was applied to data resampled at 3 < 3 X 3mm,
313  Slotnick, 2017). Brain regions were identified using the Automated Anatomic Labelling
314  (AAL) atlas (Tzourio-Mazoyer et al., 2002) as implemented in the WFU Pick Atlas (School
315  of Medicine, Winston-Salem, North Carolina).

316

317 3. Results

318 3.1 Behavioral results

319  Recognition accuracy for all emotional face categories was high (happy, M + SD =
320 98.00% =+ 3.40%; angry, 91.30% = 8.56%; fearful, 88.37% + 10.01%; sad, 93.80% +
321 6.32%; neutral, 91.07% =+ 11.49%) demonstrating that the subjects both attentively
322 processed the facial stimuli and correctly identified them. Emotional intensity ratings
323  (7-point scale) given by subjects were also higher for all emotional expression faces
324  compared to neutral ones (happy, M + SD = 5.04 + 0.89; angry, 5.22 + 0.78; fearful,
325 5.23 £0.70; sad, 4.86 + 0.82; neutral, 3.04 £ 1.76). A repeated-measures ANOVA on
326  accuracy scores with sex (male, female) as a between subject factor and emotional
327  expression (happy, angry, fearful, sad, and neutral) as a within subject factor revealed
328 no main effect of sex (F(1,83) = 0.732, p = 0.395, »*, = 0.009) or sex X emotion
329 interaction (F(4,332) = 0.624, p = 0.611, #°, = 0.007). A similar ANOVA for intensity
330  rating scores also showed no main effect of sex (F(1,83) = 0.067, p = 0.796, n°, = 0.001)
331 or sex X face emotion interaction (F(4,332) = 0.537, p = 0.511, 5, = 0.006). Thus,
332 there were no sex-differences in either recognition accuracy or intensity ratings of the
333 faces.

334 Correlation analyses showed that MJS scores were positively associated with AQ

335  scores (Spearman rho=0.270, p=0.012), and with intensity ratings of angry (Pearson s
12
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336 r=0.220, p = 0.043) and marginally for sad faces (Pearsons r = 0.212, p = 0.052)
337  given by subjects during the task. No significant associations were found between MJS
338  scores and other emotional intensity ratings (all ps > 0.121). No significant associations
339  were found between MJS scores and recognition accuracy for all emotional face
340  categories (all ps > 0.05). We additionally computed correlations between intensity
341  ratings of face emotions and AQ scores and none were significant (all ps > 0.135).

342

343 3.2 Task fMRI analysis

344  Controlling for subject sex and AQ scores as covariates, the MJS scores were
345  significantly positively associated with the activity of right thalamus, insula,
346 hippocampus, fusiform gyrus, left dorsal striatum (putamen and caudate) and superior
347  parietal lobule and bilateral cerebellum and inferior frontal gyrus during processing
348  angry relative to neutral faces, and positively associated with superior parietal lobule
349  activation in response to fearful relative to neutral faces (Table 1 and Figure 2). No
350  significant associations were observed between MJS and other face emotion conditions.
351 Associations between jealousy and the functional connectivity of these regions
352 using gPPI revealed an association between higher trait jealousy and increased
353  functional connectivity between the right inferior frontal gyrus and left caudate (k= 99,
354 p=0.034, ts50=5.68, x/y/z: -3/17/5) (Figure 3) for angry versus neutral faces, with sex
355 and AQ scores being controlled for. No significant associations between MJS scores
356  and functional connectivity were observed during processing of fearful versus neutral
357  faces.

358 To control for potential effects of co-variations of the intensity ratings with trait
359  jealousy, we re-ran the analyses for the significant BOLD level associations including
360 intensity ratings of angry and fearful faces as nuisance covariates with sex and AQ
361  scores. Results of whole brain analysis and gPPI analysis remained stable for
362  associations with neural responses towards angry faces after additionally controlling
363  for intensity ratings, although not for regions showing correlations with fearful relative
364  to neutral faces (see supplementary Table S1 and Figures S1 and S2).

365
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366 3.3 Resting State fMRI Analysis

367  There were no significant associations between MJS scores and functional connectivity
368 in the seed-to-whole brain analyses of resting state functional connectivity, with sex
369 and AQ scores controlled for. Similarly, there was no significant association between

370  MIS scores and functional connectivity in the seed-to-ROI analysis of the resting state

371  data.
372
373 Table 1

374 Regions which showed positive correlation with MJS, using multiple regression on whole-brain level

375  with gender and AQ as covariates.

MNI Coordinates
Region Side  Prwe k t
X y z
Angry faces > Neutral faces
Positive correlation
Triangular Inferior Frontal Gyrus R 0.015 135 51 29 26 4.85
Opercular inferior Frontal Gyrus R 51 14 32 3.46
Opercular inferior Frontal Gyrus R 48 14 14 3.43
Hippocampus R 0.000 303 33 -19 -10 4.73
Insula R 36 5 -10 4.28
Thalamus R 21 -13 -1 4.20
Superior Parietal Lobule L 0.027 114 -15 -61 56 4.66
Inferior Occipital Gyrus R 0.001 242 45 -73 -10 4.59
Cerebellum R 39 -64 -31 4.55
Fusiform R 36 -43 -19 4.40
Putamen L 0.000 296 -30 -7 5 4.53
Thalamus/Putamen L -24 -19 11 4.33
Putamen/Caudate L -21 -1 14 4.17
Orbital Inferior Frontal Gyrus L 0.001 227 -45 20 -13 4.52
Superior Temporal Lobe L -54 2 -10 4.23
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Triangular inferior Frontal Gyrus L -48 17 8 4.08
Cerebellum L 0.021 122 -12 -58 -19 3.93
Cerebellum L -6 =70 -31 3.29

Fearful faces > Neutral faces

Positive correlation

Superior Parietal Lobule L 0.037 100 -15 -61 56 3.87
Middle Occipital Gyrus L -24 -67 38 3.67
Superior Parietal Lobule L -21 -67 47 3.60

376  All with p <0.05 FWEcuster correction with the cluster-forming threshold p <.001. Coordinates of peak
377 voxels (x/y/z) are given in Montreal Neurological Institute (MNI) space.
378 Abbreviations: L, left; R, right; MJS, Multidimensional Jealousy Scale; AQ, Buss-Perry aggression

379 Questionnaire.

380
(a) A>N M) A>N (c) A>N (d) A>N
z=9 z=-8 7=52 z=9
Inferior Frontal Gyrus Hippocampus Superior Parietal Lobule Inferior Occipital Gyrus
(e) A>N (f) A>N (g) A>N (h) F>N
=9 z=23 z=14 z=39Y
Putamen Inferior Frontal Gyrus Cerebellum Superior Parietal Lobule
381

382 Figure 2. Whole brain analysis. (a)- (g) Regions showing increased activation with higher jealousy

383 traits (as assessed by the MJS) during processing angry facial expressions relative to neutral faces. (h)

384  Regions showing increased activation with higher trait jealousy (as assessed by the MIS) during

385 processing of fearful relative to neutral faces. Both sex and AQ were included as covariates. Findings are

386 displayed at p <0.05 cluster-level FWE correction with a cluster-forming threshold p <.001. Coordinates

387 of peak voxels (x/y/z) are given in Montreal Neurological Institute (MNI) space.
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388 Abbreviations: A>N, contrasts angry > neutral; F>N, contrasts fearful > neutral, L, left; R, right; MJS,
389  Multidimensional Jealousy Scale. AQ, Buss-Perry aggression Questionnaire.

390

(a) (b)

15.007

[ 10.00
! IFGtri

Caudate /"

W

IFGtri-Caudate Connectivity

r=0.517, p <0.001

-10.004

T T T T 1
40.00 60.00 80.00 100.00 120.00

Scores of Multidimensional Jealousy Scale

3901

392 Figure 3. Associations on the task-based network level (a) Right Triangular Inferior Frontal Gyrus —
393 [FGtri (x/v/z: 51/29/26) as seed region. Right IFGtri functional connectivity with the left caudate (x/y/z:
394 -3/17/5) was positively correlated with trait jealousy (MJS) during processing of angry relative to neutral
395 faces. (b) Scatter plot visualization of the association between trait jealousy and IFGtri-left caudate
396 coupling using extracted parameter estimates. Results were significant at p < 0.05 cluster-level FWE
397 correction with an initial cluster-forming threshold p <.001. Coordinates of peak voxels (x/y/z) are given
398 in Montreal Neurological Institute space.

399

400 4. Discussion

401  The present study aimed at investigating whether non-pathological levels of romantic
402  jealousy specifically relate to subtle alterations in neural reactivity towards social
403  signals and/or more general alterations in intrinsic neural communication. To this end
404  a dimensional neuroimaging trait approach was employed to determine associations
405  between individual variations in trait jealousy and neural reactivity in response to
406  different emotional facial expressions as well as intrinsic processing in the absence of
407  external stimulation during resting state conditions. Our results revealed that on the
408  behavioral level trait jealousy was specifically associated with increased ratings of the

409 intensity of angry faces. On the neural level, higher levels of trait jealousy were
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410  associated with elevated neural responses towards angry relative to neutral faces in the
411  the right thalamus, hippocampus, insula, fusiform gyrus, bilateral cerebellum, IFG and
412  the left dorsal striatum (putamen and caudate) and superior parietal lobule as well as
413  increased functional connectivity between the right IFG and left caudate. The
414  specificity of the neural associations with variations in trait jealousy was established by
415  controlling for trait aggression and sex as well as increased perception of the intensity
416  for angry faces in subjects with higher trait jealousy. Moreover, no associations which
417  survived control for specificity were found in response to other facial emotions or in
418  the absence of external stimuli during the resting state. Together, the present findings
419  suggest that trait jealousy is associated with increased sensitivity to social threat and
420  that, similar to pathological jealousy (Marazziti et al., 2013), it is particularly linked
421  with increased activation and functional connectivity in fronto-striatal circuitry as well
422  as increased activation in limbic and visual processing regions.

423 Our whole brain analysis of the emotional face task showed that subjects with
424 higher trait jealousy only exhibited stronger neural responses in the thalamus, insula,
425  hippocampus, inferior frontal gyrus, putamen, caudate, fusiform gyrus, visual cortex,
426  superior parietal lobule and cerebellum during processing of angry versus neutral faces.
427 A similar pattern of activation in response to angry faces has been found in previous
428  fMRI studies (see Fusar-Poli et al., 2009), suggesting that the pattern of neural regions
429  responding to angry faces was not influenced by levels of trait jealousy per se but the
430  magnitude of their responses to them. Significant jealousy-related neural responses to
431  fearful versus neutral faces were also found in superior parietal lobe and visual cortex
432  although these were not maintained when intensity ratings were included as a covariant,
433 suggesting that the effects are mediated by differences in the experienced intensity
434  rather than related to trait jealousy per se. In line with this finding, the superior parietal
435 lobe and middle occipital gyrus are both considered as primary sensory regions for
436  visual processing and the middle occipital gyrus is established as being important for
437  perception of stimulus intensity (Cunningham et al., 2004; N’Diaye et al., 2009;
438  Sprengelmeyer and Jentzsch, 2006). Thus the association between jealousy and

439  responses to fearful faces may be driven primarily by enhanced intensity processing,
17
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440  although this is not the case in the context of angry faces where the association with
441  jealousy in these same sensory regions is independent of intensity.

442 Higher trait jealousy was associated with stronger activation in the bilateral inferior
443  frontal gyrus. Case-studies have reported that lesions in the right frontal gyrus ( Saladini
444 et al., 2008) and right orbito-frontal gyrus (Narumoto et al., 2006) are associated with
445  the expression of delusional jealousy. A structural MRI study involving 105 patients
446  also found greater gray matter loss predominantly in the dorsolateral frontal lobes in
447  patients with Othello syndrome compared to matched control patients, indicating that
448  dysfunction of the frontal lobes may be a neuroanatomical correlate for this
449  pathological romantic jealousy syndrome (Graff-Radford et al., 2012). Based on these
450 clinical studies and the involvement of these frontal regions in face emotion processing
451  (Adolphs et al., 1996; Fusar-poli et al., 2009; Nakamura et al., 1999), the stronger
452  activation of bilateral inferior frontal gyrus in the current study might indicate a role in
453  enhanced responsivity to threatening faces in healthy individuals with higher trait
454  jealousy. Additionally, jealousy has been proposed to be an ‘“approach emotion”
455  (Lazarus, 1992) since it is associated with an increased motivation to approach the
456  person towards whom jealousy is expressed. Previous studies have emphasized the role
457  of the left inferior frontal lobe in approach motivation (Gable and Poole, 2014). Thus
458  the association between inferior frontal gyrus activation in response to angry faces and
459  trait jealousy might also reflect a greater approach motivation. Indeed, a previous EEG
460  study on healthy adults reported that evoked jealousy correlated with greater relative
461 left frontal cortical activation in response to a “sexually” desired partner (Harmon-Jones
462  etal., 2009).

463 The dorsal striatum comprising the putamen and caudate also showed enhanced
464  activation during the processing of angry versus neutral faces in individuals with higher
465  jealousy scores as well as increased functional connectivity with the inferior frontal
466  gyrus. Increased activity in the dorsal striatum has consistently been reported in
467  pathological jealousy (Marazziti et al., 2013). While dorsal striatum activation is
468  associated with the receipt of rewards (Delgado, 2007), it also occurs during the

469  processing of negative valence stimuli (Carreti¢ et al., 2009), including in individuals
18
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470  viewing pictures of someone who has rejected them romantically (Fisher et al., 2010).
471 Thus, it is most likely that greater activation of the dorsal striatum and its functional
472  connectivity with the inferior frontal gyrus reflects an enhanced responsivity to negative
473  emotional stimuli, particularly those associated with social threat. Furthermore, the
474  coupling of basal ganglia and prefrontal cortex had also been demonstrated to play an
475  important role in habit formation (Yin and Knowlton, 2006) and dorsal striatum and
476  related prefrontal connections may be involved in the progressive transformation of
477  jealousy into a habitual behavior (Marazziti et al., 2013).

478 Fronto-striatal circuitry exhibits a primarily dopaminergic innervation (Bjorklund
479  and Dunnett, 2007) and dopamine is a key modulator of emotional processes (Sevy et
480 al., 2006). Delusional jealousy is often observed in Parkinson’s disease (PD) patients
481  and several neuroimaging studies have reported that the development of delusional
482  jealousy in PD is significantly associated with dopamine agonist therapy (Poletti et al.,
483  2012), which interferes with reward processing by facilitating dopaminergic bursts and
484  hampering dopaminergic dips (Frank et al., 2004). Indeed, previous neuroimaging
485  studies and patient studies in a number of psychiatric and neurological disorders have
486  generally emphasized the role of dopaminergic fronto-striatal circuits in jealousy
487  (Marazziti et al., 2013). Additionally, increased frontal-striatal activity occurs in
488  obsessive compulsive disorder (Pauls et al., 2014) and obsessional jealousy overlaps
489  with several symptoms observed in disorders with a strong compulsion component.
490 Higher trait jealousy was also associated with increased insula activity while
491  processing angry compared to neutral faces and increased insula activation has
492  previously been reported in pathological jealousy (Marazziti et al., 2013). Increased
493  insula responsivity in the present results aligns with previous studies establishing its
494  role in the perception and experience of emotion (Kawashima et al., 1999; Phillips et
495  al., 2004; Wicker et al., 2003). Some studies have also suggested that the insula acts as
496 a relay between fronto-parietal regions and limbic regions controlling emotion
497  processing (Carr et al., 2003). Additionally, as a core region in salience network, the
498 insula is specifically sensitive to salient environmental events and facilitates bottom-up

499  access to the brain’s attentional resource (Menon and Uddin, 2010). Thus the insula
19
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500 may contribute to greater jealousy by enhancing the salience of environmental stimuli
501  signaling a potential social threat such as angry faces.

502 Activation of thalamic and hippocampal limbic regions during processing of angry
503  versus neutral faces was also associated with elevated trait jealousy, and case reports
504  have implicated both in delusional jealousy (see Marazziti et al., 2013). The thalamus
505 controls arousal (Anders et al., 2004; Colibazzi et al., 2010; Etkin et al., 2011;
506  Huguenard and McCormick, 2007), as well as providing a functional link between the
507 frontal cortex and hippocampus (Vertes et al., 2007), and plays an important role in
508  processing visual, auditory and somatosensory information (McCormick and Bal,
509  1994). Thus, greater activation of these limbic regions in individuals with higher
510 jealousy traits during processing of angry faces may reflect such threatening faces being
511  more emotionally arousing. Interestingly, while the association with trait jealousy was
512 independent of intensity rating scores, when the latter were not controlled for there was
513  asignificant association in functional connectivity between the thalamus and IFG. The
514  functional connectivity strength between the IFG and thalamus may therefore play a
515  role in mediating higher ratings of emotional intensity in angry faces in individuals with
516  higher trait jealousy.

517 The association observed between cerebellar activation in response to angry faces
518 and trait jealousy may also reflect this region’s increasingly recognized role in
519  processing affective stimuli, particularly negative valence ones (Strata, 2015). Indeed,
520 damage to the cerebellum is associated with inability to process negative emotions
521  (Lupo et al., 2015). A case study has also reported delusional behavior in a patient with
522  cerebellar damage (Mitsuhata and Tsukagoshi, 1992).

523 The absence of any significant associations at the whole brain level between resting
524  state functional connectivity and trait romantic jealousy is perhaps surprising given that
525  some other traits do show changes across healthy and clinical populations (Angelides
526  etal., 2017; Baur et al., 2013; Hahn et al., 2011; Zang et al., 2007). A recent study also
527  reported resting state associations with envy (Xiang et al., 2016), although this was a
528  ReHo analysis rather than functional connectivity per se. Interestingly, this latter study

529  also identified the IFG as showing increased activity in association with dispositional
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530 envy and so there may be overlap in frontal regions associated with both jealousy and
531  envy. The lack of associations with resting state indices in the present study may thus
532 indicate that jealousy represents an emotional state which evolves in interaction with
533  social stimuli rather than as an altered intrinsic processing state of the brain per se.

534 There are several limitations in the present study. Firstly, associations were only
535  made between questionnaire scores for trait romantic jealousy and neural activity in a
536  face emotion task and it would clearly be of interest to investigate if this same circuitry
537  and responses to angry faces is evoked during the actual experience of evoked jealousy.
538  Secondly, while we controlled for a potential contribution of trait aggression on the
539  observed associations with trait jealousy by including it as a covariate, we cannot
540 completely rule out that there may have been some influence of this.

541

542 5. Conclusions

543  Opverall, the current study explored the neural basis of trait romantic jealousy and the
544  findings provide the first evidence for an association between this and neural responses
545 to angry expression faces and ratings of their intensity in healthy subjects and
546  controlling for trait aggression and sex. Importantly, jealousy-associated activation was
547  found in dopaminergic frontal striatal circuitry associated with pathological jealousy as
548  well as the insula, thalamus, hippocampus and cerebellum which have also been linked

549  with emotional processing and pathological jealousy.

550
551

21


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/502096; this version posted December 20, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

552  Funding

553  This work was supported by the National Natural Foundation of China (NSFC) grant
554  numbers 31530032 and 91632117.

555

556  Acknowledgements

557  All authors approved the final version of the manuscript. The authors declare no
558  financial interests or potential conflict of interest.

559

560  Author contributions

561 X.Z.,B.B, and K.M.K designed the study and wrote the paper. X.Z. and L.L. prepared
562  all the materials and programed the procedures. X.Z., L.L.,J.L.,L.X., and Z.G. acquired
563  the data. X.Z., L.L, F.Z., B.B., and K.M.K. analyzed the data. X.Z., B.B and KM.K
564 interpreted the data and drafted the paper. All authors contributed to and have approved
565  the final version of the manuscript.

566
567

22


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/502096; this version posted December 20, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

5901

592

593

594

595

596

597

available under aCC-BY-NC 4.0 International license.

References

Adolphs, R., Damasio, H., Tranel, D., Damaésio, A.R., 1996. Cortical Systems for the
Recognition of Emotion in Facial Expressions. J. Neurosci. 16, 7678—7687.
https://doi.org/10.1523/INEUROSCI.16-23-07678.1996

Anders, S., Lotze, M., Erb, M., Grodd, W., Birbaumer, N., 2004. Brain activity
underlying emotional valence and arousal: A response-related fMRI study. Hum.
Brain Mapp. 23, 200-2009. https://doi.org/10.1002/hbm.20048

Angelides, N.H., Gupta, J., Vickery, T.J., 2017. Associating resting-state connectivity
with trait impulsivity. Soc. Cogn. Affect. Neurosci. 12, 1001-1008.
https://doi.org/10.1093/scan/nsx031

Bauminger, N., 2004. The expression and understanding of jealousy in children with
autism. Dev. Psychopathol. 16, 157-175.
https://doi.org/10.1017/S0954579404044451

Baur, V., Hinggi, J., Langer, N., Jancke, L., 2013. Resting-state functional and
structural connectivity within an insula-amygdala route specifically index state
and trait anxiety. Biol. Psychiatry 73, 85-92.
https://doi.org/10.1016/j.biopsych.2012.06.003

Beck, A.T., Steer, R.A., Ball, R., Ranieri, W.F., 1996. Comparison of Beck
Depression Inventories-IA and-II in Psychiatric Outpatients. J. Pers. Assess. 67,
588-597. https://doi.org/10.1207/s15327752jpa6703

Bjorklund, A., Dunnett, S.B., 2007. Dopamine neuron systems in the brain: an update.
Trends Neurosci. 30, 194-202. https://doi.org/10.1016/j.tins.2007.03.006

Buss, A.H., Perry, M., 1992. The aggression questionnaire. J. Pers. Soc. Psychol. 63,
452-459. https://doi.org/10.1037/0022-3514.63.3.452

Buss, D.M., Haselton, M., 2005. The evolution of jealousy. Trends Cogn. Sci. 9, 506—
507. https://doi.org/10.1016/j.tics.2005.09.006

Camicioli, R., 2011. Neuropsychiatric disorders: Othello syndrome - At the interface
of neurology and psychiatry. Nat. Rev. Neurol. 7, 477-478.
https://doi.org/10.1038/nrneurol.2011.123

Carr, L., Iacoboni, M., Dubeau, M., Mazziotta, J.C., Lenzi, G.L., 2003. Neural
23


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/502096; this version posted December 20, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

available under aCC-BY-NC 4.0 International license.

mechanisms of empathy in humans: a relay from neural systems for imitation to
limbic areas. Proc. Natl. Acad. Sci. 100, 5497-5502.
https://doi.org/10.1073/pnas.0935845100

Carretié, L., Rios, M., de la Gandara, B.S., Tapia, M., Albert, J., Lopez-Martin, S.,
Alvarez-Linera, J., 2009. The striatum beyond reward: caudate responds
intensely to unpleasant pictures. Neuroscience 164, 1615-1622.
https://doi.org/10.1016/j.neuroscience.2009.09.031

Colibazzi, T., Posner, J., Wang, Z., Gorman, D., Gerber, A., Yu, S., Zhu, H.,
Kangarlu, A., Duan, Y., Russell, J.A., Peterson, B.S., 2010. Neural Systems
Subserving Valence and Arousal During the Experience of Induced Emotions.
Emotion 10, 377-389. https://doi.org/10.1037/a0018484

Cunningham, W.A., Raye, C.L., Johnson, M.K., 2004. Implicit and explicit
evaluation: fMRI correlates of valence, emotional intensity, and control in the
processing of attitudes. J. Cogn. Neurosci. 16, 1717-1729.
https://doi.org/10.1162/0898929042947919

Delgado, M.R., 2007. Reward-related responses in the human striatum. Ann. N. Y.
Acad. Sci. 1104, 70-88. https://doi.org/10.1196/annals.1390.002

Ekman, P., 1999. Basic Emotions. In Handbook of Cognitive and Emotion. eds. T.
Dalgleish and M.J. Power, Wiley, New York. pp.45-60
https://doi.org/10.1002/047001394.ch3.

Etkin, A., Egner, T., Kalisch, R., 2011. Emotional processing in anterior cingulate and
medial prefrontal cortex. Trends Cogn. Sci. 15, 85-93.
https://doi.org/10.1016/j.tics.2010.11.004

Fisher, H.E., Brown, L.L., Aron, A., Strong, G., Mashek, D., 2010. Reward,
Addiction, and Emotion Regulation Systems Associated With Rejection in Love.
J. Neurophysiol. 104, 51-60. https://doi.org/10.1152/jn.00784.2009

Frank, M.J., Seeberger, L.C., O’Reilly, R.C., 2004. By carrot or by stick: Cognitive
reinforcement learning in Parkinsonism. Science (80-. ). 306, 1940-1943.
https://doi.org/10.1126/science.1102941

Fusar-poli, P., Placentino, A., Carletti, F., Landi, P., Allen, P., Surguladze, S.,
24


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/502096; this version posted December 20, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

available under aCC-BY-NC 4.0 International license.

Benedetti, F., Abbamonte, M., Gasparotti, R., Barale, F., Perez, J., Mcguire, P.,
Politi, P., 2009. Functional atlas of emotional faces processing: a voxel-based
meta-analysis of 105 functional magnetic resonance imaging studies. J.
psychiatry Neurosci. 44, 418-432.

Gable, P.A., Poole, B.D., 2014. Influence of trait behavioral inhibition and behavioral
approach motivation systems on the LPP and frontal asymmetry to anger
pictures. Soc. Cogn. Affect. Neurosci. 9, 182—190.
https://doi.org/10.1093/scan/nss130

Graff-Radford, J., Whitwell, J.L., Geda, Y.E., Josephs, K.A., 2012. Clinical and
imaging features of Othello’s syndrome. Eur. J. Neurol. 19, 38—46.
https://doi.org/10.1111/5.1468-1331.2011.03412.x

Hahn, A., Stein, P., Windischberger, C., Weissenbacher, A., Spindelegger, C., Moser,
E., Kasper, S., Lanzenberger, R., 2011. Reduced resting-state functional
connectivity between amygdala and orbitofrontal cortex in social anxiety
disorder. Neuroimage 56, 881-889.
https://doi.org/10.1016/j.neuroimage.2011.02.064

Harmon-Jones, E., Peterson, C.K., Harris, C.R., 2009. Jealousy: novel methods and
neural correlates. Emotion 9, 113—117. https://doi.org/10.1037/a0014117

Harris, C.R., 2004. 2004- Harris-The evolution of jealousy..pdf.

Huguenard, J.R., McCormick, D.A., 2007. Thalamic synchrony and dynamic
regulation of global forebrain oscillations. Trends Neurosci. 30, 350-356.
https://doi.org/10.1016/}.tins.2007.05.007

Hupka, R.B., 1984. Jealousy: Compound emotion or label for a particular situation?
Motiv. Emot. 8, 141-155.

Kawashima, R., Sugiura, M., Kato, T., Nakamura, A., Hatano, K., Ito, K., Fukuda, H.,
Kojima, S., Nakamura, K., 1999. The human amygdala plays an important role
in gaze monitoring: A PET study. Brain 122, 779-783.
https://doi.org/10.1093/brain/122.4.779

Lupo, M., Troisi, E., Chiricozzi, F.R., Clausi, S., Molinari, M., Leggio, M., 2015.

Inability to Process Negative Emotions in Cerebellar Damage: a Functional
25


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/502096; this version posted December 20, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

available under aCC-BY-NC 4.0 International license.

Transcranial Doppler Sonographic Study. Cerebellum 14, 663—669.
https://doi.org/10.1007/s12311-015-0662-z

Marazziti, D., Consoli, G., Albanese, F., Laquidara, E., Baroni, S., Catena Dell’osso,
M., 2010. Romantic attachment and subtypes/dimensions of jealousy. Clin.
Pract. Epidemiol. Ment. Heal. 6, 53—58.
https://doi.org/10.2174/1745017901006010053

Marazziti, D., Poletti, M., Dell’Osso, L., Baroni, S., Bonuccelli, U., 2013. Prefrontal
cortex, dopamine, and jealousy endophenotype. CNS Spectr. 18, 6—-14.
https://doi.org/10.1017/S1092852912000740

McCormick, D.A., Bal, T., 1994. Sensory gating mechanisms of the thalamus. Curr.
Opin. Neurobiol. 4, 550-556. https://doi.org/10.1016/0959-4388(94)90056-6

Menon, V., Uddin, L.Q., 2010. Saliency, switching, attention and control: a network
model of insula function. Brain Struct. Funct. 214, 655-667.
https://doi.org/10.1007/s00429-010-0262-0

N’Diaye, K., Sander, D., Vuilleumier, P., 2009. Self-relevance processing in the
human amygdala: gaze direction, facial expression, and emotion intensity.
Emotion. Emotion. 9, 798-806. https://doi.org/10.1037/a0017845

Nakamura, K., Kawashima, R., Ito, K., Sugiura, M., Kato, T., Nakamura, A., Hatano,
K., Nagumo, S., Kubota, K., Fukuda, H., Kojima, S., 1999. Activation of the
right inferior frontal cortex during assessment of facial emotion. J. Neurophysiol.
82, 1610-1614. https://doi.org/10.1152/jn.1999.82.3.1610

Narumoto, J., Nakamura, K., Kitabayashi, Y., Fukui, K., 2006. Othello syndrome
secondary to right orbitofrontal lobe excision. J. Neuropsychiatry Clin. Neurosci.
18, 560-561. https://doi.org/10.1176/jnp.2006.18.4.560a

Parrott, W.G., Smith, R.H., 1993. Distinguishing the experiences of envy and
jealousy. J. Pers. Soc. Psychol. 64, 906-920. https://doi.org/10.1037/0022-
3514.64.6.906

Pauls, D.L., Abramovitch, A., Rauch, S.L., Geller, D.A., 2014. Obsessive-compulsive
disorder: An integrative genetic and neurobiological perspective. Nat. Rev.

Neurosci. 15, 410-424. https://doi.org/10.1038/nrn3746
26


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/502096; this version posted December 20, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

688  Pfeiffer, S.M., Wong, P.T.P., 1989. Multidimensional jealousy.
689  Phillips, M.L., Williams, L.M., Heining, M., Herba, C.M., Russell, T., Andrew, C.,

690 Bullmore, E.T., Brammer, M.J., Williams, S.C.R., Morgan, M., Young, A.W.,
691 Gray, J.A., 2004. Differential neural responses to overt and covert presentations
692 of facial expressions of fear and disgust. Neuroimage 21, 1484—1496.

693 https://doi.org/10.1016/j.neuroimage.2003.12.013

694  Poletti, M., Perugi, G., Logi, C., Romano, A., Del Dotto, P., Ceravolo, R., Rossi, G.,

695 Pepe, P., Dell’Osso, L., Bonuccelli, U., 2012. Dopamine agonists and delusional
696 jealousy in Parkinson’s disease: A cross-sectional prevalence study. Mov.
697 Disord. 27, 1679-1682. https://doi.org/10.1002/mds.25129

698  Rilling, J.K., Winslow, J.T., Kilts, C.D., 2004. The neural correlates of mate

699 competition in dominant male rhesus macaques. Biol. Psychiatry 56, 364-375.
700 https://doi.org/10.1016/j.biopsych.2004.06.027

701 Saladini, O., Luaute, J., 2008. Neuroimaging correlates of chronic delusional jealousy
702 after right cerebral infarction. J. Neuropsychiatry Clin. Neurosci. 20, 245-247.
703 https://doi.org/10.1176/appi.neuropsych.20.2.245

704  Schiitzwohl, A., 2005. Sex differences in jealousy: The processing of cues to

705 infidelity. Evol. Hum. Behav. 26, 288-299.

706 https://doi.org/10.1016/j.evolhumbehav.2004.09.003

707  Schiitzwohl, A., Koch, S., 2004. Sex differences in jealousy: The recall of cues to

708 sexual and emotional infidelity in personally more and less threatening context
709 conditions. Evol. Hum. Behav. 25, 249-257.
710 https://doi.org/10.1016/j.evolhumbehav.2004.03.006

711 Sevy, S., Hassoun, Y., Bechara, A., Yechiam, E., Napolitano, B., Burdick, K.,

712 Delman, H., Malhotra, A., 2006. Emotion-based decision-making in healthy
713 subjects: Short-term effects of reducing dopamine levels. Psychopharmacology
714 (Berl). 188, 228-235. https://doi.org/10.1007/s00213-006-0450-z

715  Shamay-Tsoory, S.G., Tibi-Elhanany, Y., Aharon-Peretz, J., 2007. The green-eyed
716 monster and malicious joy: The neuroanatomical bases of envy and gloating

717 (schadenfreude). Brain 130, 1663—1678. https://doi.org/10.1093/brain/awm093
27


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/502096; this version posted December 20, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

718  Slotnick, S.D., 2017. Cluster success: fMRI inferences for spatial extent have

719 acceptable false-positive rates. Cogn. Neurosci. 8, 150-155.

720 https://doi.org/10.1080/17588928.2017.1319350

721 Sprengelmeyer, R., Jentzsch, 1., 2006. Event related potentials and the perception of
722 intensity in facial expressions. Neuropsychologia 44, 2899-2906.

723 https://doi.org/10.1016/j.neuropsychologia.2006.06.020

724  Stieger, S., Preyss, A. V., Voracek, M., 2012. Romantic jealousy and implicit and
725 explicit self-esteem. Pers. Individ. Dif. 52, 51-55.

726 https://doi.org/10.1016/j.paid.2011.08.028

727  Strata, P., 2015. The Emotional Cerebellum. Cerebellum 14, 570-577.

728 https://doi.org/10.1007/s12311-015-0649-9

729  Sun, Y., Yu, H., Chen, J,, Liang, J., Lu, L., Zhou, X., Shi, J., 2016. Neural substrates
730 and behavioral profiles of romantic jealousy and its temporal dynamics. Sci. Rep.
731 6, 27469. https://doi.org/10.1038/srep27469

732  Takahashi, H., Matsuura, M., Yahata, N., Koeda, M., Suhara, T., Okubo, Y., 2006.

733 Men and women show distinct brain activations during imagery of sexual and
734 emotional infidelity. Neuroimage 32, 1299-1307.
735 https://doi.org/10.1016/j.neuroimage.2006.05.049

736 Vertes, R.P., Hoover, W.B., Szigeti-Buck, K., Leranth, C., 2007. Nucleus reuniens of

737 the midline thalamus: Link between the medial prefrontal cortex and the
738 hippocampus. Brain Res. Bull. 71, 601-609.
739 https://doi.org/10.1016/j.brainresbull.2006.12.002

740  Weinstein, J.L., Wade, T.J., 2011. Jealousy induction methods, sex, and the Big-5
741 personality dimensions. Psychology 2, 517-521.

742 https://doi.org/10.4236/psych.2011.25080

743 Wicker, B., Keysers, C., Plailly, J., Royet, J.-P., Gallese, V., Rizzolotti, G., 2003.

744 Both of us disgusted in my insula:the common neural basis of seeing and feeling
745 disgust. Neuron. 40, 655-664.

746  Xiang, Y., Kong, F., Wen, X., Wu, Q., Mo, L., 2016. Neural correlates of envy:

747 Regional homogeneity of resting-state brain activity predicts dispositional envy.
28


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/502096; this version posted December 20, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

748

749

750

751

752

753

754

755

756

available under aCC-BY-NC 4.0 International license.

Neuroimage 142, 225-230. https://doi.org/10.1016/j.neuroimage.2016.08.003
Yin, H.H., Knowlton, B.J., 2006. The role of the basal ganglia in habit formation. Nat.
Rev. Neurosci. 7, 464-476. https://doi.org/10.1038/nrn1919
Zang, Y.F., Yong, H., Chao-Zhe, Z., Qing-Jiu, C., Man-Qiu, S., Meng, L., Li-Xia, T.,
Tian-Zi, J., Yu-Feng, W., 2007. Altered baseline brain activity in children with
ADHD revealed by resting-state functional MRI. Brain Dev. 29, 83-91.
https://doi.org/10.1016/j.braindev.2006.07.002

29


https://doi.org/10.1101/502096
http://creativecommons.org/licenses/by-nc/4.0/

