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A B S T R A C T   

Anhedonia has been associated with abnormal reward-related striatal dopamine functioning in patients with 
different psychiatric disorders. Here, we tested whether anhedonia expression mapped onto striatal volume 
across several psychiatric diagnoses. 

T1-weighted images from 313 participants including 89 healthy controls (HC), 22 patients with opioid use 
disorder (OUD), 50 patients with major depressive disorder (MDD), 45 patients with borderline personality 
disorder (BPD), 49 patients with first-episode psychosis (FEP), 43 patients with cocaine use disorder (CUD) and 
15 patients with schizophrenia (SZ) were included. Anhedonia was assessed with subscores of the Beck 
Depression Inventory (BDI) and/or the Scale for the Assessment of Negative Symptoms (SANS). Voxel-based 
morphometry (VBM) was conducted for identifying dimensional symptom-structure associations using region 
of interest (ROI, dorsal and ventral striatum) and whole-brain analyses, as well as for group comparisons of 
striatal volume. 

ROI analyses revealed significant negative relationships between putamen volume and BDI and SANS anhe
donia scores across OUD, MDD, BPD, CUD and SZ patients (n = 175) and MDD, FEP and SZ patients (n = 114), 
respectively. Whole-brain VBM analyses confirmed these associations and further showed negative relationships 
between anhedonia severity and volume of the bilateral cerebellum. There were group differences in right 
accumbens volume, which however were not related to anhedonia expression across the different diagnoses. 

Our findings indicate volumetric abnormalities in the putamen and cerebellum as a common neural substrate 
of anhedonia severity that cut across psychiatric entities.   

1. Introduction 

Dimensional approaches in psychiatry aim to identify neurobiolog
ical correlates of core psychological domainsrelated to symptom di
mensions across psychiatric disorders (Insel et al., 2010). Mapping 
neuronal patterns onto dimensional dysfunction of core psychological 
functions instead of nosological categories may help to detect targets for 
transdiagnostic treatment development (Whitton et al., 2015). Reward 
processing deficits are increasingly being conceptualised to understand 
abnormalities in motivational and goal-directed behaviour that are 

associated with depressed mood across psychiatric disorders (Whitton 
et al., 2015). As such anhedonia, defined as a markedly diminished in
terest or pleasure in previously rewarding activities (Treadway and Zald, 
2011) and/or reduced ability to modulate behaviour as a function of 
rewards (Pizzagalli et al., 2008; Vrieze et al., 2013), has been considered 
as an important transdiagnostic phenotype of the Research Domain 
Criterion (RDoC) (Cuthbert and Insel, 2013). Anhedonia is highly 
prevalent in major depressive disorder (MDD) (Treadway and Zald, 
2011), schizophrenia (SZ) (Horan et al., 2006), substance use disorder 
(SUD) (Garfield et al., 2014) and borderline personality disorder (BPD) 
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(Marissen et al., 2012), to name a few. Despite its occurrence across 
several psychiatric disorders, there is no approved treatment for anhe
donia (Lally et al., 2015). 

Given anhedonia’s definition of diminished interest in previously 
rewarding activities (Treadway and Zald, 2011), brain regions involved 
in reward learning are especially relevant for detecting (transdiagnostic) 
anhedonia biomarkers (Nusslock and Alloy, 2017). The mesolimbic 
dopamine system is essential for reward learning (Cox and Witten, 2019) 
and dysregulationin this system has been linked to anhedonia (Nestler 
and Carlezon, 2006). A seminal work by Wise et al. (1978) showed that 
blocking dopamine receptors by pimozide blunted the rewarding impact 
of hedonic stimuli. Accordingly, anhedonia and its putative striatal 
dopaminergic correlates have been conceptualized as a pathological 
dimension transcending traditional disease categories (Heinz et al., 
1994). However, Robinson and Berridge (1998) showed that dopamine 
dysfunction is associated with reward wanting rather than hedonic 
liking in animals, a finding that could be replicated in patients with 
depression, schizophrenia, and opiate and alcohol dependence (Schmidt 
et al., 2001). While mu-opioid systems in the shell of the nucleus 
accumbens contribute to liking or hedonic experiences (Kelley et al., 
2002; Peciña and Berridge, 2005), wanting, a form of motivation, is 
generated by large and integrative neural systems consisting of the 
ventral and dorsal striatum, as well as prefrontal regions (Everitt and 
Robbins, 2013; Haber, 2016; Lally et al., 2014). With its limbic, asso
ciative and sensorimotor functional subdivision the striatum is critical 
for integrating information between cortical and subcortical reward- 
processing areas. While first considered as parallel operating loops 
(Alexander and Crutcher, 1990), subsequent studies suggest a functional 
interplay to enable information funnelling from the ventral to the dorsal 
striatum (Haber, 2003). Imaging studies in humans support the division 
of the striatum into functional subdivisions (Marquand et al., 2017; 
Tziortzi et al., 2014). Compelling evidence indicates that reward pro
cessing involves interactive striatal networks, beginning with the coding 
of hedonic mechanisms in the ventral striatum to strategic action 
planning and habit formation in the dorsal striatum (Everitt and Rob
bins, 2013; Haber, 2016). 

Previous studies observed that anhedonia severity, but not depres
sion per se, negatively correlated with both ventral and dorsal (puta
men) striatum activity in response to pleasant stimuli in patients with 
MDD (Keedwell et al., 2005) and SZ (Harvey et al., 2010). Structural 
neuroimaging studies in contrast reported that anhedonia expression 
exclusively correlated with dorsal striatum (caudate and putamen) 
volume in non-clinical individuals (Enneking et al., 2019; Harvey et al., 
2007) and MDD patients (Enneking et al., 2019; Pizzagalli et al., 2009). 
However, whether anhedonia severity across traditional disease 
boundaries maps onto ventral and/or dorsal striatum volume remains 
unknown. 

The aim of this study was to test whether striatal grey matter volume 
was dimensionally related to anhedonia severity across patients with 
several different psychiatric diagnoses. We were interested in testing 
whether transdiagnostic anhedonia expression would be specifically 
related to ventral or dorsal striatum volume. This would provide evi
dence to disentangle, from a neuroscientific perspective, whether 
transdiagnostic anhedonia expression results from deficits in reward 
liking (consummatory anhedonia) and/or wanting (anticipatory anhe
donia). Previous behavioural studies in SZ (Gard et al., 2007; Strauss 
et al., 2011) and MDD (Sherdell et al., 2012; Yang et al., 2014) provide 
inconsistent results. Whereas an exclusive relationship between anhe
donia and volume in the ventral striatum would rather point toward 
deficits in reward liking (consummatory anhedonia), an involvement of 
dorsal striatal regions would suggest a deficit in reward wanting 
(anticipatory anhedonia). Given the key role of dopamine in reward 
wanting (and not liking) (Berridge and Robinson, 1998, 2016) and 
dysfunction of the dopamine system in psychiatric disorders including 
MDD, SZ, SUD and BPD (Friedel, 2004; Grace, 2016; Volkow et al., 
2017), we predicted that higher transdiagnostic anhedonia severity 

would be related to reduced grey matter volume in dorsal striatal re
gions. Further, as anhedonic behaviour is also mediated by the medial 
prefrontal cortex, which exerts top-down control over midbrain dopa
minergic interactions with the striatum (Ferenczi et al., 2016), striatal 
region of interest (ROI) approaches were complemented by whole-brain 
correlation analyses. We hypothesized that whole-brain analyses would 
confirm the inverse relationship between dorsal striatum volume and 
anhedonia expression but would additionally uncover the contribution 
of the medial prefrontal cortex to dimensional anhedonia expression. 
Finally, to characterize group differences beyond the dimensional rela
tionship between striatal volume and anhedonia, we conducted group 
comparisons based on nosological disease categories, and then specif
ically tested for correlations with anhedonia expression within those 
regions, showing differences to a healthy control group. While this more 
classical approach to identifying symptom-related brain correlates has 
the advantage of establishing a direct link between brain anomalies and 
clinical psychopathology, it also decreases the likelihood of spurious 
associations with symptoms (Goghari et al., 2010). In other words, in 
addition to testing for brain-symptom associations irrespective of group 
differences in brain volume, we also tested with this later approach, 
whether a relation to anhedonia expression is found especially in those 
regions, which showed deviations from a healthy control group. 

2. Materials and methods 

Disorder-specific analyses in OUD (Schmidt et al., 2020), BPD 
(Wrege et al., 2019), FEP (Dukart et al., 2017), CUD (Engeli et al., 2020; 
Kirschner et al., 2018) and SZ (Stepien et al., 2018) have previously been 
published. Here, we report a post-hoc analysis with combined samples. 

2.1. Participants 

Three hundred thirteen participants were included in this analysis. 
Samples from two different centres were included: healthy controls (HC, 
n = 29), outpatients with opioid use disorder (OUD, n = 22), borderline 
personality disorder (BPD, n = 45) and first-episode psychosis (FEP, n =
49), and inpatients with MDD (n = 50) were recruited by clinicians from 
the Department of Psychiatry (Universitäre Psychiatrische Kliniken, 
UPK), University of Basel, Switzerland, and a sample of HCs (n = 60) 
outpatients with cocaine use disorder (CUD, n = 43) and chronic SZ (n =
15) were recruited from the Department of Psychiatry, Psychotherapy 
and Psychosomatics, University of Zurich, Switzerland. All participants 
provided written informed consent, and the study was approved by the 
respective local ethics committee. 

With the exception of MDD, patients were diagnosed according to 
DSM-IV criteria (American Psychiatric Association, 2000) as assessed 
with the German Version of the Structured Clinical Interview for DSM-IV 
(SCID I and II) (Wittchen et al., 1997). MDD patients were recruited 
based on diagnoses made in the clinic according to ICD-10 criteria 
(World Health Organisation, 1992). Diagnoses were additionally 
confirmed with the Mini-International Neuropsychiatric Interview (M.I. 
N.I.) (Sheehan et al., 1998) according to DSM-IV criteria. Except for 
nicotine dependence, all patients were without current neurological or 
severe medical disorders and history of head injury and were above 18 
and below 65 years old. 

HCs (total n = 89) were recruited by advertisement and screened for 
any neuropsychiatric disorder using the M.I.N.I (Lecrubier et al., 1997) 
to ensure that they had no previous or present psychiatric illness. All 
participants were required to have no personal lifetime psychiatric 
disorder and no family history of any psychiatric disorder, head trauma, 
neurological illness, serious medical or surgical illness, or substance 
abuse. Healthy participants were further screened to exclude insufficient 
German language fluency. A detailed description of the study sample 
including medication is summarized in Table 1. 
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2.2. Assessment of anhedonia symptoms 

In the OUD, MDD, BPD, CUD and SZ group, depressive symptoms 
were assessed with the Beck Depression Inventory (BDI) total score 
(Beck et al., 1961). As in previous studies (Pizzagalli et al., 2009; Piz
zagalli et al., 2005), a ‘BDI anhedonic subscore’ was calculated with a 
total score on BDI items associated with anhedonic symptoms: loss of 
pleasure, loss of interest, loss of energy, and loss of interest in sex. In
ternal consistency of this subscore was acceptable (Cronbachs alpha α =
0.78, CI 0.73–0.83). In the MDD, FEP and SZ group, anhedonia was 
(additionally) assessed with the Anhedonia-Asociality subscale of the 
Scale for the Assessment of Negative Symptoms (SANS (Andreasen, 
1982), recreational interest and activities, sexual interest and activity, 
ability to feel intimacy and closeness, relationship with friends and 
peers, global rating of anhedonia-asociality). Internal consistency was 
good (α = 0.89, CI 0.87–0.92). SANS assessments were conducted by 
trained psychiatrists (MK, NS, EE, SB, MW, JW). 

2.3. MRI data acquisition 

The Basel sample was scanned using a 3T MRI system (Siemens 
Magnetom Prisma, Erlangen, Germany) and a 20-channel phased-array 
radio frequency head coil. Head movement was minimized by foam 
padding across the forehead. A whole brain 3-dimensional T1-weighted 
magnetization prepared rapid acquisition gradient (MPRAGE) sequence 
was applied. 176 slices were acquired in 4:08 min with a field of view of 
256 mm2, voxels size 1 mm3 isotropic spatial resolution, inversion time 
of 1000 ms, repetition time of 2000 ms, echo time of 3.37 ms, flip angle 
of 8◦ and bandwidth of 200 Hz/pixel. The Zurich sample was scanned 
using a Philips Achieva 3T whole-body scanner equipped with a 32- 
channel receive-only phased-array head coil (Philips Healthcare, Best, 
The Netherlands). Whole brain 3-dimensional T1-weighted anatomical 
data were obtained by using a MPRAGE with the following parameters: 

The MPRAGE sequence acquired 160 slices in 7:32 min with a field of 
view of 240 mm2, voxels size 1 mm3 isotropic spatial resolution, 
inversion time of 1008 ms, repetition time of 2987 ms, echo time of 3.7 
ms, flip angle of 8◦ and bandwidth of 192 Hz/pixel. Raw images in both 
centres were assessed by trained neuroradiologists for radiological 
abnormalities. 

2.4. Voxel-based morphometry (VBM) 

MRI data were analysed with the standard automated processing 
stream of FSL-VBM (Douaud et al., 2007) (http://fsl.fmrib.ox.ac.uk 
/fsl/fslwiki/FSLVBM), an optimized VBM protocol (Good et al., 
2001b) performed with FSL tools (Smith et al., 2004). The standard and 
optimized VBM protocol has been validated with highly reproducible 
segmentation results (Douaud et al., 2007; Good et al., 2001a; Good 
et al., 2001b; Good et al., 2002; Maguire et al., 2000; Voets et al., 2008). 
First, structural images were brain extracted and grey matter segmented 
before being registered to the 2 mm MNI 152 standard space using 
nonlinear registration. The resulting images were averaged and flipped 
along the x-axis to create a left–right symmetric, study-specific grey 
matter template. Second, all native grey matter images were nonlinearly 
registered to this study-specific template and “modulated” to correct for 
local expansion (or contraction) due to the nonlinear component of the 
spatial transformation. The modulated grey matter images were then 
smoothed with an isotropic Gaussian kernel with a sigma of 3 mm. The 
outputs of each VBM step were visually checked by authors (ACS, AS). In 
practice, all VBM steps (except for brain extraction) did not require any 
manual interventions. The brain extraction (FSL BET (Smith, 2002)) 
sometimes resulted in inaccurate brain extraction, where part of the 
neck was sometimes included. In these cases (n = 6), the parameters 
were manually tuned until the results were satisfactory. 

Table 1 
Sociodemographic and clinical characteristics of study participants.   

HC (n = 89) OUDa (n =
22) 

MDDb (n =
50) 

BPDc (n =
45) 

FEPd (n =
49) 

CUDe (n =
43) 

SZf (n = 15) Between-group statistics 

Site 20 Basel, 69 
Zurich 

Basel Basel Basel Zurich Zurich Zurich  

Sex; female/male 50/39 6/16 29/21 35/10 14/35 13/30 2/13 χ2 = 44.24, p < 0.001 
Age in years, mean (SD) 27.79 (6.27) 50.77 (5.84) 36.88 

(10.49) 
27.51 (8.03) 28.29 

(7.26) 
30.53 (7.18) 32.33 

(9.44) 
F(6, 312) = 33.687, p <
0.001 

Education in years, mean (SD) 13.64 (3.47) 10.00 (1.11) 14.72 (2.94) 13.01 (2.47) 11.88 
(2.93) 

11.44 (3.24) 11.90 
(1.85) 

F(6, 307) = 11.55, p <
0.001 

Smoking, yes/no 43/46 20/2 24/26 36/9 32/17 34/9 11/4 χ2 = 31.78, p < 0.001 
Smoking, cigarettes per day, 

mean (SD) 
4.08 (6.02) 17.32 (8.32) 6.16 (8.00) 11.93 

(10.72) 
11.41 
(10.86) 

11.63 
(10.09) 

20.60 
(24.12) 

F(6, 307) = 10.01, p <
0.001 

BDI sum score, mean (SD) NA 14.05 (8.13) 23.10 (8.92) 26.55 
(12.16) 

NA 7.93 (7.20) 9.13 (8.35) F(4, 174) = 29.80, p <
0.001 

BDI anhedonia score, mean (SD) NA 3.77 (2.49) 5.22 (2.44) 4.64 (2.83) NA 1.72 (1.76) 1.87 (1.30) F(4, 174) = 17.12, p <
0.001 

SANS anhedonia score, mean 
(SD) 

NA NA 10.45 (5.37) NA 7.92 (5.36) NA 11.29 
(7.70) 

F(2, 113) = 3.25, p =
0.042 

OUD, opioid use disorder; MDD, major depressive disorder; BPD, borderline personality disorder; FEP, first-episode psychosis; CUD, cocaine use disorder; SZ, 
schizophrenia; SD, standard deviation; BDI, Beck Depression Inventory; SANS, Scale for the Assessment of Negative Symptoms; NA, Not applicable; 

a Patients with OUD were actively enrolled in a heroin-assisted therapy for at least 6 months (mean 7.295 ± 4.74 years) with an unchanged dose of diacetylmorphine 
(DAM) during the previous 3 months (mean dose: 341.82 ± 126.52 mg). Duration of opioid use was 21.82 ± 5.82 years with an age of onset of 19.09 ± 3.41 years. 

b with the exception of one patient, all MDD patients received standard antidepressant medication (mean (SD) fluoxetine equivalence dose: 31.53 ± 20.29 mg; mean 
(SD) duration: 15.94 ± 9.04 days). 23 patients were additionally treated with antipsychotics (mean (SD) chlorpromazine equivalence dose: 83.04 ± 80.65 mg). 

c 25 BPD patients were medication-free. 20 BPD patients were treated with antidepressants (mean (SD) fluoxetine equivalence dose: 44.00 ± 31.90 mg), of whom 10 
were additionally treated with antipsychotics (mean (SD) chlorpromazine equivalence dose: 209.4 ± 190.55 mg) and 3 with antiepileptics (mean (SD) dose: 350 ±
132.29 mg). 2 patients exclusively received antipsychotics (mean (SD) chlorpromazine equivalence dose: 159.75 ± 175.72 mg). 

d 20 FEP patients received antipsychotics: 5 × 5 mg olanzapine, 3 × 5 mg aripiprazole, 10 × quetiapine (3 × 25 mg, 1 × 40 mg, 1 × 50 mg, 2 x1 00 mg, 1 × 300 mg, 1 
× 600 mg, 1 × 1000 mg), 1 × 6 mg risperidone, 1 × 50 mg amisulpride (mean (SD) chlorpromazine equivalence dose: 250 ± 285.49 mg). 

e CUD were not medicated. 
f 14 (out of 15) schizophrenia patients were treated with antipsychotics: 4 × clozapine (1 × 50 mg, 1 × 75 mg, 1 × 175 mg, 1 × 200 mg), 3 × aripiprazole (1 × 5 mg, 

1 × 10 mg, 1 × 15 mg), 1 × 80 mg lurasidone, 3 × olanzapine (2 × 15 mg, 1 × 20 mg), 2 × paliperidone (1 × 100 mg, 1 × 150 mg), 1 × 200 mg quetiapine (mean (SD) 
chlorpromazine equivalence dose: 1146.53 ± 2412.78 mg). 
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3. Statistical analyses 

3.1. Symptom-structure correlation analyses 

Based on previous evidence emphasising a relationship between 
anhedonia expression and striatal abnormalities (Husain and Roiser, 
2018; Whitton et al., 2015), dimensional symptom-structure analyses 
were first conducted using a region of interest (ROI) approach by 
restricting the analysis to the bilateral nucleus accumbens, caudate and 
putamen. The Harvard-Oxford subcortical structural atlas as imple
mented in FSL was used to create the anatomical ROI mask (Supple
mentary Fig. 1A). In case of significant ROI findings, we counted the 
number of voxels that overlapped between the significant ROI clusters 
and the functional subdivisions of the striatum according to studies by 
Mawlawi, Martinez and colleagues (Martinez et al., 2003; Mawlawi 
et al., 2001) (Supplementary Fig. 1B): Associative striatum: pre
commissural dorsal caudate, postcommissural caudate, and pre
commissural dorsal putamen; limbic striatum: equivalent to the ventral 
striatum; sensorimotor striatum: postcommissural putamen. The ROI 
approach was completed by whole-brain analyses, bearing in mind that 
cortical-subcortical interactions regulate reward processing and anhe
donia behaviour (Ferenczi et al., 2016). 

A voxel-wise general linear model (GLM) was applied with 
nonparametric permutation (5000) tests (randomize (Nichols and 
Holmes, 2002)) using a single-group average design with additional 
covariates to test the relationship between grey matter volume and 
anhedonic symptoms across the diagnostic groups. Positive and negative 
associations between striatal / whole-brain grey matter and anhedonia 
scores were tested by controlling for age, gender (dummy variable), 
smoking (number of cigarettes per day), diagnosis (dummy variable), 
intracranial volume and scanner (dummy variable). Analyses with BDI 
anhedonia scores were also controlled for general depressive symptoms 
(BDI sum score without anhedonia items). Finally, medication was also 
added as a categorical (dummy) variable, with ‘0′ for ‘no medication’, ‘1′

for ‘diacetylmorphine’, ‘2′ for ‘antidepressants’, ‘3′ for ‘antipsychotics’ 
and ‘4′ for ‘antidepressants + antipsychotics’ in the BDI analyses, and 
with ‘0′ for ‘no medication’, ‘1′ for ‘antidepressants’, ‘2′ for ‘antipsy
chotics’ and ‘3′ for ‘antidepressants + antipsychotics’ in the SANS 
analyses. 

The statistical maps were thresholded at p < 0.05, family-wise error 
(FWE) corrected for multiple comparison using the threshold-free clus
ter enhancement (TFCE) technique (Smith and Nichols, 2009). Analysis 
was first conducted across patients with BDI scores (OUD, MDD, BPD, 
CUD, SZ, n = 175) and then across patients with available SANS scores 
(MDD, FEP, SZ, n = 114). Although scanner was included as a covariate 
in these multi-site analyses, we also conducted site-specific VBM cor
relation analyses. Given their effect on brain volume (Ho et al., 2011), 
two further subanalyses (one for BDI and one for SANS anhedonia) using 
chlorpromazine equivalent dose as covariate were conducted only in 
patients receiving antipsychotics. 

3.2. Group differences in striatal volume and relationship to anhedonia 

To compare striatal grey matter volume between groups including a 
sample of HC (total sample, n = 313), a GLM with 5000 permutations 
was performed using analysis of variance (ANOVA). Given the low 
number of SZ patients, FEP and SZ patients were considered together as 
one group with psychotic disorders for this analysis. Group comparisons 
were controlled for age, gender, smoking and scanner, demeaned across 
the included subjects. The statistical maps were thresholded at p < 0.05, 
family-wise error (FWE) corrected for multiple comparison using the 
TFCE technique (Smith and Nichols, 2009). Pairwise group comparisons 
(t-tests) were only conducted in case of a significant F test. A mask 
consisting of regions showing significant group effects was created for 
subsequent post-hoc comparisons. To test potential scanner effects, we 
further compared striatal volume between the HCs from Basel (n = 29) 

and Zurich (n = 60) adjusted for age, gender and smoking. 
Finally, in case of significant group differences in striatal volume, 

partial correlation analysis (adjusted for age, gender, smoking, diag
nosis, general depressive expression and scanner) between individual 
volume scores in these regions and anhedonia scores was performed 
across all patients. 

4. Results 

4.1. Diagnosis-specific anhedonia expression 

BDI anhedonia scores differed between patients with OUD, MDD, 
BPD, CUD and SZ (Table 1, Supplementary Fig. 2A). Tukey post-hoc 
testing showed higher scores in MDD and BPD relative to SZ and CUD 
patients (p’s < 0.001). OUD patients also had higher BDI anhedonia 
scores than CUD patients (p = 0.009). 

SANS anhedonia scores also differed between MDD, SZ and FEP 
patients (Table 1, Supplementary Fig. 2B). Post-hoc testing revealed a 
trend towards higher scores in MDD relative to FEP patients (p = 0.076) 
but no significant difference between SZ and FEP (p = 0.13), and MDD 
patients (p = 0.879), likely due to the large standard error in the SZ 
group. 

Notably, across patients having both scores available (MDD and SZ, 
n = 65), BDI anhedonia and SANS anhedonia scores correlated posi
tively (r = 0.254, p = 0.044). 

4.2. Symptom-structure correlation analyses 

4.2.1. BDI anhedonia 
Restricting the correlation analysis to the striatum (ROI analysis), we 

found a significant negative relationship between grey matter volume in 
the left and right putamen and BDI anhedonia scores across patients 
with OUD, MDD, BPD, CUD and SZ (Fig. 1 A). In other words, the less 
volume in the putamen, the higher the transdiagnostic expression of 
anhedonia. Whole-brain correlation analysis confirmed the negative 
relationship between BDI anhedonia scores and left putamen volume 
and further revealed a significant negative association with volume in 
the bilateral cerebellum (subsuming the lateral occipital cortex and 
fusiform gyrus) (Fig. 1B and C). 

Repeating the analysis for each centre separately, the relationship 
between BDI anhedonia scores and left putamen volume was significant 
in the Basel sample (OUD, MDD, BPD, n = 117) for both the ROI and 
whole-brain analysis (Supplementary Fig. 3) but not in the Zurich 
sample (CUD, SZ, n = 58) (ROI pFWE = 0.14), probably due to the small 
number of patients. 

ROI and whole-brain analyses including only antipsychotic-treated 
patients (23 MDD, 10 BPD, 14 SZ) further confirmed the negative rela
tionship between left putamen volume and transdiagnostic BDI anhe
donia scores (Supplementary Figure 4). 

4.2.2. SANS anhedonia 
There was also a significant negative correlation between SANS 

anhedonia scores and right putamen volume across MDD, FEP and SZ 
patients (n = 114) using the ROI approach (Fig. 2A). Whole-brain 
analysis yielded a negative relationship between SANS anhedonia 
scores and right putamen and cerebellum volume (Fig. 2B and C). The 
negative relationship between SANS anhedonia scores and right puta
men volume was also found when the analysis was restricted to MDD 
and FEP patients from Basel only (n = 99, Supplementary Fig. 5). 
Further, ROI but not whole-brain analysis (pFWE right = 0.06) in 
antipsychotic-treated patients (23 MDD, 20 FEP, 14 SZ) confirmed the 
negative relationship between right putamen volume and SANS anhe
donia scores (Supplementary Fig. 6). Notably, we found no relationships 
between grey matter volume and SANS Avolition-Apathy scores across 
MDD, FEP and SZ patients. 
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4.3. Group differences in striatal volume and relationship to anhedonia 

A significant group effect in the right accumbens was observed 
(Fig. 3A). Compared with HC, post-hoc testing revealed lower volume in 
the right accumbens in patients with OUD (voxel size = 20, pFWE =

0.025) and psychotic disorders (FEP + SZ) (voxel size = 21, pFWE =

0.003) (Fig. 3B). CUD individuals had higher accumbens volume than 
patients with psychotic disorders (voxel size = 19, pFWE = 0.043) and 
OUD (voxel size = 9, pFWE = 0.040), while OUD patients also exhibited 
lower volume than MDD (voxel size = 21, pFWE = 0.002) and BPD pa
tients (voxel size = 16, pFWE = 0.034) in the right accumbens (Fig. 3B). 
Furthermore, both MDD (voxel size = 21, pFWE = 0.001) and BPD pa
tients (voxel size = 21, pFWE = 0.006) exhibited higher volume in the 
right accumbens than psychotic patients (Fig. 3B). Notably, there were 
no significant relationships between right accumbens volume (values 
extracted from main effect of group) and BDI anhedonia scores (r =
− 0.059, p = 0.446) across OUD, MDD, BPD, CUD and SZ patients and 
SANS anhedonia scores across MDD, FEP and SZ patients (r = 0.155, p =
0.112). 

Finally, no difference in striatal volume between HC samples from 
Basel and Zurich was found, indicating comparability of scanner data. 

5. Discussion 

The main finding of this study indicates volumetric abnormalities in 
the putamen and cerebellum as a neural substrate of transdiagnostic 
anhedonia severity. This finding was evident when assessing anhedonia 

with two different scales across patients with six different psychiatric 
diagnoses from two different centres. Our main finding extends previous 
studies in MDD patients showing a relationship between high anhedonia 
expression and low putamen volume (Enneking et al., 2019; Sachs- 
Ericsson et al., 2018) and activity during reward anticipation (Pizza
galli et al., 2009). Given that reduced bilateral putamen volume was 
further predictive for anhedonia severity in a recent study with MDD 
patients (Auerbach et al., 2017), our finding may have implications for 
transdiagnostic anhedonia prognosis and treatment. 

Anhedonia subsumes a consummatory (hedonic capacity) and 
motivational (anticipation of and drive towards rewarding stimuli) 
aspect (Der-Avakian and Markou, 2012). A previous meta-analysis 
revealed that both consummatory and anticipatory anhedonia was 
associated with reduced putamen activity in MDD and SZ patients 
compared to healthy volunteers (Zhang et al., 2016). Results from a 
positron emission tomography study further showed that the fast-acting 
antidepressant ketamine decreased anticipatory anhedonia in patients 
with treatment-resistant depression along with increased glucose 
metabolism in the putamen and cerebellum, and that this in turn may 
reflect increased motivation towards pleasurable experiences (Lally 
et al., 2014). Notably, no relationship between anhedonia scores and 
ventral striatum metabolism was observed as originally hypothesized 
(Lally et al., 2014). In the present study, there was also no relationship 
between volume in the accumbens and transdiagnostic anhedonia 
expression, although significant group differences in this region were 
observed. This result indicates that etiologically relevant relationships 
between symptom dimensions (here anhedonia) and brain structure 

Fig. 1. A) Significant negative relationship between left putamen (voxel size = 300, pFWE = 0.001, center of mass: x = − 28, y = − 8, z = 1) and right putamen (voxel 
size = 108, pFWE = 0.014, center of mass: x = 29, y = − 11, z = 3) volume and BDI anhedonia severity across OUD, MDD, BPD, CU and SZ patients (n = 175) using a 
region of interest (ROI) approach. There was an overlap of 139 and 33 voxels, respectively, between the left/right putamen cluster and masks of the left/right 
sensorimotor striatum (cf. Supplementary Fig. 1B). B) Whole-brain correlation analysis showing significant negative associations between BDI anhedonia scores and 
volume in the left putamen (voxel size = 32, pFWE = 0.036, centre of mass: x = − 30, y = − 11, z = 0) and bilateral cerebellum (subsuming the lateral occipital cortex 
and fusiform gyrus) (voxel size = 6679, pFWE = 0.001, centre of mass: x = 4, y = − 58, z = − 36). There was an overlap of 29 voxels between the left putamen cluster 
and mask of the left sensorimotor striatum. C) Scatterplot showing negative relationship between left putamen volume (mm3, values extracted from the significant 
whole-brain result) and anhedonia severity across OUD, MDD, BPD, CUD and SZ patients (r = − 0.325). All correlations were controlled for age, gender, smoking, 
general depression (BDI sum score without anhedonia items), medication, diagnosis and scanner. Left hemisphere is displayed on the right. 
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might not be detected by employing correlation analysis that relies on 
the presence of categorical group differences. Possible reasons for this 
result are that the differential accumbens volume between groups may 
reflect other disease-related features than anhedonia, or that the nucleus 
accumbens shell may rather mediate ‘liking’ or consummatory pleasure 
behaviours (Peciña and Berridge, 2005), whereas motivational hedonic 
behaviours (‘wanting’) may involve a wider network consisting of the 
accumbens but also other neural structures such as the caudate, pallidus 
and putamen (Berridge, 1996; Schultz et al., 2000). Therefore, the re
lationships between putamen volume and anhedonia expression found 
here may suggest that the obtained BDI and SANS anhedonia scores may 
reflect low anticipatory pleasure rather than decreased consummatory 
liking. This is supported by evidence showing that the BDI and SANS 
anhedonia scale is negatively related to the anticipatory but not 
consummatory component of the Temporal Experience of Pleasure Scale 
(TEPS) (Gard et al., 2006; Gard et al., 2007). 

The putamen is highly connected to sensory-motor-related areas 
(Alexander et al., 1990; Gerardin et al., 2003) and is involved in the 
acquisition of stimulus-action-reward association (Haruno and Kawato, 
2006). In particular, it integrates information on the expectation of 
reward with processes that mediate the actions leading to the reward 
(Haruno and Kawato, 2006; O’Doherty et al., 2004). It has further been 
shown that decreased functional coupling between prefrontal motor 
areas and the putamen was inversely related to psychomotor retardation 
in MDD patients (Liberg et al., 2014). Reduced putamen activation is 
also associated with anticipatory reward deficits (Kumar et al., 2014), 
and inhibitory dysfunction of the ventrolateral putamen in monkeys 
reduced the frequency of self-initiated actions to collect reward (Worbe 
et al., 2009). 

Besides putamen-anhedonia associations, we also found negative 
relationships between the cerebellum volume and transdiagnostic 
anhedonia expression. Regions outside the basal ganglia, including the 
cerebellum, have also been associated with rewards and reward pre
diction errors (Garrison et al., 2013), suggesting that the cerebellum 
functions along with the basal ganglia to provide the neural substrate for 
reward coding and reward-based learning (Bostan and Strick, 2018) and 
are implicated in the development of psychosis and depression (Bogoian 
et al., 2020; Moberget and Ivry, 2019). Enhanced effective connectivity 
from the cerebellum to the sensorimotor putamen has been associated 
with improved learning of motor sequence acquisition (Tzvi et al., 
2015). Within such an integrated network perspective, motivation- 
related signals from the basal ganglia may drive the cerebellum to 
optimize goal-directed movement parameters (Bostan and Strick, 2018) 
and are putatively altered in patients with anhedonia. Intriguingly, the 
cerebellum can also modulate the reward circuitry besides adjustment of 
goal-related movement; it has recently been shown that the cerebellum 
can activate the ventral tegmental area (VTA) in mice and thereby 
contribute to place preference (Carta et al., 2019). This finding suggests 
the involvement of the cerebellum in reward-related functions beyond 
movement refinement such as social exploration and behaviour. It is 
possible that the cerebellar projections to the VTA also modulate neu
rons that project to the prefrontal cortex, indicating a pathway how the 
cerebellum influences prefrontal dopamine levels and possibly negative 
symptoms (Brady et al., 2019). Taken together, our findings may suggest 
that transdiagnostic anhedonia expression might be related to volu
metric alterations within a putamen-cerebellum network that mediates 
reward-related goal-directed behaviour. However, although we found 
that transdiagnostic anhedonia severity was associated with both 

Fig. 2. A) Significant negative relationship between right putamen volume (voxel size = 140, pFWE = 0.002, centre of mass: x = 30, y = − 4, z = − 2) and SANS 
anhedonia severity across MDD, FEP and SZ patients (n = 114) using a region of interest (ROI) approach. There was an overlap of 57 voxels between the right 
putamen cluster and mask of the right sensorimotor striatum. B) Whole-brain correlation analysis showing a significant association between SANS anhedonia scores 
and volume in the right putamen (voxel size = 88, pFWE = 0.017, centre of mass: x = 33, y = − 7, z = − 8) and cerebellum (voxel size = 887, pFWE = 0.006, centre of 
mass: x = 4, y = − 79, z = − 40). There was an overlap of 11 voxels between the right putamen cluster and mask of the right sensorimotor striatum. C) Scatterplot 
showing relationship between right putamen volume (mm3

, values extracted from significant whole-brain result) and SANS anhedonia severity across MDD, FEP and 
SZ patients (r = − 0.453). All correlations were controlled for age, gender, smoking, medication, diagnosis and scanner. Left hemisphere is displayed on the right. 
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putamen and cerebellum volume, whether abnormal structural 
putamen-cerebellum connectivity underlines transdiagnostic anhedonia 
expression must be confirmed explicitly by covariance network 
analyses. 

This study has several limitations that need to be addressed by future 
research. Anhedonia has been conceptualized as comprising deficit 
across three partially separable subtypes of reward processing: reward 
liking (consummatory phase), reward wanting (selection between op
tions and initiating and sustaining approach behaviour as well as the 
anticipation and preparation phase) and reward learning (learning from 
outcomes to optimize future decisions) (Admon and Pizzagalli, 2015; 
Husain and Roiser, 2018; Treadway and Zald, 2011). Disentangling 
whether abnormalities in the neural circuitry of these reward processes 
are specifically related to the clinical manifestation of social and phys
ical anhedonia possibly provides implications for treatment regimes. In 
the current post-hoc investigation we used rather broad measures of 
anhedonia as expressed by the BDI and SANS anhedonia subscales, 
which do not allow a differentiation between the different subtypes of 
reward processing that may contribute to physical and/or social anhe
donia. Behavioural paradigms providing readouts for the specific sub
types of reward processing are warranted. Related to this point, the BDI 
and SANS were developed for different disorders (i.e. MDD and SZ), 
raising the question of whether they are measuring the same construct. 
However, a certain degree of construct validity seems evident as we 
found a significant positive correlation between the two scales across 
MDD and SZ patients and both scales were negatively related to puta
men and cerebellum volume across the disorders. Also, given the post- 
hoc nature of this study, measures of other (negative) symptoms were 
not consistently available for all participants to test whether putamen- 
cerebellum volumes were specifically associated with anhedonia. 
Finally, although we controlled our analyses for the different types of 

medications and especially addressed the impact of antipsychotics, we 
cannot completely rule out that our findings were confounded by 
different medication types – our findings should be interpreted with this 
caveat in mind. 

In conclusion, our findings suggest that volumetric abnormalities in 
the putamen and cerebellum are related to anhedonia expression across 
several psychiatric entities. Mapping putamen-cerebellum aberrations 
to dimensional symptom expressions that are related to the different 
subcomponents of reward processing holds promise for developing tar
geted interventions across psychiatric nosology. 
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