
Distinct anhedonia components and related subgroups in a sample of patients with major 
depressive disorder: A preliminary study 
 
Supplementary Methods 
Participants 
This study was approved by the Medical Research Ethics Committee of the Second Xiangya Hospital 
of Central South University, China. Sixty-four patients with first-episode drug-naive MDD (31 
melancholic MDD and 33 non-melancholic MDD) were recruited from outpatients from May 4, 
2014 to December 30, 2016, and 32 healthy controls were recruited from the community using 
printed advertisements. All participants were right-handed Han Chinese aged 18-45 years and with 
more than 9 years of education, and gave their written informed consents after fully understanding 
the study procedures. All patients were independently interviewed and diagnosed by two 
psychiatrists according to DSM-IV. The patients should be in their first major depressive episode 
with a total score of more than 17 in the 17-item Hamilton Rating Scale for Depression (HAM-D), 
and an illness duration of less than 12 months. The exclusion criteria were as follows: (1) concurrent 
axis I disorders, (2) history of any neurological disorders or substance abuse, and (3) exposure to 
psychotropic medications within at least 2 months. Healthy controls should have no first-degree 
family history of mental illness.  
 
Image Acquisition and preprocessing 
The resting-state functional images were acquired with echo planar imaging (EPI) sequence by the 
following parameters: repetition time/echo time (TR/TE) 2500/25 ms, 39 slices, 64 × 64 matrix, 
90° flip angle, 24 cm field of view, 3.5 mm slice thickness, no gap, and 200 volumes lasting for 500s. 
All these imaging data were preprocessed using DPARSF (http://rfmri.org/DPARSF) in MATLAB1. To 
reduce effects of scanner signal stabilization, the first 10 images were discarded. Scans with 
maximum displacement of x, y, or z axis exceeding 2 mm or more than 2°of maximum angular 
rotation would be discarded. Functional and structural images were co-registered. Then structural 
images were normalized and segmented into gray, white and cerebrospinal fluid (CSF) partitions 
using the DARTEL technique. Several spurious covariates were removed from the realigned data, 
such as the signal from the ventricular seed-based ROI and the white matter-centered area, as well 
as the Friston 24-parameter model. The global signal was preserved2. After that, framewise 
displacement (FD) was calculated for all resting state volumes. All volumes with a FD greater than 
0.5 mm were regressed out as nuisance covariates. Any scan with 50% of volumes removed was 
discarded. Then, functional time series were band pass filtered to select frequencies between 0.01-
0.08 Hz and normalized by DARTEL into the Montreal Neurological Institute (MNI) template and 
then spatially smoothed at 6 mm full-width at half maximum (FWHM). 
 
Meta-analyses for task-based fMRI studies 
Study selection 
A Embase, Pubmed and Web of Science database search was performed on all human studies 
between January 1, 2000 and May 1, 2022. The following terms and their derivatives were 
searched in [Title/Abstract]: consummatory pleasure/consummatory anhedonia/reward 
outcome/reward gains/reward anticipation/anticipatory pleasure/anticipatory 
anhedonia/monetary incentive delay task/gambling task and major depressive 



disorder/depression/depressive disorder. To enhance search sensitivity, we also searched the 
reference lists manually as a supplement.  
All available fMRI studies which investigated reward processing dysfunction in depressed 
individuals compared with healthy controls in all age groups were included. Specifically, studies 
with patients with MDD diagnosed by standardized diagnostic criteria were prioritized to be 
included in the meta-analysis. Studies with subjects with subthreshold depression and those who 
have first-degree relatives with a history of MDD were also included. We selected only studies that 
used instrumental reward tasks in which rewards were obtained by complete an action correctly 
rather presented passively (e.g., facial emotions or images)3.  
We excluded studies with depressed patients with other psychiatric disorders such as bipolar 
disorder and schizophrenia, or comorbid substance abuse disorders. Studies focused on reward-
related decision-making or effort expenditure were also ruled out. 

Data extraction and analysis 

Data from the included studies such as demographic and methodological information, coordinates 
of significant brain areas, and statistics (e.g., t values or z values) were extracted. All coordinates 
were summarized in Montreal Neurological Institution (MNI) space. Studies reported outcomes in 
Talairach space were converted to MNI coordinates.  

For studies which reported comparisons between depressed patients and healthy controls, SDM-
PSI software version 6.22 (https://www.sdmproject.com/) was used. It combines several positive 
features from previous approaches, such as activation likelihood estimation and Multilevel Kernel 
Density Analysis, and introduced several improvements. Importantly, it provides a novel approach 
based on multiple imputation algorithms, which is able to reduce bias by including studies with 
NSUEs. Instead of simply excluding these studies (which would inflate result) or assuming them to 
have a null effect size (which could be too conservative), this method calculates maximum 
likelihood estimations of these NSUEs, creates realistic imputations, conducts a standard meta-
analysis using restricted maximum-likelihood random-effect models for each set of imputations, 
and finally pools these meta-analyses. As recommend by SDM-PSI4, the threshold was set at 
cluster-level p < 0.05 (threshold-free cluster enhancement-based family-wise error [FWE] 
correction) or p < 0.001 (uncorrected). 

Given possible between-study heterogeneities introduced by age, sex, diagnoses and analysis 
method, our primary analyses were performed only in whole-brain studies with adult patients with 
acute MDD. Age, sex, education years and depressive severity were added as covariates in the 
comparative meta-analysis using the SDM-PSI. Specifically, the original scores of depressive 
severity in each study were standardized due to different rating scales used. We also included 
whole-brain studies with teenagers and patients with remitted MDD, subthreshold depression or 
high-risk of depression in the follow-up analyses to test whether outcomes would be significantly 
affected by these factors. 
 
Supplementary Results 
MDD patients revealed reduced activity in dorsal striatum during reward feedback  
Overall, forty-three task-based fMRI studies examining reward prediction and experience met 
predefined the inclusion criteria, and 35 of them (590 patients with MDD, 147 subjects with 
remitted MDD or subthreshold depression or high-risk of depression, and 773 healthy controls) 

https://www.sdmproject.com/


were finally included in the meta-analyses (Figure S2, Table S3 and S4).  
As shown in Figure 3 and Table S4, compared with healthy controls, patients with MDD exhibited 
increased activation in the supplementary motor area and decreased activation in the cerebellum 
lobule VI/fusiform gyrus (p < 0.01, uncorrected) during reward anticipation. During reward 
feedback, less blood-oxygen-level-dependent response in the putamen, caudate, and 
parahippocampal gyrus was observed in patients with MDD (p < 0.001, uncorrected). No results 
were reported when adopted a more conservative threshold FWE-corrected p < 0.05. We also 
performed a meta-analysis for all whole-brain studies regardless of age and diagnoses, results were 
similar except that no areas displayed increased activation in patients with MDD relative to healthy 
controls (p < 0.01, uncorrected). 
 
Supplementary Discussion 
The association of the dopaminergic system with the reward processing has been well-established 
in numerous preclinical and clinical studies. More recent research has expanded our understanding 
of reward mediation on a transmitter level, revealing interactions with other neurotransmitter 
systems like serotonergic, opioid, and glutamatergic systems5. This broader perspective suggests 
that distinct neurotransmitter systems may mediate various aspects of reward, with anticipatory 
pleasure being predominantly associated with dopaminergic mechanisms, while consummatory 
pleasure primarily linking to the opioid and serotonergic systems5.  
As for dopaminergic system, previous studies have demonstrated that rewarding experiences 
result in the release of dopamine in the striatum, particularly within the NAc, as evidenced by a 
reduction in the binding potential of dopamine receptor subtypes 26. With regard to serotonergic 
system, studies have revealed that regions associated with reward processing receive substantial 
innervation from serotonergic neurons originating in the raphe nuclei. It has been reported that 
the serotonergic neurotransmitter system exerts a modulatory influence on the reward network 
through various receptors, including the 5-HT1A, 5-HT2A receptors, and the serotonin transporter 
(5-HTT)7. Evidence has indicated a significant reduction of 5-HTT in the midbrain and striatum in 
individuals with MDD8. It is important to note that while 5-HT signaling contributes to reward 
processing related to reward learning, anticipation, and outcome, the effects of SSRIs treatment 
on anhedonia are still unclear. Some studies reported reduced motivation and effort in depressed 
patients and enhanced effort expenditure in healthy subjects after an 8-week course of 
escitalopram treatment9, 10. This may be the reason why some patients did not benefit from 
Selective serotonin reuptake inhibitors (SSRIs) treatment. Similarly, inhibition of glutamate release 
also led to partial deficits in reward experiments11. It is suggested that the interplay between 
glutamate and striatal activity plays a pivotal role in modulating synaptic plasticity and neural 
excitability12. In particular, the influence of glutamatergic input from the frontal cortex has been 
underscored, with research revealing the impact of glutamatergic frontal neurons on dopaminergic 
neurotransmission in the ventral striatum through GABAergic neurons13. Moreover, there have 
been documented associations between glutamate levels and fronto-limbic functional 
connectivity14. As mentioned before, the opioid system in the NAc shell and the ventral pallidum 
plays a role in mediating consummatory pleasure. Opioid receptor antagonists have been 
suggested as a potential treatment for anhedonia based on robust preclinical data indicating the 
involvement of these receptors in modulating reward processing and stress regulation. Drawing 
from the available evidence, our hypothesis points that neurotransmitter systems, including 



serotonergic, opioid, glutamatergic, and dopaminergic systems, exhibit varying degree of 
disruption within anhedonia subgroups of MDD. Patients exhibiting the most profound 
impairments in experiencing both anticipatory and consummatory pleasure are expected to 
demonstrate more severe dysfunction in neurotransmitter systems. 
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Table S1 Demographic information of all included task-based fMRI studies 
Order Study Sample type MDD/HR 

(n1) 
Depression HC (n2) Mean age 

(SD) 
Female 
(%) 

Task  Medicated 

1 Admon et al. 
201515 

MDD (DSM-IV) vs. 
HC 

26 28.53 (BDI) 
 

29 42.6 (11.7) 
37.7 (14) 

50 
41.4 

MID (reward feedback) No 

2 Admon et al. 
201716 

MDD (DSM-IV) vs. 
HC 

46 27.3 (BDI) 43 27 
25.9 

80 
76.7 

MID (reward 
anticipation/feedback) 

No 

3 Arrondo et al. 
201517 

MDD (DSM-IV) vs. 
HC 

24 32 (BDI) 
 

21 33.08 (9.15) 
34.33 
(10.11) 

29 
19 

MID (reward 
anticipation/feedback) 

Yes 

4 Chandrasekhar et 
al. 201518 

MDD vs. HC 10 - 10 31.9 (7.5) 
27.5 (2.4) 

20 
10 

Decision-making task 
(reward anticipation) 

- 

5 DelDonno et al. 
201919 

MDD (DSM-IV) vs. 
HC 

23 18.56 
(HAMD-17) 

27 25.09 (3.32) 
29.15 (9.00) 

70 
85 

MID (reward 
anticipation) 

No 

6 Dillon et al. 
201420 

MDD (DSM-IV) vs. 
HC 

21 23.62 (BDI) 21 34.3 (12.1) 
36.6 (13.3) 

50 
42.8 

Memory task (reward 
feedback) 

No 

7 Dichter et al. 
201221 

rMDD vs. HC 19 2.63 (BDI) 19 23.6 (4) 
27.9 (6.3) 

21 
36.8 

MID (reward 
anticipation/feedback) 

No 

8 Forbes et al. 
200922 

MDD (K-SADS-PL) 
vs. HC 

15 - 28 13.5 (2.1) 
13.1 (2.6) 

70 
75 

Card guessing (reward 
anticipation/feedback) 

No 

9 Gaillard et al. 
202023 

HR vs. HC 16 6.8 (BDI) 16 24.3 (4.1) 
24.1 (3.7) 

75 
75 

Fribourg reward task 
(reward 
anticipation/feedback) 

No 

10 Gorka et al. 
201424 

MDD (DSM-IV) vs. 
HC 

9 26.3 
(HAMD-17) 

18 25.4 (7.7) 
29.5 (1.1) 

66.7 
72.2 

Passive slot machine 
(reward anticipation) 

Yes 

11 Gotib et al. 
201025 

HR vs. HC 13 1.46 (CDI) 13 12.2 (1.7) 
12.6 (1.4) 

100 
100 

MID (reward 
anticipation/feedback) 

No 

12 Gradin et al. 
201126 

MDD (DSM-IV) vs. 
HC 

15 22.93 (BDI) 17 45.27 
(12.32) 
40.64 
(11.87) 

60 
59 

Instrumental reward 
learning task (reward 
anticipation/feedback) 

- 

13 Hagele et al. MDD (DSM-IV/ICD- 24 24.3 (BDI) 54 40.1 (11.6) 29 MID (reward No 



201527 10) vs. HC 37.7 (11.1) 
38.4 

24 
25 

anticipation) 

14 Hall et al. 201428 MDD-FTE (DSM-IV) 
vs. HC 

14 (BDI) 26.29 (BDI) 14 26.36 (7.43) 
28.43 (8.19) 
27.40 

35.7 
42.8 
39 

Money game (reward 
feedback) 

Yes 

 MDD-MTE (DSM-
IV) vs. HC 

15 (BDI) 13.40 15 47.67 (9.5) 
46.33 (11.4) 

73 
66.7 

15 He et al. 201929 Subthreshold 
depression vs. HC 

21 16 (BDI) 20 19.76 (1.92) 
19.45 (1.57) 

38 
60 

MID and SID (reward 
anticipation/feedback) 

No 

16 Jin et al. 201730 HR vs. HC 49 - 180 All: 15.25 
(0.58) 

100 
100 

Monetary gambling 
task (reward feedback) 

No 

17 Johnston et al. 
201531 

Treatment 
resistant 
depression (MINI 
PLUS) vs. HC 

19 32.42 (BDI) 21 50.79 (10.6) 
46.14 
(13.97) 

79 
71 

Modified Pessiglione 
reward task (reward 
feedback) 

Yes 

18 Knutson et al. 
200832 

MDD (DSM) vs. HC 14 25.38 (BDI) 12 30.7 (8.8) 
28.6 (4.2) 

64 
67 

MID (reward 
anticipation/feedback) 

No 

19 Kumar et al. 
201833 

MDD (DSM-IV) vs. 
HC 

25 26.26 (BDI) 26 25.25 (5.46) 
26.31 (7.96) 

76 
73 

Reward leaning task 
(reward feedback) 

No 

20 Liu et al. 201734 MDD (DSM-IV) vs. 
HC 

21 24.05 
(HAMD-24) 

17 30.7 (8.9) 
28.3 (5.2) 

57 
59 

Probabilistic reward 
learning task (reward 
feedback) 

No 

21 Luking et al. 
201635 

HR vs. HC 16 53.19 (CDI) 32 9.2 (1.0) 
9.0 (1.1) 

50 
53 

Card guessing (reward 
feedback) 

No 

22 Mori et al. 201636 Subthreshold 
depression vs. HC 

15 18.1 (BDI) 15 18.5 (0.6) 
19.1 (0.7) 

60 
47 

MID (reward 
anticipation) 

No 

23 Olino et al. 
201137 

MDD vs. HC 10 - 16 All: 13.3 
(2.4) 

73 Card guessing (reward 
anticipation) 

No 

24 Olino et al. 
201438 

HR vs. HC 14 - 12 15.8 (3.0) 
15.5 (2.5) 
15.7 

78.6 
66.7 
73 

Card guessing (reward 
anticipation/feedback) 

No 

25 Pizzagalli et al. MDD (DSM-IV) vs. 30 27.48 (BDI) 31 43.1 (12.9) 42 MID (reward No 



200939 HC 38.8 (14.4) 50 anticipation/feedback) 
26 Redlich et al. 

201540 
MDD (DSM-IV) vs. 
HC 

33 27.88 (BDI) 34 38.5 (12.1) 
38.6 (12.3) 

51.5 
47 

Card guessing (reward 
feedback) 

Yes 

27 Remijnse et al. 
200941 

MDD (DSM-IV) vs. 
HC 

20 25.6 (BDI) 27 35 
32 

40 
70 

Reversal learning task 
(reward feedback) 

Yes 

28 Robinson et al. 
201242 

MDD (DSM-IV) vs. 
HC 

13 20 (HAMD-
21) 

14 36 (11) 
31 (6) 

38 
43 

Pavlovian reward-
punishment prediction 
(reward feedback) 

No 

29 Sankar et al. 
201943 

MDD (DSM-IV) vs. 
HC 

20 14.88 
(HAMD-17) 

20 30.00 
(10.84) 
30.25 
(10.99) 

100 
100 

MID (reward 
anticipation) 

Yes 

30 Satterthwaite et 
al. 201544 

MDD (DSM-IV) vs. 
HC 

25 25.16 (BDI) 37 38.8 (12.8) 
39.5 (11.6) 

44 
49 

MID (reward feedback) Yes 

31 Schneider et al. 
202045 

MDD and 
subthreshold 
depression (DSM-
IV) vs. HC 

41 - 25 35.9 (13.4) 
32.1 (10.3) 

66 
48 

Reward anticipation 
task  

No 

32 Segarra et al. 
201646 

MDD (DSM-IV) vs. 
HC 

24 32.62 (BDI) 21 33.08 (9.15) 
34.33 
(10.11) 

29 
19 

Simulated slot machine 
(reward feedback) 

Yes 

33 Sharp et al. 
201447 

HR + MDD (DSM-
IV) vs. HC 

33 (19+14) 16.09 (BDI) 19 13.3 (1.8) 
13.7 (1.8) 

100 
100 

Card guessing (reward 
anticipation/feedback) 

- 

34 Smoski et al. 
200948 

MDD (DSM-IV) vs. 
HC 

14 - 15 34.8 (14.3) 
30.8 (9.7) 

50 
60 

Wheel of fortune 
(reward 
anticipation/feedback) 

No 

35 Smoski et al. 
201149 

MDD (DSM-IV) vs. 
HC 

9 16.7 (BDI) 
 

13 34.4 (15.1) 
26.2 (6.3) 

- MID (reward 
anticipation/feedback) 

Yes 

36 Steele et al. 
200750 

MDD (DSM-IV) vs. 
HC 

15 36.9 (BDI) 14 45.9 (10.7) 
43.0 (13.3) 

73 
50 

Gambling task (reward 
feedback) 

Yes 

37 Stoy et al. 201251 MDD (DSM-IV) vs. 
HC 

15 23.6 (BDI) 15 41.9 (12.2) 
39.5 (11.9) 

33 
33 

MID (reward 
anticipation) 

Yes 



38 Stringaris et al. 
201552 

MDD (DSM-IV) vs. 
HC 

22 - 123 14.4 (0.3) 
14.4 (0.4) 

86 
73 

MID (reward 
anticipation) 

Yes 

  Subthreshold 
depression vs. HC 

101 - 123 14.5 (0.4) 
14.4 (0.4) 

65 
73 

MID (reward 
anticipation) 

Yes  

39 Simmons et al. 
201753 

MDD (DSM-IV) vs. 
HC 

32 23 (HAMD-
17) 

16 35.8 
33.9 

72 
69 

Food task (reward 
feedback) 

No 

40 Takamura et al. 
201754 

MDD (DSM-IV) vs. 
HC 

12 30.8 (BDI) 12 44.0 (13.2) 
38.3 (8.46) 

50 
50 

MID (reward 
anticipation) 

Yes 

41 Ubl et al. 2015a55 MDD (DSM-IV) vs. 
HC 

30 25.50 (BDI) 28 46 (11.85) 
43.96 
(12.85) 

53.3 
53.6 

Modified version of a 
paradigm by Kirsch 
(reward 
anticipation/feedback) 

No 

42 Ubl et al. 2015b56 rMDD (DSM-IV) vs. 
HC 

23 5.08 (BDI) 23 41.17 
(12.08) 
42.74 
(12.19) 

69.6 
60.9 

Monetary reward 
paradigm (reward 
anticipation/feedback) 

No 

43 Wiggins et al. 
201757 

HR vs. HC 27 - 19 7.44 (0.73) 
7.64 (0.84) 

52 
74 

MID (reward 
anticipation/feedback) 

No 

Abbreviations: BDI, Beck Depression Inventory; CDI, Child Depression Inventory; HAMD, Hamilton Depression Scale; HC, healthy control; HR, high-risk group 
(individuals who have first-degree relatives with a history of mental illness); K-SADS-PL, the Schedule for affective disorder and schizophrenia-present and lifetime 
version; MDD, major depressive disorder; MID, monetary incentive delay task; MINI PLUS, Mini-international psychiatric interview; rMDD, remitted MDD; SD, standard 
deviation; SID, social incentive delay task. 
 
 
 
 
 
 
 
 
 
 



Table S2 Summary of methods and results of all included studies 
Study  Whole-brain 

analysis 
Software Reward phase Comparative results Activation (HC) Activation (depression) 

Admon et al. 2015 Yes FSL Outcome (reward > 
neutral) 

L_Caudate, R_Caudate - - 

Admon et al. 2017 Yes SPM  Anticipation/outcome 
(reward > penalty) 

No results - - 

Arrondo et al. 2015 Yes FSL Anticipation (reward > 
neutral) 

R_NAc, Frontal pole, 
L_NAc 

No label found, SFG, 
L_Thalamus, R_NAc 

- 

Chandrasekhar et 
al. 2015 

Yes SPM Anticipation (reward > 
loss) 

R_MTG - - 

DelDonno et al. 
2019 

Yes SPM Anticipation (reward > 
neutral) 

Declive, Cuneus, 
Precuneus 

- - 

Dillon et al. 2014 Yes SPM Outcome (reward > 
neutral) 

R_parahippocampal 
gyrus, VTA/SN 

- - 

Dichter et al. 2012 Yes FSL Anticipation (reward > 
neutral) 

R_Anterior cerebellum, 
L_Caudate, R_ACC, 
L_ACC, R_MFG, R_FOC, 
L_Fusiform gyrus, 
R_Fusiform gyrus, 
R_Anterior 
paracingulate gyrus, 
L_Anterior 
parahippocampal gyrus, 
L_SPL, R_Precuneus, 
R_SMC, L_Posterior 
supramarginal gyrus, 
R_Posterior 
supramarginal gyrus 

- - 

Outcome (reward > 
neutral) 

R_Angular gyrus, 
L_Central opercular 
cortex, R_ Central 

- - 



opercular cortex, L_PCC, 
L_FOC, R_FOC, 
R_Frontal pole, 
L_Insular cortex, 
R_Intracalcarine cortex, 
L_Planum polare, 
L_Precentral gyrus, 
R_Lateral SOG, 
L_Supramarginal gyrus 
(anterior), 
R_Supramarginal gyrus 
(posterior), L_Fusiform 
gyrus, L_Posterior STG, 
R_Temporal pole, 
R_Thalamus, 
L_Thalamus 

Forbes et al. 2009 No SPM Anticipation (reward > 
baseline) 

L_Caudate, R_DLPFC, 
L_DLPFC, 

R_Caudate body L_DLPFC, R_DLPFC, R_Medial 
frontal gyrus, L_Orbital gyrus, 
R_MFG, L_MFG 

Outcome (reward > 
baseline) 

L_Caudate, L_Medial 
frontal gyrus, L_DLPFC, 
R_DLPFC 

L_Caudate head R_DLPFC, L_Medial frontal 
gyrus, L_DLPFC, R_MFG, L_SFG, 
R_SFG 

Gaillard et al. 2020 Yes Others Anticipation (reward > 
baseline) 

R_Cuneus L_Fusiform, R_ITG, 
L_Lateral occipital gyrus, 
R_Lateral occipital gyrus, 
R_SPL 

L_Lateral occipital gyrus, 
R_Lateral occipital gyrus, L_SPL 

Gorka et al. 2014 Yes SPM Anticipation (reward > 
neutral) 

R_dorsal ACC L_NAc - 

Gotib et al. 2010 No SPM Anticipation (reward > 
neutral) 

R_Insula, L_Putamen, 
L_Insula 

- - 

Outcome (reward > 
neutral) 

R_ACC, L_PCC, L_MCC, 
L_Putamen, L_ACC, 

- - 



R_Anterior thalamic 
nucleus,  

Gradin et al. 2011 Yes SPM Anticipation R_Hippocampus, 
R_paterior 
parahippocampal gyrus 

L_Amygdala-hippocampal 
complex, R_Amygdala-
hippocampal complex, 
L_Posterior 
parahippocampal gyrus, 
R_Posterior 
parahippocampal gyrus 

L_Amygdala-hippocampal 
complex, R_Amygdala-
hippocampal complex, 
L_Posterior parahippocampal 
gyrus 

Outcome (reward 
prediction error) 

L_Putamen, L_NAc, 
R_NAc, L_Caudate, 
R_Caudate, Midbrain, 
R_Hippocampus 

L_Putamen, R_Putamen, 
L_NAc, R_NAc, 
L_Amygdala-hippocampal 
complex, R_Amygdala-
hippocampal complex, 
L_Caudate, R_Caudate, 
R_insula, Midbrain 

L_Amygdala, R_Amygdala, 
R_Hippocampus, R_Insula 

Hagele et al. 2015 Yes SPM Anticipation (reward > 
neutral) 

R_VS - - 

Hall et al. 2014 Yes Others Outcome (reward > 
punishment) 

R_vmPFC, L_vmPFC - - 

Outcome (large 
reward > small reward) 

R_NAc, L_Caudate, 
R_ACC, L_ACC 

- - 

Outcome (reward > 
punishment) 

R_vmPFC, L_vmPFC, 
R_ACC, L_ACC, R_NAc, 
L_NAc, 
R_Hippocampus, 
L_Hippocampus 

- - 

Outcome (large 
reward > small reward) 

R_NAc, L_NAc, R_ACC, 
L_ACC 

- - 

He et al. 2019 Yes SPM Anticipation (reward > 
baseline) 

No significant results R_Caudate, L_IOG R_Caudate, L_Fusiform, L_IOG 

Outcome (reward > No significant results L_IOG, R_Lingual gyrus, R_IOG, R_Calcarine sulcus, 



baseline) R_IOG, R_Putamen, 
L_Fusiform, L_MOG, 
R_Fusiform 

R_MOG, L_ Calcarine sulcus, 
L_MOG, L_IOG, R_Fusiform, 
L_Fusiform, R_ITG, R_Putamen 

Jin et al. 2017 No SPM Outcome (reward > 
neutral) 

No significant results - - 

Johnston et al. 
2015 

Yes  SPM Outcome (reward > 
neutral) 

R_Insula, L_Insula, 
L_Subgenual ACC, 
L_NAc, R_PCC, L_PCC 

NAc/subgenual ACC/PCC, 
Lateral cortical regions 

Subgenual ACC, 
Insula/amygdala/hippocampus, 
DLPFC 

Knutson et al. 2008 Yes Others Anticipation (reward > 
neutral) 

L_SFG, L_ACC, 
L_Precentral gyrus, 
R_Postcentral gyrus 

R_ACC, L_Caudate, 
R_Putamen, R_NAc, 
L_NAc, R_Caudate, 
L_Putamen, Thalamus 

R_SFG, R_NAc, R_Caudate, 
R_Putamen, L_NAc, L_Caudate 
tail, R_IFG, ACC, L_Putamen, 
Medial frontal gyrus, 
R_Precentral gyrus, R_MFG, 
R_Thalamus, L_Thalamus, 
R_Hippocampus, R_Postcentral 
gyrus, R_IPL, L_IPL, R_SPL, 
L_Precuneus, R_Precuneus 

Outcome (reward > 
neutral) 

R_mPFC, L_Insula, 
R_Putamen, 
L_Putamen, L_SFG, 
L_Postcentral gyrus, 
L_IPL 

L_mPFC, L_Caudate head, 
R_Caudate head, 
L_Putamen, Cingulate, 
L_Amygdala, R_Precentral 
gyrus, R_Caudate tail, 
L_Caudate tail, 
L_Hippocampus, 
R_Hippocampus, 
L_Postcentral gyrus, 
L_IPL, R_IPL, 
L_Precuneus, R_SPL 

mPFC, R_Caudate head, 
L_Caudate tail, R_Caudate tail, 
L_PCC 

Kumar et al. 2018 Yes SPM Outcome (reward 
prediction error) 

No significant results R_Visual cortex, 
R_Calcarine cortex, L_SPL, 
R_Anterior insula, 
R_Putamen 

L_Visual cortex, L_IFG, L_SPL, 
L_Anterior insula, PCC, 
R_Precentral gyrus 



Liu et al. 2017 Yes SPM Outcome (reward > 
neutral) 

No significant results - - 

Luking et al. 2016 Yes SPM Outcome (reward > 
neutral) 

R_Caudate, R_ventral 
putamen, L_Anterior 
insula, R_Anterior insula 

- - 

Outcome (reward > 
loss) 

R_Medial globus 
pallidus, 
R_Parahippocampal 
gyrus 

- - 

Mori et al. 2016 Yes SPM Anticipation (reward > 
neutral) 

L_Angular gyrus, 
R_Angular gyrus, 
R_MFG, R_IPL 

- - 

Olino et al. 2011 No SPM Anticipation (reward > 
baseline) 

L_Caudate body, 
L_Caudate tail, 
R_Caudate body, 
R_Caudate head 

- - 

Olino et al. 2014 Yes SPM Anticipation (reward > 
baseline) 

Caudate - - 

Outcome (reward > 
baseline) 

No significant results - - 

Pizzagalli et al. 
2009 

Yes FSL Anticipation (reward > 
neutral) 

L_Putamen, 
R_Occipitofrontal 
fasciculus, R_MOG, 
R_Parahippocampal 
gyrus, R_IFG, L_IFG, 
R_MFG, L_MFG, 
R_Subgenual ACC, 
R_STG, 
L_Occipitofrontal 
fasciculus, L_IPL, 
R_Lingual gyrus, 
R_Cerebellum 

- - 



Outcome (reward > 
neutral) 

R_Caudate, L_Caudate, 
L_NAc, R_Insula, 
L_Insula, R_IFG, R_MFG, 
R_Medial frontal gyrus, 
L_Precentral gyrus, 
R_Rostral ACC, R_Dorsal 
ACC, L_PCC, R_MTG, 
L_Cerebellum, 
L_Fusiform 

- - 

Redlich et al. 2015 Yes SPM Outcome (reward > 
neutral) 

No significant results - - 

Remijnse et al. 
2009 

Yes SPM Outcome (reward > 
neutral) 

R_STG, L_Precentral 
gyrus, R_Occipital 
cortex, L_Putamen 

- - 

Robinson et al. 
2012 

Yes SPM Outcome (unexpected 
reward) 

R_Putamen, L_MCC, 
L_MOG 

- - 

Sankar et al. 2019 No FSL Anticipation 
(reward >neutral) 

No significant results L_NAc, R_NAc L_NAc, R_NAc, R_Anterior 
insula, L_Anterior insula 

Satterthwaite et al. 
2015 

No FSL Outcome (reward > 
loss) 

L_VS, L_Anterior insula, 
VTA, ACC, R_Thalamus 

- - 

Schneider et al. 
2020 

No SPM Anticipation (reward > 
neutral) 

No significant results - - 

Segarra et al. 2016 Yes FSL Outcome (reward > 
neutral) 

Medial frontal cortex, 
R_VS, L_Lingual gyrus, 
L_OFC, R_ITG and MTG 

- - 

Sharp et al. 2014 Yes Others Anticipation (reward > 
baseline) 

No significant results - - 

Outcome (reward > 
baseline) 

R_MTG, R_IFG, R_VS, 
R_IFG, R_IPL, 
R_Supramarginal gyrus, 
R_Medial frontal gyrus, 
L_Cingulate gyrus 

- - 



Smoski et al. 2009 Yes FSL Anticipation (reward > 
neutral) 

L_Parietal operculum 
cortex, L_Caudate, 
L_ACC, R_PCC, L_PCC, 
L_IFG, R_MFG, L_MFG, 
L_Frontal pole, 
L_Hippocampus, 
L_Lingual gyrus, L_IOG, 
R_IOG, L_SOG, 
L_Fusiform, 
R_Postcentral gyrus, 
L_Precentral gyrus, 
R_Precentral gyrus, 
L_Precuneous, 
R_Precuneous, 
L_Subcallosal cortex, 
L_ITG, L_MTG, 
L_Temporal pole, 
R_Thalamus, 
L_Thalamus 

- - 

Outcome (reward > 
neutral) 

R_Angular gyrus, 
R_Cunues, R_IFG, 
R_Fusiform, 
R_Precuneous, 
L_Temporal pole, 
R_Thalamus, 
L_Thalamus, L_Cunues, 
R_MFG, L_Lingual gyrus, 
R_SOG, L_SOG 

- - 

Smoski et al. 2011 Yes FSL Anticipation (reward > 
neutral) 

R_OFC, 
L_Hippocampus, 
R_Occipital pole, 
R_Subcallosal cortex 

- - 



   Outcome (reward > 
neutral) 

No significant results - - 

Steele et al. 2007 No SPM Outcome (reward > 
loss) 

R_VS, L_VS L_VS, R_VS No significant results 

Stoy et al. 2012 Yes SPM Anticipation (reward > 
neutral) 

No significant results R_Lentiform, L_Lentiform, 
Thalamus, L_MOG, 
Cuneus, L_MTG 

No significant results 

Stringaris et al. 
2015  

No SPM Anticipation (reward > 
neutral) (MDD vs. HC) 

R_Caudate head, 
R_Caudate, L_Caudate, 
R_Medial frontal gyrus, 
R_SFG, L_SFG, L_MFG 

- - 

Anticipation (reward > 
neutral) (subthreshold 
depression vs. HC) 

L_Caudate head, 
L_Putamen, R_Caudate 
head, R_Caudate 

- - 

Simmons et al. 
2017 

No Others Outcome (reward > 
baseline) 

R_Anterior insula, 
L_Dorsal mid-insula, 
R_Ventral pallidum, 
R_VS, L_VS, L_vmPFC, 
R_OFC, R_ Dorsal mid-
insula, L_Anterior 
insula, L_Caudal 
anterior insula, 
R_Putamen 

R_Visual cortex, L_Visual 
cortex, L_Insula, L_OFC, 
R_Dorsal mid-insula, 
R_Amygdala, R_OFC 

- 

Takamura et al. 
2017 

No SPM Anticipation (reward > 
neutral) 

No significant results - - 

Ubl et al. 2015a No SPM Anticipation (high 
reward > neutral) 

R_NAc, R_OFC, 
L_Rostral ACC 

(whole-brain analysis): 
R_calcarine sulcus, 
R_SOG, R_IOG, L_MOG, 
L_IOG, L_thalamus, 
R_thalamus, L_pallidum, 
L_postcentral cortex, 
L_precentral cortex, 

(whole-brain analysis): L_IOG, 
L_MOG, R_SOG, R_MOG, 
R_IOG, L_precentral cortex, 
L_SMC, R_SMC, L_SFG, 
R_lingual gyrus, R_thalamus, 
R_cerebelum_6, L_thalamus, 
L_hippocampus, R_SFG, 



L_SMC, R_MCC, R_SMC, 
R_ACC, L_ACC, 
R_fusiform, R_MFG, 
L_cerebelum_6, 
L_fusiform, R_precentral 
cortex, R_postcentral 
cortex, L_precuneus, 
L_IPL, L_superior 
temporal pole, L_inferior 
OFC, L_MFG, R_rolandic 
operculum, R_superior 
temporal pole, L_MTG, 
R_caudate nucleus, 
R_putamen, L_STG, 
R_precuneus, R_MFG, 
L_caudate nucleus, 
R_SFG, L_supramarginal 
gyrus, L_crus1 cerebelum, 
L_MCC 
R_cerebelum_4_5, 
R_angular gyrus, L_SFG, 
L_putamen, 
L_hippocampus, 
R_supramarginal gyrus, 
L_lobule paracentral 
cortex, L_insula, L_SPL, 
L_rolandic operculum 
R_postcentral cortex 
L_lingual gyrus 
L_calcarine sulcus 
R_inferior OFC 
L_IPL 

L_cerebelum_6, R_putamen, 
L_pallidum, R_cerebelum_3, 
R_parahippocampal cortex, 
L_parahippocampal cortex 
R_pallidum, L_postcentral 
cortex, L_lingual gyrus 



R_inferior operculum 
frontal cortex 

Outcome (high 
reward > neutral) 

No significant results  L_MOG, R_MOG, 
L_insula, R_insula, 
R_caudate nucleus, 
R_ACC, R_precentral 
cortex, R_angular gyrus, 
R_calcarine sulcus, 
L_pallidum, L_precentral 
cortex, L_SMC, 
R_fusiform, R_MCC, 
L_inferior operculum 
frontal cortex 

R_lingual gyrus, R_calcarine 
sulcus, R_MOG, R_insula, 
R_inferior OFC, L_insula, 
R_Hippocampus, R_ACC, 
R_pallidum, R_middle OFC, 
R_thalamus, L_caudate 
nucleus, Vermis_1_2, 
L_thalamus, L_precentral 
cortex, R_SFG 

Ubl et al. 2015b No SPM Anticipation (reward > 
neutral) 

L_Hippocampus, 
R_Amygdala, R_SFG 

- - 

Outcome (reward > 
neutral) 

No significant results  - - 

Wiggins et al. 2017 Yes Others Anticipation (reward > 
baseline) 

No significant results - - 

Outcome (reward > 
baseline) 

R_DLPFC, 
R_Parahippocampal 
gyrus 

- - 

Abbreviations: ACC, anterior cingulate cortex; DE, depressed-appetite decrease subgroup; DLPFC, dorsolateral prefrontal cortex; FOC, frontal orbital cortex; IFG, 
inferior frontal gyrus; IN, depressed-appetite increased subgroup; IPL, inferior parietal lobe; ITG, inferior temporal gyrus; MCC, middle cingulate cortex; MFG, middle 
frontal gyrus; MOG, middle occipital gyrus; mPFC, medial prefrontal cortex; MTG, middle temporal gyrus; NAc, nucleus accumbens; OFC, orbitofrontal cortex; PCC, 
posterior cingulate gyrus; SFG, superior frontal gyrus; SMC, supplementary motor cortex; SOG, superior occipital gyrus; SPL, superior parietal lobule; STG, superior 
temporal gyrus; vmPFC, ventral medial prefrontal cortex; VS, ventral striatum; VTA/SN, ventral tegmental area/substantia nigra. 



Table S3 Results of meta-analysis for comparative studies with whole-brain method (depressed subjects vs. healthy controls) 
Brain area Voxels MNI coordinates   Z score P value 
  x y z   
Anticipation*       
R_Supplementary motor 
area 

35 6 4 46 2.840 0.002 

R_Cerebellum lobule 
VI/fusiform gyrus 

157 32 -62 -22 -2.788 0.004 

Feedback**       
R_Lentiform/putamen 174 22 4 -4 -4.329 < 0.001 
L_Caudate 129 -10 2 16 -4.033 < 0.001 
L_Caudate 53 -6 4 -6 -3.825 < 0.001 
R_Caudate 46 12 12 4 -3.500 < 0.001 
R_Parahippocampal gyrus 11 20 -20 -18 -3.317 < 0.001 

*: Results p < 0.01, uncorrected, cluster size > 10 voxels. 
**: Results p < 0.001, uncorrected, cluster size > 10 voxels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S4. Significant ALFF results (anticipatory and consummatory pleasure-related) across groups (GRF corrected, voxel level < 0.01, cluster level < 0.05). 
Contrast  Cluster location Peak MNI F/T value 
  x y z  
Comparison among 4 groups Right_PHipp 42 -45 -9 6.08 
 Left_Hipp -30 -18 -15 6.22 
 Left_PHipp/Hipp -33 -39 -6 5.78 
 Right_Caudate 18 21 6 5.55 
SubA vs. SubB Left_PHipp/Hipp -21 -42 -3 -3.11 
 Left_Hipp/Putamen -30 -18 -15 -4.14 
SubA vs. SubC Left_Hipp -30 -18 -15 -3.26 
 Left_PHipp/Hipp -33 -42 -3 -3.15 
SubB vs. SubC:  Right_PHipp 33 -30 -15 2.98 
SubA vs. HC No brain region above the threshold     
SubB vs. HC Right_PHipp/Hipp 33 -30 -15 3.81 
SubC vs. HC Right_Caudate 18 21 3 3.35 

Abbreviations: ACC, anterior cingulate cortex; Hipp, Hippocampus; PHipp, Parahippocampal gyrus; SubA, SubB, and SubC, SubgroupA, SubgroupB, and SubgroupC; 
HC, healthy control. 



 

 
Figure S1 A flow diagram of study selection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure S2 Classification of all participants to 2 clusters (the upper: group M, the lower: group N) 
based on scores of TEPS-anti and TEPS-con. The dendrogram showed the result of hierarchical 
clustering, and the heatmap demonstrated scores of TEPS-anti and TEPS-con of each individual. 
The left column indicated the ID of each individual (D is patient and H is healthy control). 
Abbreviations: TEPS, the Temporal Experience of Pleasure Scale (TEPS-anti, anticipatory subscale 
of TEPS; TEPS-con, consummatory subscale of TEPS). 



 
Figure S3 Differences of brain activation patterns in reward anticipation and feedback between 
patients with MDD and healthy controls 
Image A depict brain regions in which patients with MDD exhibited greater activation (A1, right 
median cingulate gyrus) and lower activation (A2, cerebellum lobule VI/fusiform gyrus) than 
healthy controls during reward anticipation (p < 0.01, uncorrected); Image B shows brain regions 
in which MDD < healthy controls during reward feedback (p < 0.001, uncorrected). The colorbar 
indicates z scores. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure S4 Elbow test for k-means analysis (A) and k-means clustering results (B) for all patients.  
 

 
Figure S5 Elbow test for k-means analysis (A) and k-means clustering results (B) for all participants. 
Cluster 1 (higher TEPS scores) and Cluster 2 (lower TEPS scores) included 30 and 58 individuals, 
respectively. Specifically, 86% individuals in the Cluster 2 overlapped with those in the hierarchical 
clustering group M, and 61% individuals in the Cluster 1 were in the hierarchical clustering group 
N. 


