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Abstract

Childhood trauma (CT) is a well-established risk factor for major depressive disorder

(MDD). However, the underlying mechanism linking CT and MDD remains not fully

understood. The present study tested the hypothesis that CT have effects on specific

types of anhedonia in depression via reward system. To do so, we evaluated different

aspects of anhedonia and resting-state functional connectivity (FC) in reward system

among 66 patients with MDD (44 with moderate-to-severe and 22 with no or low CT),

and 57 healthy controls (HC; 23 with moderate-to-severe and 34 with no or low CT).

Results showed that MDD patients with moderate-to-severe CT suffered more severe

state anhedonic depression than patients with no or low level of CT. Individuals with

moderate-to-severe CT, irrespective of MDD diagnosis, had elevated physical, social

and anticipatory but not consummatory trait anhedonia, and demonstrated decreased

left nucleus accumbens (NAcc)-right orbital frontal cortex (OFC) and left ventral

caudate-left OFC connectivity compared to those with no or low exposure. Left NAcc-

right OFC connectivity mediated relationship between CT and state anhedonia in

MDD. The total altered ventral striatum (VS)-OFC connectivity mediated links between

CT and physical trait anhedonia in HC. These findings highlight specific types of anhe-

donia and the core reward system as targets of CT. Blunted hedonic responses via

decreased coupling within core reward system may be involved in the mechanism of

depression following CT. Implications for clinical interventions are also discussed.
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1 | INTRODUCTION

Major depressive disorder (MDD) is a severe mental disorder with a

heterogeneous clinical syndrome. Previous studies have revealed

that childhood trauma (CT) is a potent risk factor for the develop-

ment of MDD; however, which depressive symptomatology is

affected by CT and the involving mechanism(s) are inadequately

understood.
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Anhedonia, a core symptom of depression, defined as the inability

to experience pleasure, can vary independently of other depressive

symptomatology (Drysdale et al., 2017; Molet et al., 2016). A prior

animal study from our lab found that different stressors may induce

different depression phenotypes, and specifically, early maternal dep-

rivation was associated with more severe anhedonia (Bai et al., 2014).

Induction of anhedonia-like depression behaviors arising from early-

life maltreatment has also been reported in other animal studies

(Bolton et al., 2018; Molet et al., 2016). Several human studies also

revealed the association between CT and elevated anhedonia

(Agrawal et al., 2012; Dillon et al., 2009; Germine, Dunn, McLaughlin,

& Smoller, 2015). These studies suggest that when taking the symp-

tom dimension into consideration, the CT may mainly have effects on

anhedonia aspect of MDD.

However, it should be noted that anhedonia is not a unitary con-

cept as it can be parsed into different aspects according to different

criteria. For example, according to the content of the pleasurable stim-

ulus, there are physical and social components of anhedonia

(Chapman, Chapman, & Raulin, 1976). Based on the different cogni-

tive phase of reward process, anhedonia can be divided into anticipa-

tory as well as consummatory aspects (Gard, Gard, Kring, & John,

2006). Moreover, anhedonia can be manifested as either a clinical

state or an enduring personality trait (A. S. Cohen, Najolia, Brown, &

Minor, 2011). The limited number of prior human studies only investi-

gated the relationships between CT and few aspects of anhedonia,

such as the relationship between CT and the state anhedonia

(Agrawal et al., 2012; Dillon et al., 2009) as well as the social anhedo-

nia (Germine et al., 2015). An important question remains to explore is

whether CT affects all types of anhedonia or it is just associated with

specific types of anhedonia.

Anhedonia is strongly associated with dysfunction in the brain's

reward system (Stringaris et al., 2015), which referred to a frontal-

striatal circuit with the key structures including the striatum, the orbital

prefrontal cortex (OFC) and the anterior cingulate cortex (ACC)

(Haber & Knutson, 2010). Though other brain structures may be

involved in the broad reward-related processes, previous studies have

revealed that the major players in the reward system, example. striatum,

OFC and ACC responded to general reward processing and be respon-

sible for distinct aspects of anhedonia (Haber & Knutson, 2010; Liu,

Hairston, Schrier, & Fan, 2011). Previous studies have revealed that CT

may have impacts on the development of the abovementioned core

reward circuit (Boecker et al., 2014; Chaney et al., 2014; Hanson

et al., 2016; Hanson, Hariri, & Williamson, 2015). These findings further

lead to the hypothesis that CT may have effects on different aspects of

anhedonia via the core reward circuitry. Besides, as amygdala plays a

very important role in the onset and progress of depression, and studies

also suggest that amygdala contributes to positive emotion and reward

(Murray, 2007), the role of amygdala in the mechanism of anhedonia

following CT was also included.

Several previous studies have explored the role of reward-related

alterations in the effects of CT on overall depression level while not

on the depressive dimensional outcome of anhedonia (Casement

et al., 2014; Hanson et al., 2015; Romens et al., 2015). There is robust

heterogeneity in symptom presentation in MDD, involving a variety of

neural bases and developmental trajectories (Drysdale et al., 2017; Pine,

Cohen, Cohen, & Brook, 1999). Previous studies have revealed that low

activity in the ventral striatum (VS) to rewards is specific to anhedonia

but not to low mood or other depressive symptoms in MDD (Stringaris

et al., 2015; Wacker, Dillon, & Pizzagalli, 2009). In light of these find-

ings, further studies investigating the link between CT and reward-

related alterations on the specific symptom, anhedonia, instead of

directly the depression episode or other depression symptoms are

needed to clarify the pathogenesis of MDD following CT.

Resting-state functional connectivity (FC), indexed by correlations

in low-frequency fluctuation of the resting-state functional magnetic

resonance imaging (fMRI) signal, is one of the commonly used

methods to investigate the coordination and interaction of neural

activity between anatomically distributed but functionally related

brain regions (Fox & Raichle, 2007). By using this method, previous

studies have detected that the FC within reward circuitry were altered

in various psychiatric conditions (Costa Dias et al., 2015; Dandash

et al., 2014; Gabbay et al., 2013; Lips et al., 2014; Satterthwaite

et al., 2015; Wang et al., 2016; Wilcox, Teshiba, Merideth, Ling, &

Mayer, 2011; Zhu et al., 2017) and these alterations could help predict

treatment response (Downar et al., 2014), distinguish symptom

(Gabbay et al., 2013) and characterize disease heterogeneity (Costa

Dias et al., 2015). Reward system FC at rest were also found to be

highly concordant with brain reward system activation during task,

and both of them could predict the individual reward-related behav-

ioral performance (Dong, Li, Wang, & Potenza, 2018; Li et al., 2013;

Satterthwaite et al., 2015). These studies suggest that though being

task-free, the resting-state FC is a reliable method to evaluate the

reward system functioning.

Taken together, the present study was designed to investigate

whether CT has effects on specific aspects of anhedonia via the alter-

ations in the reward-system. To do so, patients with MDD and HC with

different levels of CT were included. Different types of anhedonia were

measured and resting-state FC was assessed to evaluate reward circuit

functioning. We first established the effects of CT on different compo-

nents of anhedonia and the reward-related FC. Then the mediation

effects of FC alterations on the links between CT and anhedonia were

examined. Our hypotheses were as follows: (a) CT is associated with

severe anhedonia and decreased coupling within the reward system in

both MDD patients and HC though the alterations in MDD might be

more severe; (b) FC alterations within the reward system mediate the

relationship between CT and anhedonia in both MDD patients and HC,

suggesting the mechanisms linking CT to MDD.

2 | METHODS AND MATERIALS

2.1 | Subjects

A total of 66 first-episode, drug-naive MDD patients and 57 HC par-

ticipated in the present study. MDD patients were recruited from the

psychology clinic at the Second Xiangya Hospital of Central South
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University, Changsha, Hunan, China. All patients were experiencing a

first episode of depression and had never received psychotropic medi-

cation. Exclusion criteria included any axis I psychiatric disorder

comorbidity and a history of major medical or neurological problems.

Two experienced psychiatrists confirmed the diagnosis of MDD and

comorbidity for each patient according to the Structural Clinical Inter-

view for the DSM-IV Axis I (SCID-I).

Subjects in the HC group were recruited from several colleges

and communities in Changsha. Control subjects were also screened

for psychiatric disorders by two experienced psychiatrists using the

SCID-I. Exclusion criteria were history of any psychiatric illnesses and

any major medical or neurological problems.

All participants were right-handed, 18–35 years old, and had at

least 9 years of formal education. The study was approved by the

Ethics Committee of the Second Xiangya Hospital of Central South

University and all the subjects provided written informed consent.

2.2 | Clinical assessments

2.2.1 | Assessment of CT and group classification
of with moderate-to-severe and with no or low CT

Maltreatment experiences during childhood were assessed by the

Childhood Trauma Questionnaire (CTQ) (Bernstein et al., 1994), which

was comprised of five factors: emotional, physical and sexual abuse,

and emotional and physical neglect. Cut-off scores for moderate-to-

severe CT as specified in the CTQ manual (Bernstein & Fink, 1998)

were used to create dichotomous variables of exposure for each CTQ

subscale (physical neglect ≥ 10, physical abuse ≥ 10, emotional

neglect ≥ 15, emotional abuse ≥ 13, sexual abuse ≥ 8). Participants

who reported having a moderate-to-severe CT on at least one sub-

scale were classified into with moderate-to-severe CT group, and

those reporting no or low exposure to all five types of CT were classi-

fied into with no or low CT group. This criteria for the CT dichoto-

mous group classification has been used in many previous studies

(Chaney et al., 2014; Dannlowski et al., 2012; Moog et al., 2018;

Tyrka, Wyche, Kelly, Price, & Carpenter, 2009).

2.2.2 | Assessments of different aspects of
anhedonia

Physical and social anhedonia were measured by the 61-item revised

Physical Anhedonia Scale (PAS) (Chapman & Chapman, 1978) and the

40-item Social Anhedonia Scale (SAS) (Eckblad, Chapman, Chapman, &

Mishlove, 1982) respectively. The anticipatory and consummatory

aspects of anhedonia were evaluated by the Temporal Experience of

Pleasure Scale (TEPS) (Gard et al., 2006). TEPS consists of two sub-

scales designed for the assessment of anticipatory (TEPS_ANT) and

consummatory pleasure (TEPS_CON). PAS, SAS, and TEPS all require

the participants to report how true the hedonic experience is for them

in general and thus are all trait measures.

State anhedonia was measured by the total score of items on the

Beck Depression Inventory (Beck, 1965) associated with anhedonia

symptoms: item 4 (loss of pleasure), item 12 (loss of interest), and item

21 (loss of interest in sex). The use of these three items as an index of

state anhedonia has been adopted in many previous studies and has

demonstrated acceptable reliability (Ballard et al., 2017; Joiner, Brown, &

Metalsky, 2003). In addition, the remaining 18 BDI items were totaled to

form an assessment of nonanhedonic depressive symptoms.

2.2.3 | Other assessments

The Edinburgh Handedness Inventory (EHI) (Oldfield, 1971), the State

Trait Anxiety Inventory (Spielberger et al., 1983), the Hamilton

Depression Rating Scale (HAMD) (Hamilton, 1960) and the Perceived

Stress Scale (PSS) (S. Cohen, Kamarck, & Mermelstein, 1983) were

also administered to participants. The PSS, an assessment of per-

ceived stress in the last month, has been previously used to control

for the potential confounding effects caused by more recent stressors

in studies on the impacts of childhood stress (Dannlowski et al., 2012;

Grosse et al., 2016).

2.3 | Imaging procedures

2.3.1 | Image acquisition and preprocessing

Imaging data were acquired on a Siemens Skyra 3-T magnetic reso-

nance scanner at the Second Xiangya Hospital of Central South Uni-

versity. The resting-state fMRI series were collected using the

echoplanar imaging sequence with the parameters: 2500-ms repeti-

tion time (TR), 25-ms echo time (TE), 39 axial slices, 3.5-mm slice

thickness, no gap, 3.8 × 3.8 × 3.5-mm voxel size, 200 volumes, 90�

flip angle, 240-mm field of view, and 64 × 64 data matrix. In addition,

the three-dimensional T1-weighted, magnetization-prepared rapid

gradient echo (MPRAGE) sagittal images were acquired. The parame-

ters were 1900-ms TR, 2.01-ms TE, 176 slices, 1.00-mm slice thick-

ness, 1.0 × 1.0 × 1.0-mm voxel size, 9� flip angle, 900-ms inversion

time, 256-mm field of view, and 256 × 256 matrix.

Data were preprocessed using the Data Processing Assistant for

Resting-State fMRI (DPARSF V2.3) (Yan & Zang, 2010). The following

stepwise procedures were conducted: removal of the first 10 volumes;

slice time correction; realignment of head motion; normalization to

the Montreal Neurological Institute (MNI) atlas; spatial smoothing

(full-width at half maximum = 8 mm); linear detrending; regressing out

of nuisance covariates (six head motion parameters, white matter sig-

nal, cerebrospinal fluid signal and global signal); and temporal band-

pass filtering (0.01 Hz—0.08 Hz). One subject (MDD with moderate-

to severe CT) did not perform the fMRI scan due to his schedule issue.

Data from two subjects were excluded from further image analysis

with one (MDD with moderate-to-severe CT) due to bad normaliza-

tion and the other due to excessive head motion (MDD with no or

low CT, translation or rotation exceeded ±1.5 mm or ±1.5�).

288 FAN ET AL.



2.3.2 | Head movement

The effects of head movement were assessed and managed based on

the methods proposed by Power, Barnes, Snyder, Schlaggar, and

Petersen (2012). First, the frame-wise displacement (FD) from the

translation and rotation parameters for each subject was calculated.

Second, a “scrubbing routine” was used to censor any frame with an

FD > 0.5 mm from the following seed-based FC calculation. Third, as

described below, the mean FD was further controlled as a covariate in

the imaging statistical analysis. After scrubbing, all including subjects

had an FD ≤0.16 mm and at least 76% of frames remained to be cal-

culated, which satisfied the analyzable requirements (60%) outlined in

Power et al. (2012) (see mean FD and %frames censored in Table 1).

2.3.3 | Seed definition and FC analysis

After preprocessing, seed-based whole-brain FC maps were calculated

for each participant. Seeds were located in the striatum and the

amygdala. Based on previous research (Di Martino et al., 2008), the

six bilateral striatal seeds were defined as spheres with 4-mm radius

centered on the following coordinates (according to the MNI): NAcc

(±9, 9, −8), ventral caudate (±10, 15, 0), dorsal caudate (±13, 15, 9),

dorsal caudal putamen (±28, 1, 3), dorsal rostral putmen (±25, 8, 6),

and ventral rostral putamen (±20, 12, −3). These striatal seeds were

chosen due to their critical role in reward circuitry (Di Martino

et al., 2008; Gabbay et al., 2013; Lin et al., 2017; Porter et al., 2015).

The amygdala seeds were defined as spheres with a 4-mm radius

centered on the coordinates (MNI) of left amygdala (−24, −7, −26)

and right amygdala (23, −7, −27) (Birn, Patriat, Phillips, Germain, &

Herringa, 2014).

2.4 | Statistical analysis

One-way ANOVAs, two sample t-tests and χ2 tests were used to eval-

uate the demographic and clinical differences among the four groups:

MDD patients with moderate-to-severe CT (MDD_moderate-to-

TABLE 1 Demographical and clinical characteristics among four groups

Characteristics

MDD HC

F/t/χ2 p

Moderate-to-severe

CT (N = 44) No or low CT (N = 22)

Moderate-to-severe

CT (N = 23) No or low CT (N = 34)

Age (years) 23.86 (5.06) 23.09 (4.83) 19.70 (0.97) 20.53 (2.21) 8.39 < .001

Gender (female, %) 25 (56.8) 16 (72.7) 13 (56.5) 17 (50.0) 4.30 .231

Education (years) 14.23 (2.03) 13.95 (2.61) 13.04 (0.71) 13.65 (0.30) 2.05 .110

Duration (weeks) 29.28 (22.15) 20.36 (17.00) — — 1.65 .103

Age onset 22.42 (5.71) 21.23 (6.96) — — 0.66 .515

HAMD 21.68 (6.55) 20.50 (6.69) 1.22 (1.68) 1.03 (1.80) 167.49 <.001

PSS 27.64 (6.56) 24.68 (6.83) 16.78 (5.62) 13.53 (4.67) 42.43 <.001

CTQ_total 54.82 (11.87) 36.36 (5.07) 48.13 (11.35) 32.65 (4.55) 43.95 <.001

Physical neglect 11.61 (3.18) 7.51 (1.43) 11.70 (3.46) 6.71 (1.40) 32.86 <.001

Physical abuse 7.89 (3.22) 5.32 (0.65) 7.00 (3.15) 5.41 (0.96) 9.06 <.001

Emotional neglect 17.86 (3.83) 10.18 (3.17) 13.83 (4.89) 8.79 (2.74) 44.85 <.001

Emotional abuse 11.16 (4.66) 7.64 (2.56) 8.96 (3.51) 6.56 (1.56) 12.72 <.001

Sexual abuse 6.30 (2.86) 5.82 (1.37) 6.65 (2.12) 5.18 (0.39) 2.99 <.05

FD 0.07 (0.28) 0.08 (0.03) 0.08 (0.02) 0.08 (0.03) 0.43 .733

Frames

censored (%)

0.04 (0.07) 0.01 (0.02) 0.02 (0.04) 0.02 (0.04) 1.82 .147

Means with standard deviations in parentheses. F//t/χ2: Variables of age, PSS, CTQ assessments, HAMD, FD and frames censored were tested by one-

way ANOVA as indicated by F; Categorical data was tested using chi-square test as indicated by χ2; variables such as age onset and illness duration were

tested by two-sample t-test as indicated by t. Significant post hoc tests (p < .05, Bonferroni corrected): age: MDD_moderate-to-severe

CT > HC_moderate-to-severe CT = HC_no or low CT; MDD_no or low CT > HC_moderate-to-severe CT; PSS: MDD_moderate-to-severe CT = MDD_no

or low CT > HC_moderate-to-severe CT = HC_no or low CT; HAMD: MDD_moderate-to-severe CT = MDD_no or low CT > HC_moderate-to-severe

CT = HC_no or low CT; CTQ_total: MDD_moderate-to-severe CT > HC_moderate-to-severe CT > MDD_no or low CT = HC_no or low CT; Physical

neglect: MDD_moderate-to-severe CT = HC_moderate-to-severe CT > MDD_no or low CT = HC_no or low CT; Physical abuse: MDD_moderate-to-severe

CT > MDD_no or low CT = HC_no or low CT; Emotional neglect: MDD_moderate-to-severe CT > HC_moderate-to-severe CT > MDD_no or low

CT = HC_no or low CT; Emotional abuse: MDD_moderate-to-severe CT > MDD_no or low CT = HC_no or low CT; Sexual abuse: HC_moderate-to-severe

CT > HC_no or low CT.

Abbreviations: MDD, major depressive disorder; HC, healthy controls; HAMD, Hamilton Depression Rating Scale; PSS, Perceived Stress Scale; CTQ, Child-

hood Trauma Questionnaire; FD, frame displacement.
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severe CT), MDD patients with no or low CT (MDD_no or low CT),

HC with moderate-to-severe CT (HC_moderate-to-severe CT) and HC

with no or low CT CT (HC_no or low CT).

Main effects of diagnosis, CT and the interaction between diag-

nosis and CT on depression symptomatology and anxiety level were

analyzed by 2 (diagnosis: MDD, HC) × 2 (CT: moderate-to-severe

level, no or low level) ANCOVAs. Depression symptomatology

included different aspects of anhedonia, nonanhedonic depression

and overall depression severity. Demographic and clinical variables

that differed among four groups, that is, age in the present study,

were controlled as covariates. The recent stress level was additionally

controlled when investigating the effects involving CT.

Similarly, FC images generated by each seed, were analyzed by

2 (diagnosis: MDD, HC) × 2 (CT: moderate-to-severe level, no or low

level) ANCOVAs. Demographic and clinical variables that differed

among the four groups (i.e., age in the present study) and additional

mean FD were controlled as covariates. Recent stress level was con-

trolled when investigating the effects involving CT. Analyses were

performed with SPM12. For the FCs based on striatal seeds, the com-

parison results were masked to a core frontal-striatal reward circuitry

described in previous research (Cha et al., 2016; Haber & Knutson,

2010; Liu et al., 2011), which includes the targets of medial and lateral

OFC and ACC. The OFC included the following regions: left and right

orbital superior/middle/inferior/medial frontal gyrus (Automated Ana-

tomical Labeling map labels; 2,111, 2,112, 2,211, 2,212, 2,321, 2,322,

2,611, 2,612), and left and right rectus (2,701, 2,702), and the ACC

was defined as: left and right ACC (4,001, 4,002) (Kahnt & Tobler,

2017). For the FCs from the seeds of amygdala, comparison results

were checked both in the mask of frontal-striatal reward circuitry and

the whole brain. The significance threshold for all image comparisons

was set at cluster-level p < .05, a family-wise error (FWE) corrected

for multiple comparisons, starting from an uncorrected p value of

.001 at the voxel level.

Where significant effects of CT on anhedonia and reward-related

FC were established, correlation analyses were carried out to examine

whether these altered FCs were exclusively related to anhedonia in

both MDD and HC respectively. If the correlations were established,

the Haye's bootstrapping method (PROCESS macro based on SPSS;

model 4, utilizing 5,000 bootstrap samples to estimate the 95% confi-

dence interval) was performed to test the mediation models of

reward-related FC alterations on the relationship between CT and

anhedonia symptomatology in both groups. Notably, if two altered

FCs were found to be associated with one anhedonia component,

including them both in one mediation model might introduce potential

problem of multicollinearity due to the high correlation between FCs.

To overcome this issue, a principal components analysis was con-

ducted (Herringa et al., 2013). Briefly, this method would specify two

independent (uncorrelated) components. The first component was cal-

culated by summing the two FCs, which reflected the total or shared

altered connectivity within reward system. The second component

was defined as the differences between FCs, which reflected the dif-

ferential connectivity. In addition, because the timing in the assess-

ment of anhedonia and FC overlapped, the mediation models were

also conducted with the positions of anhedonia and related FCs

reversed.

3 | RESULTS

3.1 | Demographical and clinical variables

Gender distribution and education level did not differ among groups.

However, groups differed in age. MDD_moderate-to-severe CT group

was older than both HC groups. MDD_no or low CT group was older

than HC_moderate-to-severe CT group. Two patient groups, and two

HC groups had similar age with each other. Both patient groups scored

higher on PSS compared to HC groups. PSS scores did not differ

between two patient groups and two HC groups. The two patient

groups were also similar in age onset, illness duration and overall illness

severity. The four groups did not differ in the head motion parameters

including the mean FD and the percentage of censored frames (Table 1).

3.2 | Effects of CT on anhedonia

There were main effects of diagnosis on all depression symptomatol-

ogy and anxiety measures, with MDD patients demonstrating signifi-

cantly higher depression, anhedonia and anxiety level than HC. Main

effects of CT were detected on measures of different components of

anhedonia including PAS, SAS and anticipatory subscale of TEPS

scores, indicating that participants with moderate-to-severe CT, inde-

pendent of MDD diagnosis, demonstrated higher levels of physical,

social, anticipatory but not consummatory trait anhedonia than partic-

ipants with no or low exposure of CT. Significant main effect of CT

was also revealed on state anhedonia, however, this main effect was

further qualified by a significant interaction of diagnosis by CT, reveal-

ing that only in MDD group, participants with moderate-to-severe CT

suffered more severe state anhedonia than participants with no or

low exposure. No significant main effects of CT or CT by diagnosis

interactions on anxiety, nonanhedonic depression, overall depression

level and consummatory anhedonia were detected (Table 2).

3.3 | Effects of CT on FC

For FCs from the striatal seeds, there were significant main effects of

CT. Participants with moderate-to-severe exposure, independent of

MDD diagnosis showed decreased FC between left NAcc seed and

right orbital middle frontal gyrus and between left ventral caudate

seed and left orbital frontal gyrus (p < .05 FWEcorr-cluster). There

were main effects of diagnosis. MDD patients had decreased FC

between right dorsal caudate seed and right ACC (p < .05 FWEcorr-

cluster). No other significant main effects or interactions of diagnosis

by CT on FC were detected (Table 3, Figure 1a,d,df. For FCs based on

the amygdale seeds, we failed to detect any significant main effects of

CT, diagnosis or interactions of diagnosis by CT.
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3.4 | Correlation and mediation analyses

Results showed that the connectivity between left NAcc and right

OFC was significantly correlated with state anhedonia in MDD group

(r = −0.50, p < .001) (Figure 1(b)). Mediation analysis revealed that in

MDD, the mediation effect of left NAcc-right OFC FC on the relation-

ship between CT and state anhedonia (β = 0.13, bootstrapped 95%

CI = 0.0044 to 0.0368) was significant, and after controlling for FC

mediation effects, the direct effects of CT on state anhedonia were

no longer significant (β = 0.11, bootstrapped 95% CI = −0.0161 to

0.0429) (Figure 2(a)).

Both the altered FCs of left NAcc- right OFC (r = −0.33, p = .013)

and left ventral caudate-left OFC (r = −0.41, p = .001) were significantly

correlated with physical trait anhedonia in HCs (significant with

Bonferroni correction [0.05/3]; Figure 1c,e). Because both the FC of left

NAcc-right OFC and left ventral caudate-left OFC were significantly

correlated with physical anhedonia, and the two FCs were highly corre-

lated (r = 0.53, p < .001), we further constructed two independent

(uncorrelated) measures: the sum of the FCs and the differences

between FCs (r = −0.05, p = .690) to avoid the potential problem of

multicolinearity. Results showed that the total indirect effects of CT on

physical trait anhedonia was significant (β = 0.10, bootstrapped 95%

TABLE 2 Diagnosis and childhood trauma effects on anxiety, depression and anhedonia

Characteristics

MDD HC ANCOVA results

Moderate-to-

severe CT No or low CT

Moderate-to-

severe CT No or low CT Effect of diagnosis Effect of CT

Effect of

diagnosis x CT

(N = 44) (N = 22) (N = 23) (N = 34) F p Eta2 F p Eta2 F p Eta2

PAS 32.27 (11.79) 24.95 (13.58) 18.70 (6.69) 13.79 (6.99) 26.02 <.001 0.18 5.62 <.05 0.05 0.28 .596 —

SAS 22.55 (6.98) 18.27 (7.96) 12.83 (4.31) 8.97 (4.39) 50.46 <.001 0.30 8.12 <.01 0.07 0.02 .898 —

TEPS_ANT 30.32 (9.39) 35.36 (8.76) 39.39 (5.00) 40.79 (6.41) 13.11 <.001 0.10 4.40 <.05 0.04 1.02 .314 —

TEPS_CON 33.52 (10.17) 33.95 (10.02) 39.83 (5.83) 41.15 (8.52) 8.14 <.01 0.07 0.05 .822 — 0.19 .665 —

BDI_anhedonia 4.45 (1.58) 3.05 (1.76) 1.26 (1.10) 0.91 (1.08) 75.29 <.001 0.41 5.71 <.05 0.05 4.43 <.05a 0.04

BDI_noanhedonia 26.80 (9.12) 22.05 (9.33) 7.35 (6.12) 4.47 (3.80) 152.41 <.001 0.51 1.24 .267 — 1.55 .216 —

HAMD 21.68 (6.55) 20.50 (6.69) 1.22 (1.68) 1.03 (1.80) 363.92 <.001 0.76 0.23 .632 — 0.22 .637 —

STAI_S 60.23 (12.73) 54.55 (11.41) 39.70 (8.92) 35.79 (8.60) 81.34 <.001 0.41 0.71 .400 — 0.66 .417 —

STAI_T 63.20 (8.72) 58.82 (7.73) 44.13 (7.82) 39.79 (9.04) 123.96 <.001 0.51 1.15 .286 — 0.15 .701 —

Note: Means with standard deviations in parentheses.

Abbreviations: BDI, Beck Depression Inventory; BDI_anhedonia, sum of item 4, 12 and 21 in BDI; BDI_noanhedonia, sum of BDI items excluded item 4, 12

and 21; CT, Childhood Trauma; HAMD, Hamilton Depression Rating Scale; HC, healthy controls; MDD, major depressive disorder patients; PAS, Physical

Anhedonia Scale; SAS, Social Anhedonia Scale; STAI_S, Spielberger Stait-Trait Anxiety Inventory_State Form; STAI_T, Spielberger Stait-Trait Anxiety

Inventory_Trait Form; TEPS, Temporal Experience of Pleasure Scale; TEPS_ANT, anticipatory subscale of the TEPS; TEPS_CON, consummatory subscale of

the TEPS.
aFurther simple effects analysis revealed that only in MDD group, participants with moderate-to-severe CT demonstrated higher level of state anhedonia

than participants with no or low CT (MDD_moderate-to-severe CT vs. MDD_no or low CT: p < 0.005; HC_moderate-to-severe CT vs. HC_no or low

CT: p = .811).

TABLE 3 Diagnosis and childhood trauma effects on functional connectivity within reward system based on the striatum seeds

Seeds Brain regions Voxel
Peak coordinates
(x/y/z; MNI) Peak T values

p-value
(FWEcorr-cluster)

With moderate-to-severe CT < with no or low CT

Left NAcc Right orbital middle frontal

gyrus (BA 10, 47)

22 36 60 −3 4.46 .023

Left ventral caudate Left orbital inferior and middle

frontal gyrus (BA 11)

21 −30 42 −18 3.91 .023

MDD < HC

Right dorsal caudate Right anterior cingulate cortex (BA32) 20 9 33 24 4.28 .026

Note: 1 subject did not perform the fMRI scan, and the data of 2 participants in the MDD group (1 MDD_moderate-to-severe CT, 1 MDD_no or low CT)

were excluded from the imaging analyses. Thus, the results of image analyses and subsequent correlation and mediation analyses were based on the sam-

ple of 42 MDD_moderate-to-severe CT and 21 MDD_no or low CT.

Abbreviations: MDD, patients with major depressive disorder; HC, healthy controls; CT, childhood trauma; BA, Broadmann area; x, y, z, coordinates of peak

locations in the Montreal Neurological Institute space (MNI). p < .05, cluster-level FWE corrected with voxel-level starting from p < .001 uncorrected.
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CI = 0.0004 to 0.1607), driven by mediatory effect of the total altered

connectivity (β = 0.11, bootstrapped 95% CI = 0.0184 to 0.1691) while

not the differential connectivity (β = −0.004, bootstrapped 95%

CI = −0.0427 to 0.0263). After controlling for the indirect effects, direct

effects of CT on physical trait anhedonia in HCs was not significant

(β = 0.06, bootstrapped 95%CI =−0.1427 to 0.2164) (Figure 2b).

Reversal of these two mediation models (CT-anhedonia-FC) in

MDD and HC yield nonsignificant results (MDD: bootstrapped 95%

CI = −0.0031 to 0.0000; HC: bootstrapped 95% CI = −0.0040 to

0.0004). No other significant correlations between altered FCs and anhe-

donia aswell as no-anhedonia symptomswere detected (Table S1).

4 | DISCUSSION

This study investigated the effects of CT on different aspects of

anhedonia via the reward system. In addition to generally greater

depression and anxiety in MDD compared with HC, the following

interesting findings were revealed: (a) MDD patients with moderate-

to-severe CT had elevated state anhedonia compared with MDD

patients with no or low CT; (b) CT has effects on specific types of trait

anhedonia and on core reward system; (c) FC of left NAcc-right OFC

within reward system mediated the relationship between CT and state

anhedonia in MDD; (d) total altered FC of left NAcc-right OFC and

left ventral caudate-left OFC mediated the links between CT and

physical trait anhedonia in HCs. These findings highlight the specific

aspects of anhedonia and the alterations of VS-OFC connectivity

as targets of CT, and support CT-reward related FC alterations-

anhedonia may be manifested as important mechanisms involved in

depression following CT.

Our behavioral results revealed a significant interaction of diagno-

sis by CT on state anhedonia, indicating that MDD patients with mod-

erate or greater CT had more severe state anhedonia than MDD

patients with no or low level of CT. Subsequent imaging, correlation

F IGURE 1 Results of image analyses and correlation analyses. (a) Participantswith a history ofmoderate-to-severe CT showed reduced FC
between the left NAcc seed and the rightOFC compared to participantswith no or low level of CT. The altered connectivity between left NAcc and
rightOFCwas significantly correlatedwith (b) BDI_anhedonia scores inMDD (r =−0.50, p < .001) and (c) physical trait anhedonia scores inHC
(r =−0.33, p = .013); (d) Participantswith a history ofmoderate-to-severe CT showed decreased FC between the left ventral caudate seed and the left
OFC compared to participants with no or low level of CT; (e) The altered connectivity between left ventral caudate and leftOFCwas significantly
correlatedwith physical trait anhedonia scores inHC (r =−0.41, p = .001); (f) MDDpatients had reduced FC between right dorsal caudate and right
ACC compared toHC. For image analyses, results were restricted to amask combiningOFC and ACCROIs. Significance thresholdwas set at p < .05,
FWE cluster level corrected, starting from voxel level p < .001 uncorrected. ACC, anterior cingulate cortex; BDI_anhedonia, sum of anhedonia-related
item4, 12, and 21 in BDI; CT, childhood trauma; CTQ, childhood trauma questionnaire; FC, functional connectivity; HC, healthy controls;MDD, major
depressive disorder; NAcc, nucleus accumbens; OFC, orbital frontal gyrus; PAS, Physical Anhedonia Scale; PSS, Perceived Stress Scale
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and mediation analyses revealed that FC between NAcc and OFC

mediated the relationship between CT and state anhedonia in MDD

patients. The findings of CT's effects only on anhedonia but not on

anxiety and nonanhedonic depression were in line with our hypothe-

sis, suggesting that CT may mainly have effects on anhedonia aspect

of MDD. This finding was in agreement with several prior animal stud-

ies (Bai et al., 2014; Molet et al., 2016), while it is not consistent with

Dillon et al. (2009), which found that subjects with CT had not only

higher anhedonia but also general depression level than HCs without

CT. However, Dillon et al. (2009) only included 13 subjects with CT

and several subjects among the 13 had past MDD or anxiety disor-

ders. The small sample size as well as the confounding effects of past

psychiatric disorders may hinder the generalization of their results.

NAcc is part of the VS, which along with the OFC are involved in

the core reward system (Liu et al., 2011). Hence, our findings further

suggest that CT affects anhedonic depression via FC within the core

reward system, which may be involved in the pathogenesis of MDD

with CT. NAcc and OFC are both major dopaminergic projection areas

(Nestler & Carlezon Jr., 2006). Thus, these results may highlight the

involvement of dopamine system in CT leading to MDD. Combined

with the ANCOVA findings which revealed MDD patients with CT

characterized by more severe anhedonia and more VS-OFC alter-

ations, these results may further suggest that MDD with CT represent

a specific MDD subtype with unique etiology (involved CT), pathologi-

cal mechanisms (more dopamine system involved) as well as clinical

presentations (more anhedonia), strengthening the insight into the

heterogeneity of MDD. Interestingly, previous studies revealed

that MDD with CT is associated with unfavorable responses to

pharmacological interventions (Tunnard et al., 2014). Reward-circuit

connectivity and anhedonia in MDD were also correlated with the un-

responsive to treatment (Downar et al., 2014; McMakin et al., 2012).

So far, most existing antidepressant medications target the serotoner-

gic or noradrenergic systems (Nutt, 2002). Thus, our results raise the

possibility that the relatively low treatment response in MDD patients

with CT may be due to a lack of medication targeting the dopaminer-

gic system. In the present study, the elevated state anhedonia in indi-

viduals with more severe level of CT was not observed in HC,

suggesting that the degree of state anhedonia difference between

two MDD groups and between two HC groups were different. Differ-

ent trauma characteristics between MDD_moderate-to-severe CT

and HC_moderate-to-severe CT may be partly account for this find-

ing. In the present study, from the view of specific type of trauma,

MDD_moderate-to-severe CT group mainly had greater emotional

neglect/abuse compared with HC_moderate-to-severe CT group. Cor-

relation analysis revealed that though state anhedonia was signifi-

cantly corelated with CTQ total score, the stronger association came

from specific trauma type of emotional neglect (Table S2). Hence, less

significant difference of emotional neglect in HC_moderate-to-severe

CT may partly help explain the negative comparison results of state

anhedonia between two HC groups. Future research with big sample

size and longitudinal design can be conducted to investigate the com-

mon and specific mechanisms via which different CT types lead to

depression.

Besides state anhedonia, our results also revealed that CT had

main effects on specific type of trait anhedonia. Specifically, we found

that individuals with moderate-to-severe CT, irrespective of MDD

diagnosis, had higher physical, social, anticipatory but not consumma-

tory trait anhedonia than participants with no or low level of

F IGURE 2 Mediation models for effects of striatum-based FC within core reward system on the relationship between CT and anhedonia in
MDD and HC. (a) FC between the left NAcc and the right OFC significantly mediated the relationship between CT and state anhedonia in MDD;
(b) Total altered FCs between the left NAcc and the right OFC and between left ventral caudate and left OFC significantly mediated the
relationship between CT and physical trait anhedonia in HC. Mediation analyses were generated by using the bootstrap method from 5,000
bootstrapped samples. *, p < .05; **, p < .01; ***, p < .001; BDI_anhedonia, sum of anhedonia-related item 4, 12 and 21 in BDI; CT, childhood
trauma; CTQ, childhood trauma questionnaire; Differential FC, left NAcc-the right OFC minus left ventral caudate-left OFC; FC, functional
connectivity; HC, healthy controls; β, standardized coefficient; CI, confidence interval

FAN ET AL. 293



CT. Physical and social anhedonia was distinguished on the basis of

the contents that engender pleasure. Anticipatory and consummatory

anhedonia was differentiated according to the cognitive phase that

the pleasure produces. Different from consummatory pleasure, which

is the in-the-moment experience responding to pleasurable stimulus,

the anticipatory pleasure can be described as a feeling of “wanting”

and is related to goal-directed motivation and expected reward (Gard

et al., 2006). CT has effects on physical, social and anticipatory but

not consummatory anhedonia indicate that the anhedonia affected by

CT may be general to all types of rewards, while specific to certain

cognitive stages: CT may not affect the ability to experience pleasure

to rewards in real time, while it may hinder the ability to anticipate

pleasure. To our knowledge, no study has used the TEPS to compare

the effects of CT on anticipatory and consummatory anhedonia

directly. However, several studies have found that individuals experi-

enced CT had reduced brain activation during anticipation but not

outcome (consummatory) phase in the reward-related cognitive tasks

(Casement et al., 2014; Dillon et al., 2009; Mehta et al., 2010; Romens

et al., 2015), which support our findings.

CT's main effect was also revealed on FC between left NAcc and

the right OFC and between left ventral caudate and the left OFC,

suggesting that connectivity of the VS-OFC within the core reward

circuit is a target of CT in both MDD and HC. These results are con-

sistent with previous studies demonstrating that CT is associated with

altered VS activity during specific tasks, and with OFC volume

(Chaney et al., 2014; Goff et al., 2013; Mehta et al., 2010). Our media-

tion analyses further revealed that the total altered FC of left NAcc-

right OFC and left ventral-left OFC significantly mediated the rela-

tionship between CT and physical trait anhedonia in HC. These find-

ings help link the neural alterations companied with CT to the

behavioral targets. Effects of CT on trait anhedonia and VS-OFC con-

nectivity were similarly existed in MDD and HC. Previous studies

have revealed that anhedonia following CT can be observed as early

as in periweaning, enduring to later-life and followed by depressive-

like behaviors (Raineki, Cortes, Belnoue, & Sullivan, 2012; Rincon-

Cortes & Sullivan, 2016). Human longitudinal studies have showed

depression prediction in anhedonia and brain reward system

(Casement et al., 2014; Hanson et al., 2015; Romens et al., 2015).

These findings raise the possibility that effects of CT on trait-like

anhedonia and reward-related FC found in the present study may be

in relation to future MDD. However, due to the cross-sectional design

of the present study, we can only speculate while cannot assert this

possibility. In addition, our similar alterations of VS-OFC connectivity

in MDD_CT an HC_CT may be at first sight, seem to challenge the

mechanism of why some individuals developed MDD. It should be

noted that in recent years, main effects of CT while not CT and diag-

nosis interactions were not novel findings. Several prior studies have

also shown an effect of CT on brain structure and function, indepen-

dent of MDD diagnosis (Chaney et al., 2014; Lu et al., 2019; Meinert

et al., 2019; Opel et al., 2014; van Harmelen et al., 2010), indicating

that some brain alterations previously attributed to MDD diagnosis

might rather be characterized as a function of maltreatment. These

findings might be consistent with the notion that additional risk

factors, such as genetic makeup alone or in interaction with exposure

to stressful life events during adulthood may additionally determine

who will subsequently develop MDD (Caspi & Moffitt, 2006; Frodl

et al., 2010; Gatt et al., 2009; Joffe et al., 2009). Nevertheless, if some

alterations were more likely to be attributed to CT, the question of

why some individuals might develop MDD needs to be examined by

future longitudinal design, which takes more factors into consider-

ation, and this is our next step of research.

Besides effects involving CT, our study also revealed main effect of

diagnosis on FC in reward system, indicating that MDD patients gener-

ally have reduced FC between right dorsal caudate seed and right ACC

relative to HC. We failed to reveal the significant relationship between

this FC and any of types of anhedonia examined in the present study

(Table S1). Previous studies have shown that both dorsal caudate and

ACC were involved in many reward-related processes, such as reward

learning and reward-related decision-making (Kennerley, Walton,

Behrens, Buckley, & Rushworth, 2006; Rushworth & Behrens, 2008;

Seo & Lee, 2007). These results may suggest that the reduced FC

between right dorsal caudate and right ACC indicate that MDD patients

have deficits in these two reward-related function domains, which can-

not be well captured by our anhedonia facet measures. In addition, we

failed to detect any effects of CT or interactions of diagnosis by CT on

the FCs based on the amygdala seeds. These findings indicate that amyg-

dala may be not involved in the mechanism of anhedonia following

CT. However, this suggestion should be treated with caution as our

results also not replicated previous findings of CT having effects on

amygdala activity through the involvement in fear circuit (Dannlowski

et al., 2012; Herringa et al., 2013; Van der Werff et al., 2013), and we

failed to detect themain effect of diagnosis on amygdala-based FCs. Fur-

ther studies with big sample size may be needed to confirm the role of

amygdala in the relationship between CT and depression.

Several limitations of the present study should be addressed.

First, the CTQ is completed retrospectively, and the scores of which

might be influenced by the inherent subjectivity and/or the current

mood state of the participants. Future prospective studies may be

able to overcome this issue. Second, due to the cross-sectional nature

of the study, the determination of causality needs to be cautious.

Also, the role of elevated trait anhedonia and decreased FC within

reward system found in individuals with moderate-to-severe CT in

the development of future MDD needs to be investigated in studies

with longitudinal design. Third, the MDD and HC was not well-

matched on age. However, age was controlled as a covariate in the

comparison analyses. The additional analysis failed to reveal any sig-

nificant correlations between the altered FC and age (Table S3). Also,

the age was not differed between two patient groups and two HC

groups. These all suggest that our main results, that is, the main

effects of CT, were not likely driven by age differences. Fourth, in

both groups, the increases in social trait anhedonia related to CT can-

not be explained by alterations in core reward circuitry. It may be that

other brain system, such as systems involved in the social cognition

play a role in the links between CT and social anhedonia. Future stud-

ies can examine the impact of CT on brain regions subserving social

cognition functioning and the relationship with social trait anhedonia.
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5 | CONCLUSION

In summary, this study demonstrated that the specific aspects of

anhedonia, that is, physical, social, anticipatory but not consummatory

anhedonia and connectivity of VS-OFC within reward system were

targets of CT. A direct mechanism, via the connectivity between the

left NAcc and right OFC within the reward circuit mediated the rela-

tionship between CT and state anhedonia in MDD. These findings

may have implication for mechanism of CT leading to depression and

suggest the need to investigate treatments targeting dopamine sys-

tem in MDD patients exposed to CT.
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