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cognitive function in major
depressive disorder: an
fNIRS study
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Jinxue Wei1, Liansheng Zhao1, Xiao Yang1 and Xiaohong Ma1*

1Mental Health Center and Institute of Psychiatry, West China Hospital, Sichuan University,
Chengdu, China, 2Mental Health Center, West China Hospital, Sichuan University, Chengdu,
Sichuan, China
Background: Major depressive disorder (MDD) is associated with deficits in

cognitive function, thought to be related to underlying decreased hedonic

experiences. Further research is needed to fully elucidate the role of functional

brain activity in this relationship. In this study, we investigated the

neurofunctional correlate of the interplay between cognitive function and

hedonic experiences in medication-free MDD using functional near-infrared

spectroscopy (fNIRS).

Methods:We examine differences of brain activation corresponding to the verbal

fluency test (VFT) between MDD patients and healthy controls (HCs). Fifty-six

MDD patients and 35 HCs underwent fMRI scanning while performing the VFT. In

exploratory analyses, cognitive performance, as assessed by the Cambridge

Neuropsychological Test Automated Battery (CANTAB), four dimensions of

hedonic processing (desire, motivation, effort, and consummatory pleasure)

measured by the Dimensional Anhedonia Rating Scale (DARS), and relative

changes in oxygenated hemoglobin concentration during the VFT were

compared across groups.

Results: Patients with MDD demonstrated impairments in sustained attention

and working memory, accompanied by lower total and subscale scores on the

DARS. Compared to healthy controls, MDD patients exhibited reduced activation

in the prefrontal cortex (PFC) during the VFT task (t = 2.32 to 4.77, p < 0.001 to

0.02, FDR corrected). DARS motivation, desire, and total scores as well as

sustained attention, were positively correlated with activation in the

dorsolateral PFC and Broca’s area (p < 0.05, FDR corrected).

Conclusions: These findings indicate that changes in prefrontal lobe oxygenated

hemoglobin levels, a region implicated in hedonic motivation and cognitive
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function, may serve as potential biomarkers for interventions targeting individuals

with MDD. Our results corroborate the clinical consensus that the prefrontal

cortex is a primary target for non-invasive neuromodulatory treatments

for depression.
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anhedonia, hedonic processing, major depressive disorder, functional near-infrared
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1 Introduction

Major Depressive Disorder (MDD) is a chronic and severe

mental illness that significantly impairs an individual’s life. Core

symptoms encompass a persistent low mood (increased negative

emotions) and profound anhedonia (decreased positive emotions),

a state where once-pleasurable activities no longer evoke pleasure or

motivation. This clinical presentation of MDD is often

accompanied by a range of cognitive deficits, such as difficulties

in executive control, attention, and working memory, which can

significantly hinder an individual’s daily functioning and overall

productivity (1, 2). Numerous studies have consistently

demonstrated that a substantial proportion of depressed patients

suffer from varying degrees of anhedonia, with a significant range

spanning from approximately 37% to 75% of MDD patients

reporting significant levels of anhedonia (3–6). Anhedonia not

only predicts a blunted response to serotonin-modulating

antidepressants and psychological treatments but is also

associated with a higher risk of future suicidal behaviors and

poorer functional outcomes (7–10). When individuals undergoing

depressive episodes concurrently experience anhedonia, their

clinical symptoms tend to be more severe (11). Limited evidence

suggest that behavioral activation (BA) and cognitive-behavioral

therapy (CBT) may be partially effective in alleviating anhedonia

during acute period, but there is no further improvement during

subsequent visits (12). Therefore, more research is essential to

understand the neural correlates of anhedonia and identify

biomarkers that have important implications for new treatment

targets and predictors of treatment response.

The prefrontal cortex (PFC) is central to reward processing,

with distinct subregions contributing to different aspects of reward-

related behavior. The ventromedial PFC (vmPFC) is responsible for

assigning value to rewards, while the lateral PFC modulates these

valuations to facilitate self-control and future-oriented decisions
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(13, 14). Hypoactivation of PFC, commonly observed in MDD,

impairs the detection of stimulus significance and disrupts reward

processing (15–17). Specifically, reduced medial orbitofrontal

cortex (mOFC) activation in response to rewards correlates with

anhedonia and dysfunction of the dorsolateral PFC (dlPFC)

contribute to reward-seeking deficits in MDD (16, 17).

Noninvasive brain stimulation techniques hold promise for

ameliorating these reward impairments (17–20).

Previous studies have investigated the relationship between

anhedonia and cognitive deficits. In a relatively large sample,

McIntyre and his team found a strong association between

anhedonia and subjective cognitive symptoms, even after

controlling for illness severity (21). Similarly, other studies

suggest that enhanced cognitive control may help individuals

manage negative information, reducing rumination and

increasing attention to positive information (22, 23).

Paradoxically, a comprehensive analysis of outpatients suffering

from MDD revealed no association between reward learning and

anhedonia (24). The investigators postulated that this disparity

might stem from the anhedonia is a complex concept,

encompassing different aspects of pleasure and reward processing

(25). Given the significance of anhedonia in MDD and its

relationship with cognitive deficits, it is critical to identify the

specific PFC regions that are specifically associated with this

symptom in affected individuals.

Functional near-infrared spectroscopy (fNIRS) offers a

relatively non-invasive, well-tolerated, convenient, and cost-

effective alternative method. fNIRS is an optical method used to

monitor the fluctuations in the levels of oxygenated (oxy-) and

deoxygenated hemoglobin (deoxy-Hb), similar to blood

oxygenation level dependent (BOLD) signal is measured in fMRI

research (26, 27). The reliability and feasibility of fNIRS in

characterizing brain activation and functional connectivity have

been demonstrated by multiple studies (28, 29). The Verbal Fluency

Task (VFT) is a representative cognitive task in fNIRS research

which requires participants to generate a maximum number of non-

repetitive words based on a given phonemic cue (30). It demands a

wide variety of functions from the bilateral frontotemporal regions

including memory retrieval, attentional control, executive function,

and information processing speed (31). Previous fNIRS studies have

detected the hemodynamic changes in these regions during the
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VFT, which are believed to be linked to the sleep quality and

cognitive deficits observed in MDD patients (32, 33). Therefore, the

VFT is widely employed to elucidate brain dysfunctions associated

with psychiatric disorders, as it effectively highlights deficits in

critical cognitive functions (34).

This study aimed to comprehensively characterize hedonic

processing in MDD patients and examine its association with

alterations in PFC activity and cognitive function. Building upon

previous studies linking altered PFC activation to cognitive

impairments and aberrant reward responses in MDD (15–17, 35,

36), we hypothesized that PFC activity plays a central role in

these relationships.
2 Methods

2.1 Participants

Depressed subjects were recruited from the Department of

Psychiatry in West China Hospital, Sichuan University, while

comparison subjects were recruited from the community and

media advertising. MDD participants who aged between 16 and

55 years old, had a DSM-V diagnosis of MDD, a score ≥13 on the

Beck Depression Inventor (BDI-21) and a score ≥14 on the 17-item

Hamilton Depression Rating Scale (HAMD-17) (37–39). Exclusion

criteria included psychotropic medication in the last 2 weeks

(fluoxetine: 6 weeks), current or past history of MDD with

psychotic features, and presence of other Axis I diagnosis

(including lifetime substance dependence and substance use

disorders in the last year), with the exception of anxiety disorders.

Healthy controls (HCs) reported no medical or neurological illness,

no current or past psychopathology, and no psychotropic

medications. All subjects were right-handed.
2.2 Clinical and cognitive assessments

We assessed cognitive function using the Cambridge

Neuropsychological Testing Automated Battery (CANTAB)

(http://www.cambridgecognition.com/cantab/ neurocognitive-
Frontiers in Psychiatry 03
tests). It is noteworthy that our cognitive battery included only

Rapid Visual Information Processing (RVP) and Spatial Working

memory (SWM) to test sustained attention and working memory,

two key components of cognitive control, as our primary interest

lies in studying cognitive functions in depression. Previous

literature also used these indicators to represent the above

cognitive functions (40, 41). Participants completed the Chinese

version of Dimensional Anhedonia Rating Scale (DARS), a 17-item

self-report instrument measures four subs-cales based on

component of reward processing including hedonic desire,

motivation, effort and consume symptoms, with higher scores

indicating more motivation and pleasure across the week (42–44).
2.3 Verbal fluency task

Participants completed one trial of a Chinese-language version

of the letter VFT, which is considered a reliably neuropsychological

test to measure prefrontal abnormalities in major psychiatric

disorders (28). The subjects were asked to generate as many

words as possible. The words generated were marked as either

correct or incorrect responses, and the number of correct words

represented the subject’s performance score in the task. Each trial

consisted of a 45-s pre-task baseline period, a 60-s task period

subdivided into three 20-s blocks and finally, a 72-s post-task

baseline period.
2.4 Instrument and analysis of fNIRS signals

We used a NIRS instrument (Danyang Huichuang) with 15

light sources (wavelengths: 730nm, 808nm and 850 nm) and 16

detectors. The locations of the sources and detectors were digitized

using a Polhemus Fast Trak 3D digitizer. The area measured

between the pair of probes was defined as a channel. It generated

48 measurement channels with a fixed source-detector distance of 3

cm covering the frontal and temporal lobes. Our channel

distribution diagram of fNIRS was shown in Figure 1. The probes

were placed on the head along the Fp1-Fp2 line according to the

relevant standard positions of the international 10-20 system. The
FIGURE 1

Channel distribution of the functional near-infrared spectroscopy (fNIRS) measurement.
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middle inferior optode was placed over Fpz, and the inferior row of

optodes was oriented towards T3 and T4, respectively. Near-

infrared light of three different wavelengths was used to detect the

concentration signals of oxy-Hb and deoxy-Hb at a sampling rate of

11 Hz. In this experiment, we defined the PFC area consisting of 28

channels (Channel4/6/7/8/9/10/11/12/21/22/23/24/25/26/27/28/

29/30/32/37/39/40/41/43/44/45/46/47, covering Brodmann (BA)

9/10/11/45/46/47, which is as a region of interest (ROI). The raw

fNIRS signals were preprocessed with functions of the Homer2

processing package based on Matlab 2013b software. The intensity

data were converted into optical density changes and transformed

to relative changes of oxy-Hb/deoxy-Hb by taking the logarithm of

the signal (function: hmrR_Itensity2OD). These changes are

transformed into concentration changes of oxy-Hb and deoxy-Hb

as indicators for brain activity by means of a modified Beer–

Lambert Law. Oxy-Hb signals from 5 s before to 60 s after the

VFT task in each trial were retained for subsequent analysis.

Through the toolkit of NIRS-SPM, the general linear regression

model (GLM) analysis with hemodynamic response curve to model

the oxy-Hb response during VFT condition was performed to

produce beta values as the individual VFT-related activity. We

did this in the same as a previous study (45). The beta values of all

channel were z-transformed prior to analysis in order to normalize

their distributions.
2.5 Statistical analyses

IBM Statistics 26.0 software was used for statistical analyses, the

significance was defined as P < 0.05. Two sample t-tests were

performed to test for group differences in sociodemographic,

clinical variables and cognitive function, while chi-square test was

performed for categorical variable. P-values obtained from the

statistical tests were corrected using false discovery rate (FDR)

method to correct multiple comparisons. Pearson’s correlation was

conducted to assess the potential relationships between cognitive

function and DARS total scores, four subscale scores including

hedonic consume, desire, motivation, effort and beta values in the

channels that showed significant between-group differences.
3 Results

3.1 Demographic and
clinical characteristics

The final sample included 56 MDD and 35 demographically

matched comparison subjects (Table 1). MDD subjects were

moderately depressed, as assessed by Beck Depression Inventory

(BDI-21) (31.9 ± 12.3) and 17-item HAMD (21.3 ± 4.3) scores.

Among the MDD subjects, 35 (86%) had never received

antidepressants and 21 (14%) reported prior antidepressant use.

There were no significant differences in age and gender between the

MDD groups and HCs. The MDD patients showed poorer VFT

performance than the HCs, and the mean number of the correct

items there was significantly lower.
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3.2 Group comparisons of cognitive
function, anhedonia and PFC activation
during the VFT task

MDD patients exhibited worse sustained attention, working

memory, and significantly higher levels of anhedonia compared to

HCs (Tables 1, 2). MDD patients showed significantly decreased

activity in the nineteen channels of the PFC (CH4, CH6-10, CH21-

30, CH32, CH40 and CH41 in the ventral lateral PFC and part of

the dlPFC; t = 2.32-4.77, FDR p <0.001- FDR p = 0.02) during the

VTF task when compared with HCs (Figure 2).
TABLE 1 Demographic, clinical characteristics and Task Performance of
the sample.

Variables MDD
(N = 56)

HCs
(N = 35)

Statistic P value

Age (years) 27.0 ± 9.0 28.2 ± 8.7 0.64 0.53b

Gender (M/F) 17/39 15/20 1.48 0.22a

Total
HAMD score

21.3 ± 4.3 – – –

Total BDI score 31.9 ± 12.3 3.9 ± 4.4 -12.85 <0.001b

Age of
illness onset

23.5 ± 8.9 – – –

Total DARS score 30.4 ± 16.5 58.2 ± 10.5 8.88 <0.001b

DARS_consume
DARS_effort
DARS_desire
DARS_motivation
VFT score

8.0 ± 4.2
6.6 ± 4.2
11.7 ± 6.0
4.1 ± 3.2
10.5 ± 3.9

14.1 ± 2.3
13.2 ± 2.7
21.1 ± 3.5
9.7 ± 2.6
13.2 ± 4.6

7.88
8.22
8.49
8.81
3.08

<0.001b

<0.001b

<0.001b

<0.001b

0.003b
fro
Data presented as mean (SD) for continuous variables and N for categorical variables. M,
male; F, female. BDI-II, Beck Depression Inventory-II; DARS, Dimensional Anhedonia Rating
Scale; CON, hedonic consume score of DARS; EFF, hedonic effort score of DARS; DES,
hedonic desire score of DARS; MOT, hedonic motivation score of DARS; VFT, verbal
fluency task.
aThe P value was obtained by chi-square test.
bThe P values were obtained by two-sample t-test.
TABLE 2 The results of sustained attention and working
memory comparisons.

Variables MDD
(N = 56)

HCs
(N = 35)

t P
value

RVP_A’ 0.9 ± 0.1 0.9 ± 0.0 -4.14 <0.001

RVP_TH 16.1 ± 5.3 19.9 ± 5.3 -3.32 0.001

RVP_TM 10.9 ± 5.3 7.1 ± 5.3 3.30 0.001

RVP_PH 0.60 ± 0.2 0.7 ± 0.2 -3.31 0.001

SWM_BE 30.1 ± 19.5 14.7 ± 12.9 4.13 <0.001

SWM_TE 31.0 ± 19.6 15.9 ± 13.9 3.97 <0.001

SWM_strategy 33.6 ± 5.5 31.5 ± 4.9 -1.81 0.07
nt
Data presented as mean (SD) for continuous variables. RVP, Rapid Visual Information
Processing; A’, is the signal detection measure of sensitivity to the target, regardless of
response tendency (range 0.00 to 1.00; bad to good); TH, total hits; TM, total misses; PH,
probability of hit; SWM, spatial working memory; BE, times the subject revisits a box in which
a token has previously been found; TE, This is the number of times a box is selected that is
certain not to contain a blue token and therefore should not have been visited by the subject;
strategy: higher scores indicating inferior neurocognitive performance.
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3.3 Correlations among anhedonia,
prefrontal activity and cognitive
performance in the patients group

Patients with MDD who reported lower motivation scores on

the DARS demonstrated poorer performance on the RVP test

(FDR-corrected p < 0.05). CH4 beta values were positively

correlated with DARS motivation, desire, and total scores (FDR-

corrected p < 0.05), as well as with RVP test performance (FDR-

corrected p < 0.05). These findings are detailed in Figure 3 and

Supplementary Tables 1-3.
Frontiers in Psychiatry 05
4 Discussion

Our primary finding is that medication-free current MDD is

characterized by reduced hedonic experiences, poorer performance

on tests of sustained attention and working memory, as well as

decreased prefrontal activity during the VFT task. Notably, our

findings highlight significant anhedonia in MDD patients,

characterized by diminished hedonic desire, motivation, effort

and consume suggesting multifaceted impairments in reward

processing in depression. Furthermore, our results indicate

significant deficits in sustained attention, working memory and

verbal fluency, evidenced by lower accuracy, increased error rates,

reduced sensitivity to targets and diminished word production

within a specified time frame. In summary, our study highlights

the complex interplay between cognitive deficits, anhedonia, and

neural dysfunction in MDD, contributing to a deeper

understanding of the multifaceted nature of depressive disorders.

In line with our findings, a large body of studies indicates that

MDD patients exhibit cognitive impairments in domains such as

processing speed, attention, memory, verbal learning, as well as

executive function (46, 47). Cognitive function is particularly

relevant to educational and occupational pursuits, with a greater

impact on workplace performance than the severity of depression

symptoms (48, 49). While correlations between estimated beta

values and anhedonia scores suggest the potential of the VFT task

to reflect brain dysfunction in MDD, our study did not find

significant associations between VFT performance, anhedonia, or

brain activity within our sample.

In our study, MDD participants exhibiting decreased hedonic

experiences including decreased desire, motivation, and overall

pleasure, showed reduced PFC activity primarily within the CH4,

comprising the dlPFC and Broca’s area (corresponding to BA46 and

45). Patients experiencing the most severe anhedonia are expected

to exhibit more pronounced dysfunction in reward systems (50–

53). It is important to note the nucleus accumbens and orbitofrontal

cortex (OFC) are crucial for pleasure perception, with both regions

exhibiting reduced activity in MDD individuals (54–58). The OFC
FIGURE 2

Activation plots of brain regions corresponding to mean oxygen-hemoglobin b values across all channels during the VFT task (p < 0.05) in frontal
view. Right vertical bar from top to bottom with color change represents decreasing activation.
FIGURE 3

Correlations among anhedonia, prefrontal activity and cognitive
performance in the patients group.
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transmits reward value information to the anterior cingulate cortex

(ACC), which calculates the effort needed to attain rewards (59, 60).

The anterior vmPFC and dlPFC then process this information for

complex decision-making (60–64). Our findings were partially

consistent with previous research, which reported decreased

dlPFC activation and increased striatal activity in depressed

subjects during learning tasks (65). Conversely, animal research

indicates heightened dlPFC activity in response to motivating goals

(66). In parallel with the notion of prefrontal-basal ganglia

dysfunction in reward processing, our observed decreased dlPFC

activity suggests potential underlying deficits in these

interconnected systems (57). However, this study did not

explicitly examine these relationships. Our findings extend

previous research by highlighting the involvement of the dlPFC in

reward processing and its potential as a therapeutic target.

Additionally, we observed altered activation in Broca’s area,

located within the right inferior frontal gyrus (rIFG), a region

implicated in inhibitory control (67). As a component of the

executive control network, the rIFG also modulates the reward

system (68). Our subjects are supposed to activate this region when

performing the VFT task to generate more words while avoid

repetition. Notably, this region has been previously linked to

altered responses to facial expressions in individuals with major

depressive disorder (69, 70). Given the limited existing evidence,

further research is necessary to elucidate the role of the rIFG in

mental disorders.

Our findings indicate a significant correlation between deficits

in the motivational aspects of hedonic processing and impaired

sustained attention in MDD. This suggests that individuals with

depression exhibit a decreased drive towards goal-oriented

behavior, coupled with an overemphasized tendency to avoid,

thereby hindering their ability to flexibly adapt attention to

emotional stimuli (71–73). In line with the perspective that

depression is characterized by fundamental motivational deficits,

patients with MDD exert less cognitive effort for reward compared

to controls (74–76).

Extensive research, including fNIRS studies, has demonstrated the

PFC’s critical role in a wide range of cognitive functions and its

vulnerability to cognitive impairment (77–79). Lateral PFC regions

mediate selective attention by facilitating the processing of goal-

relevant information and inhibiting the processing of irrelevant

information (80, 81). This study found correlation between reduced

activity in PFC and impaired sustained attention in patients with

MDD. This is also in keeping with another finding that showed people

with depression were unable to recruit frontal areas during cognitive

control while exhibiting heightened activation during an emotional

task conducted separately (82). The observed reduced activation in the

right dlPFC suggests that a cognitive remediation training, which

boosts attention-related neural activity in the PFC, has the potential

to improve cognition among individuals with MDD (83).

While specialized measures such as the Temporal Experience of

Pleasure Scale and the Snaith-Hamilton Pleasure Scale exist for

assessing anhedonia, these tools primarily focus on predefined

hedonic experiences (4, 84). Given the complex nature of reward

processing involved in anhedonia, a more comprehensive approach

is necessary. This study utilized a comprehensive instrument
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designed to capture a wide range of hedonic processes related to

personal behaviors and experiences, providing a more nuanced

understanding of the subjective experience of pleasure.

Several limitations of this study should be considered. First, the

sample size was relatively small, necessitating replication with a

larger cohort to confirm findings. Second, participants underwent a

two-hour clinical assessment before research tasks, raising the

possibility of fatigue effects. Future studies employing a variety of

cognitive tasks are warranted to further elucidate the relationship

between cognitive, anhedonia and brain functional variables.

Additionally, while participants were medication-free for at least

two weeks, the potential long-term effects of antidepressants or

antipsychotics on neuronal function and cognitive performance

cannot be entirely ruled out.
5 Conclusions

These findings enhance our comprehension of the underlying

pathophysiology of anhedonia and its interplay with cognition in

MDD, as well as its association with brain activity. Our study

provides further evidence supporting the notion that investigating

the relationship between hedonic impairment and neural correlates

of cognitive deficits in MDD may elucidate the clinical consensus

identifying the prefrontal cortex as a primary target for non-

invasive neuromodulation in depression.
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