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There are significant sex differences in the prevalence, symptom presentation, treatment response and brain abnormalities of
patients with late-life depression (LLD). The functional connectivity of the habenula has been associated with depressive symptoms
and cognitive impairments in patients with LLD. However, sex differences in habenular functional connectivity patterns among LLD
patients remain unclear. One hundred and fourteen patients with LLD and 75 healthy controls (HCs) were included in the present
study. Resting-state functional magnetic resonance imaging was used to analyse the static and dynamic functional connectivity
(sFC and dFC) of the habenula. There were significant interactions between diagnosis (LLD vs. HCs) and sex for the dFC of the left
habenula with the left insula, precentral gyrus, angular gyrus, and middle frontal gyrus and for the right habenula with the right
middle temporal gyrus. Pairwise comparisons revealed a trend of HC males > HC females and LLD males < HC males for the
connections between the left habenula and the left precentral gyrus, angular gyrus and middle frontal gyrus. Conversely, a trend of
HC males < HC females and LLD males > HC males was found for the connections between the right habenula and right middle
temporal pole. Furthermore, there was a significant interaction for the sFC of the right habenula with the right fusiform gyrus, with
trends of HC males > HC females, LLD males < HC males, and LLD females > HC females. Regression analysis revealed that left
habenular-left insular dFC was associated with long-delay memory in females and working memory in males; right habenular-right
middle temporal pole dFC was associated with information processing speed in females. Sex moderated the relationships between
cognitive function (global cognition, delay-recalled memory and working memory) and dFC between the left habenula and left
insula. In conclusions, this study revealed sex-specific alterations in the functional connectivity patterns of the habenula in LLD
patients, and these alterations were associated with various cognitive functions in a sex-specific manner. These findings provide a
neurobiological basis for understanding sex differences in LLD patients.
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INTRODUCTION
Late-life depression (LLD) is a critical issue with profound clinical
implications, affecting 7.5% of the elderly population [1]. LLD is
associated with increased mortality risk, accelerated cognitive
decline, and diminished quality of life [2, 3], and it often
complicates the management of comorbid medical conditions,
leading to poorer health outcomes and increased healthcare
utilization [4]. Recent neuroimaging studies have revealed that
brain functional abnormalities are associated with LLD, charac-
terised by disruptions in neural circuits crucial for emotion
regulation, reward processing, and cognitive control [5, 6]. These
functional alterations, which are observed across multiple brain
regions and networks, underscore the complex neurobiological
pathology of LLD patients and highlight the need for targeted
interventions.
Sex differences in LLD have been well documented, with

women generally showing higher prevalence rates than men in
older adult populations [7]. These differences extend beyond mere

prevalence to encompass variations in symptom presentation, risk
factors [8], plasma proteomic markers [9] and treatment responses
[10]. Although sex differences in brain abnormalities in major
depressive disorder patients have been repeatedly demonstrated
[11, 12], few sex-specific brain abnormalities have been reported
in patients with LLD. Lavretsky et al. reported that in LLD patients,
males had smaller frontal lobe volumes than females did, and
there was an interaction effect between diagnosis (LLD patients or
controls) and sex on brain regional volumes [13]. Another study
indicated that treatment outcomes predicted on the basis of early
changes in functional connectivity (FC) are significantly different
between males and females among LLD patients [10]. Despite
these specific findings in treatment prediction, comprehensive sex
differences in brain functional abnormalities in LLD patients,
particularly in resting-state functional connectivity patterns and
network dynamics, have not been fully elucidated.
The habenula, a small epithalamic structure, plays a crucial role

in modulating monoaminergic systems and has been implicated
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in various processes, including reward processing, aversive
learning, and cognitive flexibility [14]. Dysfunction of the habenula
has been associated with depressive symptoms and cognitive
impairments [15, 16]. Deep brain stimulation can alleviate
depressive symptoms and modulate the activity of the medial
orbitofrontal cortex, raphe and substantia nigra in patients with
treatment-resistant depression [17, 18]. Our previous research
demonstrated that LLD patients exhibited alterations in both static
FC (sFC) and dynamic FC (dFC) of the habenula compared with
healthy controls (HCs), and these alterations disrupted connectiv-
ity between the habenula and the inferior frontal gyrus (IFG) and
orbitofrontal cortex (OFC), which are involved in emotion
regulation and cognitive processing [19, 20]. Compared with sFC
analysis, which provides an averaged view of brain connectivity,
dFC analysis can capture temporal variations in functional
connectivity patterns and reveal the brain’s dynamic reorganiza-
tion capabilities. This advanced approach provides more compre-
hensive insights into the temporal characteristics of brain network
interactions [21], which is particularly valuable for understanding
the complex neural mechanisms of LLD. Interestingly, sex
differences in habenular connectivity have been reported in
healthy people, including a greater habenular afferent/efferent
streamline count in females than in males [22]. Furthermore, an
animal study suggested that habenular inhibition of dopamine
neurons is weaker in female rats, with male rats showing more
rebound excitation; female rats exhibit less variable lateral
habenular firing patterns and a greater density of oestrogen
receptor alpha-positive cells in this region [23]. However, these
investigations have not specifically addressed potential sex
differences in habenular FC patterns among LLD patients.
The aim of the present study was to explore sex differences in

habenular sFC and dFC patterns in LLD patients and their
associations with cognitive function, which could provide valuable
insights into the sex-specific neural mechanisms underlying LLD.
This knowledge could contribute to a more nuanced under-
standing of LLD pathophysiology and potentially inform the
development of sex-specific diagnostic and therapeutic
approaches. Moreover, given the involvement of the habenula
in both emotional and cognitive processes, investigating sex
differences in FC patterns may help elucidate the complex
interplay between depressive symptoms and cognitive impair-
ment often observed in LLD patients and how this relationship
might differ between males and females.

METHODS
Participants
A total of 189 individuals were included in this study: 114 patients with LLD
and 75 HCs. Recruitment occurred in the community of Guangzhou and
the Affiliated Brain Hospital of Guangzhou Medical University. All
participants or their legal guardians provided written informed consent.
The ethics committees of the Affiliated Brain Hospital of Guangzhou
Medical University approved this study (Approval number: 2014, 078). All
methods were performed in accordance with the Declaration of Helsinki
guidelines. All assessments were completed on the same day of each
participant’s visit. The protocol typically began with clinical interviews for
diagnosis confirmation and obtaining written informed consent in the
morning, followed by cognitive assessments. MRI scans were generally
performed in the afternoon after a sufficient rest period.
The LLD group inclusion criteria were as follows: aged ≥ 55 years; right-

handed; met the DSM-IV criteria for major depressive disorder with onset
after age 55; and diagnosed and staged by trained physicians. The
inclusion criteria for HCs were as follows: normal cognitive function and no
history of depression. The exclusion criteria for both groups were as
follows: major psychiatric illnesses (e.g., bipolar disorder, schizophrenia);
physical ailments causing mental abnormalities (e.g., anaemia, hypothyr-
oidism); major neurological conditions (e.g., Parkinson’s disease, stroke);
metal implants or claustrophobia that can interfere with MRI scans; past or
present psychotic symptoms; and left-handedness. Neuropsychologists
and geriatric psychiatrists conducted the diagnoses and assessments.

Clinical measurements
Demographic information and clinical history were collected upon
enrolment. Depressive symptom severity was evaluated via the 17-item
Hamilton Depression Rating Scale (HAMD-17). Two trained psychiatrists
conducted the assessments after completing a concordance evaluation.

Neuropsychological assessments
The participants underwent global cognitive function assessment via the
Mini-Mental State Examination (MMSE), followed by a battery of tests
evaluating five cognitive domains. Information processing speed was
assessed with the Stroop Colour and Word Test Part A (Stroop A); memory
was assessed with the Auditory Verbal Learning Test (AVLT) and Working
Memory Test (WMT); language was assessed with the Verbal Fluency Test
(VFT); executive function was assessed with the Stroop Colour and Word
Test Part C (Stroop C) and Trail-Making Test Part B (TMT B); and visuospatial
skills were assessed with the Rey-Osterrieth Complex Figure Test (ROCF).

MRI data acquisition
MRI scans were performed via a Philips 3.0 T MR system at the Affiliated
Brain Hospital of Guangzhou Medical University. Anatomical images were
obtained with a sagittal 3D gradient echo sequence. Resting-state fMRI
data were acquired via a single-shot gradient echo-planar imaging
pulse sequence over 8 min. The scanning parameters were as follows:
echo time (TE)= 30ms, repetition time (TR)= 2000 ms, flip angle= 90°,
33 slices, slice thickness= 4mm, matrix size= 64 × 64, and field of view
(FOV)= 220 × 220mm.

Image preprocessing
Resting-state fMRI data were preprocessed via DPABI_V3.0 in SPM12. After
discarding the first 10 images, the remaining images underwent timing
difference correction, head motion correction, and parameter recording.
The exclusion criteria included >2mm displacement, 2° angular motion, or
0.2 mm mean framewise displacement. The images were then spatially
normalised to the Montreal Neurological Institute (MNI) echo planar
imaging (EPI) template, resliced to 3 × 3 × 3mm3 resolution, and linearly
detrended. A bandpass filter (0.01-0.1 Hz) was applied, and nuisance
signals were removed. The Friston-24 parameters of head motion were
regressed out from each time series.

Region of interest (ROI) definition
Two spherical seed regions (3 mm radius) centred on the following MNI
coordinates were selected for the bilateral habenula: left [-2.8, -24.2, 2.3]
and right [4.8,-24.1, 2.2].

Analyses of static and dynamic functional connectivity
sFC was examined via a seed-based whole-brain approach. Individual sFC
maps were generated by calculating Pearson’s correlation coefficients
between the mean time series of the ROIs and each voxel’s time series.
Maps were transformed to z value maps via Fisher’s r-to-z transformation
and smoothed with a 6 mm full width at half maximum (FWHM) Gaussian
kernel.
dFC variability patterns were assessed via a sliding-window approach

with the temporal dynamic analysis toolkit in DPABI. A Hamming window
of 50 TRs with a 1 TR step size was used. Correlation maps were computed
for each window and converted to z value maps, and dFC maps were
calculated as the standard deviation of the sliding window z value maps.
Z-standardization and 6mm FWHM Gaussian kernel smoothing were
applied.

Statistical analysis
Demographic and clinical data were analysed via SPSS 25.0. Factorial
analyses were used to explore the effects of diagnosis (LLD vs. HCs) and
sex (male and female) on age, education and neuropsychological scores,
and the least significant difference (LSD) test was used for post hoc
comparisons. Factorial analyses were performed to examine the effects of
disease (LLD vs. HCs) and sex (male and female) on FC, with age, education,
and framewise displacement as covariates. For cluster-level multiple
comparison correction, Gaussian random field (GRF) theory was used
(voxel p < 0.005; cluster p < 0.025). Two-sample t tests were used for post
hoc comparisons of FC between groups (LLD male vs. LLD female, LLD
male vs. HC male, LLD female vs. HC female, HC male vs. HC female).
Regression analyses were used to explore the effects of various
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neuropsychological scores on FC in LLD males and LLD females
(controlling for age and education).
Moderation analyses were conducted to investigate the potential

moderating effects of sex on the relationship between neuropsychological
scores and FC in LLD patients. The moderation model included
neuropsychological scores as the predictor, sex as the moderator,
and FC as the outcome variable, with age and years of education as
covariates.

RESULTS
Demographic, clinical and neuropsychological variables
There was no significant interaction effect of diagnosis (LLD vs.
HCs) or sex (male or female) on age, years of education, HAMD-17
score or various neuropsychological scores (P > 0.05) (Table 1).

dFC analyses
Diagnosis (LLD vs. HCs) and sex (male and female) had an
interaction effect on dFC between the left habenula and the left
insula, precentral gyrus, angular gyrus, and left middle frontal
gyrus (MFG) and between the right habenula and right middle
temporal gyrus (MTG) (Table 2 and Fig. 1). Pairwise comparisons
revealed trends of HC males > HC females and LLD males < HC

males for dFC between the left habenula and the left precentral
gyrus, angular gyrus and MFG, but no significant difference was
found for dFC between the left habenula and left insula.
Conversely, trends of HC males < HC females and LLD males >
HC males were found for dFC between the right habenula and
right middle temporal pole (Fig. 2).

sFC analyses
There was a significant interaction effect of diagnosis (LLD vs. HCs)
and sex (male and female) on sFC between the right habenula and
right fusiform gyrus (Table 2 and Fig. 1). Pairwise comparisons
revealed trends of HC males > HC females, LLD males < HC males,
and LLD females > HC females (Fig. 2).

Regression and moderation analyses
In LLD patients, dFC of the left habenula-left insula was associated
with long-delay memory in females (β= 0.291, t= 2.375,
p= 0.021) and working memory in males (β= -0.527, t= -2.775,
p= 0.012). dFC of the left habenula-left precentral gyrus was
associated with working memory in males (β= 0.454, t= 2.278,
p= 0.034). dFC of the right habenula-right middle temporal pole
was associated with information processing speed in females

Table 1. Demographic and clinical characteristics for all Participants.

Parameter LLD HCs Interactive Effect
of Diagnosis and
Sex (F/P)

Main Effect of
Diagnosis (F/P)

Main Effect of
Sex (F/T/P)

Male Female Male Female

(n= 26) (n= 88) (n= 24) (n= 51)

Age (year) 68.27 ± 7.32 67.52 ± 7.00 67.96 ± 6.21 66.29 ± 5.67 0.173 (0.678) 0.779 (0.379) 0.928 (0.337)

Education
(year)

10.13 ± 4.05 9.30 ± 3.21 10.46 ± 1.84 11.14 ± 2.61 2.209 (0.139) 9.893 (0.002) 0.372 (0.542)

HAMD-17 8.54 ± 8.72 9.22 ± 6.71 1.17 ± 1.27 1.61 ± 2.09 0.015 (0.902) 80.238 (<0.001) 1.619 (0.205)

MMSE 23.54 ± 4.72 23.78 ± 4.56 27.25 ± 1.54 27.29 ± 1.38 0.027 (0.870) 42.458 (<0.001) 0.137 (0.711)

AVLT N5 3.63 ± 3.03 4.37 ± 3.32 6.42 ± 2.21 7.31 ± 1.91 0.025 (0.875) 44.189 (<0.001) 0.715 (0.399)

WMT 4.32 ± 2.61 3.69 ± 2.54 7.23 ± 3.05 7.25 ± 2.67 0.464 (0.497) 62.462 (<0.001) 1.506 (0.222)

Stroop A (s) 36.00 ± 8.76 34.00 ± 12.12 30.32 ± 7.70 27.77 ± 7.18 0.024 (0.878) 13.394 (<0.001) 0.749 (0.388)

Stroop C (s) 92.55 ± 31.36 98.46 ± 39.02 82.19 ± 26.46 75.50 ± 19.48 1.204 (0.274) 13.985 (<0.001) 0.099 (0.753)

TMT B (s) 22.27 ± 1.49 21.83 ± 2.58 22.55 ± 0.80 22.73 ± 0.73 0.872 (0.352) 5.777 (<0.017) 0.423 (0.516)

VFT 7.58 ± 3.27 9.22 ± 4.70 11.08 ± 4.12 12.51 ± 3.63 0.022 (0.882) 25.479 (<0.001) 2.192 (0.140)

ROCF 25.48 ± 4.88 23.50 ± 6.85 28.68 ± 2.88 28.48 ± 3.10 0.888 (0.348) 29.352 (<0.001) 2.576 (0.111)

LLD late-life depression, HCs healthy controls, HAMD-17 17-item hamilton depression scale, MMSE mini-mental state examination, AVLT N5 auditory verbal
learning test long-term delayed recall, WMT working memory test, Stroop the stroop color and word test, TMT trail-making test, VFT verbal fluency test, ROCF
rey-osterrieth complex figure.

Table 2. Brain Areas with significant Diagnosis × Sex Effects on the habenula Functional Connectivity (voxel p < 0.005, cluster p < 0.025, GRF
corrected).

Seeds Regions Brodmann Area Peak MNI Peak F Value Cluster Size

X Y Z

dFC

Left habenula Left insula 22 −39 0 0 22.26 26

Left precentral 44 −42 3 30 20.42 21

Left angular 39 −45 −57 39 16.67 33

Left middle frontal gyrus 6 −27 12 48 16.94 20

Right habenula Right middle temporal gyrus 38 30 12 −33 22.11 26

sFC

Right habenula Right fusiform 19 30 −72 −3 18.90 53

dFC dynamic functional connectivity, sFC static functional connectivity, MNI montreal neurological institute coordinates, GRF gaussian random field.
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Fig. 1 The interactive effect of diagnosis × sex on the habenula Functional Connectivity (FC). a–d dFC between left habenula and other
regions, e dFC between right habenula and R MTG, f sFC between right habenula and R fusiform. L left, R, right, MFG Left middle frontal gyrus,
MTG middle temporal gyrus, dFC dynamic functional connectivity, sFC static functional connectivity.
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(β= -0.270, t= -2.194, p= 0.032). There were no other significant
associations between FC and cognitive scores (Fig. 3).
For LLD patients, sex moderated the relationship between

cognitive function and dFC between the left habenula and left
insula; specific cognitive functions included global cognition (β= -
0.039, t= -2.191, p= 0.031), delay-recalled memory (β= -0.062,
t= -2.288, p= 0.024) and working memory (β= -0.088, t= -2.407,
p= 0.018) (Fig. 4). No other significant moderating effect was
found for sex on the relationship between FC and cognitive
scores.

DISCUSSION
This study examined sex differences in the sFC and dFC of the
habenula in LLD patients. The results were as follows: (1) dFC
analyses revealed significant interactions between LLD and sex
for the connections of the left habenula with the left insula,
precentral gyrus, angular gyrus, and MFG and the connection of
the right habenula with the right MTG. Pairwise comparisons
revealed trends of HC males > HC females and LLD males < HC

males for left habenular connections with the left precentral
gyrus, angular gyrus and MFG. Conversely, trends of HC males <
HC females and LLD males > HC males were found between the
right habenula and right middle temporal pole. (2) sFC analyses
revealed a significant interaction for the right habenular
connection with the right fusiform gyrus, with trends of HC
males > HC females, LLD males < HC males, and LLD females >
HC females. (3) Regression analysis in LLD patients revealed that
dFC of the left habenula–left insula was associated with long-
delay memory in females and working memory in males; dFC of
the right habenula-right middle temporal pole was associated
with information processing speed in females. (4) Sex moder-
ated the relationships between cognitive function (global
cognition, delay-recalled memory and working memory) and
dFC between the left habenula and left insula.
Sex differences in the dFC of both the left and right habenula

were primarily observed in the HCs group, with males and
females showing distinct connectivity patterns, which is
consistent with the findings of a previous study in which
healthy females presented increased habenular afferent/efferent

Fig. 2 Interaction effects of sex and diagnosis on change in the habenula Functional Connectivity (FC). a–d dFC between left habenula
and other regions e dFC between right habenula and R MTG, f sFC between right habenula and R fusiform. The abnormal FC variability values
is on the y-axis with diagnosis described on the x-axis. Sex is indicated on the right side (Female, blue Line; Male, red Line). L left, R right, dFC
dynamic functional connectivity, sFC static functional connectivity, LLD late-life depression, HCs healthy controls.
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streamline counts compared with healthy males [22]. In contrast,
the LLD group exhibited no significant sex differences in dFC,
suggesting a potential “normalization” of sex-specific connectiv-
ity patterns. Notably, compared with HCs, male LLD patients
presented abnormal habenular connectivity, whereas female
LLD patients presented no significant alterations. This finding
suggests that LLD may have a more pronounced effect on
habenular connectivity in males than in females. Previous
studies have reported sex differences in habenular function
and connectivity in patients with mood disorders. For example,
Savitz et al. reported sex-specific alterations in habenular
volume in individuals with bipolar disorder [24], whereas Lawson
et al. reported sex differences in habenular responses to
negative feedback in individuals with major depressive disorder
[16]. Our findings extend these observations to LLD patients,
suggesting that sex-specific alterations in habenular connectivity
may persist or even become more pronounced with age. The
apparent “normalization” of sex differences in the LLD group
could reflect a convergence of neural patterns in depression,
possibly owing to shared pathophysiological mechanisms over-
riding normative sex differences. Alternatively, this finding might
indicate sex-specific compensatory mechanisms in response to
depression, with males showing more pronounced alterations
from their baseline state.

An interesting finding of our study is the differential pattern of
dFC alterations observed for the left and right habenula in male
LLD patients, with the left habenula showing decreased con-
nectivity and the right habenula exhibiting increased dFC
variability. This opposing pattern underscores the complex nature
of habenular circuit remodelling in LLD patients and is consistent
with recent research demonstrating hemispheric asymmetry in
habenular structure and function [22]. Despite its small size, the
habenula has extensive connections throughout the brain,
participating in reward processing, emotional regulation, cognitive
control, and circadian rhythms [14]. The left habenula showed
altered connections with the insula, precentral gyrus, angular
gyrus and MFG, whereas the right habenula exhibited changes in
its connection with the right MTG, reflecting the habenula’s broad
influence on cognitive and emotional processes. The opposing
directions of connectivity changes might represent a disruption in
the balance between different habenular circuits, potentially
contributing to the complex symptomatology of LLD. This
lateralised pattern is consistent with previous fMRI studies
showing asymmetric activation of the habenula in response to
aversive stimuli, although the specific lateralization patterns have
been inconsistent across studies [25, 26]. The observed lateraliza-
tion in habenular connectivity changes may have implications for
understanding the neural basis of depression and for developing

Fig. 3 Plots of differential regression equations for males and females in late-life depression (LLD). dFC dynamic functional connectivity,
AVLT N5 auditory verbal learning test long-term delayed recall, Stroop the stroop color and word test.
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targeted interventions, particularly considering the role of the
habenula in modulating dopaminergic systems.
In contrast to the dFC findings, our analysis of sFC revealed a

different pattern of sex-specific alterations in LLD patients.
Notably, while dFC changes were primarily observed in male LLD
patients, sFC analysis revealed significant alterations in both
male and female LLD patients compared with their respective
HCs group. Specifically, we found a significant interaction effect
for the right habenular connection with the right fusiform gyrus.
Compared with male HCs, male LLD patients presented
decreased sFC, whereas female LLD patients presented
increased sFC compared with female HCs. This opposing
directionality of alterations between males and females with
LLD is particularly intriguing and suggests that the impact of
depression on habenular connectivity may qualitatively differ
between sexes. The fusiform gyrus, known for its role in facial
perception and visual processing, also contributes to emotional
regulation and social cognition [27]. Therefore, these sex-specific
alterations in habenula‒fusiform gyrus connectivity might be
related to differences in emotional processing and social
functioning between male and female LLD patients. The
discrepancy between the sFC and dFC findings underscores
the complementary nature of these two analytical approaches.
While sFC provides an averaged measure of FC over the entire
scan duration, dFC captures the temporal variability in con-
nectivity patterns, potentially revealing more subtle or transient
alterations [28]. Our previous research indicated that LLD
patients exhibited alterations in both sFC and dFC of the
habenula, and these FCs were associated with depressive
symptoms, suicidal ideation and cognitive impairment [19, 20].

The fact that sex differences were evident in both sFC and dFC
but with different patterns suggests that LLD affects both the
overall strength and stability of habenular connections in a sex-
specific manner.
Our regression analysis revealed sex-specific associations

between habenular dFC and cognitive performance in LLD
patients, with distinct patterns for left and right habenular
connections. Importantly, sex moderated the relationships
between cognitive function (global cognition, delay-recalled
memory, and working memory) and dFC between the left
habenula and left insula. Specifically, left habenula-insula dFC
was correlated with different cognitive functions in males and
females: working memory in males and long-delay memory in
females. These findings suggest that the left habenula-insula
circuit may play sex-specific roles in the cognitive processes of LLD
patients, which aligns with broader evidence from a recent meta-
analysis that demonstrated significant insula functional and
structural alterations across mood disorders [29]. In contrast, right
habenular-middle temporal pole dFC was associated with
information processing speed only in female LLD patients, with
no significant correlation in males. These lateralised and sex-
specific findings highlight the complex interplay between
habenular connectivity and cognitive function in LLD patients.
Interestingly, while dFC exhibited sex-specific cognitive correla-
tions, sFC did not reveal any significant associations with cognitive
performance in either sex. This discrepancy underscores the
potential of dFC analyses to capture more nuanced brain-
behaviour relationships in LLD patients, which may not be evident
in static connectivity measures [28]. The moderation effect of sex
on the relationship between left habenula-insula dFC and various
cognitive domains further emphasises the importance of con-
sidering both laterality and sex in understanding the neural
underpinnings of cognitive function in LLD patients. These
findings could inform the development of sex-specific cognitive
interventions targeting different neural circuits in men and
women with LLD.
Several limitations of this study should be acknowledged.

First, the cross-sectional nature of our study precludes causal
inferences about the relationship between altered habenular
connectivity and LLD symptoms. Longitudinal studies are
needed to elucidate the temporal dynamics of these changes
and their relationships with the onset and progression of LLD.
Second, our sample size, although adequate for detecting
significant effects, may have limited our ability to identify more
subtle sex differences or to perform more detailed subgroup
analyses. Future studies with larger cohorts could provide more
robust and nuanced findings. Third, while we focused on FC,
integrating structural connectivity data and other imaging
modalities could offer a more comprehensive understanding
of sex differences in LLD patients and potentially provide
imaging biomarkers for predicting treatment outcomes, as
recent research has demonstrated the value of FC measures in
clinical applications [30]. Additionally, future research should
explore how hormonal factors, particularly in the context of
ageing, might influence habenular connectivity and contribute
to sex differences in LLD patients. Fourth, although we screened
for significant cerebrovascular disease via the Hachinski Ischae-
mic Scale and MRI evaluation, mild white matter hyperinten-
sities, which are common in older adults, were not quantified in
our analyses. This could be addressed in future studies. Finally,
investigating the impact of different treatment modalities on
habenular connectivity in male and female LLD patients could
provide valuable insights for developing more effective, sex-
specific interventions. These studies could include comparisons
of pharmacological treatments, psychotherapy, and neuromo-
dulation techniques to determine their differential effects on
habenular connectivity and associated clinical outcomes in men
and women with LLD.

Fig. 4 Moderating effects of sex on the dFC of left habenula - left
insula and cognitive function. dFC dynamic functional connectivity,
MMSE mini-mental state examination, AVLT N5 auditory verbal
learning test long-term delayed recall, WMT working memory test.
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In summary, this study provides novel insights into sex
differences in habenular FC in LLD patients. Our findings
revealed distinct patterns of both sFC and dFC of the habenula
in male and female LLD patients, particularly in connections with
regions involved in emotion regulation and cognitive control.
These sex-specific alterations in habenular connectivity were
associated with differential cognitive performance, highlighting
the complex interplay among neural connectivity, cognitive
function, and depressive symptoms in older adults. The
observed sex differences underscore the importance of con-
sidering sex as a crucial factor in understanding the neurobio-
logical underpinnings of LLD and in developing targeted
interventions. Future research should build upon these findings
to further elucidate the mechanisms underlying sex differences
in LLD patients and to develop sex-specific therapeutic
approaches.
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