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Abstract 

Bac kgr ound: Major de pr essi v e disorder (MDD) is a pr ev alent psyc hiatric disorder with disruptions in br ain white matter (WM). While 
m uch r esearch has focused on WM structure, the dysfunctional organization of WM in MDD remains poorly understood. 

Methods: Using resting-state functional magnetic resonance imaging data from 48 MDD patients and 68 healthy controls (HC), we 
c har acterized the WM functional connectome gradients across participants and identified both global and regional alterations in 

MDD. Furthermore , w e examined the relationship between gradient properties and depressive symptom severity. External validation 

and sensitivity analyses were finally conducted to ensure the reliability of results. 

Results: The principal WM connectome gradient extended from the forceps major and superior longitudinal fasciculus to the uncinate 
fasciculus (UF) and anterior thalamic radiation (ATR), exhibiting a superficial-to-deep pattern in both gr oups. Compar ed to HC, MDD 

patients displayed a narrower gradient range and lower spatial variation, indicating a contracted WM hierarchy. At the tract-specific 
level, MDD patients exhibited lower gradient scores in the forceps minor, left ATR and UF, and bilateral cingulate gyrus and cingulum 

hippocampus, but higher gradient scores in the for ceps major, bilater al inferior longitudinal fasciculus and superior longitudinal 
fasciculus. WM tr act gr adient patterns explained 37.2% of the variance in clinical severity, with the strongest contributions from the 
inferior fronto-occipital fasciculus, cingulum hippocampus, ATR, UF, and corticospinal tract. 

Conclusions: These findings highlight altered WM functional connectome gradient in MDD and their association with clinical severity, 
offering novel insights into the neurobiological mechanisms of the disorder and potential biomarkers for symptom evaluation. 
Ke yw ords: de pr ession, fMRI, functional connectivity, br ain netw ork, hier ar c hy, white matter functional network 
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Introduction 

Major de pressi ve disorder (MDD) is a highly prevalent and de- 
bilitating psychiatric condition, characterized by emotional, cog- 
nitive, and somatic symptoms (James et al., 2018 ; Mathers and 

Loncar, 2006 ; World Health Organization, 2017 ). Diffusion tensor 
imaging (DTI) studies have revealed that MDD is closely associ- 
ated with widespread disruptions in brain white matter (WM),
manifesting both in regional tract-specific diffusion properties—
indicativ e of underl ying micr ostructur al fiber abnormalities—and 

in the altered topological organization of WM structural networks 
(Aronica et al., 2022 ; Chen et al., 2021 ; Guo et al., 2024 ; Radoe v a 
et al., 2023 ). For example, r eductions in fr actional anisotr opy (FA) 
and increases in radial diffusivity (RD), indicative of microstruc- 
tur al compr omise in WM tr acts , ha v e consistentl y been r eported 

in k e y WM fiber tr acts, suc h as the cor pus callosum (CC), ante- 
rior thalamic radiation (ATR), and superior longitudinal fascicu- 
lus (SLF) (Flinkenflugel et al., 2024 ; Ji et al., 2023 ; van Velzen et al.,
2020 ). T hese tracts pla y a critical role in interhemispheric com- 
m unication, thalamocortical integr ation, and fr ontoparietal con- 
nectivity, all of which are vital for normal cognitive and emotional 
functions . Moreo ver, WM fibers pro vide the structural foundation 

for the macroscale human brain connectome, linking different 
br ain r egions into functional and structur al networks. Localized 

disruptions in these tracts contribute to alterations in the topo- 
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ogical organization of the WM network in MDD. Studies utilizing
r a ph theor etical anal ysis hav e r eported r educed global network
tr ength and incr eased path length in the WM networks of pa-
ients with MDD (Repple et al., 2023 , 2020 ), suggesting decreased
etw ork efficienc y in information integr ation and tr ansmission.
hese disruptions are particularly prominent in major fiber bun- 
les connecting higher-order functional networks such as the 
rontoparietal network and default mode networks, and subcor- 
ical networks (Gong and He , 2015 ; K orgaonkar et al., 2014 ; Qin et
l., 2014 ). These networks are heavily implicated in emotional reg-
lation, mood processing, and executive functions, which are ar- 
as fr equentl y impair ed in MDD . T ogether, these findings highlight
he critical role of WM structural abnormalities in the pathology
f MDD. 

While the tr aditional vie w has long consider ed WM tr acts as
olel y structur al components of the br ain networks, emer ging e v-
dence suggests that WM also exhibits functional activity mea- 
ur able thr ough blood oxygenation le v el-dependent (BOLD) sig-
als deriv ed fr om functional ma gentic r esonance ima ging (fMRI)
ata. This functional activity in WM has often been overlooked but
as gained increasing attention in recent years. Pioneering studies 
av e demonstr ated that WM exhibits organized functional con-
ectivity during both resting-state and task-induced conditions 

Ding et al., 2018 ; Gawryluk et al., 2014 ; Ji et al., 2017 ). WM functional
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ctivity is belie v ed to r eflect how neur al information is tr ansmit-
ed across distant brain regions, facilitating inter-regional com-

unication essential for cognitive functions. Recent fMRI studies
ave shown that intrinsic BOLD signal fluctuations in WM vox-
ls can form organized functional networks, with distinct pat-
erns of activity across different WM tracts . T hese tracts are of-
en categorized into superficial, middle, and deep layers based
n their BOLD activity c har acteristics (Huang et al., 2020 ; Li et
l. , 2019 ; Peer et al. , 2017 ). Using gradient decomposition frame-
 orks, resear chers have identified several k e y WM functional gra-
ients (Zhu et al., 2023 ). Some of these gradients parallel those ob-
erved in gray matter (GM), such as unimodal-to-transmodal and
ensorimotor-to-visual gradients, suggesting a similar organiza-
ional principle that encodes and integrates sensory and cogni-
iv e information. Mor e notabl y, a unique superficial-to-deep gr a-
ient has been identified, extending from the superior frontal
M to the CC. This gradient reflects the functional differentia-

ion of fiber tracts across la yers , with deep WM exhibiting higher
A and my elin w ater fr action compar ed to superficial WM, in-
icating an anatomical hier arc hy underl ying this or ganization

Zhu et al., 2023 ). Such findings underscore the complex func-
ional arc hitectur e of WM and its potential r ole in br ain network
ntegration. 

In MDD, our pr e vious r esearc h r e v ealed a contr acted unimodal-
o-tr ansmodal gr adient within GM functional networks, with gr a-
ient alterations associated with gene expr ession pr ofiles and
linical outcomes (Xia et al., 2022 ). Concurr entl y, se v er al fMRI
tudies hav e r eported r egional disruptions in WM functional ac-
i vity and connecti vity, particularly in superficial and deep fiber
racts (Huang et al., 2024 ; Lu et al., 2021 ; Zhao et al., 2021 ). For in-
tance, decr eased fr actional amplitude of low-fr equency fluctua-
ions in the body of the CC, reduced regional homogeneity in the
LF, and diminished functional connectivity strength in the cin-
ulate gyrus (CG) and genu of the CC have been observed (Huang
t al., 2024 ; Zhang et al., 2021 ). Ho w e v er, the br oader or ganiza-
ion of the WM functional network in MDD, especially whether
he superficial-to-deep functional gradient is disrupted, remains
ar gel y unexplor ed. Inv estigating WM functional gr adient in MDD,
longside the known alterations in GM, could provide a more com-
r ehensiv e understanding of the neurobiological mechanisms of
DD. Such insights may pave the way for the de v elopment of tar-

eted interventions aimed at restoring disrupted brain network
rc hitectur e in MDD. 

To address this critical gap, the present study utilized a resting-
tate fMRI (r-fMRI) dataset comprising 116 individuals to investi-
ate the functional connectome organization of WM in MDD. By
e v er a ging a gr adient decomposition fr ame w ork, w e systemati-
ally decomposed the WM functional network of each participant
nto distinct gradient components . T his approach allo w ed us to
xamine both global and tract-specific alterations in WM connec-
ome gradients in patients with MDD. Furthermore, we explored
he relationships between these functional gradients and clinical
e v erity, assessing whether gr adient disruptions align with symp-
om pr ofiles. Finall y, to ensur e the r obustness of our findings, we
onducted external validation in an independent cohort and per-
ormed sensitivity analyses across different analytical strategies,
 einforcing the r eliability of our r esults . T his study aims to provide
ovel insights into how WM functional networks are reorganized

n MDD, with a focus on understanding the hier arc hical and spa-
ial principles of functional gradient disruption. 
ethods 

articipants 

he dataset was obtained from the publicly available Japanese
tr ategic Researc h Pr ogr am for the Pr omotion of Br ain Science
SRPBS) project (Tanaka et al., 2021 ) and initially included 71 pa-
ients with MDD and 124 healthy controls (HC), all recruited
hrough the Center of Innovation at Hiroshima University. Di-
 gnoses of MDD wer e conducted by expert clinicians in accor-
ance with the Diagnostic and Statistical Manual of Mental Dis-
rders (DSM-IV-TR or DSM-5). To confirm these diagnoses, the
ini-International Neur opsyc hiatric Intervie w (MINI) (Sheehan et

l., 1998 ) was administered at the time of study participation.
he se v erity of clinical symptoms in patients was e v aluated us-

ng the Beck Depression Inventory (BDI-II). Exclusion criteria for
ll participants included contraindications for MRI, a history of
ubstance or alcohol misuse, significant medical disorders, head
rauma with loss of consciousness, or any neurological disorders.

ritten informed consent was obtained from all participants, and
he data collection pr ocedur es wer e a ppr ov ed by the institutional
 e vie w boards. 

mage acquisition 

ll participants were scanned using a Siemens Verio 3.0T scan-
er with a 12-channel head coil. r-fMRI data were acquired using
n echo-planar imaging sequence with the following parameters:
epetition time (TR) = 2500 ms, echo time (TE) = 30 ms, flip an-
le (FA) = 80 ◦, matrix = 64 × 64, thickness = 3.2 mm, gap = 0.8
m, slices = 40. The total scan duration was 10 min, yielding 244

olumes (including four dummy volumes). Participants were in-
tructed to remain a wake , minimize mo vement, and maintain vi-
ual fixation. Additional imaging details can be found in a previ-
us study (Tanaka et al., 2021 ). 

ma ge prepr ocessing 

he pr epr ocessing of r-fMRI data was conducted using SPM12
 www.fil.ion.ucl.ac.uk/ spm/ ) and the Data Processing Assistant
or Resting-State fMRI ( http:// rfmri.org/ DPARSF ). To ensure sig-
al stabilization and participant adaptation to the scanning en-
ir onment, the first fiv e time points wer e discarded. Subsequent
r epr ocessing steps included slice-timing correction and realign-
ent. Structur al ima ges wer e then cor egister ed with the pr epr o-

essed functional images and segmented into GM, WM, and cere-
rospinal fluid (CSF) by Diffeomorphic Anatomical Registrations
hrough Exponentiated Lie Algebra (DARTEL). Based on the trans-
ormation matrix produced by DARTEL, a CSF mask in Montreal
eurological Institute (MNI) space (70% threshold on SPM12 prob-
bility map) was transformed into individual functional space.
he mean signal within the CSF mask and the 24 head motion pa-
 ameters wer e r egr essed out fr om the functional ima ges in eac h
ubject’s individual space. To minimize GM interference with WM,
ll subsequent processing of the functional images was restricted
xclusiv el y to WM. The WM images were normalized into MNI
pace via structural segmentation, resampled to 3-mm isotropic
oxels, and smoothed with a 6-mm full-width at half-maximum
aussian kernel. Temporal bandpass filtering (0.01–0.08 Hz) was
ubsequentl y a pplied. A “scrubbing” pr ocedur e was implemented
o address outlier volumes caused by excessive head motion
Po w er et al., 2012 ). Volumes with fr ame wise displacement (FD)
xceeding 0.5 mm, as well as two forward adjacent volumes and

http://www.fil.ion.ucl.ac.uk/spm/
http://rfmri.org/DPARSF


White matter functional gradient dysfunction in MDD | 3 

 

 

 

e  

a
d  

T  

d  

D  

e  

s  

y

S
T  

M  

m
c  

t
(

e  

fi
s  

s
t  

y  

s  

s  

e
i  

c  

u
b  

S
a  

t

V
(  

u  

a
r
p  

p  

a
l  

a
f  

w
o  

o  

f
r  

i
t  

e
l  

S  

t
t  

W
M

one backw ar d adjacent v olume, w er e r eplaced with linearl y inter- 
polated data. Data of 23 patients and 45 HCs were excluded due 
to maxim um tr anslation gr eater than 3 mm, maxim um r otation 

greater than 3 ◦, mean FD exceeding 0.3 mm, or more than 50% 

scrubbed volumes. Additionally, data of 11 HCs were further ex- 
cluded due to older a ge, r esulting in a final sample comprising 48 
patients and 68 HCs. 

WM connectome gradient analysis 

For each participant, a voxelwise WM functional netw ork w as con- 
structed, and the diffusion map embedding a ppr oac h (Hong et al.,
2019 ; Margulies et al., 2016 ) was applied to compute the functional 
connectome gr adient. Briefly, to r educe the computational com- 
plexity, the pr epr ocessed r-fMRI ima ges wer e first r esampled to 
a 4-mm isotropic resolution. WM voxels were selected using the 
JHU DTI-based white-matter atlases with a maximum probabil- 
ity threshold of 0.25 ( https:// neurovault.org/ collections/ 264/ ). A 

WM functional connectivity matrix was estimated by calculating 
Pearson’s correlation coefficients between the time series of each 

pair of WM voxels. To focus on the most r epr esentativ e connec- 
tions, the top 10% of connections for each voxel were retained, ex- 
cluding weak connections likely to result from noise. Using these 
sparse connectivity profiles, cosine similarity was calculated be- 
tween each pair of vo xels. To ad dress the issue of negative values 
in the similarity matrix, which could produce imaginary numbers 
in subsequent dimensionality reduction and lack clear biological 
meaning, the similarity matrix was further scaled into a normal- 
ized angle matrix (Larivière et al., 2020 ; Paquola et al., 2019 ). Diffu- 
sion map embedding, a nonlinear dimensionality r eduction tec h- 
nique, was then employed to derive gradient components that ex- 
plain variance in the functional connectome . T his a ppr oac h iden- 
tifies low-dimensional embeddings within high-dimensional data 
(i.e. the connectivity similarity matrix in this study) and translates 
the relationships among connectivity profiles into distances in the 
high-dimensional embed ding space. Vo xels with similar connec- 
tivity pr ofiles ar e positioned closer in this space, while nodes with 

dissimilar profiles are placed farther apart. Unlike linear dimen- 
sionality reduction methods (e.g. principal component analysis), 
diffusion map embedding constrains distances along the gr a ph’s 
neighborhood geometry in high-dimensional spaces , pro viding a 
stable r epr esentation of connectivity pr ofiles . T he resultant com- 
ponents (i.e. gr adient scor es) r epr esent the pr ojected positions of 
vo xels along embed ding axes that encode dominant differences in 

connectivity patterns. Gradient maps were aligned across partici- 
pants using iter ativ e Pr ocrustes r otation to ensur e compar ability 
(Hong et al., 2019 ). 

For each gradient map, several metrics were calculated to char- 
acterize its properties: the explanation r atio, gr adient r ange, and 

gr adient v ariance . T he explanation r atio r epr esents the percent- 
age of connectivity variance accounted for by a given gradient. A 

higher explanation ratio indicates that the embedding axis of the 
gr adient ca ptur es a mor e dominant or ganization of the functional 
network. The gr adient r ange r eflects the differ ence between the 
maxim um positiv e and minim um negativ e v alues of the gr adient 
scor es acr oss br ain voxels. A lar ger r ange signifies gr eater differ- 
entiation in the encoded connectivity patterns between regions at 
opposite ends of the gr adient. Gr adient v ariance, r epr esented as 
the standard deviation of gradient scores across the whole brain,
measur es heter ogeneity in the connectivity structur e acr oss r e- 
gions. A gr eater v ariance indicates higher connecti vity di versity.
Although these metrics are mathematically correlated (e.g. larger 
igenvalues of a connectome gradient often result in larger ranges
nd variances in the corresponding eigenvectors), they provide 
istinct topogr a phical insights into the gradient’s characteristics.
o further explore the spatial distribution of gradients, the gra-
ient maps were segmented into 20 WM tracts based on the JHU
TI-based white-matter atlases ( Table S1 and Fig. S1 ). The gradi-
nt scores for each tract were calculated as the average gradient
core of all voxels within the tract, enabling a tract-specific anal-
sis of connectivity patterns. 

ta tistical anal ysis 

o e v aluate WM functional gr adient alter ations in patients with
DD, general linear models were used to compare global gradient
etrics and tract-specific gradient scores between patients and 

ontrols . Age , sex, and mean FD were included as co variates . Mul-
iple comparisons were corrected using the false discovery rate 
FDR) method, with a significance threshold of q < 0.05. 

To examine the relationships between WM functional gradi- 
nts and clinical symptom se v erity, Pearson’s corr elations wer e
rst calculated between each global gradient metric and BDI-II 
cores in patients with MDD. Partial least squares (PLS) regres-
ion was then applied to investigate multivariable associations be- 
ween tract-specific gradient scores and BDI-II scores. In this anal-
sis, tr act-specific gr adient scor es of the principal gr adient wer e
et as predictor variables, while BDI-II scores served as the re-
ponse v ariable. PLS r egr essions identify components that are lin-
ar combinations of the predictor variables, explaining the max- 
m um v ariance in the r esponse v ariables . T he statistical signifi-
ance of the variance explained by each PLS component was eval-
ated using 10 000 permutation tests, where the correspondence 
etween predictor and response variables was randomly shuffled.
imilarly, the significance of the correlations between PLS scores 
nd BDI-II scores was also assessed with 10 000 permutation
ests. 

alida tion anal ysis 

i) Effect of head motion: to further e v aluate the potential resid-
al effects of head motion on gradient metrics, we conducted two
dditional validation analyses. First, we calculated Pearson’s cor- 
elations between mean FD and global gradient metrics (i.e. ex- 
lanation r atio, gr adient r ange, and gr adient v ariance) acr oss all
articipants. Second, a stricter mean FD threshold of 0.2 mm was
pplied to construct a highly motion-controlled subsample, fol- 
o w ed b y a r eanal ysis of WM functional gr adients and gr adient
lterations in MDD. (ii) Different sparsity threshold for retaining 
unctional connections: to e v aluate the r eliability of our r esults,
e computed WM functional gradients using sparsity thresholds 
f 5% and 15%, in addition to the original 10%. The consistency
f the r esulting gr adient ma ps and main findings was assessed
or each participant, while the consistency of global gradient met- 
ics and main findings was e v aluated acr oss participants, both us-
ng Pearson’s correlation. (iii) External validation across cohorts: 
o e v aluate the gener alizability of our findings, we conducted an
xternal validation in an independent cohort. Specifically, we uti- 
ized a dataset comprising 29 MDD patients and 27 HCs ( Table
2 ) from the Center of Hiroshima Kajikawa Hospital (HKH), ob-
ained from the publicly available Japanese SRPBS project. Using 
he same a ppr oac h as in our main anal yses, we identified the

M functional gradients and examined gradient alterations in 

DD. 

https://neurovault.org/collections/264/
https://academic.oup.com/psyrad/article-lookup/doi/10.1093/psyrad/kkaf008#supplementary-data
https://academic.oup.com/psyrad/article-lookup/doi/10.1093/psyrad/kkaf008#supplementary-data
https://academic.oup.com/psyrad/article-lookup/doi/10.1093/psyrad/kkaf008#supplementary-data
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Table 1: Demogr a phic and clinical c har acteristics of participants. 

MDD ( n = 48) HC ( n = 68) t or χ2 / P 

Age, mean (SD), years 44.06 (12.59) 45.96 (11.00) −0.86/0.39 
Sex (M/F) 23/25 23/45 2.34/0.13 
BDI-II, mean (SD) 24.77 (8.62) 9.06 (6.39) 11.28/ < 0.001 
Mean FD, mean (SD), mm 0.18 (0.05) 0.20 (0.06) −1.88/0.06 
Maxim um tr anslation, mean (SD), mm 1.28 (0.68) 1.24 (0.63) 0.63/0.72 
Maxim um r otation, mean (SD), degree 0.98 (0.50) 0.97 (0.55) 0.13/0.90 

Abbr e viations: MDD, major depr essiv e disorder; HC, healthy contr ols; SD, standard de viation; M, male; F, female; BDI-II, Bec k Depr ession Inv entory-Second Edition; 
FD, fr ame wise displacement. 
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esults 

emographic and clinical characteristics 

her e wer e no significant differ ences in a ge, sex, mean FD, max-
m um tr anslation, or maxim um r otation between patients with

DD and HC ( P > 0.05, Table 1 , Fig. S2 ). Ho w e v er, patients with
DD exhibited significantly higher BDI-II scores compared to the
C group ( P < 0.001, Table 1 ). 

M connectome gradient maps in patients with 

DD and controls 

he principal WM connectome gradient accounted for 14.6 ± 4.9%
f the total connectome variance across all individuals (MDD: 13.3
4.3%; HC: 14.9 ± 5.2%, Figs 1 A and S3 ). This gradient represented
 continuous axis extending from the forceps major (Fmaj) and
LF to uncinate fasciculus (UF) and ATR, exhibiting a superficial-
o-deep WM pattern (Fig. 1 A). The spatial patterns of the group-
v er a ged principal gr adient ma ps wer e highl y similar between
DD patients and HC ( r = 0.999, P < 0.0001). Ho w e v er, histogr am

nspection r e v ealed that the extr emes of the superficial-to-deep
r adient wer e contr acted in MDD compar ed to HC (Fig. 1 B and C).
esults for the spatial patterns of the second and third gradients
r e pr esented in Figs S4 and S5 . 

lter a tions of WM functional gradients in 

atients with MDD 

etween-group comparisons revealed that the superficial-to-deep
radient in MDD patients did not significantly differ in the ex-
lained r atio compar ed to HC (Cohen’s d = −0.41, P = 0.098)
ut sho w ed a narro w er range (Cohen’s d = −0.66, P = 0.001,
DR q < 0.05) and lo w er spatial variation (Cohen’s d = −0.65,
 < 0.001, FDR q < 0.05, Fig. 2 A and Table S3 ). These findings in-
icate a contracted WM connectome hierarchy in MDD. At the
r act-specific le v el, patients with MDD exhibited lo w er gradient
cores in the left ATR, CG, cingulum hippocampus (CH), forceps
inor (Fmin), and left UF. Conv ersel y, they sho w ed higher gra-

ient scores in the Fmaj, as well as the bilateral inferior lon-
itudinal fasciculus (ILF) and SLF, compared to HC ( | Cohen’s d |
 0.29, P < 0.001, FDR q < 0.05, Fig. 2 B and Table S4 ). These
ndings suggested a less differentiated connectivity pattern in
hese WM tracts in MDD patients. Comparisons for the sec-
nd and third gradients are provided in Figs S6 and S7 and
ables S5 and S6 . 

linical rele v ance of WM functional gr adients in 

DD 

o significant correlations were observed between global
uperficial-to-deep gradient metrics and BDI-II scores in MDD
atients. Ho w e v er, at the tr act-specific le v el, the first component
f the PLS r egr ession (PLS1) explained 37.2% of the variance
n BDI-II scores ( P perm 

= 0.002, Fig. 3 A). The PLS1 scores were
ignificantl y positiv el y corr elated with BDI-II scor es in patients
ith MDD ( r = 0.61, P < 0.001, Fig. 3 B). The strongest positive

ontributions wer e observ ed in the left inferior fr onto-occipital
asciculus (IFOF), CH, and left ATR, while the primary negative
ontributions originated from the bilateral corticospinal tract
CST), ILF, and left UF (Fig. 3 C). 

alidation results 

v er all, the findings r eported abov e wer e gener all y r epr oducible
cr oss differ ent anal ytical c hoices (Supplement). (i) Effect of head
otion: no significant correlations were observed between mean

D and global gradient metrics (all r < 1.0 × 10 −16 , all P > 0.05,
ig. S8 and Table S7 ). Furthermor e, anal yses in a highly motion-
ontrolled subsample (MDD: n = 30, HC: n = 33; 54.3% of the orig-
nal cohort, Table S8 ) confirmed the principal superficial-to-deep

M gr adient hier arc hy in MDD (mean r = 0.80, P < 1.0 × 10 −16 ,
able S9 ). The global metrics r e v ealed that the extremes of the
rinciple gradient were also contracted in MDD compared to HC
 Fig. S9 ). Notably, 58% of the WM tracts identified as significantly
ltered in MDD in our primary analysis remained detectable in
his motion-controlled subsample, including the ATR, CH, Fmin,
maj, ILF, and SLF ( | Cohen’s d | > 0.19, P < 0.013, FDR q < 0.05,
ig. S9 and Table S10 ). (ii) Different sparsity threshold for retain-
ng functional connections: a strong positive correlation was ob-
erved, with a mean r = 0.92 between the 5% and 10% thresholds,
nd r = 0.98 between the 10% and 15% thresholds ( Fig. S10A ).
imilarl y, Pearson corr elations of global gradient metrics across
hr esholds also demonstr ated high consistency ( r = 0.59–0.91,
ig. S10B ). (iii) External validation across cohorts: in an indepen-
ent dataset, the principal gradient pattern exhibited a similar
uperficial-to-deep organization (mean r = 0.62, P < 1.0 × 10 −16 ,
able S11 ) consistent with our main findings. Notably, 75% of the
M tracts identified as significantly altered in MDD in our pri-
ary analysis remained detectable in this external dataset, in-

luding the CG, CH, Fmin, Fmaj, ILF, and SLF ( | Cohen’s d | > 0.21,
 < 0.022, FDR q < 0.05, Fig. S11 and Table S12 ). For gradient 2, the
patial organization pattern demonstrated significant similarity
o our main findings (mean r = 0.15, P < 1.0 × 10 −16 ). Critically,
ne-third of MDD-associated WM tract alterations identified in
ur main analysis (including Fmin, ILF, and SLF) demonstrated
 epr oducible effects in the external validation cohort ( | Cohen’s
 | > 0.31, P < 0.001, FDR q < 0.05, Fig. S12 and Table S13 ).
hile gradient 3 did not demonstrate significant spatial concor-

ance with our main findings, 23% of WM tracts exhibiting sig-
ificant gr oup differ ences in the main analysis sho w ed r epr o-
ucible alterations in the external cohort (e.g. ATR, Fmin, and SFL,
 Cohen’s d | > 0.30, P < 1.0 × 10 −16 , FDR q < 0.05, Fig. S13 and
able S14 ). 
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Figure 1: WM functional gradient mapping in HC and patients with MDD. ( A ) In both HC and MDD groups, the principal WM functional gradient was 
organized along a continuous axis extending from the forceps major and superior longitudinal fasciculus to uncinate fasciculus and anterior thalamic 
radiation, exhibiting a superficial-to-deep WM pattern. ( B ) Global and ( C ) tract-based histograms showing that the extreme values were contracted in 
patients with MDD r elativ e to HC. WM, white matter; HC, healthy controls; MDD, major de pressi ve disorder; ATR, anterior thalamic radiation; UF, 
uncinate fasciculus; CST, corticospinal tract; IFOF, inferior fronto-occipital fasciculus; CG, cingulum (cingulate gyrus); CH, cingulum (hippocampus); 
ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; Fmin, forceps minor; Fmaj, forceps major; L, left; R, right. 
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Discussion 

In this study, we highlight a hier arc hical dysfunction in the WM 

functional connectome among patients with MDD. Specifically, we 
identified a principal superficial-to-deep gradient in WM func- 
tional networks in both MDD patients and HC. Compared to HC,
MDD patients exhibited a contracted WM functional connectome 
hier arc hy, with the most pronounced alterations observed in gra- 
dient scores of the superficial and deep tr acts. Importantl y, the 
gradients of these tracts were closely associated with the severity 
of clinical symptoms . T hese findings enhance our understanding 
of the functional organization of WM and its disruption in MDD,
shedding light on the neurobiological mechanisms underlying the 
clinical manifestations of the disorder. 

The superficial-to-deep gradient in WM functional networks, 
extending from the Fmaj and SLF to the UF and ATR in partici- 
pants, aligns with prior r esearc h, whic h is supported by a signif- 
cant correlation between the functional gradient and FA (Zhu et
l., 2023 ). This observation suggests that the functional gradient of
M might be organized according to its anatomical hier arc hy. Pr e-

ious studies have further shown that superficial WM networks 
r e closel y link ed to GM networks, while dee p WM networks ex-
ibit r elativ e independence fr om them (Li et al., 2020b ). Notabl y,
he superficial-to-deep WM gradient has been associated with a 
r oad r ange of cognitiv e functions, including emotion r ecognition,
onv erbal r easoning, and facial memory (Zhu et al., 2023 ). This hi-
r arc hical or ganization may ther efor e serv e as a critical comm u-
ication bridge between distinct WM and GM networks, support- 

ng a variety of cognitive processes. 
We identified a contracted WM functional connectome hierar- 

hy in MDD, as indicated by a narro w er range and lo w er variance
f gradient scores across the whole brain. This suggests a less
ifferentiated connectivity pattern, consistent with recent find- 
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Figure 2: Statistical comparison of the gradient metrics. ( A ) Case-control differences in the global gradient metrics of the principal gradient. ( B ) 
Case-contr ol differ ences in the tr act-specific gr adient scor es of the principal gr adient. HC, healthy controls; MDD, major de pressi ve disorder; ATR, 
anterior thalamic radiation; CG, cingulum (cingulate gyrus); CH, cingulum (hippocampus); Fmaj, forceps major; Fmin, forceps minor; ILF, inferior 
longitudinal fasciculus; SLF, superior longitudinal fasciculus; L, left; R, right. ∗∗P < 0.005, ∗∗∗P < 0.001. 



White matter functional gradient dysfunction in MDD | 7 

Figure 3: Association between tract-specific gradient scores and clinical symptom severity in MDD. ( A ) Explained ratios for the first 10 components 
obtained from the PLS regression analysis, with the significant PLS component marked by an asterisk (10 000 permutation tests). ( B ) The PLS1 scores 
ar e positiv el y corr elated with the BDI-II scor es (10 000 perm utation tests). Eac h dot corr esponds to a patient. The shaded ar ea r epr esents the 95% 

confidence intervals. ( C ) Ranked tract weights of PLS1. The weights reflect the relative importance of each tract in explaining the variance in clinical 
symptom se v erity, as measur ed by BDI-II scor es. PLS, partial least squares; BDI-II, Bec k Depr ession Inv entory-Second Edition; CG, cingulum (cingulate 
gyrus); ILF, inferior longitudinal fasciculus; CH, cingulum (hippocampus); Fmaj, forceps major; Fmin, forceps minor; SLF, superior longitudinal 
fasciculus; ATR, anterior thalamic radiation; UF, uncinate fasciculus; CST, corticospinal tract; IFOF, inferior fronto-occipital fasciculus; L, left; R, right. 
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ings of disrupted topological arc hitectur e in GM functional net- 
works in MDD (Xia et al., 2022 ). Studies on WM functional connec- 
tomes have shown a shift to w ar ds randomization in MDD (Li et al.,
2020a ). The downgraded connectome hierarchy observed here is 
supported by these prior r eports, wher e suc h r andomization dis- 
rupts the balance between integration and segregation in healthy 
brain networks, leading to miswired connections. Consequently, 
this increases the likelihood of incomplete or redundant pathways 
for information pr ocessing, r esulting in a less prioritized hierar- 
c hical structur e in the functional connectome in MDD. 

The altered connectome hierarchy reflects disconnections 
across a broad set of WM fiber tracts, notably in the ATR, CG, UF,
Fmaj, Fmin, SLF , and ILF . The ATR, a critical tract connecting the 
anterior and midline thalamic nuclei with the frontal lobe , pla ys 
a k e y role in cognitive, emotion, and rew ar d processing. DTI stud- 
ies indicate that micr ostructur al abnormalities in the ATR in MDD 

might impair cognitive functions and disrupt mood regulation via 
imbalances in the r e w ar d–punishment cir cuit and affective states 
(Coenen et al., 2012 ; Lai and Wu, 2014 ). Furthermore, microstruc- 
tural abnormalities in both the ATR and the Fmin, a segment of 
the CC linking the two frontal lobes , ha ve been specifically corre- 
lated with anhedonia symptoms in MDD (Pfarr et al., 2021 ). The 
LF, which connects the frontal, occipital, parietal, and temporal 
obes , is in v olved in higher-or der m ulti-sensory pr ocessing, exec-
tive function, and emotional regulation (Lai and Wu, 2014 ). De-
reased FA in the SLF, alongside reduced regional homogeneity 
f the WM BOLD signal, has been reported in MDD (Huang et al.,
024 ; Ji et al., 2023 ), potentially contributing to deficits in these
ognitive and emotional domains . T he CG, projecting from the
ingulate gyrus to the entorhinal cortex, facilitates communica- 
ion within the limbic system, affecting emotion, pain perception,
nd episodic memory (Bubb et al., 2018 ). Decreased WM functional
onnectivity in the CG has been found in MDD patients, with in-
reased connectivity in this region being associated with better 
reatment outcomes (Zhang et al., 2021 ). The UF, connecting re-
ions of the limbic system such as the temporal pole, anterior
arahippocampus, and amygdala with the orbitofrontal cortex,
ontributes to dysregulated emotion processing in MDD (Xu et al.,
023 ). These changes in the ATR, Fmin, SLF, and CG align with ab-
ormalities in the limbic–cortical–striatal–thalamic circuit, a k e y 
athway regulating cognition and emotion in MDD (Chen et al.,
023 ; Radoe v a et al., 2023 ; Sheline, 2000 ). Beyond tracts associ-
ted with higher-order cognitive functions, MDD also involves ab- 
ormalities in tracts linked to primary sensorimotor and visual 
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ystems. Specifically, the Fmaj, connecting the posterior occipi-
al lobes, and the ILF, a major occipitotemporal association tract,
re implicated in WM functional connectome alter ations. Suc h
isruptions in sensorimotor and visual networks have been as-
ociated with psychomotor agitation or retardation and visual–
motional deficits in MDD patients (Zhao et al., 2021 ). In conclu-
ion, we have identified a spectrum of tract abnormalities fol-
owing the superior-to-deep gradient, extending research focus
r om localized tr act c hanges to a compr ehensiv e understanding of
lobal organizational disruptions . T his shift highlights how both
rimary and higher-order cognitive functions in MDD patients are

mpacted by functional alterations in WM connectivity. 
Disruptions in WM functional or ganization hav e been iden-

ified acr oss v arious neur opsyc hiatric disorders, including
c hizophr enia (Fan et al., 2020 ; Ji et al., 2023 ; Jiang et al., 2019 ),
ipolar disorder (Ji et al., 2023 ), obsessi ve–compulsi ve disorder (Ji et
l., 2023 ), attention-deficit/hyperactivity disorder (Bu et al., 2022 ),
arkinson’s disease (Ji et al., 2019 ; Meng et al., 2022 ; Wang et al.,
022 ), Alzheimer’s disease (Zhao et al., 2019 ), and neuromyelitis
ptica spectrum disorder (Wan et al., 2024 ). Given the ov erla pping
linical symptoms among MDD, sc hizophr enia, and bipolar disor-
er, identifying both shared and disorder-specific abnormalities

n psychiatric connectomes is crucial for understanding their
istinct neur al mec hanisms (Xia et al., 2019 ). A tr ansdia gnostic
tud y re ported incr eased amplitude of low-fr equency fluctuation
ALFF) in the ATR in sc hizophr enia and bipolar disor der, as w ell
s altered ALFF in the SLF specific to bipolar disorder, with no
ignificant changes observed in MDD (Ji et al., 2023 ). Additionally,
nother study observed reduced regional homogeneity of the
M BOLD signal in the SLF in MDD (Huang et al., 2024 ). In con-

rast to previous findings, our study identified altered gradient
cores in both the ATR and SLF in MDD, suggesting that ATR
ysfunction may be a shared feature across MDD, schizophrenia,
nd bipolar disorder, while SLF abnormalities might r epr esent a
ommon neural substrate between MDD and bipolar disorder.
ur findings suggest that gradient-based analyses can uncover
or e widespr ead WM functional abnormalities in MDD, includ-

ng alterations in the CG, Fmaj, Fmin, and ILF, which may have
een overlooked in previous studies focusing on localized func-
ional activity. By capturing disruptions in large-scale functional
r ganization, this a ppr oac h pr ovides a mor e compr ehensiv e
r ame work for understanding the neurophysiological basis
f MDD. 

Mor eov er, our r esults suggest that specific WM connectivity
atterns, rather than global network or ganization, ar e associ-
ted with the clinical manifestation of MDD. The tracts that con-
ributed most significantly to the correlation with BDI-II scores in
ur study are located in regions we identified as abnormal in MDD,
ncluding the CH, ILF, ATR, and UF. These tr acts ar e essential for
ensory integration and emotional regulation, and their disrup-
ions have been strongly linked to clinical features of MDD, such as
e pressi ve severity, illness duration, and the number of depr essiv e
pisodes (Lu et al., 2021 ; Zhang et al., 2022 , 2021 ; Zhao et al., 2021 ).
dditionall y, we observ ed positiv e contributions fr om the IFOF
nd negative contributions from the CST. The IFOF, which con-
ects the frontal lobe with the occipital and temporal lobes , pla ys
 k e y r ole in integr ating fr ontal lobe-r elated inhibitory contr ol and
ccipital lobe-related sensory processing (Zhang et al., 2022 ). The
ST, a motor pathway that connects the cer ebr al cortex to lo w er
otor neurons in the spinal cord, controls limb and trunk move-
ents. Abnormalities in the micr ostructur e of these regions has

een associated with disrupted sensory integration and impaired
ognitive inhibition to w ar d sensory stimulus and emotion, con-
ributing to clinical symptoms such as suicidal ideation and be-
avior in MDD (Pfarr et al., 2021 ; Zhang et al., 2022 ). Together, these
ndings emphasize how disruptions in the hier arc hical structur e
f WM functional networks contribute to the clinical manifesta-
ions of MDD, potentially serving as biomarkers for symptom eval-
ation. 

In addition to the principal superficial-to-deep gr adient, whic h
r obabl y r eflects the anatomical foundation of WM functional or-
anization, the second and third gradients provide complemen-
ary insights into WM functional disruptions in MDD. The sec-
nd gradient appears to represent a top-down functional archi-
ecture, with one end encompassing the SLF and CG, which pri-

arily connect parietal and cingulate regions, and the other end
ocated in the SLF-temp, ILF, and Fmin, associated with occipi-
otempor al integr ation and fr ontal pr ocessing (Bubb et al., 2018 ;
ai and Wu, 2014 ; Zhao et al., 2021 ). Compared to the princi-
al gradient, abnormalities in this second gradient are less pro-
ounced in MDD, suggesting a r elativ el y pr eserv ed hier arc hical
rganization along this axis. In contrast, the third gradient fol-
ows a frontal-to-occipital organization, with one extreme in the
min and CH, and the other in the Fmaj and SLF. This gradi-
nt shows more significant alterations in MDD, possibly reflect-
ng disruptions in hier arc hical functional processing from higher-
rder cognitive regions to more primary visual and auditory pro-
essing ar eas. Notabl y, shar ed alter ations acr oss gr adients ar e ob-
erved in k e y tracts, including the ATR, Fmin, ILF , UF , and SLF ,
uggesting widespread yet distinct patterns of WM dysfunction
n MDD across different functional domains. Collectively, these
ndings underscore the importance of gradient-based analyses in
ncov ering m ulti-dimensional disruptions in WM organization in
DD. 
Se v er al issues of the current study need to be further ad-

ressed. First, this study examined the clinical associations of
M functional gradients using BDI-II scores . Nevertheless , MDD

s c har acterized by a v ariety of cognitiv e impairments and is in-
uenced by numerous clinical factors, such as age of onset, medi-
ation status, and first-episode status, which were not assessed in
his r etr ospectiv e anal ysis. Futur e studies incor por ating detailed
ognitive and clinical assessments could offer a more compre-
ensive understanding of the intricate relationship between WM

unctional gradients and the clinical manifestations of MDD. Fur-
hermore, longitudinal studies that track treatment data could of-
er valuable insights into the potential clinical relevance of WM
unctional gradients in monitoring treatment response and out-
omes . Second, prior studies ha v e demonstr ated a spatiotempo-
 al topological corr espondence between BOLD signals and glucose
etabolism in brain WM in healthy individuals (Li et al., 2023 ).

urther investigations into the relationship between alterations
n WM functional gradients and neurometabolic changes could
ubstantially enhance our understanding of the neurobiological
nderpinnings of the disor der. Thir d, while our study focused on

unctional or ganization alter ations in the WM connectome, futur e
 esearc h should explore the structural underpinnings of these
unctional networks and investigate the coupling between func-
ional and structural connectomes. Understanding the relation-
hip between these two domains in MDD could provide a more
ntegr ated vie w of WM abnormalities. Finall y, both disrupted func-
ional gradients in WM and GM hav e been observ ed in MDD pa-
ients. Future studies should examine how these alterations in

M and GM connectomes inter act and influence eac h other. Suc h
nvestigations could offer deeper insights into the neurobiological

echanisms of MDD and help identify biomarkers for classifica-
ion and prediction. 
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