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medication-free depressed adolescents: moderation by
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Major Depressive Disorder (MDD) often emerges during adolescence and significantly impacts psychological and social functioning.
Increasing evidence links both peripheral inflammation and white matter abnormalities to the pathophysiology of MDD. Free-water
(FW) imaging, sensitive to neuroinflammatory and microstructural changes, enables investigation of their interplay in depression.
However, the role of FW imaging in adolescents with MDD, along with its clinical and inflammatory associations, remains
underexplored. Here, we conducted a cross-sectional analysis and exploratory analysis of the relationship between white matter
FW, peripheral inflammation, and depressive symptoms in adolescents. 3-T multi-shell diffusion-weighted magnetic resonance
imaging data and peripheral cytokine were collected from 147 participants aged 12–18 years, including 63 medication-free
adolescents with MDD and 84 healthy controls (HC). FW maps were generated using the DIPY toolbox, followed by voxel-wise
analyses conducted with Tract-Based Spatial Statistics in FSL. Our findings reveal that adolescents with MDD exhibited lower levels
of inflammatory cytokines, including IFN-γ, IL-2, TNF-α, and IL-4 (all p < 0.05), along with significantly reduced white matter FW
(family-wise error-corrected p < 0.05). Importantly, IFN-γ levels significantly moderated the relationship between altered white
matter FW and depressive symptoms (β= 0.46, p= 0.003). Specifically, in adolescents with MDD and higher IFN-γ levels, greater
white matter FW was associated with more severe depressive symptoms, while in those with lower IFN-γ levels, higher FW was
linked to less severe symptoms. These results suggest that peripheral inflammation, particularly IFN-γ, may be associated with the
relationship between white matter FW and the severity of depressive symptoms. This highlights the importance of considering an
individual’s inflammatory status when interpreting the biological and psychological functioning of adolescents with MDD.
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INTRODUCTION
Major Depressive Disorder (MDD) often manifests during adoles-
cence and early adulthood [1]. Early-onset MDD is associated with
a higher risk of recurrent depressive episodes and negative
impacts on educational and occupational functioning [2]. Despite
available treatment options such as psychotherapy and pharma-
cotherapy, response rates in adolescents remain limited [3].
Therefore, gaining a better understanding of the underlying
pathophysiological mechanisms of MDD in adolescents is crucial
for improving treatment efficacy and identifying patients who are
most likely to benefit from interventions targeting these markers.
Free-water (FW) imaging is an in vivo diffusion-weighted

magnetic resonance imaging (dMRI) technique that builds upon

the commonly used diffusion tensor imaging (DTI) method,
enabling the quantification of freely diffusing water molecules
primarily found in extracellular compartments [4]. While traditional
DTI studies in MDD consistently report reduced fractional
anisotropy (FA) and increased diffusivity in frontal-limbic circuits,
these metrics are confounded by extracellular water, limiting
neurobiological interpretation [5]. FW imaging addresses this
limitation by separately quantifying extracellular water content
and providing tissue-corrected metrics (e.g., tissue-specific frac-
tional anisotropy, FAt) [6]. Elevated FW may indicate neuroin-
flammatory processes (microglial activation, astrocytic swelling,
blood-brain barrier disruption), while tissue-corrected metrics
reveal microstructural changes independent of inflammation [7].
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Abnormal FW in the brain white matter has been reported in
adults with MDD [8, 9], with FW values are closely associated with
depressive symptoms [10]. This technique thus provides com-
plementary insights into inflammation-specific mechanisms that
may underlie heterogeneous DTI findings in MDD. To the best of
our knowledge, the presence of significant free water alterations
in adolescents with MDD has not yet been explored.
Furthermore, there is a lack of research assessing individual

difference factors, particularly peripheral inflammation, which
could modulate the effects of white matter FW on depressive
symptoms. While some studies have reported a significant
relationship between white matter FW and depressive symptoms
[10, 11], others have shown inconsistent results [12], suggesting
that this relationship may be influenced by underlying factors that
are not yet fully understood. Both animal and human studies have
demonstrated that immune cells produce cytokines, which
circulate in the blood and signal the brain through multiple
pathways including vagal sensory neurons, active transport across
the blood-brain barrier, and passive diffusion in regions with
incomplete barrier integrity [13, 14]. Human studies have found
that higher peripheral Interleukin-6 (IL-6) levels in adolescents
with MDD are associated with reduced white matter fiber
connectivity [6]. Additionally, a higher peripheral IL-8/IL-10 ratio
is linked to increased white matter FW [12]. Peripheral cytokines
are associated with depressive symptoms and the efficacy of
antidepressant treatments in adolescents with MDD [15]. Given
that peripheral cytokines are linked to both depressive symptoms
and the efficacy of antidepressant treatments, it is possible that
inflammatory responses in adolescents with MDD may modulate
the relationship between white matter FW and depressive
symptoms in adolescents, influencing the underlying neurobiolo-
gical mechanisms of the disorder.
In the current study, we examined the associations among

white matter FW, peripheral inflammation, and depressive
symptoms in adolescents with MDD, testing whether inflamma-
tory cytokines might play a moderating role in the relationship
between altered white matter FW and depressive symptoms. To
investigate this, we collected 3-T multi-shell dMRI data and
measured 10 pro-/anti-inflammatory peripheral cytokine levels in
medication-free adolescents with MDD and healthy controls. Our
hypothesis was that inflammatory cytokines would play a
moderating role in the relationship between altered white matter
FW and depressive symptoms in medication-free adolescents with
MDD.

METHODS
Participants
A total of 84 HC and 63 patients diagnosed with MDD were recruited for
the cross-sectional of this study. The ethics committees of the Affiliated
Brain Hospital of Guangzhou Medical University approved this study
(ethical approval number: 2020055), and the written informed consent was
obtained from all participants and their parents or legal guardians.
Both MDD patients and HC underwent a structured clinical interview

based on the diagnostic and statistical manual of mental disorders, fifth
edition. MDD patients met specific inclusion criteria, including being
between the ages of 12 and 18, scoring ≥ 17 on the 17-item Hamilton Rating
Scale for Depression (HAMD), and being medication-free for at least
4 weeks. All MDD patients were recruited at the outpatient department of
the Affiliated Brain Hospital of Guangzhou Medical University. Age and
education level-matched HC were recruited through targeted advertising
efforts from local community. Exclusion criteria for all participants were a
history of developmental disorders, tic disorders, or attention deficit
hyperactivity disorder, any other mental illness (e.g., bipolar disorder,
posttraumatic stress disorder, and schizophrenia), neurological disorders or
other major physical illnesses, immune-inflammatory disorders, and contra-
indications to MRI scanning. For HC, additional exclusion criteria comprised
any history or current diagnosis of MDD or other psychiatric conditions.
The HAMD is divided into five symptom dimensions. The Anxiety/

Somatization dimension includes six items related to mental and physical

anxiety, gastrointestinal symptoms, general symptoms, hypochondriasis,
and self-awareness (Items 10, 11, 12, 13, 15, 17). The Retardation dimension
consists of four items addressing depressed mood, work and interest,
psychomotor retardation, and sexual symptoms (Items 1, 7, 8, 14). The
Cognitive Disturbance dimension includes three items related to feelings
of guilt, suicidal thoughts, and agitation (Items 2, 3, 9). The Sleep
Disruption dimension assesses difficulty falling asleep, shallow sleep, and
early awakening (Items 4, 5, 6). Finally, the Weight dimension evaluates
weight loss with a single item (Item 16). Anxiety symptoms were assessed
using the Hamilton Anxiety Rating Scale (HAMA) scale.

Cytokine measurement
Upon enrollment in the study, whole blood samples were collected from
the participants. All blood samples were collected after a minimum 4-hour
fasting period, which was consistent with previous study [16]. Fasting
status was confirmed with each participant. Plasma was separated within
30min of collection using standard centrifugation protocols (3000 rpm for
10min at 4 °C) and immediately stored at −80 °C until analysis. Plasma was
then separated, aliquoted into Eppendorf tubes, and stored at −80 °C for
further analysis. The levels of ten peripheral cytokines (interferon gamma
[IFN-γ], IL-10, IL-1b, IL-2, IL-4, IL-6, IL-8, Tumor Necrosis Factor-alpha [TNF-α],
C-reactive protein [CRP], and Complement component 4 [C4]) were
detected by the human high sensitivity T cell magnetic bead panel
(Millipore, Billerica, MA, USA, HSTCMAG-28SK) and human neurodegen-
erative disease magnetic bead panel 2 (Millipore, HNDG2MAG-36K) with
the Luminex Magpix-based assay (Luminex corporation), following the
manufacturer’s instructions. Data generated from the assay were evaluated
against a cubic curve fitting and corrected for background readings using
Millipore Analyst 5.1 Software (EMD Millipore, Billerica, MA) [17]. In order to
achieve normality for statistical analysis, natural log-transformation was
applied to all peripheral cytokine values. The intra- and inter-assay
coefficients of variation were below 10 and 15%, respectively.

Diffusion MRI acquisition
Participants were scanned using a Siemens Magnetom Prisma 3.0 T MRI
Scanner, equipped with a 64-channel head coil, at the Magnetic Resonance
Center of Affiliated Brain Hospital of Guangzhou Medical University. Multi-
shell dMRI was acquired in the posterior to anterior direction with 64
gradient directions at b= 1000 s/mm2, and 2000 s/mm2, and 10 inter-
leaved b= 0 s/mm2 images. An additional 64 gradient directions at
b= 3000 s/mm2 were collected for tractography studies. However, this
b= 3000 shell was excluded from all free water modeling calculations to
circumvent non-Gaussian diffusion effects that could bias the two-
compartment model estimation. To correct for susceptibility-induced
distortions, 10 images (b0) with b= 0 s/mm2 were collected with anterior
to posterior phase encoding.
The diffusion sequence was acquired with the following settings:

repetition time= 2500ms, echo time= 83ms, field of view= 220 mm2,
slice thickness= 2mm, voxel size= 2 × 2 × 2mm3.

White matter image processing
During scanning, all dMRI images were visually screened by a trained
technician (L.S.) to identify any abnormal radiological or structural features.
The Statistical Parametric Mapping software (http://www.fil.ion.ucl.ac.uk/
spm) was employed to register all dMRI images to their first b0 images for
further validation. No participants were excluded from subsequent analysis
based on these screenings. For the dMRI data, image intensities were initially
normalized using the mean b0 image. The b0-inhomogeneity distortion was
corrected using two opposite phase-encoded images and the “topup” tool
in FSL [18]. Additionally, the “eddy” tool in using FSL 6.0.6.5 was employed to
correct eddy-current induced field inhomogeneities and head motion for
each image volume in a single resampling step [19].
Free-water modeling and tensor estimation were performed using DIPY

(version 1.10.0) (http://nipy.org/dipy/index.html), with the two-
compartment free-water model fitted to preprocessed diffusion data
using dipy.reconst.fwdti. FreeWaterTensorModel with default parameters.
In each voxel, the signal was fitted to a two-compartment model,
consisting of a FW compartment (isotropic tensor) and a tissue
compartment (FW-corrected tensor) [4]. The FW measure represents the
relative contribution of FW in each voxel, ranging from 0–1. The tensor of
the tissue compartment reflects the tissue microstructure after removing
the signal contributed by FW. This study evaluated both the FW
component and FAt. Notably, unlike most previous studies, the model
was estimated from multi-shell diffusion imaging data, which offers
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enhanced stability and robustness compared to single-shell data
commonly used in dMRI studies [20].
Voxel-wise analysis was performed using an automated Tract-Based

Spatial Statistics (TBSS) pipeline [21]. Initially, individual fractional
anisotropy (FA) maps were nonlinearly aligned to a standard space using
a target image, which was selected as the most representative FA image
(designated with the flag ‘-n’). This option is recommended for studies
involving adolescents and young children. The chosen target image
belonged to a 15-year-old participant from the MDD group. Following
image registration, a cross-subject mean FA image was generated, which
guided the creation of the white matter (WM) tract “skeleton”. The
threshold for the skeleton was set at FA > 0.2 to include major WM
pathways while excluding peripheral tracts that are more susceptible to
partial volume effects and inter-subject variability. Subsequently, each
subject’s FW and FAt data were projected onto the group skeleton for
voxel-wise analysis.
For statistical analysis, the randomize function within FSL was utilized to

conduct permutation-based nonparametric statistics with 5000 permuta-
tions [22]. Significant differences were identified using a p value image,
where p < 0.01, corrected for multiple comparisons across space through
threshold-free cluster enhancement (TFCE) [23]. Anatomical locations were
identified using the ICBM-DTI-81 atlas [24].

Statistical analysis
Demographics. Continuous variables were expressed as the mean and
standard deviation (SD) or the median and interquartile range (IQR), while
categorical variables were presented as frequencies and proportions.
Demographic and clinical variables were analyzed using independent t-
tests, the Mann-Whitney U-test, and Chi-square tests, respectively. The
normality of the data was assessed using the Shapiro-Wilk test. Statistical
significance was defined as p < 0.05.

Between-group difference in cytokines. A general linear model (GLM) was
employed to examine the main effect of diagnosis (HC or MDD) on
individual variation in peripheral cytokine levels, while controlling for age
and sex as confounding factors in Model 1. Model 2 was additionally
adjusted for smoking status (yes or no), drinking status (yes or no), somatic
comorbidities (with or without), and family history (yes or no) to assess
stability based on Model 1. Each of the ten peripheral cytokines was tested
independently, and Bonferroni correction was applied to account for
multiple testing.

Between-group differences in white matter microstructure. Between-group
comparisons of white matter dMRI parameters, specifically FW and FAt,
were conducted using Randomise in FSL. A voxel-wise GLM analysis
was performed to assess the equality in FW and FA between the MDD
and HC groups while accounting for age and sex as covariates. TFCE

was applied for multiple comparison corrections across all skeleton
voxels.

Association between cytokines on white matter microstructure in
the MDD. Partial correlation was used to test for associations between
white matter microstructure (mean FW values extracted from voxels
showing significant between-group differences) and depressive symptoms
(HAMD scores). We averaged FW values across significant voxels based on:
(1) the global nature of systemic inflammation effects on brain tissue; and
(2) increased statistical power while reducing multiple comparison burden.
Then, we created general linear models that tested the main effects of
cytokine levels and white matter microstructure and their interaction.
Significant interactions were further analyzed using simple slopes [25], and
the Johnson-Neyman method was employed to identify the significant
region of moderation [26].

Supplementary analyses. We repeated all regression analyses controlling
for additional confounding variables, and removing outliers to test
whether the result was robust. Given the small proportion of male
patients in our dataset (9 males, 9.5%), we performed the analysis
excluding them. We also use HAMA scores, instead of HAMD scores, as
outcome variable to test the symptom specificity.

RESULTS
Demographics
Table 1 displays the demographic and clinical information for
participants. Compared with HC, MDD patients comprised a
significantly lower proportion of males (χ2= 35.17, p < 0.001) and
lower HAMD-17 scores (Z= 10.53, p < 0.001). No significant
differences were observed in age, handedness, smoking, and
education between the MDD patients and HC.

Dysregulated serum cytokine in MDD patients
Figure 1 illustrates the peripheral cytokine level comparisons
between the MDD patient (n= 63) and HC (n= 84). After
adjusting for sex and age, MDD participants exhibited significantly
lower levels of IFN-γ (F= 14.59, p < 0.001, Cohen’s d= 0.61), IL-2
(F= 9.75, p= 0.007, Cohen’s d= 0.68), IL-4 (F= 8.22, p= 0.012,
Cohen’s d= 0.80), and TNF-α (F= 19.40, p < 0.001, Cohen’s
d= 1.13) compared to HC. Furthermore, concentrations of IFN-γ,
IL-2, IL-4, and TNF-α remained significantly lower in MDD patients
compared with HC after controlling for smoking status, drinking
status, somatic comorbidities, and family history (Supplementary
Tables 1).

Table 1. Demographic and clinical characteristics of study participants.

Characteristic HC (N= 84) MDD (N= 63) Statistics t/χ2/z P-value

Age, Years, Median (IQR) 15 (13–16) 14 (13–16) 1.08 0.274

Sex, Male, n (%) 53 (63.1%) 9 (14.3%) 35.17 <0.001

Handedness, Right, n (%) 84 (100%) 62 (98.4%) 1.34 0.247

Smoking, Smoker, n (%) 1 (1.2%) 4 (6.4%) 2.91 0.088

Drinking, Yes, n (%) 1 (1.2%) 4 (6.4%) 2.91 0.088

Education, Years, Median (IQR) 9 (7–10) 8 (7–10) 1.06 0.281

Somatic comorbidities, Yes, n (%) - 10 (15.9%) - -

Family history, Yes, n (%) - 10 (15.9%) - -

HAMA, Median (IQR) 0 (0–1) 25 (22–31) 10.52 <0.001

HAMD, Median (IQR) 0 (0–2) 24 (21–27) 10.53 <0.001

Anxiety/Somatic, Median (IQR) 0 (0–0) 8 (7–9) 10.85 <0.001

Retardation, Median (IQR) 0 (0–0) 7 (5–8) 10.16 <0.001

Cognitive disturbance, Median (IQR) 0 (0–0) 6 (5–7) 11.08 <0.001

Sleep disruption, Median (IQR) 0 (0–0) 4 (2–5) 10.14 <0.001

Weight, Median (IQR) 0 (0–0) 0 (0–1) 6.38 <0.001

HC healthy controls, MDD major depressive disorder, HAMA hamilton anxiety rating scale, HAMD, 17-item Hamilton Depression Rating Scale.
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Altered FW in MDD
Figure 2 depicts the results of MDD and HC comparisons of FW in
voxel-wise TBSS analyses, controlling for age and sex. However, no
voxels survived correction for multiple comparisons in FA and FAt,
and thus, these two parameters were not further analyzed. The
significant clusters were averaged to calculate a single cluster
mean for each subject. The results revealed that MDD patients
exhibited significantly lower FW values (t= 6.72, p < 0.001,
Cohen’s d= 1.14). These alterations were widespread, affecting
approximately 38.5% of the white matter skeleton (22,835 voxels),
including areas such as the genu of corpus callosum, anterior limb
of the internal capsule, posterior limb of the internal capsule,
anterior corona radiata, superior corona radiata, and superior
longitudinal fasciculus.

Association between cytokines on abnormal FW in the MDD
Figure 3 shows the relationships between skeleton-averaged FW
and depressive symptoms. Partial correlation analysis revealed a
significant positive correlation between FW and HAMD in MDD
patients (r= 0.310, p= 0.015, Fig. 3A), not in HC, after controlling

for age and sex. The results remained unchanged after more
multivariable adjustments (Supplementary Tables 2).
Among the four differential inflammatory cytokines in MDD and

HC, only IFN-γ affected the relationship between FW and HAMD (F
(9, 53)= 2.97, R2= 0.34, p= 0.006). The main effects of IFN-γ
(β[SE]= 0.11 [0.11], t=−3.07, p= 0.003, Supplementary Tables 3)
and of FW (β[SE]= 0.29 [0.11], t=−2.91, p= 0.005) could predict
HAMD score. At the same time, there was a significant interaction
of IFN-γ levels and FW when predicting the HAMD score
(β[SE]= 0.46 [0.15], t= 3.09, p= 0.003). Simple slopes analysis
indicated that in MDD adolescents with higher IFN-γ level, higher
FW was associated with greater severity of depressive symptoms;
the direction was reversed in MDD adolescents with lower IFN-γ
level. The Johnson-Neyman interval specifying the lower and
upper bounds for which IFN-γ significantly moderated the FW-
HAMD relation was [3.15, 3.81] (see Fig. 3C&D).
Based on the five symptom dimensions of the HAMD scale, we

further explored which symptom dimensions were involved in the
modulation of the relationship between FW and inflammatory
cytokines. Only IFN-γ significantly moderated the relationship

Fig. 1 Betwesen-group comparisons of peripheral cytokine levels with Bonferroni correction, and the analyses were adjusted for age
and sex. * p < 0.05; ** p < 0.01; *** p < 0.001. IFN-γ interferon-gamma, IL-2 interleukin-2, IL-4 interleukin-4, TNF-α, tumor necrosis factor-alpha,
CRP C-reactive protein, C4 complement component 4, HC healthy control, MDD major depressive disorder.

Fig. 2 Between-group comparisons in white matter free-water (FW). Voxel-wise analyses revealed significantly lower FW in major
depressive disorder (MDD) patients relative to healthy controls (HC) in tract-based spatial statistics. All voxel-wise analyses controlled for age
and sex. * p < 0.05; ** p < 0.01; *** p < 0.001. FW free-water.
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Fig. 3 Association between abnormal free-water (FW) and clinical symptoms. A Partial correlation analysis revealed a significant positive
correlation between FW and HAMD score in MDD. B Partial correlation showed a positive association between FW and cognitive disturbance
in MDD. C-D The effect of IFN-γ moderated the FW-HAMD relation. Simple slopes of the IFN-γ-FW interaction (C). In MDD who with higher
level of IFN-γ (dark red), higher FW was associated with greater severity of depression (higher HAMD scores) whereas in MDD who with lower
level of IFN-γ (light red), higher FW was associated with lower severity of depression. Johnson-Neyman plot displaying the level of IFN-γ at
which the slope of FW was significant (red) (D). Dashed red lines represent the interval boundaries (3.15, 3.81) and the black bar visualizes the
observed IFN-γ levels. E-F The effect of IFN-γ moderated the association between FW and cognitive disturbance. The meanings of the lines
and contours are the same as in Figure C&D. IFN-γ expression was adjusted by natural logarithm. All models were adjusted for sex and age.
HAMD hamilton depression scale (17-Items); FW free-water; IFN-γ interferon-gamma.
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between FW and cognitive disturbance in the same direction
(interaction: β[SE]= 0.41 [0.16], t= 2.54, p= 0.014; see Fig. 3E&F
and Supplementary Tables 4). Simple slopes analysis indicated
that in MDD adolescents with higher IFN-γ level, higher FW was
associated with greater severity cognitive disturbance; the
direction was reversed in MDD adolescents with lower IFN-γ level.
The Johnson-Neyman interval specifying the lower and upper
bounds for which IFN-γ significantly moderated the FW- cognitive
disturbance relation was [2.88, 3.89] (see Fig. 3C&D). No other
inflammatory cytokines significantly moderated the relationship
between FW and the remaining four symptom dimensions.

Further analyses
The sensitivity analyses revealed a similar pattern of significant
results (Supplementary Tables 5). Our dataset included a small
number of male patients (9 males, 9.5%), and after excluding
them, the interaction of IFN-γ levels and FW remained stable in
females. Furthermore, after removing outliers, the interaction
effect remained significant, indicating that the findings were not
influenced by aberrant IFN-γ values. In specificity analyses, when
the outcome variable was changed to HAMA scores, the
interaction between FW and IFN-γ was no longer significant,
suggesting that the observed effect was specific to HAMD
(Supplementary Tables 5).

DISCUSSION
To our knowledge, this is the first study to report the associations
among white matter FW, peripheral inflammation, and depressive
symptoms in adolescents with MDD. We found that adolescents
with MDD exhibited lower levels of IFN-γ, IL-2, IL-4, and TNF-α,
along with broadly reduced white matter FW. Moreover, we
observed that IFN-γ levels significantly moderated the relationship
between altered white matter FW and depressive symptoms in
adolescents with MDD. Specifically, in adolescents with MDD and
higher IFN-γ levels, greater white matter FW was associated with
more severe depressive symptoms, while in adolescents with
lower IFN-γ levels, higher FW was associated with lower severity of
depressive symptoms. These findings provide valuable insights
into the underlying pathophysiology of white matter FW in
adolescents with MDD, specifically suggesting that IFN-γ levels
may regulate this process.
We observed significant differences in the blood levels of four

peripheral cytokine components, namely IFN-γ, IL-2, IL-4, and TNF-α,
providing further evidence of immune dysregulation in adolescents
with MDD, involving both anti-inflammatory and pro-inflammatory
processes. Importantly, it is worth noting that the patients in this
study were medication-free, and we controlled for potential
confounding factors such as smoking and alcohol consumption.
Our findings are consistent with previous research, which reported
lower levels of IFN-γ [27], IL-2 [27, 28], IL-4 [29], and TNF-α [27] in
adolescents with MDD compared to HC. Depression characterized
by typical neurovegetative symptoms is associated with hyper-
activity of the hypothalamic-pituitary-adrenal axis, leading to
elevated cortisol levels (hypercortisolism) [30]. Increased
corticotropin-releasing hormone levels contribute to enhanced
noradrenergic activity [31], while elevated cortisol levels down-
regulate the functioning of serotonin 5-hydroxytryptamine type 1 A
receptors, resulting in decreased serotonin availability [32]. These
changes in neurotransmitter systems, particularly increased nora-
drenergic signaling and decreased serotonin activity, may con-
tribute to a decrease in the production of Th1 cytokines such as IL-2
and IFN-γ [33].
Our findings related to FA are consistent with previous studies

in large sample sizes, which reported no differences in FA when
comparing adolescents with MDD to HC [34]. Importantly, in our
study, we corrected for partial volume effects using extracellular
water to improve the specificity of FA measurements, and we still

found no significant differences in FAt between the MDD patients
and HC. Previous research has suggested that widespread
abnormal FA in adult MDD is primarily driven by recurrent MDD
episodes [35]. Therefore, we hypothesize that the lack of
significant differences in white matter FAt between MDD patients
and HC may be related to the relatively shorter duration and lower
number of depressive episodes in adolescent patients.
This study is the first to investigate the abnormalities in white

matter FW in adolescents with MDD, while similar research on
adult patients is relatively limited. However, in contrast to our
findings, previous studies have reported a significant increase in
white matter FW in adults with MDD [12]. Interestingly, an increase
in white matter FW has also been observed in adults with
schizophrenia [36]. Importantly, white matter FW levels were
closely related to age. A study including healthy individuals aged
25–94 showed that white matter FW followed a U-shaped curve
with age, rapidly declining in early stages and subsequently
increasing after reaching the trough [37]. This suggests that,
during adolescence, increases in age are associated with
decreases in FW, while in older age, increases in age are
associated with increases in FW. Diffusion magnetic resonance
studies in non-primate animals have similarly shown a U-shaped
trajectory of white matter FW from early childhood to late
adulthood [38]. These findings suggest that the trajectory of white
matter FW development in individuals with psychiatric disorders
may be altered, particularly during adolescence, where early
developmental changes may occur. The stress acceleration theory
posits that early adverse experiences, characterized by chronic
stress, may affect brain development by increasing glucocorticoids
[39].
Our study reveals an apparent paradox requiring clarification:

while MDD adolescents showed overall reduced white matter FW
compared to controls, within the MDD group, the relationship
between FW and symptom severity was bidirectionally moderated
by IFN-γ levels. The group-level FW reduction likely reflects
general pathophysiological processes in adolescent depression,
such as increased glial density or altered tissue organization.
However, within this reduced range, the clinical significance of FW
values depends critically on inflammatory status. In adolescents
with higher IFN-γ, relatively higher FW values (though still below
normal) correlated with worse symptoms, suggesting active
neuroinflammatory processes involving blood-brain barrier dis-
ruption or inflammatory infiltration [40]. Conversely, in those with
lower IFN-γ, lower FW values were associated with more severe
symptoms, potentially reflecting structural alterations without
active inflammation [5]. This bidirectional moderation indicates
that adolescent MDD comprises heterogeneous subtypes with
distinct pathophysiology: an inflammatory subtype where relative
FW increases signal active inflammation and worse outcomes, and
a non-inflammatory subtype where greater FW reduction indicates
structural changes linked to symptom severity. These findings
underscore that the same FW value may have opposite clinical
implications depending on the patient’s inflammatory profile,
highlighting the importance of considering individual inflamma-
tory status when interpreting neuroimaging biomarkers in
adolescent depression [14].
The bidirectional moderation by IFN-γ reveals that FW’s

neurobiological significance is fundamentally context-dependent.
In high inflammatory states, elevated FW reflects maladaptive
processes—blood-brain barrier disruption, microglial activation,
and vasogenic edema—driving neuronal dysfunction and symp-
tom exacerbation [41]. Specifically, in the high IFN-γ context, these
processes are accompanied by cytokine-induced excitotoxicity,
oxidative stress, and disrupted neuron-glia interactions [14].
Conversely, in low inflammatory states, relatively higher FW may
indicate preserved homeostatic mechanisms including intact glial
support and myelin integrity, potentially serving protective
functions. In adolescents with low IFN-γ, higher FW values (though
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still below healthy controls) may reflect adaptive neuroplasticity or
more normative developmental processes, such as maintained
synaptic pruning efficiency, preserved oligodendrocyte function
[42], and intact neurotrophic support. This aligns with emerging
evidence that FW is a sensitive but non-specific biomarker whose
clinical meaning depends on the neuroimmune milieu. IFN-γ
functions as a biological “switch“ [43] that transforms the
pathophysiological meaning of FW alterations--what is adaptive
in one context becomes pathological in another. This framework
underscores the necessity of integrating inflammatory profiling
with neuroimaging to accurately interpret white matter changes
in adolescent depression, moving toward a systems-level under-
standing of depression heterogeneity.
This study has several limitations. (1) Although we controlled for

variables such as age, gender, smoking, and alcohol use in our
analysis, we did not account for other potential confounding
factors, such as body mass index, socioeconomic status, and
pubertal stage, which may influence peripheral immune status.
Future studies should control for a wider range of confounding
variables. (2) FW is visible within the low b-value range, and we
did not use high b-value shells in this study, as they are not
suitable for inclusion in the FW-DTI Gaussian diffusion model. The
information from high b-value shells remains to be explored
further in future studies using non-Gaussian models or fiber
tracking techniques. Future research could also focus on optimiz-
ing the sequence parameters. (3) Given that immunological
activation and cytokine responses in depression may exhibit
temporal dynamics, it would be valuable for future studies to
include longitudinal investigations. Long-term follow-up of
patients could provide valuable insights into the alterations of
peripheral cytokines and FW throughout the course of depression.
(4) Our MDD sample was predominantly female, reflecting the
higher prevalence of depression among adolescent females in
clinical settings. Considering established sex differences in
inflammatory responses and white matter development, the
generalizability of our findings to male adolescents with MDD
may be limited. Future studies with balanced sex representation
are needed to validate these results across sexes.

CONCLUSIONS
Our findings suggest that IFN-γ levels significantly moderated the
relationship between altered white matter FW and depressive
symptoms in adolescents with MDD. These results underscore the
importance of considering an individual’s peripheral inflammatory
status when interpreting the biological and psychological
functioning of adolescents with MDD. Furthermore, our findings
provide valuable insights for developing targeted treatment
strategies, emphasizing the role of inflammation in adolescents
with MDD.

DATA AVAILABILITY
Data is available on request from the authors.

REFERENCES
1. Zisook S, Lesser I, Stewart JW, Wisniewski SR, Balasubramani GK, Fava M, et al.

Effect of age at onset on the course of major depressive disorder. Am J Psy-
chiatry. 2007;164:1539–46.

2. Copeland WE, Alaie I, Jonsson U, Shanahan L. Associations of childhood and
adolescent depression with adult psychiatric and functional outcomes. J Am
Acad Child Adolesc Psychiatry. 2021;60:604–11.

3. Zhou X, Teng T, Zhang Y, Del Giovane C, Furukawa TA, Weisz JR, et al. Comparative
efficacy and acceptability of antidepressants, psychotherapies, and their combina-
tion for acute treatment of children and adolescents with depressive disorder: a
systematic review and network meta-analysis. Lancet Psychiatry. 2020;7:581–601.

4. Pasternak O, Sochen N, Gur Y, Intrator N, Assaf Y. Free water elimination and
mapping from diffusion MRI. Magn Reson Med. 2009;62:717–30.

5. Bracht T, Linden D, Keedwell P. A review of white matter microstructure alterations of
pathways of the reward circuit in depression. J Affect Disord. 2015;187:45–53.

6. Ho TC, Kulla A, Teresi GI, Sisk LM, Rosenberg-Hasson Y, Maecker HT, et al.
Inflammatory cytokines and callosal white matter microstructure in adolescents.
Brain, Behav, Immun. 2022;100:321–31.

7. Ji F, Pasternak O, Liu S, Loke YM, Choo BL, Hilal S, et al. Distinct white matter
microstructural abnormalities and extracellular water increases relate to cognitive
impairment in Alzheimer’s disease with and without cerebrovascular disease.
Alzheimers Res Ther. 2017;9:63.

8. Vandeloo KL, Burhunduli P, Bouix S, Owsia K, Cho KIK, Fang Z, et al. Free-water
diffusion magnetic resonance imaging differentiates suicidal ideation from sui-
cide attempt in treatment-resistant depression. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2023;8:471–81.

9. Bergamino M, Pasternak O, Farmer M, Shenton ME, Hamilton JP. Applying a free-
water correction to diffusion imaging data uncovers stress-related neural
pathology in depression. Neuroimage Clin. 2016;10:336–42.

10. Zhang R, Yu W, Wu X, Jiaerken Y, Wang S, Hong H, et al. Disentangling the
pathologies linking white matter hyperintensity and geriatric depressive symp-
toms in subjects with different degrees of vascular impairment. J Affect Disord.
2021;282:1005–10.

11. Sydnor VJ, Lyall AE, Cetin-Karayumak S, Cheung JC, Felicione JM, Akeju O, et al.
Studying pre-treatment and ketamine-induced changes in white matter micro-
structure in the context of ketamine’s antidepressant effects. Transl Psychiatry.
2020;10:432.

12. Langhein M, Seitz-Holland J, Lyall AE, Pasternak O, Chunga N, Cetin-Karayumak S,
et al. Association between peripheral inflammation and free-water imaging in
major depressive disorder before and after ketamine treatment - a pilot study. J
Affect Disord. 2022;314:78–85.

13. D’Mello C, Swain MG. Immune-to-brain communication pathways in inflammation-
associated sickness and depression. Curr Top Behav Neurosci. 2017;31:73–94.

14. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW. From inflammation
to sickness and depression: when the immune system subjugates the brain. Nat
Rev Neurosci. 2008;9:46–56.

15. Toenders YJ, Laskaris L, Davey CG, Berk M, Milaneschi Y, Lamers F, et al.
Inflammation and depression in young people: a systematic review and pro-
posed inflammatory pathways. Mol Psychiatry. 2022;27:315–27.

16. Gomes Coqueiro F, Rocha R, Menezes CA, Brasil Lopes M, Rosa Oliveira V, Fortes
FML, et al. What nutritional factors influence bone mineral density in Crohn’s
disease patients?. Intest Res. 2018;16:436–44.

17. Park M, Newman LE, Gold PW, Luckenbaugh DA, Yuan P, Machado-Vieira R, et al.
Change in cytokine levels is not associated with rapid antidepressant response to
ketamine in treatment-resistant depression. J Psychiatr Res. 2017;84:113–8.

18. Andersson JLR, Skare S, Ashburner J. How to correct susceptibility distortions in
spin-echo echo-planar images: application to diffusion tensor imaging. Neuro-
image. 2003;20:870–88.

19. Andersson JLR, Graham MS, Drobnjak I, Zhang H, Filippini N, Bastiani M. Towards
a comprehensive framework for movement and distortion correction of diffusion
MR images: Within volume movement. Neuroimage. 2017;152:450–66.

20. Taquet M, Scherrer B, Boumal N, Peters JM, Macq B, Warfield SK. Improved fidelity
of brain microstructure mapping from single-shell diffusion MRI. Med Image Anal.
2015;26:268–86.

21. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE,
et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion
data. Neuroimage. 2006;31:1487–505.

22. Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroi-
maging: a primer with examples. Hum Brain Mapp. 2002;15:1–25.

23. Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems
of smoothing, threshold dependence and localisation in cluster inference. Neu-
roimage. 2009;44:83–98.

24. Mori S, Oishi K, Jiang H, Jiang L, Li X, Akhter K, et al. Stereotaxic white matter atlas
based on diffusion tensor imaging in an ICBM template. Neuroimage.
2008;40:570–82.

25. Aiken LS, West SG, Reno RR Multiple regression: Testing and interpreting inter-
actions. Sage, 1991 https://books.google.com/books?hl=zh-CN&lr=&id=LcWLUy
XcmnkC&oi=fnd&pg=PP11&dq=Multiple+regression:+testing+and+interpreting
+interactions&ots=fqeh-aTW-g&sig=bAlCObkgOgUAFzm9iy8gVajf75k. Accessed
31 Dec2024.

26. Johnson PO, Neyman J. Tests of certain linear hypotheses and their application to
some educational problems. Stat Res Mem. 1936;1:57–93.

27. Lee H, Song M, Lee J, Kim J-B, Lee M-S. Prospective study on cytokine levels in
medication-naïve adolescents with first-episode major depressive disorder. J
Affect Disord. 2020;266:57–62.

28. Ho P-S, Yen C-H, Chen C-Y, Huang S-Y, Liang C-S. Changes in cytokine and
chemokine expression distinguish dysthymic disorder from major depression and
healthy controls. Psychiatry Res. 2017;248:20–27.

W. Li et al.

7

Translational Psychiatry          (2025) 15:407 

https://books.google.com/books?hl=zh-CN&lr=&id=LcWLUyXcmnkC&oi=fnd&pg=PP11&dq=Multiple+regression:+testing+and+interpreting+interactions&ots=fqeh-aTW-g&sig=bAlCObkgOgUAFzm9iy8gVajf75k
https://books.google.com/books?hl=zh-CN&lr=&id=LcWLUyXcmnkC&oi=fnd&pg=PP11&dq=Multiple+regression:+testing+and+interpreting+interactions&ots=fqeh-aTW-g&sig=bAlCObkgOgUAFzm9iy8gVajf75k
https://books.google.com/books?hl=zh-CN&lr=&id=LcWLUyXcmnkC&oi=fnd&pg=PP11&dq=Multiple+regression:+testing+and+interpreting+interactions&ots=fqeh-aTW-g&sig=bAlCObkgOgUAFzm9iy8gVajf75k


29. Jha MK, Cai L, Minhajuddin A, Fatt CC, Furman JL, Gadad BS, et al. Dysfunctional
adaptive immune response in adolescents and young adults with suicide
behavior. Psychoneuroendocrinology. 2020;111:104487.

30. Juruena MF, Bocharova M, Agustini B, Young AH. Atypical depression and non-
atypical depression: Is HPA axis function a biomarker? A systematic review. J
Affect Disord. 2018;233:45–67.

31. Dyzma M, Boudjeltia KZ, Faraut B, Kerkhofs M. Neuropeptide Y and sleep. Sleep
Med Rev. 2010;14:161–5.

32. López JF, Chalmers DT, Little KY, Watson SJAE. Bennett research award. regula-
tion of serotonin1a, glucocorticoid, and mineralocorticoid receptor in rat and
human hippocampus: implications for the neurobiology of depression. Biol
Psychiatry. 1998;43:547–73.

33. Martino M, Rocchi G, Escelsior A, Fornaro M. Immunomodulation mechanism of
antidepressants: interactions between serotonin/norepinephrine balance and
Th1/Th2 balance. Curr Neuropharmacol. 2012;10:97–123.

34. Schmaal L, Pozzi E, C Ho T, van Velzen LS, Veer IM, et al. ENIGMA MDD: seven
years of global neuroimaging studies of major depression through worldwide
data sharing. Transl Psychiatry. 2020;10:172.

35. van Velzen LS, Kelly S, Isaev D, Aleman A, Aftanas LI, Bauer J, et al. White matter
disturbances in major depressive disorder: a coordinated analysis across 20
international cohorts in the ENIGMA MDD working group. Mol Psychiatry.
2020;25:1511–25.

36. Carreira Figueiredo I, Borgan F, Pasternak O, Turkheimer FE, Howes OD. White-
matter free-water diffusion MRI in schizophrenia: a systematic review and meta-
analysis. Neuropsychopharmacology. 2022;47:1413–20.

37. Pieciak T, París G, Beck D, Maximov II, Tristán-Vega A, de Luis-García R, et al.
Spherical means-based free-water volume fraction from diffusion MRI increases
non-linearly with age in the white matter of the healthy human brain. Neuro-
Image. 2023;279:120324.

38. Kubicki M, Baxi M, Pasternak O, Tang Y, Karmacharya S, Chunga N, et al. Lifespan
trajectories of white matter changes in rhesus monkeys. Cereb Cortex.
2019;29:1584–93.

39. Whittle S, Zhang L, Rakesh D. Environmental and neurodevelopmental con-
tributors to youth mental illness. Neuropsychopharmacology. 2024;50:201–10.
https://doi.org/10.1038/s41386-024-01926-y.

40. Miller AH, Raison CL. The role of inflammation in depression: from evolutionary
imperative to modern treatment target. Nat Rev Immunol. 2016;16:22–34.

41. Haroon E, Miller AH, Sanacora G. Inflammation, glutamate, and glia: a trio of
trouble in mood disorders. Neuropsychopharmacology. 2017;42:193–215.

42. Paus T, Keshavan M, Giedd JN. Why do many psychiatric disorders emerge during
adolescence?. Nat Rev Neurosci. 2008;9:947–57.

43. Miller AH, Haroon E, Raison CL, Felger JC. Cytokine targets in the brain: impact on
neurotransmitters and neurocircuits. Depress Anxiety. 2013;30:297–306.

ACKNOWLEDGEMENTS
This work was supported by the Guangzhou Municipal Key Discipline in Medicine
(2021–2023), the Guangzhou High-level Clinical Key Specialty, the Guangzhou
Research-oriented Hospital, the Innovative Clinical Technique of Guangzhou
(2024–2026), the Guangdong Basic and Applied Basic Research Foundation (grant
number 2022A1515011567, 2020A1515110565), the Guangzhou Science, Technology
Planning Project (grant number 202201010714, 202103000032), the National Natural
Science Foundation of China (grant number 82471546, 82322024), the Guangdong
College Students Innovation and Entrepreneurship Training Project (grant number
S202310570038), the Innovative Clinical Technique of Guangzhou, the Guangzhou

Health Science and Technology Project (grant number 20231A010038). the
Guangzhou Traditional Chinese Medicine and Integrated Traditional Chinese and
Western Medicine Technology Project (grant number: 20232A010013), the Science
and Technology Plan Project of Guangzhou (2023A03J0842). The funding source had
no role in the study design, analysis, or interpretation of data or in the preparation of
the report or decision to publish.

AUTHOR CONTRIBUTIONS
LW and YZ were responsible for conceptualization, methodology, software,
visualization, data curation, and writing (both original draft and review & editing).
WC and LX contributed to methodology, resources, and investigation. ZF, HZ, CX, LZ,
ZY, CYY, CYF, and MSM performed methodology, resources, and investigation. SR and
LH conducted editing and investigation. MSR provided resources. SX helped write the
manuscript. NY and ZY contributed to conceptualization, funding acquisition,
investigation, supervision, and project administration.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-025-03643-6.

Correspondence and requests for materials should be addressed to Yuping Ning or
Yanling Zhou.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,

which permits any non-commercial use, sharing, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if youmodified
the licensed material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third partymaterial in
this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

W. Li et al.

8

Translational Psychiatry          (2025) 15:407 

https://doi.org/10.1038/s41386-024-01926-y
https://doi.org/10.1038/s41398-025-03643-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	White matter free water and depressive symptoms in medication-free depressed adolescents: moderation by peripheral inflammation
	Introduction
	Methods
	Participants
	Cytokine measurement
	Diffusion MRI acquisition
	White matter image processing
	Statistical analysis
	Demographics
	Between-group difference in cytokines
	Between-group differences in white matter microstructure
	Association between cytokines on white matter microstructure in the MDD
	Supplementary analyses


	Results
	Demographics
	Dysregulated serum cytokine in MDD patients
	Altered FW in MDD
	Association between cytokines on abnormal FW in the MDD
	Further analyses

	Discussion
	Conclusions
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




