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Abstract

Background: Although morphological abnormalities of the corpus callosum (CC) have been reported in schizophrenia, findings across
studies have been inconsistent. We systematically examined whether these morphological alterations are influenced by age. Methods:
A total of 151 individuals with treatment-naive first-episode schizophrenia (FES) and 278 healthy controls were included. T1-weighted
structural MRI scans were used to segment the CC on the midsagittal plane into 100 equidistant points, and CC thickness was estimated
at each point. To determine whether CC thickness abnormalities associated with schizophrenia were moderated by age, we applied
the Johnson—Neyman technique. Additionally, we investigated the relationship between age-dependent CC thickness abnormalities and
clinical symptoms using partial least-squares correlation analysis. Results: Abnormal CC thickness was observed in individuals with
treatment-naive FES, specifically within the rostral body, anterior midbody, isthmus, and splenium. These regions were thinner in younger
patients compared with healthy controls but appeared thicker in older patients. Furthermore, increased CC thickness in older patients
was associated with greater clinical symptom severity, whereas this association was not observed in younger patients. Conclusions: Our
findings demonstrate that CC thickness abnormalities in treatment-naive FES are age-dependent. The relationship between CC thickness
and symptom severity also varies as a function of age. These results suggest that the CC may represent a critical biological target for
age-sensitive, individualized therapeutic interventions in schizophrenia.
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Main Points 1. Introduction

Schizophrenia (SZ) is a persistent and severe mental

1. Corpus callosum (CC) thickness abnormalities ) ) o ) X
disorder characterized primarily by paranoid delusions and

in treatment-naive first-episode schizophrenia (FES) were

age-dependent: thinner in younger patients and thicker in
older patients, compared with healthy controls.

2. Specific CC subregions driving these effects were
the rostral body, anterior midbody, isthmus, and splenium.

3. Greater CC thickness in older FES patients was as-
sociated with more severe symptoms, a correlation not ob-
served in younger patients.

4. The results suggest that adolescent-onset
schizophrenia might represent a distinct form of the
illness and implicate the CC as a potential target for
age-sensitive, individualized therapeutic strategies.

auditory hallucinations [1]. The societal and economic bur-
den caused by SZ is substantial [2,3]. Previous studies have
found significant white matter anomalies in SZ patients.
A meta-analysis of the enhancing neuroimaging genetics
through meta-analysis consortium (ENIGMA) SZ diffusion
tensor imaging (DTI) Working Group’s study, which in-
volved over 4300 participants from 29 independent cohorts,
revealed significant fractional anisotropy decreases in 20 of
25 major white matter regions of interest in individuals with
SZ. Among these, the most pronounced effects were local-
ized to the corpus callosum (CC) [4]. Furthermore, a meta-
analysis conducted by Zhuo e? al. [5] reported white-matter
diffusion alterations in the CC of SZ patients, and identi-
fied the genu and splenium of the CC as two areas with a
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lower fractional anisotropy value than that of healthy con-
trols (HCs).

The CC stands as the brain’s largest white matter struc-
ture, functioning as the primary commissural fiber bun-
dle that facilitates communication between the two cere-
bral hemispheres [6]. Its morphological abnormalities in
SZ are well-established, with numerous studies reporting a
smaller area and volume. Two meta-analyses indicated a
significantly smaller CC area among SZ patients, particu-
larly in first-episode cases, than in HCs [7,8]. Collinson et
al. [9] found that SZ patients presented with substantially
smaller CC areas as well as CC volumes than the control
group. Nevertheless, the findings were inconsistent. Sev-
eral studies also reported no significant differences in CC
morphology between SZ and HCs [10,11], or even larger
CC areas in SZ [12].

This inconsistency may be influenced by sample-
selection bias, such as variations in the age of onset of SZ
patients across studies. Although SZ commonly emerges in
early adulthood, a smaller group (5—18%) experiences their
initial psychotic episode in childhood or adolescence; this
is referred to as early-onset SZ (before age 18). Evidence
has indicated that early-onset SZ often shows more severe
symptoms and a poorer prognosis than does adult-onset SZ
(after age 18) [13—15].

Although various methods exist for characterizing CC
morphology, such as areal subdivision [16], cortical end-
point [17], and boundary tangent [18], the present study
used the cross-sectional thickness model [19]. This model,
which is a state-of-the-art approach, fills a significant
methodological gap by providing higher regional speci-
ficity than do the other techniques. By generating 100 data
points along the CC, it offers a considerable improvement
in granularity over the five-to-seven subregions commonly
derived from segment-specific methods. This allows for
more precise insights and could offer improved sensitivity
in detecting meaningful effects.

The primary purpose of this study was to investigate
age-dependent CC-thickness abnormalities in first-episode
schizophrenia (FES). Using a moderation analysis, we ex-
plored whether these abnormalities varied across differ-
ent ages of onset. We also examine the association be-
tween identified CC thickness abnormalities and the clin-
ical symptomatology of FES.

2. Materials and Methods
2.1 Participants

FES patients were recruited from both inpatient and
outpatient psychiatric units at West China Hospital, Sichuan
University. All patients were treatment-naive. The diag-
nosis of SZ was determined by the criteria outlined in the
Structured Clinical Interview for Mental Disorders, Fourth
Edition (DSM-1V), patient version (SCID-P). HCs were re-
cruited through community advertisements. Interested in-
dividuals from the community were invited to West China

Hospital for screening and assessment using the SCID for
DSM-1V, non-patient edition to ensure they had no current
or past psychiatric disorders. General exclusion criteria
for all participants included: individuals with severe phys-
ical diseases, nervous system diseases, personality disor-
ders, alcohol abuse, substance abuse, or an intelligence quo-
tient (IQ) below 70. Participants provided informed con-
sent after receiving a full description of the study. For ju-
veniles, the informed consent forms were signed by their le-
gal guardians. This study was approved by the Institutional
Review Board of West China Hospital of Sichuan Univer-
sity (2017-131) and was conducted in accordance with the
Helsinki Declaration.

All study participants were of Han Chinese ethnic-
ity and predominantly right-handed, as determined by the
Annett Handedness Scale [20]. The Positive and Nega-
tive Syndrome Scale (PANSS) was estimated when patients
were recruited. We used a four-factor model to categorize
symptoms as estimated by PANSS, which included nega-
tive, positive, affective, and cognitive dimensions [21].

2.2 Image Acquisition

All neuroimaging scans were conducted using a 3.0 T
MR scanner (Achieva; Philips, Amsterdam, Netherlands),
equipped with an 8-channel phased-array head coil. Foam
padding and earplugs were used to control participant head
movement and suppress scanner noise.

High-resolution T1-weighted (T1w) images were
acquired using a magnetization-prepared rapid gradient-
echo sequence (MPRAGE) with the following parameters:
repetition time (TR): 8.1 ms, echo time (TE): 3.7 ms,
inversion time (TI): 1072.4 ms, flip angle: 7°, slice
thickness: 1 mm (without slice gap), 188 axial slices,
matrix size: 256 x 256, field of view (FOV): 256 x
256 mm, voxel size: 1 x 1 x 1 mm®. To ensure data
quality, a rigorous quality control procedure was im-
plemented for the assessment of Tlw images (https:
//www.humanconnectome.org/storage/app/media/docume
ntation/s1200/HCP_S1200 Release Appendix IV.pdf).
Only images categorized as “good” or “excellent” were
used in subsequent data processing and analysis; any scans
with artifacts were repeated.

2.3 Thickness of the Corpus Callosum

We estimated the thickness of the CC by using a semi-
automated pipeline (https://github.com/chrisadamsonmeri/
CCSegThickness), as comprehensively detailed in previ-
ous publications [19,22]. This pipeline comprised sev-
eral crucial steps: initial identification of the mid-sagittal
plane from T1-weighted MRI data, followed by template-
based segmentation of the CC, correction of topological
errors, and exclusion of pericallosal blood vessels. Post-
segmentation, thickness profiles were generated through
the following procedures: the CC was partitioned into left
and right halves, delimited by the bottommost extremities
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Fig. 1. Generation of CC thickness streamlines. (a) Mid-sagittal CC segmentation in a sample subject, with the final CC mask shown in

red. (b) Nonoverlapping cross-sectional contour lengths (streamlines) are indexed starting from 0 at the posterior junction of the inferior

and superior boundaries of the CC, progressing anteriorly to node 100 at the most rostral point. CC, corpus callosum.

at the left and right. An intermediate equipotential contour
was generated between these endpoints, computed as a so-
lution to Laplace’s equation to optimize the length of the
CC midline contour. This process also divided the outer
boundary of the structure into superior and inferior con-
tours. Streamlines were subsequently computed at reg-
ular intervals along the central contour, defined as non-
overlapping parallel lines intersecting superior and infe-
rior contours orthogonally in an anterior-posterior trajec-
tory. For this study, we created 100 streamlines per subject
(see generation of CC thickness streamlines in Fig. 1).

2.4 Statistical Analyses
2.4.1 Demographic and Clinical Data

We used chi-square tests or 2-sample #-tests to ex-
amine sex, age (range: 11-42 years), years of educa-
tion (EDUY), and total intracranial volume (TIV) between
groups. All statistical analyses were performed using IBM
SPSS Statistics for Macintosh (IBM Corporation, Somers,
NY, USA, Version 26.0).

2.4.2 Primary Analysis: Group Differences in CC
Thickness

We used the Johnson-Neyman (JN) technique [23,24]
with the “interactions” (v1.1.5) R package in R v 4.2.3 (R
Foundation for Statistical Computing, Vienna, Austria) to
explore the conditional effects (6) of group (X) on CC thick-
ness (Y) across the entire age range (11-42 years old), ad-
justing for sex, EDUY, and TIV as nuisance covariates.
Traditional moderation analysis typically used the pick-a-
point method, testing the conditional effects of X on Y at
selected points of the continuous moderator (M). In con-
trast, the JN technique provided a comprehensive analysis
by evaluating these effects throughout the entire range of
M [25]. This allowed for the identification of specific ages
at which the effect of X on Y becomes statistically sig-
nificant, thereby avoiding the subjectivity inherent in tra-
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ditional pick-a-point methods. Significance for multiple
comparisons was adjusted using the False Discovery Rate
(FDR) method, and the significance level was set as FDR-p
<0.05.

2.4.3 Exploratory Analysis: Relationship Between CC
Thickness and Clinical Symptoms

To investigate whether the interaction between CC
thickness and age was associated with clinical symptoms,
we performed a Partial Least Squares Correlation (PLSC)
analysis on the FES group [26,27]. PLSC is a multivari-
ate statistical method designed to identify latent variables
(LVs) that maximize the covariance between two data ma-
trices. Initially, we performed PLSC with the R matrix as a
product of the design matrix (X) and the scores of PANSS
(Y). The design matrix included CC thickness data, age,
and their interaction. Subsequently, singular value decom-
position was used to decompose matrix R, yielding pairs
of saliences (U and V) along with their respective singu-
lar values. Finally, we computed participant-specific be-
havior scores by projecting individual PANSS scores onto
respective saliences using the formula: behavior scores =
YU. These behavior scores represented each participant’s
symptom pattern captured by the LVs.

To determine statistical significance, a permutation
test (10,000 iterations) was run to generate null distribu-
tions for all singular values collectively, setting the signif-
icance threshold at p < 0.05. The Bootstrap ratio (BSR)
was computed by dividing observed salience by the stan-
dard error (estimated from 10,000 samples). A BSR with
a value higher than 2 or lower than —2 was deemed statisti-
cally significant (p < 0.05) [26]. This method mitigated the
issue of inflated degrees of freedom associated with multi-
ple testing. Given the collective assessment of latent com-
ponents via permutation testing and individual elements via
bootstrapping, correction for multiple comparisons within
a single PLSC analysis was unnecessary. In this study,
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Participant recruitment:
FES group (n=315)

Participant recruitment:
HCs group (n=347)

Excluded: refused to
participate (n=90)

Exclude: current or past
psychiatric disorders (n=26)

Recruited:
FES group (n=225)
HCs group (n=321)

Excluded:

* Not right-handed

FES group (n=25); HCs group (n=31)
« 1Q<70

Met inclusion criteria:
FES group (n=188)
HCs group (n=290)

FES group (n=12); HCs group (n=0)

Excluded: failed MRI scanning

FES group (n=37); HCs group (n=12)

Analysis:
FES group (n=151)
HCs group (n=278)

Fig. 2. Participant flow diagram. Abbreviations: FES, first-episode schizophrenia; HCs, healthy controls.

PLSC analyses were performed separately for four subre-
gions, and FDR correction was applied across these subre-
gions to adjust for multiple comparisons. JN analysis be-
tween the behavior scores and CC thickness with age as a
moderator was conducted to further confirm the relation-
ship between CC thickness and clinical symptoms.

To account for potential confounding by clinical char-
acteristics, we performed a sensitivity analysis. This analy-
sis assessed the relationship between CC thickness (in re-
gions identified as statistically significant in the primary
analysis) and clinical symptoms using the JN technique, ad-
justing for illness duration, age of onset, sex, and years of
education.

3. Results
3.1 Demographic and Clinical Data

Fig. 2 shows participant flow. The final sample com-
prised 151 FES patients and 278 HCs. Sex and TIV did not
differ between FES patients and HCs. FES patients had sig-
nificantly lower age and EDUY (both p < 0.001). Table |
shows these results along with the PANSS scores of FES
patients.

3.2 Primary Findings: Group Differences in CC Thickness

Preliminary JN analysis identified significant differ-
ences in CC thickness between FES patients and HCs, with
the affected streamlines presented in Fig. 3. To facili-
tate a more focused and systematic analysis, we subse-
quently combined the results with Witelson’s widely ac-
cepted anatomical segmentation method [16], aggregating

these streamlines of significant difference into four prin-
cipal regions: Region I consisted of streamlines 73 to 78,
corresponding to the anterior half of Witelson’s region 3
(rostral body); Region II consisted of streamlines 51 to 72,
corresponding to Witelson’s region 4 (anterior midbody)
and the posterior half of region 3; Region III consisted of
streamlines 24 to 32, corresponding to Witelson’s region 6
(isthmus); and Region IV consisted of streamlines 13 to 23,
corresponding to Witelson’s region 7 (splenium). The aver-
age thickness was computed for each of these four regions
and subjected to further JN analysis.

Further JN analysis revealed that FES patients under
12.2,19.5, 15.1, and 23.5 years of age exhibited thinner CC
than did HCs in Regions I to IV, respectively. Conversely,
those over 32.3, 36.1, 30.4, and 37.1 years showed thicker
CC than HCs in the same respective regions. The above
results are presented in Fig. 3.

3.3 Exploratory Findings: Relationship Between CC
Thickness and Clinical Symptoms

PLSC and subsequent JN analysis revealed that in Re-
gion I, increased CC thickness was associated with higher
G1 (somatic concern), G2 (anxiety), G3 (guilt feelings),
G6 (depression), and affective-factor scores in FES patients
older than 26.9 years old (all BSR >2, p < 0.05) (Fig. 4a,b).
In Region II, although PLSC analysis resulted in one sig-
nificant LV (FDR-p = 0.045), the JN analysis showed that
this interaction was not significant (p = 0.129). In Region
III, no significant LV was identified (FDR-p = 0.138). In
Region IV, PLSC and JN analysis suggested that increased
CC thickness was associated with higher G1 (somatic con-
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Table 1. Demographic and clinical data.

FES (n=151) HC (n=278) Statistics P
Age (years) 20.34 + 6.93 (12.00-42.00) 23.71 + 5.95 (11.00-42.00) t=-5.06  <0.001
Gender (M/F) 59/92 92/186 2=1534 0216
EDUY (years) 11.27 + 2.81 (6.00-18.00) 15.09 £ 3.17 (6.00-24.00) =-1239  <0.001
TIV (cm?) 1449.59 4 127.23 (1101.60-1821.62)  1446.47 & 123.79 (1130.99-1862.85)  t=0.25 0.805
PANSS n=137
Total 83.91 & 22.03 (32.00-143.00)
Negative 8.22 £ 2.96 (2.54-16.55)
Positive 7.59 £ 2.29 (2.44-12.29)
Affective 7.00 + 2.33 (2.66-12.84)
Cognitive 8.26 + 2.87 (2.96-15.77)

Abbreviations: EDUY, years of education; TIV, total intracranial volume; PANSS, Positive and Negative Syndrome Scale.

PANSS data were unavailable for 14 patients due to missing source records.

Note: values are presented as mean + standard deviation (minimum—maximum).

cern), G2 (anxiety), and affective-factor scores, and lower
N7 (stereotyped thinking) and G15 (preoccupation) scores
in FES patients over 20.3 years old (all BSR >2 or <-2, p
< 0.05) (Fig. 4c,d).

After controlling for illness duration, age of onset,
sex, and years of education as covariates, JN analysis re-
vealed that in Region I, greater CC thickness was signif-
icantly associated with greater symptom severity in FES
patients older than 27.16 years, whereas less CC thickness
was linked to more severe symptoms in those younger than
13.36 years. In Region IV, greater CC thickness was as-
sociated with more severe affective symptoms in patients
older than 19.59 years.

4. Discussion

In this study, we used a well-validated mesh-modeling
technique capturing CC thickness with extremely high re-
gional specificity to investigate the CC abnormalities of
treatment-naive FES patients across a wide age range. The
CC is generally thinner in younger patients (below cut-
offs ranging from <12.2 to <23.5 years) than in HCs, and
thicker in older ones (above cutoffs ranging from >30.4 to
>37.1 years). In older FES patients, there exists a positive
correlation between CC thickness and the severity of clini-
cal symptoms.

Previous neuroimaging studies investigating CC mor-
phology in SZ have yielded inconsistent findings, with
some reporting CC thinning [28,29] and others reporting
CC thickening [30] or larger CC areas [12] in patients than
in HCs. This apparent contradiction in the literature may
largely stem from methodological differences, particularly
concerning the age range of the participants. Studies report-
ing lower CC thickness predominantly enrolled relatively
younger patient cohorts, whereas those reporting greater
thickness tended to include older patients. Our study, by
encompassing a broad age spectrum of FES patients, sug-
gested that CC pathology in FES is fundamentally age-
dependent.
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Previous research has consistently demonstrated that
the CC is smaller in younger FES patients than in HCs. As
early as 2002, Keshavan et al. [31] reported reduced total
CC area and smaller areas in several CC subregions in FES
patients with an average age of 24.20 years. More recently,
Huang et al. [32] similarly observed a significantly smaller
whole CC area in a cohort of young FES patients (average
age 22.40 years). Regarding CC thickness, Walterfang et
al. [28] conducted a study involving 30 FES patients with
an average age of 21.56 years, and found that CC thickness
in FES was less than that of HCs. Furthermore, in a study
of 160 FES patients (average age 24.21 years), Tao et al.
[29] also reported less CC thickness in the posterior mid-
body subregion than in HCs. The findings of the present
study aligned well with these previous investigations, fur-
ther localizing less CC thickness in younger FES patients
to four specific subregions: the rostral body, anterior mid-
body, isthmus, and splenium.

The maturation of the CC is known to continue
throughout childhood and adolescence [33,34]. This de-
velopmental context is crucial, as previous research has
documented age-related increases in CC thickness, particu-
larly within the posterior midbody and isthmus, during this
period [6]. Our finding of a significantly thinner CC in
younger FES patients may reflect a deviation from typical
developmental patterns observed in HCs [35]. A longitu-
dinal study of adolescent SZ patients and HCs, which re-
ported delayed and altered maturation in various white mat-
ter tracts including the CC, provides more direct evidence
supporting this notion [36].

In the current study, greater CC thickness was ob-
served in older FES patients. This finding also aligned with
previous research, dating back to Rosenthal and Bigelow’s
1972 report [37] of greater CC thickness in post-mortem
brains of SZ patients. That observation was later replicated
by Nasrallah et al. [30] using MRI. Furthermore, John et al.
[12] observed larger areas in several CC subregions in FES
patients (mean age 30.13 years) than in HCs. Similarly,
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Fig. 3. Age-related group differences in CC thickness. The middle panel illustrates significant p-values (»p < 0.05) for group x age

interactions, displayed in light yellow on the CC surface model, with lower values shown in red. (a—d) Present the conditional effects ()

of group on CC thickness across the entire age range using the Johnson-Neyman technique for Regions I through IV, respectively. M,

moderator; JN, Johnson-Neyman; n.s., not statistically significant.

Narr et al. [38] found greater CC width in patients (mean
age 31.1 years) than in HCs. These previous observations
were therefore corroborated again by our present findings.

A greater thickness of the CC observed on structural
MRI may reflect a greater number of axons [39], sug-
gesting enhanced structural connectivity between cerebral
hemispheres. This heightened interhemispheric connec-

&% IMR Press


https://www.imrpress.com

Region |

Affective I

Region IV

(c)

Affective I

I Preoccupation [
i Higher CC
thickness with
higher
B i PANSS score
epression GGG
Guilt feelings INEEEEGEG—_—
 Anxiety I ~ Anxiety IR
Somatic concern I Somatic concern _
Stereotyped thinking [
Higher CC
thickness with
lower
PANSS score
-2 0 ) 2 -2 0 ) 2
Bootstrap ratios of PANSS Bootstrap ratios of PANSS
2.0¢
c c
o __ 20 O~
X X
»n )
Lo D B10 Range of
g 6 1.0 g 5 1.0 — observed
_E 8 5 8 data
O o O o
£ 2 00 . £ 2
O® 5 O ©00 n.s.
o5 " o5 p<0.05
5 2 1.0 : ‘5 2
D D

10 20 %0 40
Age (M) [in years, JN region(s): 26.9]

10 20 30 40
Age (M) [in years, JN region(s): 20.3]

Fig. 4. Relationship between CC thickness and clinical symptoms. (a,c) Symptoms shown in red were positively correlated with

increased CC thickness, and symptoms shown in blue were negatively correlated with increased CC thickness. (b,d) The conditional

effects (6) of CC thickness on the behavior scores across the entire age range using the Johnson-Neyman technique. n.s., not statistically

significant.

tivity could potentially underlie the “abnormal functional
hyperconnection” reported in SZ by David [40]. Beyond
axonal proliferation, greater CC thickness may also result
from various microstructural alterations, including gliosis,
edema, abnormal myelination, or aberrant fiber organiza-
tion. Indeed, previous investigations in SZ have reported
more severe gliosis [41], extra-axonal edema [42], and dys-
regulated myelination [43] within the CC. Therefore, fur-
ther research is necessary to precisely determine the spe-
cific pathophysiological mechanisms responsible for the
observed structural difference in our study and to elucidate
its functional implications.
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Abnormalities in CC thickness, as identified in our re-
search, were primarily localized to the rostral body, anterior
midbody, isthmus, and splenium, regardless of whether the
patients were younger or older. Substantial evidence from
both monkeys and humans showed that the premotor, sup-
plementary motor, and motor fibers typically traverse the
CC rostral body and anterior midbody subregions, whereas
the isthmus connects the parietal and superior temporal cor-
tices, and the splenium connects the occipital, inferior tem-
poral, and parietal regions [16,17,44-47].

Previous research has consistently documented abnor-
malities in the rostral and anterior midbody subregions of
the CC in individuals with SZ [48]. Alterations in motor
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tracts within these specific CC subregions have been pro-
posed as a potential neurobiological substrate for catatonia
in SZ [49,50]. Convergent evidence from neuroimaging
studies further supported a motor system dysfunction in SZ.
Functional MRI (fMRI) studies, for instance, have revealed
hyperconnectivity in the motor and somatosensory cortices
of SZ patients [51]. Similarly, a magnetoencephalography
(MEG) study found altered 3-band oscillations in the pre-
supplementary motor area and left motor cortex in SZ pa-
tients [52]. Furthermore, numerous studies have reported
abnormalities in transcallosal motor inhibition in SZ [53].
However, it is important to note that some research has sug-
gested that these inhibitory deficits may stem from dys-
functional cortical inhibitory mechanisms rather than pri-
mary CC pathway dysfunction [54,55]. Consequently, fu-
ture investigations should prioritize establishing direct re-
lationships between these observed functional differences
and structural abnormalities within the CC.

Between the ages of 11 and 15 years, CC exhibits
faster growth rates in the isthmus and splenium, whereas
changes in the rostrum and genu are nearly absent [56];
this may explain why abnormalities occur in the isthmus
and splenium. The isthmus and splenium connect to the
temporoparietal cortex, which is involved in spatial asso-
ciation and language functions, and to the occipital cortex,
which is responsible for visual processing. Abnormalities
in these brain regions have been reported in SZ [57-59],
potentially playing a crucial role in the occurrence of hal-
lucinations in patients [60,61]. The efficacy of corpus cal-
losotomy in ameliorating auditory and visual hallucinations
in drug-resistant SZ further underscores the critical involve-
ment of CC abnormalities in the generation of these hallu-
cinatory symptoms in the disorder [62]. Recent findings
have revealed that the primary fibers passing through the
splenium link the precuneus on both sides [46]. This pos-
teromedial parietal area is crucial for the default mode net-
work [63] and is associated with self-perception and self-
awareness [64]. Therefore, alterations in the CC splenium
aligned with extensive studies that demonstrated how struc-
tural [65—67] and functional [68,69] issues within the pre-
cuneus contribute to the underlying mechanisms of SZ. Ad-
ditionally, some investigations have pointed to hippocam-
pal connections that form a substantial portion of the ventral
splenium [70,71]. Therefore, the observed changes in sple-
nium thickness in FES patients might be associated with the
well-documented structural [72,73], functional [74], and
genetic [75,76] abnormalities within the hippocampus in
SZ.

Our PLSC analysis indicated that in older patients,
greater thickness in the CC rostral body and splenium was
associated with more severe affective symptoms, notably
depression and anxiety. The sensitivity analysis indicated
that this correlation remained robust after controlling for
clinical characteristics. This finding aligned with evidence
positing that CC abnormalities disrupt typical interhemi-

spheric communication, potentially leading to the aber-
rant lateralization of emotional processing [77]. Given
that emotional expression is predominantly governed by
the right hemisphere (as evidenced by more intense left-
sided facial expression [78]) and that right hemisphere le-
sions increase susceptibility to affective disorders [79], an
enlarged CC may be associated with pathological interfer-
ence with the normal hemispheric specialization required
for the recognition, regulation, and expression of emotions.
While our findings suggested a relationship between CC
thickness and emotional dysfunction in older patients with
FES, longitudinal research is needed to determine if this
structural feature could serve as a reliable marker of dis-
ease progression. Furthermore, while these results high-
lighted the CC as a region of interest in emotional regula-
tion, further research, especially interventional studies, will
be valuable to determine whether this structure have prac-
tical utility for developing and refining interventions tar-
geting emotional regulation. Our results further suggested
a negative correlation between CC thickness and negative
symptoms (specifically, stereotyped thinking). Previous
studies have reported a similar inverse relationship between
CC area and negative symptom scores in individuals with
FES, despite no significant differences in CC area between
patients and controls [80]. Findings from a diffusion tensor
imaging study suggested that the fractional anisotropy value
within the splenium of the CC is associated with negative
symptoms in individuals diagnosed with SZ [81]. However,
other investigations have not identified a significant rela-
tionship between CC structural abnormalities and negative
symptom severity [82,83]. Further investigation is crucial
to clarify the specific role of CC in the manifestation of
negative symptoms. The lack of a significant correlation
between CC thickness and clinical symptoms in younger
FES patients is likely attributable to ongoing white mat-
ter maturation during adolescence and early adulthood [33].
Within this neurodevelopmental phase, normative matura-
tional processes overlap with disease-related pathological
changes, potentially obscuring the expected relationship be-
tween CC abnormalities and clinical presentation. In con-
trast, among older individuals, after major neurodevelop-
mental trajectories have concluded, observed CC morpho-
logical alterations more directly reflect the pathophysiolog-
ical impact of the disease itself.

Limitations

This study has several limitations. First, the cross-
sectional design precludes any conclusions regarding the
temporal progression or stability of the observed struc-
tural brain differences. Second, potential confounding vari-
ables such as race, genetics, and significant differences in
EDUY could affect CC thickness. Although EDUY was in-
cluded as a covariate, this substantial difference may reflect
broader population disparities, including socioeconomic
status, which can also influence brain structure and FES
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pathology, thus precluding complete exclusion of their in-
fluence on our findings. Third, the current method for mod-
eling CC thickness, using parallel non-overlapping stream-
lines, offers fine-grained detail along the sagittal plane but
provides a narrow field of measurement, potentially over-
looking crucial pathological features and limiting a com-
prehensive morphological profile. Furthermore, as noted
by Owens-Walton et al. [84], a key limitation arises in re-
gions of high curvature, such as the genu and splenium,
where streamlines adopt curvilinear trajectories to preserve
orthogonality with the superior and inferior margins of the
structure. This complicates the interpretation of streamline
lengths as direct measures of thickness.

5. Conclusions

In summary, our findings indicated less CC thickness
in younger FES patients than in HCs, whereas older FES
patients exhibited greater CC thickness. Furthermore, these
differences were specific to particular subregions of the CC.
Our findings may have elucidated the conflicting results
observed in previous research and suggest that adolescent-
onset SZ might represent a different form of the illness.
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