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Background: Illness duration is the main index of cumulative illness severity during depression
progression. Corpus callosum (CC) damage is among the most replicated neurobiological findings in major
depressive disorder (MDD). We aimed to investigate the nature and extent of the association between illness
duration and CC changes.

Methods: Ninety-six MDD patients and 50 controls underwent diffusion and resting-state functional
magnetic resonance imaging (fMRI). White matter micro-structure and inter-hemispheric functional
connectivity were quantified by fractional anisotropy (FA) and voxel-mirrored homotopic connectivity
(VMHC). The CC was reconstructed by tractography and divided into five sub-regions. The associations
of illness duration with FA of each CC sub-region and voxel-wise VMHC were examined using correlation
analyses. Also, we investigated the potential relationship between illness duration, CC changes, and clinical
variables using mediation analyses.

Results: In MDD patients, longer illness duration was selectively associated with lower FA of CC sub-
regions 2 [partial correlation coefficient (pr) =-0.269, P=0.009] and 5 (pr=-0.296, P=0.004) as well as
higher VMHC in the supplementary motor areas (pr=0.378, P<0.001), precuneus (pr=0.384, P<0.001), and
lingual gyrus (pr=0.373, P<0.001) connected by the affected CC sub-regions. Further subgroup analyses
demonstrated pronounced FA decrease and VMHC increase in patients with illness duration over 20 years
relative to healthy controls (HHC) and other patient subgroups with shorter illness durations. Moreover, lower
FA of CC sub-regions 2 and 5 mediated the association between longer illness duration and more severe
sustained attention dysfunction.

Conclusions: These findings provide evidence for compromised structure yet compensatory function of
the CC with increasing depression illness duration, which may inform effective antidepressant treatment

strategies at different disease stages.
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Introduction

Major depressive disorder (MDD) is a severe psychiatric
disorder characterized by periods when individuals
experience guilt, sadness, and a loss of interest or pleasure
in their daily lives, which gives rise to a heavy social and
economic burden (1). The clinical course of MDD exhibits
chronicity with acute vs. remitted status and first episode
vs. recurrence. Relapse rates reach up to 80% within 1 year
of remission (2), and over 30% of patients with MDD still
fail to achieve a complete remission (3). Therefore, a better
understanding of the nature and extent of the relationship
between illness progression and neurobiological changes
in depression may inform effective therapeutic strategies
at different disease stages. During depression progression,
illness duration is usually thought to be the main index
of cumulative illness severity (4) and has shown strong
associations with various brain abnormalities (5-11).

The diffusion tensor imaging (D'TT) technique enables
the in vivo measurement of brain white matter micro-
structure (12). The most commonly used D'TT measure is
fractional anisotropy (FA), which estimates the degree to
which tissue organization limits water molecules’ diffusion,
thus reflecting membrane and myelin profiles of white
matter (13). DTT meta-analyses have revealed widespread
white matter impairments captured by FA in patients with
MDD (5,14,15). Among abnormal white matter tracts,
the corpus callosum (CC) appears to be consistently
more affected, which is supported by prior empirical
evidence for FA abnormalities in the genu (14-19), body
(5,14,15,17,18,20-23), and splenium (17,21,23,24) of the CC
in MDD. In light of these findings, we focused principally
on the CC and drew attention to its association with illness
duration in MDD. It is quite apparent that the CC plays a
vital role in maintaining stable functional communication
between hemispheres, i.e., inter-hemispheric homotopic
functional connectivity is supported by the underlying
structural connectivity of the CC (25). Therefore, we
sought to make use of convergent and complementary
measures of white matter micro-structure and homotopic
functional connectivity derived from DTT and functional
magnetic resonance imaging (fMRI) to assess the micro-
structure and function of the CC, respectively. Here, we
used voxel-mirrored homotopic connectivity (VMHC) (26)
to reflect inter-hemispheric functional connectivity because
this approach has been widely applied to explore neural
substrates underlying various mental disorders such as
generalized anxiety disorder (27), seizures (28), MDD (29),
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and schizophrenia (30).

The CC is the largest white matter structure in the
brain and interconnects the bilateral cerebral hemispheres
to integrate motor, perceptual, high-level cognitive, and
emotional regulatory functions (31,32). The heterogeneous
functions depend on the fact that the CC is a multifactorial
construct that can be divided into different sub-regions
based on the specific cortical regions that these sub-regions
connect (33). Moreover, the brain structure-function
relationship is rather complex, raising the concept that
function is shaped and constrained by structure, while
structure can be modified or compensated by function.
Hence, investigating micro-structural and functional
changes of the CC at the sub-regional level using a
combination of DTI-based tractography and fMRI-based
VMHC may further improve our understanding of the
role of the CC in many brain disorders, such as generalized
anxiety disorder (27), traumatic brain injury (34), and
amyotrophic lateral sclerosis (35). However, there remains
a dearth of studies of this kind in the current research realm
of depression to our knowledge.

Our goals in this study were three-fold. First, we
examined the associations of illness duration with FA of
each CC sub-region in patients with MDD using DTI-
based tractography. Second, we explored the associations
of illness duration with inter-hemispheric homotopic
functional connectivity using fMRI-based VMHC, and
then further tested the relationship between structural and
functional changes of the CC. Finally, we investigated the
potential associations between illness duration, CC changes,
and clinical variables using mediation analyses.

Methods
Participants

Patients were recruited consecutively from Department of
Sleep Disorders, Affiliated Psychological Hospital of Anhui
Medical University. We also enrolled healthy controls (HC)
from the local community via poster advertisements. A
total of 146 right-handed subjects were enrolled, including
96 patients with MDD and 50 gender- and age-matched
HC. Following the International Classification of Diseases
(ICD-10), two well-trained clinical psychiatrists confirmed
the diagnoses of depression. We carefully screened HC to
confirm an absence of any psychiatric illness. The exclusion
criteria for all participants included (I) the presence of
other psychiatric disorders such as substance-induced mood
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disorder, bipolar disorder, anxiety disorders, schizophrenia,
substance abuse, or dependence; (II) a history of significant
physical or neurological disease; (III) a history of head
injury with loss of consciousness; (IV) contraindications
for MRI such as pregnancy. Additional exclusion criterion
for HC was a family history of major neurological or
psychiatric illnesses among their first-degree relatives. We
used the 24-item Hamilton Rating Scale for Depression
(HAMD) (36) and the 14-item Hamilton Rating Scale
for Anxiety (HAMA) (37) to assess the severity of
depression and anxiety symptoms. Regular antidepressant
medications were received by all patients with MDD,
including selective serotonin reuptake inhibitors (SSRIs),
serotonin-norepinephrine reuptake inhibitors (SNRIs), and
noradrenergic and specific serotonergic antidepressants
(NaSSA). This study was approved by the ethics committee
of The First Affiliated Hospital of Anhui Medical
University. Written informed consent was obtained from
all participants after being given a complete description of
the study.

Cognition assessment

A computerized version of the Continuous Performance
Task-Identical Pairs (CPT-IP) (38) was used to measure
sustained attention as there is evidence that deficit in
sustained attention represents a typical feature of depression
(39,40). The stimuli were 2-, 3-, or 4-digit numbers in
separate conditions, which yielded separate scores reflecting
increasing memory load on digit span. Participants were
asked to monitor numbers on a computer screen and
respond to any consecutive presentation of identical stimuli
by key pressing as quickly as possible. Responses to target
trials (pairs that were identical and required a response)
and catch trials (pairs that were similar but not identical)
were scored as true and false positive responses. The main
outcome variable of interest was d’—a well-established
discrimination sensitivity index incorporating both true and
false positive responses. CPT-IP-2, -3, and -4 represented d’
values corresponding to the number of digits.

Image acquisition

MRI data were acquired using a 3.0-Tesla MR system
(Discovery MR750w, General Electric, Milwaukee, WI,
USA) with a 24-channel head coil. During scanning,
tight but comfortable foam and earplugs were used to
minimize head movement and scanner noise. All subjects
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were instructed to relax, keep their eyes closed but not fall
asleep, think of nothing in particular, and move as little
as possible. All participants underwent a high-resolution
three-dimensional T'1-weighted brain volume (BRAVO)
sequence with the following parameters: repetition time
(TR) =8.5 ms; echo time (TE) =3.2 ms; inversion time (TT)
=450 ms; flip angle (FA) =12°; field of view (FOV) =256 mm
%256 mm; matrix size =256x256; slice thickness =1 mm, no
gap; voxel size =1 mm x 1 mm x 1 mm; 188 sagittal slices;
and acquisition time =296 s. Resting-state blood-oxygen-
level-dependent (BOLD) fMRI data were acquired using
a gradient-echo single-shot echo planar imaging (GRE-
SS-EPI) sequence with the following parameters: TR
=2,000 ms; TE =30 ms; FA =90°; FOV =220 mm x 220 mm;
matrix size =64x64; slice thickness =3 mm, slice gap =1 mmy;
35 interleaved axial slices; 185 volumes; and acquisition
time =370 s. DTT data were acquired by a spin-echo single-
shot echo planar imaging (SE-SS-EPI) sequence with the
following parameters: TR =10,000 ms; TE =74 ms; FA
=90°;, FOV =256 mm x 256 mm; matrix =128x128; slice
thickness =3 mm without gap; 50 axial slices; 64 diffusion
gradient directions (b=1,000 s/mm®) plus five b=0 reference
images; and acquisition time =700 s. Routine T2-weighted
images were also collected to exclude any organic brain
abnormality. None of the participants were excluded for
visually inspected imaging artifacts.

DTI data preprocessing and fiber tracking of the CC

The DTI data were preprocessed using the software
packages FMRIB Software Library (FSL, http://www.
fmrib.ox.ac.uk/fsl) (41). First, all the diffusion volumes were
aligned to the b0 images with an affine transformation to
minimize image distortion by eddy currents and to reduce
inter-volume head motion. Brain tissues were then extracted
using FSD’s Brain Extraction Tool (BET) (http://www.
fmrib.ox.ac.uk/fsl/bet2). To facilitate manual definition
of the CC sub-regions, DTT data were resampled into a
I mm x 1 mm x 1 mm voxel. After the preprocessing steps,
a Gaussian tensor model was fitted to each voxel using
Diffusion Toolkit (DTK, http://trackvis.org/dtk), and
an FA map was generated for each subject. The whole-
brain fiber tractography was performed using the Fiber
Assignment by Continuous Tracking (FACT) algorithm
with the FA threshold of 0.2, and the maximum curvature
angle of 45°. The CC sub-regions were defined on the mid-
sagittal section of the FA maps using TrackVis software
(http://trackvis.org). Two trained raters who were blind to
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Figure 1 Sub-regions of the CC. Segmentation scheme of the
CC (A). Fibers crossing through each sub-region (B). The most
anterior sub-region 1 connects bilateral prefrontal cortices, sub-
region 2 premotor and supplementary motor cortices, sub-region
3 motor cortices, sub-region 4 sensory cortices, and the most
posterior sub-region 5 parietal, temporal, and occipital cortices.

CC, corpus callosum.

subjects’ identity then manually segmented each CC into
five sub-regions. The most anterior sub-region 1 connects
bilateral prefrontal cortices, sub-region 2 premotor and
supplementary motor cortices, sub-region 3 motor cortices,
sub-region 4 sensory cortices, and the most posterior sub-
region 5 parietal, temporal, and occipital cortices (33)
(Figure 14). White matter fibers crossing through the five
CC sub-regions were tracked separately (Figure 1B), and the
average FA values of the five fibers were extracted for each
subject. Inter-class correlation coefficients (ICC) ranged
from 0.982 to 0.998 (Table S1) and Dice coefficients from
0.923 to 1 (Table S2), with the former representing the test-
retest reliability of inter-rater measurement and the latter
reflecting the spatial similarity of inter-rater tracked fibers.
Both measures suggested excellent inter-rater reliability.
The mean values of the two raters’ manual measurements
were calculated for subsequent statistical analyses.
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fMRI data preprocessing and inter-hemispheric functional
connectivity analysis

Resting-state fMRI data were preprocessed using Statistical
Parametric Mapping software (SPM12, http://www.fil.ion.
ucl.ac.uk/spm) and Data Processing & Analysis for Brain
Imaging (DPABI, http://rfmri.org/dpabi) (42). The first
10 volumes for each subject were discarded, and the
remaining volumes were corrected for the acquisition time
delay between slices. Realignment was then performed
to correct the motion between time points. Head motion
parameters were computed by estimating the translation in
each direction and the angular rotation on each axis for each
volume. All data were within the defined motion thresholds
(i.e., translational or rotational motion parameters less
than 2.5 mm or 2.5°). We also calculated frame-wise
displacement (FD), which indexes the volume-to-volume
changes in head position. Several nuisance covariates (the
estimated motion parameters based on the Friston-24
model, the linear drift, the white matter signal, the
cerebrospinal fluid signal, and the spike volumes with FD
>0.5) were regressed out from the data. Then, the datasets
were band-pass filtered using a frequency range of 0.01
to 0.1 Hz. In the normalization step, individual structural
images were firstly co-registered with the mean functional
image; the transformed structural images were then
segmented and normalized to the Montreal Neurological
Institute (MNI) space using a high-level nonlinear
warping algorithm, i.e., the diffeomorphic anatomical
registration through exponentiated Lie algebra DARTEL
technique (43). Finally, each filtered functional volume was
spatially normalized to MNI space using the deformation
parameters estimated during the above step and resampled
into a 3-mm isotropic voxel.

Inter-hemispheric functional connectivity was measured
by VMHC, which was computed using the DPABI
software. To obtain a better correspondence between
symmetric voxels, we transformed the functional images
to a symmetric space. First, all normalized T1 images
were averaged to create a mean T'l image, which was then
averaged with its left-right mirrored version to generate a
group-specific symmetrical template. Second, the nonlinear
registration to standard space was refined for each subject
using the symmetrical template and was then used to
transform each subject’s functional data to the symmetric
space. All functional data sets were then smoothed with a
6 mm full-width at half-maximum (FWHM) Gaussian
kernel. VMHC was defined as the functional connectivity
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between any pair of symmetric inter-hemispheric voxels, i.e.,
the Pearson’s correlation coefficient between the time series
of each voxel and that of its symmetrical inter-hemispheric
counterpart (26). The resultant VMHC maps were Fisher
Z-transformed to improve the normality.

Statistical analysis

The statistical analyses of demographic and clinical data
were performed using the SPSS 23.0 software package
(SPSS, Chicago, IL, USA). Two-sample #-tests were used
to compare age, educational years, FD, HAMD, HAMA,
and CPT-IP scores between patients with MDD and HC.
Pearson chi-square test was used to test group differences
in gender. A threshold of P<0.05 was considered statistically
significant (two-tailed).

We adopted a multi-stage approach to analyze brain
imaging data. First, we tested for the associations between
FA of each CC sub-region and illness duration using partial
correlation analyses with age, gender, and educational
years as covariates. Bonferroni correction was adopted
to adjust significance levels for multiple comparisons
(P<0.05/5=0.01). Second, several studies have demonstrated
an effect of antidepressants on white matter changes
in MDD (44-46). To exclude this effect, we considered
antidepressant types (SSRIs, SNRIs, and NaSSA) as a
categorical variable and then repeated the partial correlation
analyses, additionally adjusting for antidepressant types.
Third, we initially tested the associations between cerebral
VMHC and illness duration in a voxel-wise manner using
partial correlation analyses with age, gender, educational
years, and FD as covariates.

Moreover, we also repeated the partial correlation
analyses, additionally adjusting for antidepressant types.
Then, we explored the relationship between structural
and functional changes of the CC. That is, for significant
clusters showing correlations with illness duration, we
extracted the VMHC values and then investigated their
associations with FA of the corresponding CC sub-regions
connecting these regions. Fourth, for the CC sub-regions
associated with illness duration, we further examined the
relationships between their FA values and clinical variables
(i.e., HAMD, HAMA, CPT-IP scores). A threshold of
P<0.05 was considered to indicate statistical significance.

Moreover, to explore whether the associations between
illness duration and clinical variables were mediated by CC
micro-structure in patients with MDD, mediation analyses
were performed using the PROCESS macro (http://www.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Zhao et al. lliness duration and the CC in depression

processmacro.org/) available for SPSS (47,48), with illness
duration, clinical variables, and FA values as independent,
dependent, and mediating variables. Age, gender, and
educational years were also considered covariates in the
mediation analyses. Based on 5,000 bootstrap realizations,
the significance of mediation effects was assessed by the
bootstrap 95% confidence interval (CI) in the way a
significant indirect effect is indicated when the bootstrap
95% CI does not include zero. Finally, to explore the
exact nature of the relationships between CC changes and
illness duration, we divided the patients with MDD into six
subgroups according to illness duration (49). We tested the
differences in FA and VMHC in relation to illness duration
between controls and patients as well as between patient
subgroups.

Results
Demographic and clinical features

Demographic and clinical data of the sample are listed in
Table 1. In brief, the patient and control groups did not
differ in gender (chi-square test, x’=0.755, P=0.385), age
(two-sample r-test, t=1.227, P=0.222), and FD (t=1.505,
P=0.206). However, patients with MDD had lower
education levels (t=—4.152, P<0.001), CPT-IP-2 (t=-2.015,
P=0.046), CPT-IP-3 (t=-2.965, P=0.004) and CPT-
IP-4 (t=—2.086, P=0.039), and higher HAMD (t=19.480,
P<0.001) and HAMA (t=18.315, P<0.001) than HC.

CC structure and illness duration of depression

In patients with MDD, we found significant negative
correlations between illness duration and FA of CC sub-
region 2 [partial correlation coefficient (pr) =—0.269,
P=0.009] (Figure 2A) and sub-region 5 (pr=-0.296,
P=0.004) (Figure 2B) (P<0.05, Bonferroni corrected). We
also observed a nominally significant negative correlation
between illness duration and FA of the entire CC
(pr=-0.264, P=0.011). There were no significant
correlations between illness duration and FA of the other
CC sub-regions (Table S3). Moreover, after additionally
adjusting for antidepressant types, the correlations between
illness duration and FA of CC sub-region 2 and 5 remained
significant (Table S4). For completeness, we also measured
the area of each CC sub-region to reflect their macro-
structural morphology (Appendix 1) and found significant
negative correlations between illness duration and the area
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Table 1 Demographic and clinical characteristics of the sample

Characteristics MDD HC Statistics P value
Gender (female/male) 59/37 27/23 ¥*=0.755 0.385
Age (years) 43.85+11.10 (18 to 62) 41.56+9.94 (23 to 57) t=1.227 0.222
Education (years) 8.79+3.63 (4 to 16) 12.04+4.87 (4 to 20) t=—4.152 <0.001
HAMD* 27.20+12.43 (1 to 52) 1.87+1.76 (0 to 6) t=19.480 <0.001
HAMA* 18.55+8.12 (2 to 35) 2.29 +1.97 (0 to 10) t=18.315 <0.001
CPT-IP-2* 2.17+1.02 (-0.12 to 4.24) 2.58+1.11 (0.32 to 4.24) t=-2.015 0.046
CPT-IP-3* 1.82+0.93 (-0.22 to 4.24) 2.37+1.07 (0.28 to 3.96) t=-2.965 0.004
CPT-IP-4* 0.96+0.68 (-0.34 to 3.09) 1.25+0.89 (-0.22 to 3.40) t=—2.086 0.039
FD 0.15+0.12 (0.04 to 0.78) 0.12+0.06 (0.03 to 0.33) t=1.505 0.206

lliness duration (months)
Onset age (years)

Episode number

Antidepressant medications

SSRIs
SNRIs
NaSSA

66.40+78.31 (0.3 to 339)
38.44+11.92 (12 to 59)
2.63+2.45 (1 to 21)

66
25
5

*, the data are available for 38 of 50 HC. Except for gender designation, data are means + SDs. Numbers in parentheses are the range.
MDD, major depressive disorder; HC, healthy controls; HAMD, Hamilton Rating Scale for Depression; HAMA, Hamilton Rating Scale
for Anxiety; CPT-IP, Continuous Performance Task-Identical Pairs; FD, frame-wise displacement; SSRIs, selective serotonin reuptake
inhibitors; SNRIs, serotonin-norepinephrine reuptake inhibitors; NaSSA, noradrenergic and specific serotonergic antidepressant; SD,

standard deviation.
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Figure 2 Correlations between illness duration and FA of the CC sub-regions. Scatter plots showing negative correlations between illness

duration and FA of CC sub-region 2 (A) and sub-region 5 (B) in patients with MDD. FA, fractional anisotropy; CC, corpus callosum; MDD,

major depressive disorder; pr, partial correlation coefficient.
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Precuneus

Pr=0.378, P<0.001

0.4

Pr=0.384, P<0.001

. 0.8
VMHC of precuneus
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Pr=0.373, P<0.001

1.2

Figure 3 Brain regions with VMHC in relation to illness duration in patients with MDD. On the bottom, scatter plots show significant

positive correlations between illness duration and VMHC of the significant clusters. VMHC, voxel-mirrored homotopic connectivity;

MDD, major depressive disorder; L, left; R, right; SMA, supplementary motor area; pr, partial correlation coefficient.

of CC sub-region 3 (pr=-0.287, P=0.006) and sub-region 4
(pr=-0.285, P=0.006) (Figure S1 and Table S5).

CC function and illness duration of depression

Exploratory voxel-wise correlation analyses (uncorrected
P<0.01 and cluster size >40 voxels) revealed significant
positive correlations between illness duration and VMHC
in the supplementary motor area (peak coordinate: x/y/z =3/
-9/63; t=3.908; cluster size =44 voxels) (pr=0.378, P<0.001),
precuneus (peak coordinate: x/y/z =15/-48/48; t=3.873;
cluster size =88 voxels) (pr=0.384, P<0.001), and lingual
gyrus (peak coordinate: x/y/z =6/-87/-9; t=3.735; cluster
size =52 voxels) (pr=0.373, P<0.001) (Figure 3). Moreover,
after additionally adjusting for antidepressant types, the
correlations between illness duration and VMHC in the
supplementary motor area, precuneus, and lingual gyrus
remained significant (Table S4). However, no significant

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

correlations were observed between FA of CC sub-region 2
and VMHC in the supplementary motor area (connected by
sub-region 2) as well as between FA of CC sub-region 5 and
VMHC in the precuneus and lingual gyrus (connected by
sub-region 5) (P>0.05) (Table S6).

Sensitivity analysis

To test the possible effects of extreme outliers on our
results, we repeated the correlation analyses between
neuroimaging variables and illness duration after excluding
participants with illness duration greater than mean +3
x standard deviation (SD) or smaller than mean —3x SD.
As shown in Table S7, despite changes in P values, most
correlations remained nominally significant after excluding
the outliers except the correlation between illness duration
and FA of CC sub-region 2, indicating that the outliers
influenced our results to an extent.
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Figure 4 Associations between illness duration, FA of CC sub-region 2 (A) and sub-region 5 (B), and CPT-IP-3. On the left, scatter plots
show positive correlations between illness duration and FA of sub-regions 2 and 5. On the right, graphical representation of the mediation
analyses between illness duration and CPT-IP-3, with FA of sub-regions 2 and 5 as the mediators: estimates of the mediated (a x b), direct
(¢”), and total (c) effects. All paths are reported as unstandardized ordinary least squares regression coefficients. *, P<0.05; **, P<0.01; ***,

P<0.001. FA, fractional anisotropy; CC, corpus callosum; CPT-IP, Continuous Performance Task-Identical Pairs; pr, partial correlation

coefficient; SE, standard error.

Associations between illness duration, CC micro-structure,
and cognition

In patients with MDD, we observed a significant positive
correlation between CPT-IP-3 and FA of CC sub-region
2 (pr=0.364, P<0.001) (Figure 44) and a trend towards a
positive correlation between CPT-IP-3 and FA of CC sub-
region 5 (pr=0.184, P=0.077) (Figure 4B). No significant
correlations were found between clinical symptoms (HAMD
and HAMA) and FA of CC sub-regions 2 and 5 (Table S8).
In the mediation analysis model, all paths were reported
as unstandardized ordinary least squares regression
coefficients, namely, total effect of X on Y (c) = indirect
effect of X on Y through M (a x b) + direct effect of
X on Y (¢’). In patients with MDD, we found that the
relationship between illness duration and CPT-IP-3 was
significantly mediated by FA of sub-region 2 (indirect effect

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

=—1.0913x10~, SE =0.5868x10~, 95% CI: -2.4173x107,
~0.0829x107) (Figure 44) and FA of sub-region 5
(indirect effect =—0.6380x107, SE =0.3925x10, 95% CI:
-1.6541x107, —0.0619x107) (Figure 4B).

Inter-group differences in structure and function of the CC

There were no significant differences in FA of the entire
CC and CC sub-regions or VMHC in the supplementary
motor area, precuneus, and lingual gyrus between
mixed patients and HC (Table S9). According to illness
duration (49), we divided patients with MDD into six
subgroups (subgroup 1, <1 year, n=33; subgroup 2,
1-2 years, n=12; subgroup 3, 2-5 years, n=15; subgroup
4, 5-10 years, n=21; subgroup 5, 10-20 years, n=8; and
subgroup 6, >20 years, n=7). Further pairwise comparisons
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Figure 5 Inter-group differences in structure and function of the CC. *, P<0.05; **, P<0.01; ***, P<0.001. CC, corpus callosum; FA,

fractional anisotropy; VMHC, voxel-mirrored homotopic connectivity; SMA, supplementary motor area; HC, healthy controls; MDD,

major depressive disorder.

revealed that subgroup 6 exhibited decreased FA of CC sub-
regions 2 and 5 and increased VMHC in the supplementary
motor area, precuneus, and lingual gyrus compared with
HC and other patient subgroups with shorter illness
durations (Figure 5).

Discussion

Using a combined analysis of DTI-based tractography
and fMRI-based VMHC in a large cohort of patients with
MDD, we found that longer illness duration (over 20 years
in particular) was selectively associated with lower FA of
CC sub-regions 2 and 5 as well as higher inter-hemispheric
homotopic functional connectivity in the supplementary
motor areas, precuneus, and lingual gyrus connected by
the affected CC sub-regions. Also, lower FA of CC sub-
regions 2 and 5 related to worse performance in sustained
attention and acted as a mediator of the association between
longer illness duration and more severe sustained attention
dysfunction.

FA estimates the degree to which tissue organization
limits water molecules’ diffusion, which reflects regional
white matter characteristics such as axon caliber, fiber
density, and myelination (13). Changes in FA values could
represent multiple underlying white matter micro-structural
alterations, such as changes in axonal density or axonal
diameter, abnormal myelination, or altered coherence of
the fiber tracts (50). Here, we found significant negative
correlations between illness duration and FA of CC sub-
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regions 2 and 5, suggesting that white matter micro-
structural features in the two sub-regions are preferentially
affected by illness duration in MDD patients. The
anterior sub-region 2 connects bilateral premotor and
supplementary motor cortices, and the posterior sub-region
5 parietal, temporal, and occipital cortices (33). Inter-
hemispheric information transfer between these homotopic
cortical regions is vital for motor, emotional, and cognitive
functions. Disturbed inter-hemispheric communications
resulting from impaired white matter micro-structure of
CC sub-regions 2 and 5 may affect these cortical regions
and their functions, which is coherent with previous reports
of structural and functional alterations in these regions in
MDD (8,29,51,52). As a surrogate measure for cumulative
illness severity during depression progression (4), illness
duration has been linked to various brain impairments
such as gray matter volume abnormalities (6,7), functional
connectivity changes (8,9), and white matter micro-
structural alterations (5,10,11). Our current observation
that longer illness duration was predictive of greater white
matter micro-structural disruption in the CC sub-regions
may complement and extend previous literature on the
relationship between illness duration and brain damage
in depression. However, several DTT studies focusing
principally on the CC failed to find a correlation between
illness duration and white matter micro-structure of the
CC (21,53), which is inconsistent with our findings. This
discrepancy may be explained by differences in sample
sizes (96 vs. 18 and 20 patients), illness profiles (chronic
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vs. first-episode MDD), and methodology (fiber tracking
vs. tract-based spatial statistics). Notably, the correlation
between CC micro-structure and illness duration was still
present after controlling for antidepressant types, indicating
independence from medication.

Inter-hemispheric communication is an important
organizational principle of the human brain, and
the CC is mainly responsible for coordinating this
communication (54). Previous neuroimaging studies have
suggested that different cortical homotopic regions are
anatomically connected by distinct CC sub-regions (55),
with their inter-hemispheric functional connectivity
facilitated by underlying CC structural connectivity (25).
Given robust links between structural and functional
connectivity in the human brain (56), it is natural to expect
that decreased inter-hemispheric functional connectivity
would be secondary to disrupted structural connectivity of
the CC. Surprisingly, we found that longer illness duration
correlated with higher VMHC in the supplementary
motor areas, precuneus, and lingual gyrus connected
by aberrant CC structural connectivity. The opposite
findings regarding structural and functional changes may
be explained by functionally compensatory processes for
structural damage or concurrent structural and functional
abnormalities. The former notion has been confirmed by a
previous multi-modal MRI study reporting that enhanced
inter-hemispheric functional connectivity between bilateral
primary motor cortices compensates for their anatomical
connection damages in subcortical stroke (57). However,
we cannot rule out the possibility of concurrent structural
hypoconnectivity and functional hyperconnectivity as
no direct correlation between aberrant structural and
functional connectivity was observed in the current
study. There are at least two other reasons for this lack of
association. First, the cortical homotopic regions connected
by CC sub-regions 2 (premotor and supplementary motor
cortices) and 5 (parietal, temporal, and occipital cortices)
are much larger than the significant clusters identified in the
voxel-wise VMHC correlation analyses, which may lead to
a disproportional change pattern of the measured functional
and structural connectivity. Second, although the CC serves
as the major pathway for inter-hemispheric information
transfer (58,59), there is mounting evidence that other
pathways contribute to inter-hemispheric synchronization,
e.g., intact functional coupling between the hemispheres in
individuals with complete agenesis of the CC (60) and early
recovery of inter-hemispheric functional connectivity in
epilepsy patients after total corpus callosotomy (61).
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Behavioral evidence indicates that illness duration is a
strong predictor of cognitive dysfunction in patients with
MDD (62). Sustained attention abnormality is one of the
typical cognitive deficits in depression (39,40). Yamada
et al. reported that micro-structural abnormalities in the CC
segments connecting the frontal and parietal cortices were
associated with working memory and attention impairments
in patients with MDD (53), which is in agreement with
the present findings of associations between lower CPT-
IP scores and lower FA in CC sub-regions 2 and 5. CC
sub-regions 2 and 5 connect bilateral frontal and parietal
cortices comprising the executive control network that
is responsible for multiple cognitive functions, including
sustained attention. Decreased FA in the two sub-regions
may reflect disrupted inter-hemispheric communications
between bilateral frontoparietal cortices, which may
lead to dysfunction of the executive control network and
subsequent deficit in sustained attention. Moreover, our
further mediation analyses revealed that FA of CC sub-
regions 2 and 5 mediated the relationship between illness
duration and sustained attention, namely, more cumulative
illness severity (indexed by longer illness duration) may
cause greater CC micro-structural abnormity (indexed by
lower FA), which may in turn result in worse performance
in attention function. This finding may fill in the current
gaps of knowledge regarding the exact relationship between
illness duration and cognitive impairments in depression by
identifying a mediating neural substrate.

This study did not find any group differences in
micro-structure (FA) or function (VMHC) of the CC
between mixed patients and HC. Case-control designs,
which assume that patient and control groups are distinct
entities, are overwhelmingly dominant in psychiatry but
are limited to detecting group differences that essentially
describe an average patient. Our further subgroup analyses
demonstrated that patients with MDD with illness duration
over 20 years exhibited pronounced FA decrease and inter-
hemispheric functional connectivity increase relative to HC
and other patient subgroups with shorter illness durations.
"This finding indicates that structural connectivity abnormity
and functional connectivity compensation may occur in the
later stage of depression and suggests that illness duration
should be considered an important influence factor in
depression research.

Several limitations should be considered when
interpreting the present findings. First, all our patients were
receiving antidepressant medication. Although findings
were consistent when correcting for antidepressant types,
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the effect of medication cannot be completely eliminated,
which may influence our interpretation. Future studies
in medication-naive patients with MDD are needed to
validate our preliminary findings. Second, the cross-
sectional and correlational design does not resolve causality.
For example, we cannot exclude the possibility that more
severe brain damage may render patients with MDD more
prone to suffer from longer illness durations. Therefore,
future longitudinal studies are required to establish the
direction of causality. Finally, all the patients were recruited
consecutively and randomly from the inpatient and
outpatient departments. This contributes to the observation
that most patients had a short illness duration, whereas
the number of patients with a longer illness duration was
rather small. In the future, more patients with a longer
illness duration will be selectively enrolled to validate our
preliminary results.

In summary, the present study revealed an association of
increasing illness duration (over 20 years in particular) with
compromised CC structural connectivity yet compensatory
inter-hemispheric functional connectivity in MDD.
Moreover, lower FA of the CC served as a mediator of the
association between longer illness duration and more severe
sustained attention dysfunction. These findings not only
may help to clarify the relationship between illness duration,
CC changes, and cognitive deficits in depression, but also
may yield insights into effective antidepressant treatment
strategies at different disease stages.
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Supplementary

Methods

Association between illness duration and area of the CC

High-resolution structural images were used for area measurement of the CC. The mid-sagittal slice was selected to measure
area of the 5 CC sub-regions according to the Rosenberg et al. study (63). Measurements were also made by two raters, with
ICC ranging from 0.929 to 0.986. The mean values of the two raters’ manual measurements were calculated for subsequent
statistical analyses. In addition, total intracranial volume (TIV) was assessed by using the CAT12 toolbox (http://www.neuro.
uni-jena.de/cat). Then, we tested for the associations between area of each CC sub-region and illness duration using partial
correlation analyses with age, gender, educational years and TIV as covariates. Bonferroni correction was adopted to adjust

significance levels for multiple comparisons (P<0.05/5=0.01).

References

63. Rosenberg DR, Keshavan MS, Dick EL, Bagwell WW, MacMaster FP, Birmaher B. Corpus callosal morphology in treatment-
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Figure S1 Scatter plots showing negative correlations between illness duration and area of CC sub-region 3 (A) and sub-region 4 (B) in

patients with MDD. CC, corpus callosum; MDD, major depressive disorder; pr, partial correlation coefficient.

Table S1 Inter-rater reliability for FA values in the CC

Table S2 Dice coefficients of inter-rater tracked fibers of the CC

Region ICC P Region Range
Sub-region 1 0.998 <0.001 Sub-region 1 0.943-1
Sub-region 2 0.994 <0.001 Sub-region 2 0.927-1
Sub-region 3 0.994 <0.001 Sub-region 3 0.923-1
Sub-region 4 0.994 <0.001 Sub-region 4 0.925-1
Sub-region 5 0.982 <0.001 Sub-region 5 0.940-1

FA, fractional anisotropy; CC, corpus callosum; ICC, inter-class
correlation coefficients.

Table S3 Partial correlations between illness duration and FA of
the CC sub-regions in patients with MDD

lliness duration

Region

Pr P
Sub-region 1 -0.068 0.516
Sub-region 2 -0.269 0.009*
Sub-region 3 -0.196 0.060
Sub-region 4 -0.267 0.010
Sub-region 5 -0.296 0.004*

*, P<0.05, Bonferroni corrected. FA, fractional anisotropy; CC,
corpus callosum; MDD, major depressive disorder; pr, partial
correlation coefficient.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

CC, corpus callosum.

Table S4 Partial correlations between illness duration and FA of
the CC sub-regions as well as VMHC in the supplementary motor
area, precuneus and lingual gyrus in patients with MDD after
additionally adjusting for antidepressant types

lliness duration

Imaging parameters

Pr P
FA of sub-region 2 -0.269 0.009
FA of sub-region 5 -0.295 0.005
VMHC of supplementary motor area 0.384 <0.001
VMHC of precuneus 0.388 <0.001
VMHC of lingual gyrus 0.371 <0.001

FA, fractional anisotropy; CC, corpus callosum; VMHC,
voxel-mirrored homotopic connectivity; MDD, major depressive
disorder; pr, partial correlation coefficient.
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Table S5 Partial correlations between illness duration and area
of the CC sub-regions in patients with MDD, with age, gender,
educational years and TIV as covariates

Iliness duration

Region

Pr P
Sub-region 1 -0.096 0.365
Sub-region 2 -0.244 0.019
Sub-region 3 -0.287 0.006*
Sub-region 4 -0.285 0.006*
Sub-region 5 -0.260 0.012

*, P<0.05, Bonferroni corrected. CC, corpus callosum; MDD,
major depressive disorder; TIV, total intracranial volume; pr,
partial correlation coefficient.

Table S6 Partial correlations between FA of CC sub-region 2 and VMHC in the supplementary motor area as well as between FA of CC sub-

region 5 and VMHC in the precuneus and lingual gyrus

FA of sub-region 2

FA of sub-region 5

VMHC

Pr P Pr P
Supplementary motor area -0.131 0.210
Precuneus -0.188 0.071
Lingual gyrus -0.169 0.105

FA, fractional anisotropy; CC, corpus callosum; VMHC, voxel-mirrored homotopic connectivity; pr, partial correlation coefficient.

Table S7 Partal correlations between illness duration and FA of the
CC sub-regions as well as VMHC in the supplementary motor area,
precuneus and lingual gyrus in patients with MDD after excluding
the outliers

Table S9 Comparisons in FA of the entire CC and the CC sub-
regions as well as in VMHC in the supplementary motor area,
precuneus and lingual gyrus between mixed patients and HC

lliness duration

Imaging parameters

Pr P
FA of sub-region 2 -0.161 0.127
FA of sub-region 5 -0.244 0.020
VMHC of supplementary motor area 0.321 0.002
VMHC of precuneus 0.373 <0.001
VMHC of lingual gyrus 0.346 0.001

FA, fractional anisotropy; CC, corpus callosum; VMHC, voxel-
mirrored homotopic connectivity; MDD, major depressive
disorder; pr, partial correlation coefficient.

Table S8 Partial correlations between clinical symptoms and FA of
CC sub-regions 2 and 5

Imaging parameters F P

FA of the entire CC 0.067 0.796
FA of sub-region 1 1.125 0.291
FA of sub-region 2 0.584 0.446
FA of sub-region 3 0.240 0.625
FA of sub-region 4 0.031 0.860
FA of sub-region 5 0.308 0.580
VMHC of supplementary motor area 2.085 0.151
VMHC of precuneus 0.408 0.524
VMHC of lingual gyrus 0.823 0.366

FA of sub-region 2 FA of sub-region 5

Clinical variables

Pr P Pr P
HAMD 0.003 0.981 0.017 0.873
HAMA -0.051 0.628 0.032 0.764

FA, fractional anisotropy; CC, corpus callosum; pr, partial
correlation coefficient; HAMD, Hamilton Rating Scale for
Depression; HAMA, Hamilton Rating Scale for Anxiety.
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The FA values were compared between patients and controls by
using a general linear model with age, gender and educational
years as nuisance covariates. The VMHC values were compared
between patients and controls by using a general linear model
with age, gender, educational years and FD as covariates. FA,
fractional anisotropy; CC, corpus callosum; VMHC, voxel-
mirrored homotopic connectivity; HC, healthy controls; FD,
frame-wise displacement.
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