Psychiatry Research: Neuroimaging 291 (2019) 63-70

Contents lists available at ScienceDirect

Psychiatry Research

Psychiatry Research: Neuroimaging

journal homepage: www.elsevier.com/locate/psychresns

Corpus callosum microstructural and macrostructural abnormalities in R

Check for

schizophrenia according to the stage of disease Rt

Jérémy Madigand™™', Maxime Tréhout™"™“', Nicolas Delcroix**, Sonia Dollfus™"",
Elise Leroux™*

2 Normandie Univ, UNICAEN, ISTS EA 7466, GIP CYCERON, Caen F-14000, France

P CHU de Caen, Service de psychiatrie Adulte, Centre Esquirol, Caen F-14000, France

¢ Normandie Univ, UNICAEN, UFR de Médecine (Medical School), Caen F-14000, France
9 Normandie Univ, UNICAEN, CNRS, UMS GIP CYCERON, Caen F-14000, France

ARTICLE INFO ABSTRACT

Corpus callosum (CC) volume and surface (macrostructural) studies remain controversial and have not con-
sidered the illness duration (ID) systematically. Regardless of ID, some CC macrostructural studies have shown
no difference between SZ patients and healthy controls (HC), whereas others have reported macrostructural
abnormalities in SZ. Conversely, CC microstructural studies are more in agreement with alterations in CC in-
tegrity regardless of the patients’ ID, but the direction and degree of these abnormalities over time remain
unknown. Moreover, no study has explored both the micro- and macrostructure of the CC in SZ by considering
the stage of disease. Both CC micro- and macrostructural data were investigated in 43 SZ patients and compared
between two patient groups (21 patients with a short ID and 22 with a long ID) and HC (23 participants) using
diffusion tensor and structural imaging. CC microstructural alterations were detected in both SZ groups com-
pared to the HC group, without differences between the SZ groups. In contrast, CC macrostructural alterations
were only found in the long ID group. CC microstructural alterations might be detected in schizophrenia at an
early stage, without an increase of magnitude thereafter, while CC macrostructural alterations might become
apparent at later stages of the illness.
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abnormalities (Balevich et al., 2015; Collinson et al., 2014; Downhill
et al., 2000; John et al., 2008; Knochel et al., 2012b). Among the only

1. Introduction

The corpus callosum (CC), the main commissure of the white matter
(WM), has been particularly implicated in the pathophysiology of
schizophrenia and has been described as altered in this disorder
(Ublinskii et al., 2015). The CC enhances the transfer and integration of
high-level cognitive information, such as language and executive
functions (Gazzaniga, 2000). However, studies on callosal volume and
cross-sectional surface area (macrostructure) using magnetic resonance
imaging (MRI) in schizophrenia remain controversial and have not
considered the illness duration systematically. Regardless of the illness
duration, some studies have indeed shown no difference between pa-
tients with schizophrenia (SZ) and healthy controls (HC) groups (Chua
et al., 2000; Frumin et al., 2002; Lei et al., 2015; Trehout et al., 2017;
Woodruff et al., 1997), whereas others have reported macrostructural

studies that have already considered the stage of disease as Walterfang
et al. (2008), Arnone et al. (2008) or Johnson et al. (2013), the results
remain discrepant. Indeed, Walterfang et al. (2008) found no significant
difference in CC total area across first-episode, chronic SZ and HC
groups. This result is in agreement with Johnson et al. (2013) that re-
ported no callosal surface difference between childhood-onset SZ pa-
tients and HC. Conversely, the meta-analysis by Arnone et al. (2008)
found callosal decrease in both SZ group and first-episode psychosis
subgroup compared to their respective HC groups. However, the meta-
analysis by Arnone et al. (2008) included only four studies in first-
episode patients and their results were in contradiction with other
studies (Walterfang et al., 2008; Johnson et al., 2013). Therefore, the
macrostructural results might be more in agreement when the illness
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duration of SZ is considered since abnormalities might appear or be
detected at a late stage of disease. In contrast, microstructural studies
using diffusion tensor imaging (DTI) are more consistent, whatever the
stage of illness in SZ (Zhuo et al., 2016), although the evolution of these
abnormalities remains unknown.

To date, no study has explored both micro- and macrostructure in SZ
by considering the stage of disease. Our hypothesis is that the CC
macrostructural abnormalities may be essentially detected at a late
stage of the disease, whereas the CC microstructural abnormalities
would be detected at an earlier stage. To support this hypothesis, this
study aims to compare both callosal micro- and macrostructural data in
two groups of SZ patients (short and long illness duration) and a HC
group. The callosal regions involved in audition, language and execu-
tive functions were targeted since these functions are known to be
impaired in SZ (Cavelti et al., 2018; de et al., 2003; Vroomen and de,
2003; Wigand et al., 2015).

2. Methods
2.1. Participants

Three participant groups were included: one stabilized SZ group (i.e.
patients without any change in their antipsychotic medication for at
least one month) with a short illness duration (SID, n = 21), one sta-
bilized SZ group with a long illness duration (LID, n = 22) and one HC
group (n = 23). The SZ groups were determined on the global median
of illness duration in all SZ patients to obtain two equivalent patient
samples (median illness duration = 10.7 years) in order to analyse the
CC micro- and macrostructure by considering the stage of disease. The
illness duration was calculated as the duration between the date of the
first hospitalisation for SZ symptomatology and the date of the imaging
investigation. When there were no past hospitalisations, the date of
psychotic symptoms onset reported in the medical report was used.

The three groups did not significantly differ in gender and education
level (Table 1). All participants were right-handed (i.e., with an Oldfield
score greater than 50 (Oldfield, 1971)) to limit confounding factors in
the statistical analyses. The diagnosis of SZ was established according to
the DSM-IV criteria (Diagnostic and Statistical Manual of Mental Dis-
order 4th edition) and the MINI semi-structured interview (Mini In-
ternational Neuropsychiatric Interview). Antipsychotic drug use was
stable during the month preceding inclusion in the study. Both SZ
groups did not significantly differ in medication in chlorpromazine
equivalent (Table 1). The psychopathological status of SZ was examined
using PANSS (Positive And Negative Syndrome Scale; (Kay et al.,
1987)). The characteristics of participants (illness duration (ID), age,
gender, medication in chlorpromazine equivalent, type of antipsychotic
medication and PANSS scores) are available in the Table 1.

SZ patients were recruited from the University Hospital (Caen,
France), and participants for the HC group were recruited from the
community. All participants were free of auditory deficits, neurological
disorders, and cerebral abnormalities. All participants gave informed
written consent in accordance with the Declaration of Helsinki, and the
local ethics committee (Comité de Protection des Personnes Nord-
Ouest, France) approved the experimental protocol.

2.2. Acquisition and preprocessing of the imaging data

The native neuroimaging data were acquired using a 3T scanner
(Intera Achieva, Philips Medical System, Netherlands). Three-dimen-
sional, high-resolution T;-weighted brain volume were acquired (3D-
FFE-TFE sequence; 256 X 256 matrix size with 180 contiguous slices;
256 mm field of view (FOV); 1 mm isotropic resolution; sagittal slice
orientation; 20 ms repetition time (RT); 4.6 ms echo time (ET); 10° flip
angle (FA); 800 ms inversion time; and a SENSE factor of 2). A To-
weighted scan was also acquired for each participant (T2-TSE sequence;
256 x 256 matrix size with 81 contiguous slices; 256 mm FOV; 2 mm
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isotropic resolution; sagittal slice orientation; 5500 ms RT; 80 ms ET;
90°FA; and a SENSE factor of 2). Diffusion-weighted images (DWI from
DTI) were obtained using a DWI sequence from 21 directions with one
image without diffusion weighting (factor b = 1000 s/mm2; 112 x 112
matrix size with 70 contiguous slices; 224 mm FOV; 2 mm isotropic
resolution; axial slice orientation; 8500 ms RT; 81 ms ET; 90°FA; and a
SENSE factor of 2.5).

Regarding preprocessing of the macrostructural data, we used SPM
software subroutines (Statistical Parametric Mapping, Wellcome
Department of Cognitive Neurology, London, UK, http://www.fil.ion.
ucl.ac.uk/spm) to obtain segmented and modulated WM images from
the T; images. Regarding the microstructural data, the method used to
extract diffusion maps has already been published previously (Leroux
et al., 2013; Leroux et al., 2014). Briefly, diffusion maps of anisotropy
fractional (FA) as well as radial and mean diffusivities (RD and MD in
mm?/s, respectively) for each participant (DTIFIT, FMRIB's Diffusion
Toolbox: FDT) were obtained from FSL software (FLIRT, FMRIB Soft-
ware Library, Oxford, UK, http://www.fmrib.ox.ac.uk/fsl). All of these
maps were standardized in an MNI common space (Montreal Neuro-
logical Institute, Canada (Evans et al., 1992)) and used for subsequent
post-processing analyses.

2.3. Post-processing of the imaging data: calculation of the CC volume and
extraction of the CC diffusion data

An automated in-house segmentation method, executed in MATLAB
(The Mathworks, Inc), was applied in each participant from individual
WM probability maps, the aim being to extract the volume of CC in MNI
space (Fig. 1). The callosal volume was arbitrarily defined from one
midline and five para-sagittal slices (1 mm thick), resulting in one total
volume of ten slices. One additional and manual step, to suppress the
fornix, was realized in order to ensure an optimal segmentation, using
FSL software. Then, the segmented CC was automatically subdivided
into five different anteroposterior subregions according to Hofer and
Frahm's parcellation (2006). To investigate audition, language and
executive functions involved in schizophrenia, the regions studied were
one anterior region, gathering together the CC; (language and executive
functions) and the CCy; (executive functions) and one posterior region,
the CCy (audition and language). Then, the individual CC mask was
applied to each individual modulated probability map of WM to esti-
mate the callosal volumes of both regions (anterior and posterior re-
gions in cm®). Additionally, this CC mask was applied to the different
diffusion maps to extract all diffusion parameters in each participant.
Loss of integrity was characterized by decreased FA (axonal degenera-
tion) as well as increased RD/MD (demyelination) (Alexander et al.,
2007; Beaulieu, 2002; Leroux et al., 2013).

2.4. Statistical analyses

To test possible differences in CC volume and integrity between the
groups (HC versus SID versus LID), eight analyses of covariance
(ANCOVAs, inter-group analyses) were performed with the volume and
integrity data of the CC as dependent variables (volumes, FA, MD and
RD in CC anterior and posterior regions) and with the groups (three
levels: SID, LID and HC) as independent variables.

The results were considered significant with a p <0.05. If the
ANCOVA results were significant, post-hoc analyses were performed
(Student's t-test). The gender was considered in these analyses as a
between-subject factor since a sexual dimorphism of the CC has been
described regarding the macrostructure (Ardekani et al., 2013) and the
microstructure (Menzler et al., 2010). Age was also considered as a
covariate since differences in age were expected between both SZ
groups. Similarly, the total brain volume was considered as a covariate
in the volumetric analyses as suggested in the literature on volumetric
neuroimaging in schizophrenia (Ueda et al., 2010).

Spearman correlations were also performed to test relationships
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Table 1
Characteristics of participants.

Schizophrenia (SZ) groups’ Healthy control (HC) group p-value
SID group (ID < 10.7 years) LID group (ID = 10.7 years) n=23
n=21 n=22

Illness duration (ID, in years) 6.6 + 2.4 19.2 + 7.1 - < 0.0001%*
[1.3;10.1] [11.7 ; 39.8]

Age (in years) 30.4 + 5.3 411 = 7.9 35.4 = 10.3 0.00030"
[19.1 ; 40.4] [29.2; 59.8] [22.9 ; 61.6] < 0.0001%*

0.047"*
0.021%*

Gender, Male [n (in%)] 12 (57.1%) 17 (77.3%) 15 (65.2%)

Education level (number of years of school) 129 * 2.6 12.6 * 2.2 129 * 1.8
[10; 20] [9;17] [10;17]

Medication (in chlorpromazine equivalent, mg/day) 383.7 = 227.7 391.5 + 309.2 NA
[100 ; 1000] [100; 1133.3]

Type of medication (%) NA NA

Typical 34.8 39.1

Clozapine 30.4 26.1

Other atypical 34.8 43.5

Total PANSS Score 57.9 = 15.8 53.3 = 10.2 NA 0.26™*
[38; 89] [36; 72]

General PANSS Score 27.9 = 6.9 26.8 = 4.9 0.57%
[18 ; 45] [18 ; 38]

Negative PANSS Score 17.6 £ 7.0 14.8 £ 5.3 0.15"
[8; 30] [9; 25]

Positive PANSS Score 12.5 = 5.4 12.1 * 4.4 0.78*
[7 5 24] [7;21]

Values are mean * Standard Deviation (SD) [range] unless otherwise specified. SZ: patients with schizophrenia; SID: Short illness duration patient group; LID: Long
Illness Duration patient group; HC: Healthy controls group; ID: Illness duration; n: number; PANSS: Positive And Negative Syndrome Scale; NA: Not Applicable;.

1 Median of the illness duration (ID) = 10.7 years.
# ANOVA: Analysis of Variance;.

* Student's t-test;.

= 2 test; Significance level: p < 0.05.

@ Difference between SID and LID groups;.

b Difference between SID and HC groups;.

¢ Difference between LID and HC groups.

between diffusion measures and volumes of the CC in each group with 3. Results
the integrity data as dependent variables and the volumes as in-
dependent variables according to both regions (anterior and posterior). 3.1. Participants

All statistical analyses were performed with JMP software (SAS

Institute, Inc., Cary, NC, version 10.0). The characteristics of the three groups of participants are detailed in

Diagram of compartmentalization of the
Standardized T, Image corpus callosum (CC) according to Hofer &
Frahm (2006)

08

Individual maps of
FA° MD RD

ccy CCii CCy Anterior CC_ M\ \L

‘ >Cey
& — 6 —> @G ( éey —> @1 ( CCy
- ‘. Antero=postefior. 6F Calculation of volumes and
probability map of Callosal volume P i extraction of diffusion data in
individual WM extracted from 10 parceiing the anterior corpus callosum

sagittal sections

and part 5

Modulated probability map [G&#

of individual WM [

Fig. 1. Steps of post-processing allowing the calculation of the corpus callosum volumes and extraction of callosal integrity values in the regions involved in audition,

language and executive functions.
CC: corpus callosum; FA: fractional anisotropy; MD: mean diffusivity; RD: radial diffusivity; WM: white matter.
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Table 2
Inter-group comparisons of the corpus callosum volumes.
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SID Group LID Group HC Group inter-group comparisons’

n=21 n=22 n=23 p (ANCOVA) p (post-hoc)
Anterior CC Volume (in cm®) 3.07 = 0.42 2.87 + 0.45 3.12 = 0.42 0.045 0.041%%

[2.28 ; 3.73] [1.81; 3.49] [2.48 ; 4.14] 0.97+"

0.020*

Posterior CC volume (in cm®) 1.83 £ 0.32 1.77 £ 0.33 1.87 £ 0.21 0.50 NA

[1.00 ; 2.40] [1.21; 2.36] [1.51; 2.13]
Total Brain Volume (in cm®) 1411.22 + 191.90 1415.20 + 238.58 1440.47 = 154.58 0.87 NA

[1146.35 ; 1694.63]

[748.45 ; 1602.54]

[1156.79 ; 1836.18]

Values are mean + Standard Deviation (SD) [range]. SID: Short illness duration patient group; LID: Long Illness Duration patient group; HC: Healthy controls group;

n: number; NA: Not Applicable.
ANCOVA: Analysis of Covariance;.

Student's t-test; Significance level: p < 0.05.
Difference between SID and LID groups;.
Difference between SID and HC groups;.
Difference between LID and HC groups.

Table 1. The median illness duration of all SZ participants was 10.7
years. The three groups of participants included 23 HC, 21 patients with
a short illness duration (mean illness duration: 6.6 years) and 22 pa-
tients with a long illness duration (mean illness duration: 19.2 years).

3.2. Volume of the corpus callosum: structural MRI data

The results concerning structural MRI data are detailed in Table 2
and in Fig. 2. ANCOVAs revealed a significant inter-group volumetric
difference only in the anterior region (p = 0.045).

According to the post-hoc analyses, the LID group had significant
reduction of the callosal volume in the anterior region compared to the
HC group (p = 0.020) and to the SID group (p = 0.041). The SID group
did not show any reduction in callosal volume in this same region
compared to the HC group (p = 0.97).

3.3. Integrity of the corpus callosum: DTI data

The results concerning the DTI data are detailed in Table 3 and
Fig. 3. ANCOVAs revealed significant inter-group microstructural dif-
ferences in the anterior and posterior regions for the three diffusion
parameters, except for the FA in the anterior region and MD in the
posterior region (anterior FA: p = 0.22, posterior FA: p = 0.0085,
anterior MD: p = 0.012, posterior MD: p = 0.067, anterior RD:
p = 0.029, posterior RD: p = 0.014).

According to the post-hoc analyses, the LID group presented sig-
nificant alterations in the callosal integrity in the anterior region (MD:

Age and total brain volume are considered as covariates and gender is considered as a between-subject factor.

p = 0.0036; RD: p = 0.010) and in the posterior region (FA: p = 0.020)
compared to the HC group. Similarly, the SID group exhibited sig-
nificant impairments in the posterior region (FA: p = 0.0060; RD:
p = 0.0048) compared to the HC group. There were no significant
differences between both patient groups for the three diffusion para-
meters in both regions.

3.4. Relationships between diffusion and volume measures of the corpus
callosum in the three groups

Spearman correlations concerning relationships between diffusion
and volume measures of the CC in the three groups are presented in
Table 4 and revealed no significant correlation in both SZ groups. Only
the HC group presented significant negative correlations in the anterior
region for the MD (r = —0.46, p = 0.026) and the RD (r = —0.56,
p = 0.0055), although the LID group presented close levels of correla-
tions.

4. Discussion

To the best of our knowledge, this work is the first one that has
considered both micro- and macrostructural alterations of the CC in
schizophrenia according to the stage of disease. Callosal microstructural
alterations were found in both SZ groups compared to the HC group but
without any difference between SZ groups. Conversely, significant vo-
lumetric macrostructural alterations were detected only in the LID
group compared to the HC group and to the SID group.

4 Fig. 2. Inter-group comparisons of the anterior
corpus callosum volume (in cm®).
3,5 $ = The ANCOVAs revealed a significant inter-
- group volumetric difference only in the ante-
3 rior region (p = 0.045). In post-hoc analyses,
there was only a significant reduction of the
- callosal volume in the anterior region in the
ME 2,5 1 LID group compared to the HC group
-~ T - = W SID Group  (p = 0.020) and the SID group (p = 0.041)°.
g 2 A l  LID Grou ANCOVA: Analysis of Covariance; CC: Corpus
% P callosum; HC: Healthy controls group; LID:
> 1,5 A W HC Group  Long Illness Duration patient group; SID: Short
illness duration patient group. Significance
1 level: p < 0.05.
0,5 A
0 A T

Anterior CC
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Table 3
Inter-group comparisons of the callosal integrity.
Diffusion parameters Region SID LID HC Inter-group comparisons’
n=21 n=22 n=23 p (ANCOVA) p (post-hoc, t-test)
FA (in mm?/s) Anterior 0.64 +/- 0.035 [0.56; 0.70] 0.62 +/- 0.028 [0.58; 0.68] 0.64 +/- 0.028 [0.57; 0.69] 0.22 NA

Posterior
MD (in 10~ % mm?/s)

Anterior

Posterior

RD (in 10~ mm?/s) Anterior

Posterior

0.73 +/- 0.046 [0.60; 0.78] 0.73 +/- 0.046 [0.64; 0.84]

0.94 +/-0.061 [0.85; 1.11] 0.97 +/- 0.047 [0.86; 1.05]

0.87 +/-0.13 [0.74; 1.30] 0.85 +/- 0.063 [0.70; 0.94]
0.55 +/- 0.069 [0.46; 0.75] 0.58 +/- 0.053 [0.46; 0.66]

0.44 +/- 0.14 [0.33; 0.89] 0.42 +/- 0.068 [0.28; 0.54]

0.0085 0.70%°
0.0060*"
0.020*¢
0.21%°
0.11+"
0.0036*
0.81 +/- 0.037 [0.76; 0.91] 0.067 NA

0.53 +/- 0.036 [0.48; 0.61] 0.029 0.34°
0.12%"
0.010%¢
0.30%°
0.0048+"
0.090*¢

0.76 +/- 0.031 [0.70; 0.82]

0.92 +/- 0.030 [0.86; 0.98] 0.012

0,36 +/- 0.039 [0.30 ; 0.46] 0.014

Values are mean * Standard Deviation (SD) [range]. SID: Short illness duration patient group; LID: Long Illness Duration patient group; HC: Healthy controls
group;FA: Fractional anisotropy; MD: mean diffusivity; RD: radial diffusivity; n: number; NA: Not Applicable;.

ANCOVA: Analysis of Covariance;.
1 Age is considered as a covariate and gender as a between-subject factor.
* Student's t-test; Significance level: p < 0.05.
@ Difference between SID and LID groups;.

Difference between SID and HC groups;.

¢ Difference between LID and HC groups.

Among the alterations highlighted in SZ, cerebral connectivity
dysfunction has led many authors to focus more specifically on WM,
including the CC, which connects various brain regions (Friston, 2002;
Kubicki et al., 2008). However, the macrostructural data currently
available on the volume and surface of CC in SZ are much more con-
troversial than microstructural data. Indeed, some authors found a
decrease in the CC volume and/or surface in SZ groups compared to HC
groups (Balevich et al., 2015; Collinson et al., 2014; Downhill et al.,
2000; John et al., 2008; Knochel et al., 2012a), whereas others did not
find any macrostructural difference (Chua et al., 2000; Frumin et al.,
2002; Lei et al., 2015; Trehout et al., 2017; Woodruff et al., 1997).
Moreover, two meta-analyses also found a decrease in the CC surface in
SZ groups compared to HC groups (Arnone et al., 2008; Woodruff et al.,
1995). The meta-analysis by Arnone et al. (2008) also found a CC
surface decrease in a first-episode SZ subgroup compared to HC group.
However, Arnone et al. (2008) included only four studies in first-epi-
sode patients and their results were in contradiction with those of
Johnson et al. (2013) that showed no callosal surface difference be-
tween childhood-onset SZ and HC. Besides, Woodruff et al. (1995) did
not consider the stage of disease. Regarding our results on the callosal
volume, a reduction was found only in the LID group in the anterior
region compared to both HC and SID groups. These results suggest that
the stage of disease should be considered and that macrostructural

1,2

abnormalities might only become apparent at a late stage. This finding
might also explain the discrepancies from the literature that did not
consider illness duration systematically. Therefore, callosal macro-
structural abnormalities might be considered as an evolutionary brain
marker of schizophrenia because of a late emergence of these ab-
normalities during the disease course.

Likewise, our microstructural results highlighted integrity loss in
both SZ groups compared to the HC group in the CC anterior and
posterior regions. These results support the hypothesis that micro-
structural alterations might be present at an early stage of the disease.
In agreement with the literature, callosal microstructural abnormalities
have been reported at the beginning of the disease (Zhuo et al., 2016).
However, to the best of our knowledge, the callosal microstructural and
macrostructural measures were both investigated in only one study and
without considering the stage of disease (Rotarska-Jagiela and
Linden, 2008). Moreover, few controversial studies have compared
callosal microstructure between the early and late stages of disease
(Kong et al., 2011; Mitelman et al., 2009). Indeed, Kong et al. (2011)
identified CC microstructural abnormalities in a chronic SZ group, but
not in a first-episode SZ group, compared to the HC group. They also
found significant microstructural abnormalities in the chronic SZ group
compared to the first-episode SZ  group. Conversely,
Mitelman et al. (2009) performed a longitudinal DTI study at baseline

[
*

Fig. 3. Inter-group comparisons of the
callosal integrity.
Significant inter-group microstructural

differences were revealed by the

k=)
[=4]

ANCOVAs. According to the post-hoc

DTl data
(FA in mm?/s,
MD and RD in 10 mm?/s)
o K=
o+ (=2}

o
N

(=]

Anterior FA Posterior FA Anterior MD Posterior MD Anterior RD Posterior RD

M SID Group analyses, the LID group presented sig-

nificant alterations in the callosal in-
HLIDGroup  tegrity in the anterior region (MD:
B HC Group p = 0.0036; RD: p = 0.010) and in the

posterior region (FA: p = 0.020) com-
pared to the HC group*. Similarly, the
SID group exhibited significant impair-
ments in the posterior region (FA:
p = 0.0060; RD: p = 0.0048) compared
to the HC group”. There were no sig-

nificant differences between both patient groups for the three diffusion parameters in both regions.
ANCOVA: Analysis of Covariance; FA: Fractional anisotropy; HC: Healthy controls group; LID: Long Illness Duration patient group; MD: mean diffusivity; RD: radial

diffusivity; SID: Short illness duration patient group; Significance level: p < 0.05.
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Table 4
Relationships between diffusion measures and volumes of the corpus callosum in the three groups (Spearman correlations).
Group SID LID HC
n=21 n=22 n=23
Regions\DP FA MD RD FA MD RD FA MD RD
Anterior 0.15 —0.23 —0.18 0.36 —0.38 —0.42 0.37 —0.46 —0.56
(0.51) (0.32) (0.43) (0.10) (0.082) (0.052) (0.084) (0.026) (0.0055)
Posterior 0.18 -0.29 —0.24 0.10 -0.31 -0.20 0.11 —0.29 -0.19
(0.45) (0.20) (0.29) (0.65) (0.16) (0.37) (0.61) (0.18) (0.38)

Values are Spearman correlation coefficients (and p-values) between diffusion and volume data.

DP: Diffusion parameters.
n: number.
Significance level: p < 0.05.

and four years later in a chronic SZ group and in a matched HC group
but did not show any between-group difference in the progression of
callosal abnormalities. In agreement with this last study, the results of
the present study did not show any significant microstructural differ-
ence between the groups of patients. Our findings showed abnormal-
ities of callosal microstructure at the beginning of the disease without
major aggravation with the evolution of the pathology. Moreover, mi-
crostructural alterations were observed in the LID group compared to
the HC group in both callosal regions (anterior and posterior regions),
whereas the SID group only presented a significant reduction in the
posterior region. Therefore, these results suggest that the CC micro-
structural alterations might follow a "postero-anterior gradient" during
the evolution of the disease. This gradient is also supported by the
progression of the grey matter (GM) decrease in SZ during the early
course of the disease (Thompson et al., 2009).

Furthermore, significant relationships between diffusion and vo-
lume measures in the anterior region were observed in the HC group
but not significantly in the patient groups, although the LID group
presented close correlation coefficients. These results support the fact
that WM abnormalities might appear at the beginning of illness with
microstructure abnormalities only. At a later stage, relationships be-
tween the CC volume and WM integrity markers might appear since
macrostructure abnormalities can be also detected. Such relationships
in chronic SZ patients with 12.6 years as a mean illness duration were
also reported (Rotarska-Jagiela and Linden, 2008).

From a pathophysiological point of view, these results are consistent
with the neurodegenerative hypothesis because of a progressive loss of
WM volume in the CC, which was not visible at the beginning of the
disease. The neurodegenerative models describe schizophrenia as a
disease with a progressively unfavourable neurodegenerative trajectory
(Kochunov and Hong, 2014). More precisely, this neurodegeneration
may be characterized by an initial, rapid rate of GM loss that slows in
middle life, followed by the emergence of a deficit in WM that pro-
gressively worsens with age at a constant rate (Cropley et al., 2017).
Furthermore, imaging, histological, genetic and immunochemical stu-
dies support the involvement of neuroinflammatory processes in the
course of schizophrenia disease progression (Pasternak et al., 2015). In
SZ, a recent hypothesis assumes that neuroinflammation would trigger,
but not end, in the same way as the immune response in autoimmune
diseases (Najjar et al., 2013; Streit, 2006). Toxins that are released
during the neuroinflammatory process may also cause collateral da-
mage to the surrounding tissue (Whitney et al., 2009). A prolonged
neuroinflammatory response in the WM may therefore damage oligo-
dendrocytes and myelin sheath surrounding axons, thereby affecting
the cerebral connectivity network (Chew et al., 2013; Deng, 2010).
Inflammatory markers, including proinflammatory cytokines and che-
mokines, are also associated with psychosis (Chew et al., 2013). Finally,
neurodegenerative and neuroinflammatory hypotheses may not be in-
compatible with each other. Pasternak et al. (2015) even suggested a
chronologic link between them. Indeed, the early stages of schizo-
phrenia may be more likely associated with a neuroinflammatory
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response rather than WM deterioration or demyelination process. In
contrast, WM deterioration might play a larger role than neuroin-
flammation in the chronic stages of schizophrenia (Pasternak et al.,
2015). In agreement with our results, CC macrostructural abnormalities
may therefore be prevented by an increase in extracellular callosal
volume at the beginning of the disease, and these abnormalities may be
further influenced by a decline of neuroinflammatory phenomena and/
or because of the late impact of the neurodegenerative process on the
WM macrostructure.

This study has some limitations. Indeed, the statistical analyses
conducted included 8 ANCOVAs without correction for multiple com-
parisons, while sample sizes were small (21 and 22 patients by group).
This may lead to an inflated risk of false positive. Thus, the results of
our study should be considered as “exploratory” and be cautiously in-
terpreted. Also, antipsychotics have been implicated in structural WM
differences according to the type of antipsychotic (clozapine, other
atypical antipsychotics, or typical antipsychotics) (Leroux et al., 2018).
Moreover, the mean illness duration of 6.6 years in the SID group did
not allow us to specify the period of the illness from which the first
microstructural abnormalities in schizophrenia had appeared. It may
therefore be relevant to support this question by other longitudinal
studies in patients with a first psychotic episode evolving into schizo-
phrenia, as suggested by some studies (Canu et al., 2015; Zhang et al.,
2016). Furthermore, another limitation of our study is the lack of age
matched between groups. As expected, the SID group was indeed sig-
nificantly younger than the LID group since the groups were separated
from the illness duration. Likewise, the mean ages of both SZ groups
were also significantly different from the HC group. Therefore, we used
the age as a covariate in our statistical analyses but this precaution
might remain insufficient to totally overcome the age effect across the
three groups.

In conclusion, this study showed that callosal microstructural al-
terations were detected early in schizophrenia without any significant
change thereafter, while macrostructural alterations were only detected
at a later stage of the disease. Both CC micro- and macrostructural
measures could be considered complementary with the first one as an
early marker of WM microstructure disruption and the second one as a
longer-term marker of WM abnormalities in schizophrenia. Likewise,
the different stages or durations of the illness should be considered in
WM micro- and macrostructural studies. The target periods of detection
of both micro- and macrostructural abnormalities and the underlying
pathophysiological mechanisms deserve further exploration.
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