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A B S T R A C T

Introduction: Abnormalities in the corpus callosum (CC) and the lateral ventricles (LV) are hallmark features of
schizophrenia. These abnormalities have been reported in chronic and in first episode schizophrenia (FESZ).
Here we explore further associations between CC and LV in FESZ using diffusion tensor imaging (DTI).
Methods: . Sixteen FESZ patients and 16 healthy controls (HC), matched on age, gender, and handedness par-
ticipated in the study. Diffusion and structural imaging scans were acquired on a 3T GE Signa magnet.
Volumetric measures for LV and DTI measures for five CC subdivisions were completed in both groups. In
addition, two-tensor tractography, the latter corrected for free-water (FAt), was completed for CC. Correlations
between LV and DTI measures of the CC were examined in both groups, while correlations between DTI and
clinical measures were examined in only FESZ.
Results: Results from two-tensor tractography demonstrated decreased FAt and increased trace and radial dif-
fusivity (RDt) in the five CC subdivisions in FESZ compared to HC. Central CC diffusion measures in FESZ were
significantly correlated with volume of the LV, i.e., decreased FAt values were associated with larger LV volume,
while increased RDt and trace values were associated with larger LV volume. In controls, correlations were also
significant, but they were in the opposite direction from FESZ. In addition, decreased FAt in FESZ was associated
with more positive symptoms.
Discussion: Partial volume corrected FAt, RDt, and trace abnormalities in the CC in FESZ suggest possible de- or
dys-myelination, or changes in axonal diameters, all compatible with neurodevelopmental theories of
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schizophrenia. Correlational findings between the volume of LV and diffusion measures in FESZ reinforce the
concept of a link between abnormalities in the LV and CC in early stages of schizophrenia and are also com-
patible with neurodevelopmental abnormalities in this population.

1. Introduction

The corpus callosum (CC) is the largest white matter tract in the
brain and it connects the left and the right hemisphere. Numerous
studies have described structural abnormalities of the CC in first epi-
sode (FESZ) and in chronic schizophrenia, as well as in subjects at high
risk for developing schizophrenia (e.g., Francis et al., 2011; Zhuo et al.,
2016). A reduction in the midsagittal area of the CC is a consistent
finding in chronic schizophrenia (Woodruff et al., 1995; Arnone et al.,
2008), and volume decrease in one or more of the CC subdivisions have
also been reported (e.g., Rotarska-Jagiela et al., 2008; del Re et al.,
2016a; Francis et al., 2011).

In addition to volume abnormalities in CC, diffusion tensor imaging
(DTI) derived CC abnormalities have also been investigated in schizo-
phrenia (e.g., Whitford et al., 2012; Kubicki and Shenton, 2015). DTI is
a relatively new imaging technique that quantifies the direction of the
movement of water molecules, which in the human brain is more re-
stricted in white matter fibers compared to gray matter or cerebrospinal
fluid (CSF; e.g., Basser et al., 1994). Restriction that varies depending
on the direction is referred to as fractional anisotropy (FA), and is a
commonly used diffusion measure (e.g., Fitzsimmons et al., 2013).
Other diffusion measures, albeit less frequently reported in the litera-
ture, include: 1) axial diffusivity (AD), which quantifies the movement
of water in the direction of the axon (parallel), 2) radial diffusivity
(RD), which quantifies the movement of water that is perpendicular to
the direction of the axon, and trace, which quantifies the average
movement of water across the entire image voxel (see review in
Kubicki et al., 2007; see also Song et al., 2002, 2003, 2005).

A further important advance afforded by DTI is that microstructural
changes in the brain can be quantified. In schizophrenia, macro-
structural alterations in the brain, including volume, area, and cortical
thickness measures, are likely a later outcome of a more subtle process
that affects microstructure first. Thus, a focus on more microstructural
alterations is critical for understanding the underlying neurobiology.
Since microstructural changes in both gray matter and white matter
reflect more subtle abnormalities they could potentially point to spe-
cific pathologies. Therefore, identifying such microstructural abnorm-
alities, as opposed to macrostructural changes that are likely identified
later in the course of the illness, can lead to the development of pro-
mising and novel treatment interventions.

Moreover, with the advent of DTI, there has been a shift in focusing
almost exclusively on gray matter abnormalities in schizophrenia to
focusing also on white matter abnormalities. Existing studies, however,
report conflicting findings in diffusion measures of the CC in both
chronic and FESZ (e.g., Price et al., 2005, 2007; Kubicki et al., 2008;
Balevich et al., 2015; Buchsbaum et al., 2006; Dekker et al., 2010; Lee
et al., 2013; Federspiel et al., 2006; Delisi et al., 1997).

In the current study, we present findings resulting from diffusion
tensor analyses of the CC in FESZ and in healthy control (HC) subjects
using two-tensor tractography (Malcolm et al., 2010). Two-tensor
tractography overcomes some of the uncertainty of white matter tract
reconstruction based on one-tensor tractography, as it is based on the
direction of not just one but a second tensor in each voxel to quantify
the motion of water. Two-tensor tractography also includes a priori
knowledge of the preceding portion of the tract in estimating the fiber
path (Malcolm et al., 2010). By employing two tensors instead of one,
this technique also makes it possible to estimate diffusion measures in
crossing fibers, a measurement not possible using one-tensor tracto-
graphy. Additionally, because CSF has been shown to affect diffusion
measures in areas that are in close proximity to CSF, and are thus prone

to CSF contamination, such as fibers close to the lateral ventricles (LV)
(Metzler-Baddeley et al., 2012), in this study we combine two-tensor
tractography with free-water elimination to correct for CSF con-
tamination in the CC, which borders the LVs (Baumgartner et al., 2012).
Modeling of free-water was developed by Pasternak et al., (2009), and
has been applied to investigate free-water, and free-water elimination
(water bound to tissue) in both FESZ and chronic schizophrenia
(Pasternak et al., 2012, 2015).

With respect to LV and CC abnormalities, these anatomical regions
are midbrain structures that are closely linked in their development,
where there is an inverse correlation between enlarged LV volume and
decreased volume of central CC in FESZ (e.g., del Re et al., 2016a).
Further, CC and LV share a strong genetic link (Pfefferbaum et al., 2000;
Narr et al., 2000). For example, neurodevelopmental syndromes such as
agenesis, or partial agenesis of the CC, or Pitt-Hopkins syndrome, which
are highly heritable, are characterized by abnormalities in both of these
midbrain structures (Paul, 2011).

By employing advanced DTI methods to characterize white matter
properties of the CC in the current study, our goal was to determine
whether or not there is a correlation between LV volume abnormalities
and CC diffusion measures, where the latter indexes the microstructure
of white matter tracks constituting the CC. Based on findings reported
in the literature, of a strong correlation between volumetric abnorm-
alities in the CC and the LV, including our study in FESZ (del Re et al.,
2016a), we investigated the association between LV and CC diffusion
abnormalities in FESZ.

2. Materials and methods

2.1. Participants

Sixteen patients diagnosed with FESZ (3/16 females), and 16
healthy controls (HC; 7/16 females), were recruited as part of the
Boston Center for Intervention Development and Applied Research
(CIDAR) study (www.bostoncidar.org), “Vulnerability to Progression in
Schizophrenia.” As this is a general protocol used for describing the
subjects and measures for CIDAR, we use many of the same descriptions
here as have been reported elsewhere (e.g., del Re et al., 2016a). HC
were recruited from the general community via Internet advertise-
ments. FESZ were recruited from local hospitals and outpatient clinics
affiliated with Harvard Medical School, or through referrals from
clinicians. The study was approved by the local IRB committees at
Harvard Medical School, Beth Israel Deaconess Medical Center, Mas-
sachusetts General Hospital, Brigham and Women's Hospital, and the
Veteran Affairs Boston Healthcare System (Brockton campus). All study
participants gave written informed consent and received payment for
participation.

HC were drawn from the same geographic base as the FESZ group
with comparable age, gender, race and ethnicity, handedness, and
parental socioeconomic status (PSES). No HC met criteria for any cur-
rent major DSM-IV-TR Axis I disorders, or history of psychosis, Major
Depression (recurrent), Bipolar disorder, Obsessive Compulsive
Disorder, Post Traumatic Stress Disorder, or developmental disorders.
Controls were also excluded for a history of psychiatric hospitalizations,
prodromal symptoms, schizotypal or other Cluster A personality dis-
orders, first degree relatives with psychosis, or any current or past use
of antipsychotics (other past psychotropic medication use was accep-
table, but the subjects must have been off medicine for at least 6 months
before participating in the study, except for as needed medications like
sleeping medications or anxiolytic agents, such as beta-blockers for
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performance anxiety, tremors, etc.). Exclusion criteria for all partici-
pants were: sensory-motor handicaps, neurological disorders, medical
illnesses that significantly impair neurocognitive function, diagnosis of
mental retardation, education less than 5th grade if under 18 or less
than 9th grade if 18 or above, not fluent in English, DSM-IV-TR sub-
stance abuse in the past month, DSM-IV-TR substance dependence,
excluding nicotine, in the past 3 months, current suicidality, no history
of ECT within the past five years for patients and no history of ECT ever
for controls, or study participation by another family member.

Clinical diagnoses were based on interviews with the Structured
Clinical Interview for DSM-IV-TR (SCID), Research Version (First et al.,
2002) or the Kid-SCID (Hien et al., 1994) for subjects <18, as well as
information from available medical records. All FESZ participants met
DSM-IV-TR criteria for either schizophrenia (N= 13), schizoaffective
disorder (N= 2) or schizophreniform disorder (N= 1). Clinical symp-
toms for patients were rated using the Brief Psychotic Rating Scale
(Overall et al., 1961). For the patient group, the average time between
first hospitalization and entry into the study was 0.7 ± 0.7 years
(range 0.0–2.0 years).

All participants were evaluated using the Global Assessment of
Functioning (GAF) scale (Jones et al., 1995). Parental socioeconomic
status (PSES) was assessed using the Hollingshead two-factor index
(Hollingshead, 1975). Premorbid intellectual abilities were estimated
using the Reading subtest of the Wide Range Achievement Test-4
(WRAT-4) (Wilkinson and Robertson, 2006) and current intellect was
estimated using the Vocabulary and Block Design subtests of the
Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999).
Twelve of 16 FESZ were medicated at time of testing. Medication do-
sage was estimated using chlorpromazine (CPZ) equivalents (see
Table 1) No significant correlations were found between CPZ equiva-
lents and diffusion or volumetric measures (p values ranging from 0.06
to 0.99).

All demographic and clinical data are summarized in Table 1.

2.2. MRI image acquisition

2.2.1. Imaging parameters
MRI scanning was performed at the Brigham and Women's Hospital

in Boston, MA with a 3 Tesla General Electric Signa System (GE Medical
Systems). High spatial resolution MR sequences included 3D T1-
weighted [inversion recovery spoiled gradient recalled (SPGR)], 3D T2-
weighted (CUBE), and diffusion acquisitions. The IR-SPGR sequence
had a repetition time (TR) of 7.8 ms, an echo time (TE) of 3 ms, an
inversion time of 600 ms, a 10° flip angle, a field of view (FOV) of
256 × 256 mm, a matrix size of 256 × 256, 176 slices, and 1 mm slice
thickness. The 3D T2-weighted sequence had a TR of 3 s, a TE of 90 ms,
a 90° flip angle, a FOV of 256 × 256 mm, a matrix size of 256 × 256,
176 slices, and 1 mm slice thickness. The high-resolution diffusion ac-
quisition was twice refocused and had a TR of 17 s, TE 78 ms, a 90° flip
angle, a FOV of 240 × 240 mm, a matrix size of 144 × 144, 85 slices,
1.7 mm slice thickness, 51 gradient directions with a b-value of 900 s/
mm2, and eight additional non-diffusion-weighted (b0) images. We
used the proprietary GE DTI sequence, which on a 3 T GE scanner
minimizes TE for each subject.

2.3. MRI image processing

For structural data, each MRI scan was visually inspected for
movement artifacts. Images were realigned to the anterior commissure-
posterior commissure (AC-PC) line and to the sagittal sulcus to correct
for head tilt. Multi-atlas brain segmentation (del Re et al., 2016b) was
employed to automatically mask the brain. FreeSurfer 5.3 (Fischl et al.,
2002) was employed to segment the scans.

LV volume was derived as described in detail in del Re et al.,
(2016a). Briefly, relative volumes were calculated by dividing the vo-
lumes by the Intracranial Content (ICC) value for each subject (Fig. 1).

For diffusion processing, each raw image was processed for noise
reduction, eddy current correction and head motion correction. In re-
constructing regions of interest (ROIs), tensors were estimated by the
least squares method (Basser and Jones, 2002) using 3DSlicer software
version 4.3.1 (http://www.slicer.org/) (Pieper et al., 2004; 2006).

The CC was reconstructed using ROIs based on the estimated tensor
image using 3Dslicer software (Fig. 2 A and B). Individual ROIs were
drawn as defined by Hofer (Hofer and Frahm, 2006). The resulting CC
topography divides the CC into 5 regions as shown in Fig. 1. These
regions include the anterior (region 1), mid-anterior (region 2), central
(region 3), mid-posterior (region 4), and posterior CC (region 5). The
anterior and mid-anterior CC comprises the anterior half of the CC
while the central, mid-posterior and posterior portions of the CC cover
the remaining half of the CC. The five CC regions closely match the CC
subdivisions obtained using FreeSurfer (see del Re et al., 2016a).

We manually drew an inclusion ROI on color-by-orientation label
maps over the mid-sagittal CC based on the following anatomy. The CC
crosses the hemispheres in the mid sagittal plane from left to right and
appears as red voxels on color-by-orientation label maps (Fig. 2A). The
inclusion ROI had a width of 3 voxels and in order to capture the CC of
both cerebral hemispheres, the ROI was drawn on three slices to the left
and three slices to the right of the mid-sagittal slice. Voxels defined by
the inclusion ROIs were used as seeds to perform the Unscented Kalman
Filter, UKF, tractography.

2.4. Fiber tracking

In the first step, all possible tracts in the brain were reconstructed
individually in native DWI space using the UKF Tractography library
(Malcolm et al., 2010), which is part of the Slicer 3D software package
(http://www.slicer.org). The UKF algorithm simultaneously tracts fi-
bers while estimating a diffusion model. Here we chose a three-com-
partment model of two diffusion tensors and one free-water compart-
ment with the following parameter settings: 1 seed point per voxel,
minimum free-water volume corrected FA = 0.15, step length 0.3 mm.
The results of this algorithm are FA, trace, axial and radial diffusivity
(AD, RD) values that resolve crossing fibers and are corrected for free-
water (Baumgartner et al., 2012; FAt, tracet, ADt, RDt). The correction
for free-water, defined as isotropic water not constrained by tissue, such
as in the CSF or in interstitial plasma, allows for a more precise and
specific measurement of diffusivity than conventional DTI measures
(Pasternak et al., 2012; Pasternak et al., 2018).

Tracts were visualized and checked for consistency. The final output
of the tractography analysis was the mean value of FAt, tracet, ADt and
RDt over the identified tract, where the small t indicates the free-water
corrected scalar measure.

Table 1
Socio-demographic and clinical Information.

HC (N= 16) FESZ
(N= 16)

F p

Mean age (SD) 21.9 (3.6) 22.6 (4.0) 0.295 0.59
Gender (male/female) 9/7 13/3 — 0.25
Pre-morbid IQ (WRAT reading) 109.0 (16.1) 114.0 (14.8) 0.74 0.40
Current IQ 119.9 (13.9) 111.1 (12.4) 3.6 0.07
Parental SES 1.94 (0.93) 2.0 (0.97) 0.04 0.85
Interval MRI-first

hospitalization (years)
— 0.7 (0.7) — N.A.

CPZ baseline — 307.9
(191.9)

— N.A.

BPRS positive baseline — 6.63 (3.4) — N.A.
BPRS negative baseline — 5.5 (2.4) — N.A.
GAF baseline 82.5 (10.3) 50.7 (8.6) 90.2 <0.01
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2.5. Statistical analyses

All statistical analyses were performed with SPSS v.23, the excep-
tion being effect sizes, which were calculated with G*Power 3.1, 2009
(Faul et al., 2007). FAt, tracet, ADt and RDt, were analyzed in four
different repeated measures MANOVAs that included Group and gender
as a between-subjects factor and the five regions of the CC (anterior,
mid-anterior, central, mid-posterior, posterior) as within-subjects fac-
tors.

2.6. Correlation analyses between CC diffusion measures and volume of the
LV

The possible relationships between FAt, RDt, ADt and tracet in the
five CC subdivisions and volume of the bilateral LV were explored using
correlation analyses and by calculating Pearson's r. We also computed
Fisher's Exact Test for comparison of significant group differences in the
pattern of correlations in patients and controls for the 4 diffusion
measures for the central CC and LV volume. Only significant correlation
results are reported below.

2.7. Correlation analyses between FAt and clinical measures

Clinical correlations were limited to total positive and total negative
symptom scores on the BPRS scale and FAt of the five CC subdivisions.
All correlations were computed using Pearson's r. A chi-square test was
used to compare categorical data. Only significant correlations are re-
ported below.

3. Results

3.1. Subject group characteristics

FESZ and control groups did not differ in age, years of education,
premorbid IQ, current IQ or distribution of gender in the two groups
(see Table 1). As expected, significant group differences were found in
Global Assessment of Functioning, GAF, with lower mean GAF score in
patients compared with HC.

3.2. Diffusion measures

Repeated measures MANOVA analysis demonstrated a main effect
of Group for FAt [F(1,28) = 11.57; p= 0.002], where FAt was de-
creased in FESZ compared to HC. There was no main effect of gender [F
(1,28) = 0.65; p= 0.43], nor a significant group by gender interaction
[F(1,28) = 0.09; p= 0.76]. There was also no significant interaction of
Group by CC sub-regions [F(4,27) = 0.69; p= 0.68].

RDt and tracet were both significantly increased in FESZ compared
to controls in the repeated measures MANOVA [F(1,28) = 12.3;
p= 0.002] and [F(1,28) = 9.79; p= 0.004], respectively. There was
no main effect of gender for RDt [F(1,28) = 0.81; p= 0.38], nor a

Fig. 1. A. Coronal T1-weighted MRI slice of a representative control subject and
B. of a representative FESZ patient. Arrows indicate the CC and LV.

Fig. 2. Sagittal view of A. the DTI image of a control subject showing ROI
seeding of the CC. B. Two-tensor tractography of the CC. The central CC is in
bright green. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. A. FAt, B. tracet, C. RDt, D. ADt.
All diffusion indices were measured
with two-tensor tractography and were
free-water corrected. HC (black) and
FESZ (red). FAt is significantly de-
creased (p= 0.001), while RDt

(p= 0.001) and tracet (p= 0.001)
were significantly increased in FESZ
compared to HC, with no group effects
in ADt (p= 0.11). (For interpretation of
the references to color in this figure
legend, the reader is referred to the web
version of this article.)
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significant group by gender interaction [F(1,28) = 0.08; p= 0.78].
Likewise, there was no main effect of gender for tracet [F(1,28) = 0.04;
p= 0.51], nor a significant group by gender interaction [F
(1,28) = 0.23; p= 0.64]. Neither RDt nor tracet demonstrated a sig-
nificant interaction of Group by CC sub-regions [F(4,27) = 0.7;
p= 0.58; F(4,27) = 0.84; p= 0.51], respectively.

Additionally, there was no significant main effect of Group [F
(1,28) = 1.23; p= 0.28], gender [F(1,28) = 0.11; p= 0.75], a sig-
nificant group by gender interaction [F(1,28) = 1.19; p= 0.28], nor a
significant interaction between Group and CC sub-regions for ADt [F
(4,27) = 0.77; p= 0.55] (see Figs. 2 and 3).

3.3. Correlations between CC diffusion measures and volume of the bilateral
LV

In FESZ, volume of bilateral LV was significantly and inversely
correlated with central CC FAt (r = −0.51; p < 0.05) and significantly
and positively correlated with central CC RDt (r= 0.5, p < 0.05) and
tracet (r= 0.5, p < 0.05); thus, larger LV volume correlated with de-
creased FAt and increased RDt and tracet values. In addition, a positive
correlation with tracet (r= 0.5; p < 0.047) was observed in the mid-
anterior CC region.

In controls, on the other hand, there was a positive correlation
observed between the volume of the bilateral LV and FAt measured in
the central (r= 0.7; p < 0.01) and mid-posterior CC (r= 0.55,
p < 0.05); and inverse correlations with RDt of central (r = −0.7; p
< 0.01) and posterior CC (r = −0.6, p = <0.05) as well as with tracet

of central (r = −0.65, p < 0.01) and posterior CC (r = −0.7,
p < 0.01). Thus, in controls, larger LV volume was associated with
increased FAt values, and decreased RDt and tracet values (Fig. 3).
Fisher's test for the group differences in the observed correlations
showed significant effects for FAt (p= 0.0026), RDt (p= 0.0003) and
tracet (p= 0.006).

Fig. 4.

3.4. Correlations between CC FA and clinical scales in FESZ

There were statistically significant negative correlations between
BPRS total score for positive symptoms and FAt of the central CC
(r = −0.55; p < 0.05) (Fig. 5) and with FAt of the adjacent mid-pos-
terior region of the CC (r= −0.5, p< 0.05). These correlations suggest
that decreased FAt of the central and mid-posterior portions of the CC
are associated with more positive symptom scores in FESZ.

4. Discussion

We used a combination of two-tensor tractography and a correction
for free-water (Baumgartner et al., 2012) to obtain an accurate assess-
ment of white matter abnormalities in the CC of FESZ (∼0.7 months
after first psychotic outbreak). Both of these methodological advances
are important in the study of CC as the CC structure intersects with
many other fiber bundles and is adjacent to the LVs. Findings demon-
strate diffusion abnormalities in the five subdivisions of CC in FESZ. Of
note, robust correlations between diffusion measures and LV were ob-
served only for the central CC and not for other subdivisions within the
CC. Moreover, FAt abnormalities in FESZ were associated with more
positive symptoms.

More specifically, we found that FAt was significantly decreased,
and RDt, and tracet significantly increased in FESZ in all five CC sub-
divisions, while ADt was unaffected. These abnormalities are indicative
of the types of disease-related CC changes in FESZ. Of note, decreased
FA has been associated with the degree of organization in white matter
(Basser et al., 1994; Basser and Pierpaoli, 1996), while increased RD
suggests de-myelination (Song et al., 2002, 2003, 2005). Thus, while
decreased FA (including FAt which is more tissue related) indicates
more non-specific changes in white matter microstructure, increased

RD in FESZ relative to HC, suggests possible de-myelination in the CC in
FESZ.

The current findings of decreased FAt and increased RDt in FESZ
also fit well with the existing literature on CC development. Of parti-
cular interest here, increased myelination has been hypothesized to be
the main mechanism contributing to CC growth and to cognitive ca-
pacity development (Luders et al., 2007; Luders et al., 2011;
Hutchinson et al., 2009). Of further note, it has been shown that the size
of the CC in normal populations increases throughout late adolescence
(Giedd et al., 1996), the mid-twenties (Pujol et al., 1993), and into
middle-age (Prendergast et al., 2015), likely due to continued myeli-
nation. In contrast, Keller et al., (2003) reported that CC growth tra-
jectory in childhood-onset schizophrenia shows a decline starting at 22
years of age compared to continuing growth in healthy controls. In our
previous study (del Re et al., 2016a), we observed volume reduction in
central CC in FESZ, which remained stable at one-year follow-up. A
decrease of white matter in the anterior CC, but not other portions of
the CC, in early schizophrenia over the first five-year period has also
been shown by de Moura (2018). These findings, taken together with
findings from the current study, suggest that the observed reduction in
CC volume reported across several previous studies may be due, at least
in part, to the effects of de-myelination.

Also of note, Fjell et al., (2008) proposed that FA may be a marker of
atrophy that precedes measurable volumetric white matter reductions.
Thus, our previous finding of volume reduction in FESZ, which was
limited to central CC (del Re et al., 2016a), combined with the current
finding of FA abnormalities across all regions of CC in FESZ, would
seem to support Fjell et al.’s proposal that diffusion measures may be a
more sensitive measure of impending volume loss, as diffusion mea-
sures tap into microstructural abnormalities, as opposed to volume
measures that tap into macrostructural abnormalities. Microstructural
findings may therefore predate macrostructural findings and be im-
portant for early intervention. Furthermore, findings from the current
study showed decreased FAt of central CC, which was associated with
an increase in positive symptoms. It is noteworthy here that the del Re
et al. study (2016a) also reported central CC volume reduction and
correlations with positive symptoms but this study did not show other
subdivisions of CC as abnormal as was the case in the current study.
These findings suggest a role of the central CC in psychosis, or perhaps
an earlier detection of abnormalities with more sensitive diffusion
measures. Conducting a similar study in later stages of the illness would

Fig. 4. Correlations between diffusion measures of the central CC and relative
volume of bilateral LV in FESZ and HC. A. In FESZ (red dots and red least square
fit), abnormally decreased FAt is significantly and negatively correlated with
abnormally increased volume of LV. The same correlation in HC is significant
but positive (black dots and black least square fit); B. In FESZ, abnormally
increased RDt is significantly and positively correlated with increased LV vo-
lume (red); In HC, the correlation is negative. Notice that the range of values in
FESZ for both diffusion measures is much wider than that observed in HC. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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likely provide more information regarding whether other subdivisions
of the CC besides the central CC, would also show clinical correlates
over time.

In addition to identifying abnormalities in the FAt, RDt and tracet of
the CC, we also explored the association between these measures and
LV volume. Since there is a common genetic link between the volume of
CC and the LV (Pfefferbaum et al., 2000; Narr et al., 2000), and CC
volume depends on white matter integrity, the relationship between LV
and CC might extend to CC diffusion measures. Our findings tend to
support this assumption. More specifically, in FESZ, the volume of the
LV was negatively correlated with FAt and positively correlated with
RDt, i.e., increased LV volume was associated with decreased FAt, and
increased RDt. In healthy controls, the opposite pattern was observed:
there was a significant positive correlation between LV volume and FAt,

and a negative correlation with RDt; i.e., increased LV volume corre-
lated with increased RD, suggesting perhaps more CC myelination and
more organization of CC white matter fibers.

Regarding possible links between CC FA white matter reductions in
the brain and genes, it is of interest that Vogel et al. (2018) have shown
an association between FA white matter reductions and the MIR137 SZ
risk variant in individuals at familial high risk for schizophrenia. Of
further note, MIR137 regulates genetic pathways involved in both glio-
and neurogenesis, further suggesting the involvement of MIR137 in
neurodevelopment and in neurodevelopmental syndromes, the latter
including both LV and CC structures (Wright et al., 2015). Future stu-
dies need to follow up on this potential association. Future studies need
to follow up on this potential association.

There are nonetheless limitations to the present study. First, the
number of participants is relatively small. A larger sample size is
needed to confirm these findings. Second, the majority of FESZ were
medicated with psychotropic medications. While we did not find cor-
relations between the variables under study and chlorpromazine
equivalents, the effect of medication cannot be completely discounted.
Third, the small number of subjects did not make it possible to de-
termine gender effects, and thus further investigation of possible gender
effects on diffusion measures of the CC is warranted, given the fact that
even early structural measures of CC have shown gender differences
(e.g., Hoff et al., 1994).

In summary, and as noted in the Introduction, several inconsistent
results for FA abnormalities in CC have been reported in the literature.
For example, some studies of FESZ report FA abnormalities of the genu
(Lee et al., 2013; Price et al., 2007), while others report abnormalities
specific to the splenium of the CC (Dekker et al., 2010). As discussed
above, these inconsistent results may be due to the DTI methods used
that did not account for the complex CC fiber architecture, or for CSF
contamination. It is also of interest that all subdivisions of CC showed
diffusion tractography differences between FESZ and controls in this
study (microstructural level), although only the central region of the CC
was shown to differ in volume in a previous study (macrostructural

level) by our group (del Re et al., 2016). Furthermore, robust correla-
tions between several diffusion measures and the LV volume were ob-
served only for the central CC. In addition, correlations between FAt

and clinical symptoms were also observed only for central CC. As de-
scribed above, these results may suggest that the closest link between
LV and CC exists for its central subdivision, and/or that the central CC
either plays a particular role in symptom development, or that its mi-
crostructural abnormality achieved sufficient severity to impact clinical
and functional symptoms. However, since the relationship between
changes in central CC and symptoms is correlational, the causality
cannot be inferred with confidence and future studies are need to ad-
dress this question. Moreover, future longitudinal studies are needed to
test the possibility that other CC subregions may show similar char-
acteristics over time, as discussed above.
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