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Abstract
Decreased brain lateralization is considered a trait marker of schizophrenia. Whereas reductions in both functional and
macrostructural gray matter laterality in schizophrenia are well established, the investigation of gray matter
microstructural lateralization has so far been limited to a small number of ex vivo studies, which limits the understanding
of neurobiological substrates involved and development of adequate treatments. The aim of the current study was to assess
in vivo gray matter microstructure lateralization patterns in schizophrenia by employing the diffusion kurtosis imaging
(DKI)–derived mean kurtosis (MK) metric. MK was calculated for 18 right-handed males with chronic schizophrenia and 19
age-matched healthy control participants in 46 bilateral gray matter regions of interest (ROI). Microstructural laterality
indexes (μLIs) were calculated for each subject and ROI, and group comparisons were conducted across regions. The
relationship between μLI values and performance on the Wisconsin Card Sorting Test (WCST) was also evaluated. We found
that compared with healthy controls, males with chronic schizophrenia had significantly decreased μLI across cortical and
subcortical gray matter regions, which was correlated with poorer performance on the WCST. Our results suggest the ability
of DKI-derived MK to capture gray matter microstructural lateralization pathology in vivo.
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Introduction
One important characteristic of the healthy human brain is
the lateralization of structure and function between the two
hemispheres. Evolutionarily, lateralization exists in many verte-
brate animals and is believed to be associated with increased
neural capacity and reduced structure redundancy (Halpern
2005). Although the macrostructure of the two hemispheres
appears nearly identical, at a microscopic level each hemisphere
develops uniquely leading to lateralization. Some of the most
defining asymmetry patterns in the healthy human brain lie in
the leftward localization of brain regions involved in language,

speech, and motor processing with increased left hemisphere
volume, microstructural complexity, and functionality (Renteria
2012). Changes in cortical lateralization are a distinctive marker
of several neurological diseases such as Alzheimer’s disease,
autism spectrum disorder, depression, and schizophrenia (SZ)
(Hecht 2010; Renteria 2012; Sheng et al. 2013; Liu et al. 2018).

Whereas initial studies on cortical lateralization in SZ were
conducted postmortem (Crow et al. 1989; Harrison 2000; Chance
2014), the advent of magnetic resonance imaging (MRI) has
allowed for the in vivo study of lateralization. Recent studies
have demonstrated the ability of multimodal neuroimaging to
capture structural and functional asymmetries in the brain on
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both the macroscopic and microscopic levels (Vernooij et al.
2007; Takao et al. 2010; Oertel-Knochel and Linden 2011; Alary
et al. 2013; Sheng et al. 2013). Impaired macroscale structural
lateralization of the gray matter (GM) in SZ has been well estab-
lished through the use of T1-weighted (T1w) anatomical MRI
(Oertel et al. 2010; Takao et al. 2010; Okada et al. 2016). More
recently, a growing body of functional MRI (fMRI) research has
found both reduced lateralization of activated brain regions in
language and listening tasks (Oertel et al. 2010; Alary et al.
2013) and impaired functional interhemispheric connectivity
(Ribolsi et al. 2014; Zhang et al. 2018) in SZ. These fMRI find-
ings suggest a plausible theory for the relationship between
the altered structural and functional SZ asymmetry findings,
where reduced lateralization of functionally specialized areas
may result in altered inter- and intrahemispheric connections
or vice versa. Although progress has been made in detailing
lateralization abnormalities in SZ, the microstructural bases of
these findings have not yet been investigated in vivo. Mapping of
microstructural level changes may contribute critical informa-
tion on the mechanisms that link structural deficits to abnormal
connectivity and function.

Advances in diffusion MRI acquisition and postprocessing
have led to the diffusion kurtosis imaging (DKI) technique pro-
posed by Jensen et al. (2005), which allows the estimation of
water diffusion non-Gaussianity through the mean kurtosis
(MK) index. MK captures microstructural complexity that arises
from the heterogeneous orientation, density, and organization
of biological tissues (Jensen et al. 2005). DKI is particularly adept
at imaging GM microstructure because of its sensitivity to dif-
fusion variations in complex environments such as diversely
oriented neurites in dendritic trees and axonal crossings (Jensen
et al. 2005). Kurtosis, as the measurement of diffusion het-
erogeneity in the tissue, is thought to be more sensitive to
pathology than standard DTI and therefore is a potential early
biomarker of disease (Wang et al. 2011). Experiments by Das
et al. (2017) reported that MK was the only diffusion parame-
ter to show significant GM microstructural asymmetry in the
healthy human brain in regions that were previously reported to
have distinct lateralization on the macroscale level. As reported
earlier, Lee et al. (2014) showed that DKI is superior to con-
ventional DTI in detecting tract asymmetries in the healthy
human brain, as DTI is only able to describe a single fiber
orientation per voxel, which results in biases in the calculations
of microstructural asymmetries. In this work, we use for the
first time the MK metric to investigate in vivo lateralization
of GM in SZ at the microstructural level. Diffusion techniques,
including DKI, have to date predominantly focused on exam-
ining microscopic white-matter asymmetries in SZ (Park et al.
2004; Ribolsi et al. 2014). DKI is a robust method sensitive to
a range of GM microscopic neuropathologies (Zhuo et al. 2012;
Steven et al. 2014; Zhu et al. 2015), and therefore we expect that
it may be instrumental in identifying SZ-specific lateralization
patterns.

Impaired executive function is considered one of the SZ’s
most pronounced clinical features (Ilonen et al. 2000; Raffard
and Bayard 2012). The Wisconsin Card Sorting Test (WCST) has
been extensively used to test deficits in executive function
in SZ (Ilonen et al. 2000), with neuroimaging studies correlat-
ing GM atrophy, gyrification abnormalities, hypofunction, and
dysconnectivity in SZ to poor performance on this test (Ragland
et al. 2007; Lee et al. 2013; Quan et al. 2013; Molina et al. 2017;
Sasabayashi et al. 2017). Investigating the relationship between
GM microscopic lateralization patterns measured by MK and

performance on the WCST may offer additional insight into the
biological bases of cognitive impairment in this disorder.

In summary, the aim of this work is to characterize
differences in microstructural lateralization of cortical and
subcortical GM in chronic SZ patients versus healthy control
(HC) participants. We also hypothesize that altered GM
microstructure lateralization in SZ is associated with poor WCST
performance, consistent with the assumption that healthy
lateralization promotes neural capacity and efficiency.

Methods and Materials
Participants

Male individuals with SZ (n = 18) and matched HCs (n = 19) were
recruited by referral from clinicians at New York City’s Bellevue
Hospital and by advertisement (Table 1). Patients were inter-
viewed by a licensed clinical psychologist and administered the
Structured Clinical Interview for DSM-IV (SCID-IV) for Axis-I
disorders patient edition (Spitzer et al. 1994). The nonpatient
edition of the SCID-IV was administered to HC participants
to confirm the lack of a psychiatric diagnosis. The SZ group
included individuals with either SZ (n = 17) or schizoaffective
disorder (n = 1). All participants were right-handed males, aged
30–55 years old. Participants were excluded for substance abuse
within the last 6 months, head trauma with loss of conscious-
ness for more than 30 minutes, or presence of other neurological
disorders. Socioeconomic Status (SES) scores were obtained for
all participants and their parents based on the Hollingshead
scale (Hollingshead 2011). The study was approved by institu-
tional review boards at New York University School of Medicine
and Bellevue Hospital.

Magnetic Resonance Image Acquisition

All MRI data was acquired on a 3T Trio MRI (Siemens Medical
Solutions, Erlangen, Germany) at the Center for Biomedical
Imaging, Department of Radiology, New York University School
of Medicine between 2010 and 2012. Study participants were
scanned in the order they were recruited, with recruitment
and assessment following an alternating pattern of four to
five patients followed by four to five HC participants. All
participants were scanned under the same protocol with
no MRI scanner upgrades taking place during the study. A
T1w MPRAGE image was collected using the standard high-
resolution product Siemens protocol employing a voxel size of
1 × 1 × 1 mm3. Diffusion imaging data was acquired using a
diffusion-weighted spin echo planar imaging (EPI) sequence
for a total of 64 uniformly distributed gradient directions and
for two b values (b = 1000 and 2000 s/mm2). Ten non-weighted
diffusion images (b = 0 s/mm2) were also collected. Fifty-five
slices with a slice thickness of 2.3 mm were collected to obtain
approximate whole brain coverage. An in-plane resolution of
2.3 × 2.3 mm was employed resulting in an isotropic voxel for
the diffusion images. In addition, a field map image coplanar to
the diffusion acquisition was acquired using a pair of non-EPI
gradient echo images at two echo times and employed to correct
for image distortions from B0 field inhomogeneities.

MK maps were calculated using in-house developed soft-
ware and FSL suite (Jenkinson et al. 2012). All data preprocess-
ing included the following: 1) visual inspection of images for
quality assessment and absence of artifacts, 2) coregistration
of diffusion images using FSL Flirt, 3) correction for B0 field
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Table 1 Demographic and clinical characteristics of the participants

SZ (n = 18), mean ± SD Healthy control (n = 19), mean ± SD t-test P-value

Male/female 18/0 19/0 —
African American 9 6 —
Caucasian 5 10 —
Other 4 3 —
Hispanic/non-Hispanic 4/14 2/17 —
Age (years) 45 ± 6 42 ± 6 0.427
Handedness (right/left) 18/0 19/0 —
Educations (years) 12.6 ± 2.3 15.7 ± 1.8 <0.001
SES participants (score) 1.9 ± 4 4.5 ± 1.3 <0.001
SES parents (score) 3.8 ± 1.7 4.6 ± 1.5 0.058
Perseverative Errors 25.5 ± 20.7 9.6 ± 8.1 0.004
Total Errors 49.25 ± 28.2 18.68 ± 14.9 <0.001
Conceptual Level Response 50.3 ± 22.6 66.8 ± 8.9 0.006
Categories Completed 3.9 ± 2.6 5.8 ± 0.6 0.001

Note: SD = standard deviation.

inhomogeneities distortion using the acquired field map data
and FSL, and 4) image smoothing using a 3D Gaussian filter with
σ = 1.4 mm. After data correction, diffusion and kurtosis tensors
were calculated as previously described by Tabesh et al. (2011).
The effect of image rotation from the motion correction step was
compensated for by adjusting the encoding gradients’ matrix
(Leemans and Jones 2009). The kurtosis tensors were employed
to derive 3D maps of MK.

Image Processing

FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/) was
used to construct the cortical surface of each participant based
on the high-resolution T1w image. The FreeSurfer pipeline
for surface construction, described in more detail by Fischl
and Dale (2000), includes segmentation based on tissue types,
tessellation of the GM/white matter junction, inflation of the
folded surface, and parcellation using the Desikan–Killiany
atlas (Desikan et al. 2006). Cortical thickness metrics were
also obtained for the 4 GM lobes and 68 bilateral GM regions
of interest (ROIs) and employed to test whether MK changes
relate to variations in macrostructure. The resulting subject-
specific cortically labeled volumes were then transformed into
the diffusion MRI space of each subject using FreeSurfer’s rigid-
body transformation (Fischl and Dale 2000). Mean MK of the four
bilateral cortical lobes (frontal, parietal, temporal, and occipital)
and 68 bilateral cortical and 16 subcortical ROIs (i.e., 42 regions
in each hemisphere) were extracted for each subject in the
anatomically parcellated diffusion space. Previous research has
suggested good within-subject repeatability of FreeSurfer with a
capital’s anatomical parcellation even for smaller subcortical
ROIs (Wonderlick et al. 2009; Jovicich et al. 2013). Visual
assessment of each data set was used to confirm a good quality
of both parcellation and its registration onto the diffusion
space.

The microstructural laterality index (μLI) of each region was
subsequently calculated using the equation (μLI = [L−R]/[L + R]),
where L represents the mean MK of voxels in the left-
hemisphere ROI or lobe, and R represents the mean MK of
voxels in the right-hemisphere ROI or lobe. Positive values of μLI
ranging from greater than 0 to 1 indicate that MK is greater in
the left-hemisphere ROI, negative values of μLI ranging from less
than 0 to −1 indicate that MK is greater in the right-hemisphere

ROI, and a value of 0 indicates no differences in MK between left
and right hemisphere ROIs. The pattern of GM microstructural
lateralization in each participant is therefore established by the
direction, or lack of direction, of the μLI of each GM ROI. On the
individual and/or group level, the degree that μLI deviates in SZ
from HC in each ROI may indicate how SZ pathology affects GM
lateralization.

In addition, for each SZ participant, we derived a laterality
deviation index (LDI) defined by the absolute difference of indi-
vidual μLI and the average HC μLI for each ROI.

Cognitive Testing

The WCST was administered by a licensed clinical psychol-
ogist. The following scores were recorded and analyzed: Cat-
egories Completed, Conceptual Level Response, Perseverative
Errors, and Total Errors. The WCST assesses a range of cognitive
functions by requiring participants to sort cards by a series of
principles they must deduce based on stimuli printed on a set
of cards: shape, color, and number. There is an arbitrary correct
sorting principle that participants learn solely through tester
feedback of right and wrong, and this principle changes every
10 consecutive trials for up to six category trials.

Statistical Analyses

Primary analyses evaluated between-group differences (i.e., SZ
vs. HC) in the μLI using independent-samples student t-tests.
Nonparametric Mann–Whitney U tests were also used to con-
firm t-tests results. ROIs included the four bilateral cortical lobes
(frontal, parietal, temporal, and occipital) and 42 bilateral corti-
cal and subcortical regions. Controlling for the effects of age and
education using Analysis of Covariance (ANCOVA) with either
age or education as the covariate had no major effects on the
between-group comparisons (Supplementary Table 1). Cohen’s
d effect size was calculated to compare group means for each
ROI analysis. Power estimates were additionally calculated for
t-tests to detect observed differences using the observed stan-
dard deviations at P ≤ 0.001 (0.05/46) Bonferroni corrected signif-
icance level using PASS 11 software (Number Cruncher Statisti-
cal Systems, Kaysville, UT, 2011).

Additional analyses assessed associations between WCST
scores (Categories Completed, Conceptual Level Response,
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Table 2 Microstructural lateralization index differences in SZ compared with HC in the GM lobes

Region Mean μLI SD Mean μLI SD Mean difference
from HC

t-test P-value Mann–Whitney
U P-value

Cohen’s d Power

SZ HC
Frontal lobe −0.005 +/−0.017 0.054 +/−0.028 −0.059 <0.001∗ <0.001∗ 0.848 0.99
Parietal lobe 0.005 +/−0.013 0.028 +/−0.019 −0.014 <0.001∗ <0.001∗ 0.453 0.75
Temporal
lobe

0.003 +/−0.025 −0.067 +/−0.029 0.026 <0.001∗ <0.001∗ 0.861 0.99

Occipital
lobe

−0.008 +/−0.044 0.012 +/−0.015 −0.190 0.079 0.075 0.191 0.05

Note: μLI of cortical GM lobes in SZ versus HCs. The μLI measures the hemispheric lateralization of DKI-derived MK; positive μLI indicated leftward asymmetry, and
negative μLI indicated rightward asymmetry. Significant differences between groups (∗P ≤ 0.001) are noted across regions along with the effect size (Cohen’s d) and
the power of the difference between groups.

Perseverative Errors, and Total Errors subcategories) and LDI
for each SZ participant using Pearson’s and Spearman’s rank
correlations. Pearson’s and Spearman’s correlations were both
calculated because the discrepancy between them is informa-
tive in describing the true relationship between the diffusion
metrics and cognitive performance.

The GM cortex is thinner in SZ compared with HC, and there-
fore between–group differences in MK and μLI may be driven
by partial volume averaging and differences at macrostructural
level. To test if MK values are affected by partial volume aver-
aging, we conducted Pearson’s correlation analysis of cortical
thickness measures with MK values for each cortical lobe and
ROI on a per-subject basis in SZ and HC groups separately
(Supplementary Table 2).

To account for multiple comparisons across the 42 cortical
and subcortical regions and four cortical lobes, we employed
Bonferroni correction. Thus, to achieve a family-wise type I
error rate ≤0.05 (two-sided), individual results were considered
significant for P < 0.05/46, which is met if P ≤ 0.001. Differences
with P < 0.05 were considered to reach trend level.

Results
Participants

Demographic information for both groups is presented in
Table 1. The groups were perfectly matched in terms of gender
and handedness since all participants were right-hand males.
No significant between-group differences were noted in age
and parental SES. As expected, patients had significantly fewer
education years and significantly poorer performance on the
WCST (Table 1).

Lobar Brain Differences in Microstructural Laterality

Frontal, temporal, and parietal laterality was significantly dif-
ferent in the SZ versus HC groups (P ≤ 0.001), with SZ show-
ing an overall pattern of reduced μLI (Table 2). In HC partici-
pants, leftward lateralization was noted in frontal and parietal
lobes and rightward for the temporal lobe, while SZ partici-
pants showed significantly reduced hemispherical asymmetry
(Table 2).

Cortical Differences in Microstructural Laterality

The laterality index was significantly different in SZ compared
with HC participants in multiple cortical regions including the
banks of the superior temporal sulcus, pars opercularis division

of inferior frontal gyrus, caudal and rostral middle frontal, infe-
rior temporal, lingual, parahippocampal, precentral, superior
temporal and supramarginal gyri, insula, lateral and medial
orbitofrontal, precuneus, superior parietal and transverse tem-
poral cortices, isthmus, posterior and rostral anterior divisions
of the cingulate cortex, paracentral lobule, and temporal pole
(P ≤ 0.001) (Table 3; Figs 1 and 2).

Notably, every cortical region that showed significantly dif-
ferent μLI in SZ, with the exception of the caudal anterior
cingulate cortex, had markedly decreased bilateral asymmetry
(Table 3; Fig. 1). The cortical regions that showed the greatest
difference in laterality in SZ versus HC were the banks of the
superior temporal, precentral, rostral middle frontal, superior
and inferior temporal gyri, and temporal pole (Table 3).

Figure 2 highlights that in HCs, areas of similar laterality cor-
respond to well-defined brain networks (i.e., prefronto-parietal
and orbitofrontal-cingulate-temporal networks). More specifi-
cally, we note a leftward lateralization of regions involved in lan-
guage (the banks of the superior temporal sulcus, supramarginal
and pars opercularis areas) and motor (precentral) functions,
matching functional lateralization patterns established in the
field. Despite the significantly reduced laterality in the SZ group,
a reverse trend in lateralization (e.g., rightward vs. leftward;
rightward vs. leftward) is apparent (Fig. 2).

Subcortical Differences in Microstructural Laterality

Similar to the cortical ROIs, subcortical ROIs showed substan-
tially less lateralization (P ≤ 0.001) between the right and left
hemispheres in SZ versus HC participants in all structures
but the putamen, for which differences were observed at
trend level (Table 4; Fig. 3). The greatest difference in laterali-
zation between SZ and HC participants was found in the
pallidum (mean LDI = 0.191 ±0.029, d = 1.287), nucleus accum-
bens (mean LDI = −0.121 ±0.019, d = 0.711), thalamus proper
(mean LDI = 0.113 ±0.005, d = 1.282), and ventral diencephalon
(mean LDI = 0.114 ±0.006, d = 1.718) (Table 4; Figs 3 and 4).
Figure 4 shows the complete separation between groups in
terms of the μLI of these three structures, with the minimum
μLI value of each structure among individuals with SZ being
higher than the maximum value among HCs. This implies that
the μLI of these three structures achieved 100% accuracy for the
discrimination of the SZ and HC groups in our sample.

Association Between Cognitive Metrics and LDI in SZ

Significant Pearson’s correlations (P ≤ 0.001) were observed
between increased LDI in SZ and poor performance on three
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Figure 1. The μLI across cortical and subcortical regions in SZ compared with HC. Rightward, positive value, bars indicate left lateralization and leftward, negative
value, bars indicate right lateralization with error bars indicating standard deviation in the group. Data shown for regions with significant between group differences

in μLI (∗∗P ≤ 0.001).

Table 4 Microstructural lateralization index differences in SZ compared with HC in subcortical GM ROIs

Region Mean μLI SD Mean μLI SD Mean difference
from HC

t-test P-value Mann–Whitney
U P-value

Cohen’s d Power

SZ HC
Accumbens 0.016 +/−0.045 0.137 +/−0.064 −0.121 <0.001∗∗ <0.001∗∗ 0.711 0.99

Amygdala −0.008 +/−0.032 0.046 +/−0.050 −0.055 <0.001∗∗ <0.001∗∗ 0.430 0.62
Caudate 0.036 +/−0.029 0.083 +/−0.026 −0.047 <0.001∗∗ <0.001∗∗ 0.556 0.93
Hippocampus −0.011 +/−0.012 .064 +/−0.029 −0.074 <0.001∗∗ <0.001∗∗ 1.098 0.99
Pallidum −0.008 +/−0.032 −0.199 +/−0.061 0.191 <0.001∗∗ <0.001∗∗ 1.287 0.99
Putamen −0.001 +/−0.032 0.053 +/−0.065 −0.055 0.003∗ 0.019∗ 0.352 0.35
Thalamus
proper

0.010 +/−0.026 −0.103 +/−0.031 0.113 <0.001∗∗ <0.001∗∗ 1.282 0.99

Ventral
diencephalon

0.005 +/−0.018 −0.108 +/−0.024 0.114 <0.001∗∗ <0.001∗∗ 1.718 0.99

Note: μLI of cortical GM ROIs in SZ versus HCs. The μLI measures the hemispheric lateralization of DKI-derived MK with positive μLI indicating leftward asymmetry
and negative μLI rightward asymmetry. Significant differences between groups (∗∗P ≤ 0.001) and differences at trend level (∗P < 0.05) are noted across regions along
with the effect size (Cohen’s d) and power of the difference between groups.

of the four WCST scores: Categories Completed, Conceptual
Level Response, and Perseverative Errors with relationship with
total errors reaching trend levels (Table 5; Fig. 5). A lower score
on the Categories Completed and Conceptual Level Response
subcategories was indicative of poor cognitive function and test
performance. The WCST Categories Completed and Conceptual
Level Response subcategories were therefore negatively corre-
lated to LDI (Table 5; Fig. 5). A higher score on the Perseverative
Errors and Total Errors was indicative of poor cognitive function
and test performance and was therefore positively correlated
to LDI (Table 5; Fig. 5). A good correspondence was generally
found between Pearson’s and Spearman’s correlation results
with some discrepancies noted for μLI associations with

Perseverative Errors, where Pearson’s correlations were in part
driven by the presence of one to two participants with high LDI
and very poor performance on the test.

Association Between Cortical Thickness and MK Values

No significant correlations (P ≥ 0.001) were observed between
T1w cortical thickness metrics and MK values in the 4 lobes and
68 cortical ROIs in either SZ or HC groups (Supplementary Table 2).
Only 8 of the 72 GM ROIs tested reached trend-level association
at P < 0.05 (Supplementary Table 2). These results suggest that
cortical MK values are likely unbiased by partial volume
averaging.
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Figure 2. Cortical laterality (left vs. right) displayed for regions with significantly different μLI (P ≤ 0.001) in SZ compared with HCs. Color indicates group (SZ—blue,

HC—yellow, SZ&HC—green) μLI direction for each ROI. In the HC group, the fronto-parietal motor and language areas appear left lateralized, whereas the orbitofrontal-
cingulate-temporal areas are right lateralized. These lateralization patterns are largely lost in SZ (see Figure 1) with a reversed trend (right vs. left or left vs. right)
observed.

Figure 3. Subcortical structures with significantly different μLI (P ≤ 0.001) in SZ compared with HC. Color indicates group (SZ—blue, HC—yellow, SZ&HC—green) μLI
direction for each ROI. In HC, amygdala, caudate, hippocampus, and nucleus accumbens are left lateralized with thalamus, pallidum and ventral diencephalon being
right lateralized. Both a decrease in lateralization (see Table 4; Figure 3) and a reversed trend (i.e., right vs. left lateralization or left vs. right) are noted in SZ for several

structures.
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Figure 4. The three subcortical structures with complete separation of HC and SZ groups’ μLI. Color indicates group (SZ—gray, HC—white) for each ROI: thalamus,

ventral diencephalon (ventral DC) and pallidum. HC had rightward lateralization in ROIs, while SZ had significantly decreased (P ≤ 0.001) asymmetry.

Table 5 Correlation between LDI and WCST scores in SZ

WCST measure Region Pearson’s r Pearson’s P-value Spearman’s rs Spearman’s P-value

Categories
Completed

Pars opercularis −0.52 0.040∗ −0.47 0.067
Medial orbital frontal −0.55 0.026∗ −0.19 0.480
Rostral anterior cingulate −0.65 0.006∗ −0.53 0.035∗
Rostral middle frontal −0.54 0.029∗ −0.43 0.094
Accumbens −0.76 0.001∗∗ −0.72 0.002∗
Amygdala −0.80 <0.001∗∗ −0.56 0.023∗

Concept Level
Response

Caudal middle frontal −0.56 0.025∗ −0.46 0.073
Insula −0.59 0.017∗ −0.34 0.195
Medial orbital frontal −0.58 0.019∗ −0.24 0.373
Parahippocampal −0.40 0.122 −0.64 0.007∗
Pars opercularis −0.75 0.001∗∗ −0.63 0.009∗
Precentral −0.56 0.023∗ −0.42 0.103
Precuneus −0.53 0.036∗ −0.42 0.104
Rostral anterior cingulate −0.70 0.002∗ −0.61 0.010∗
Rostral middle frontal −0.61 0.013∗ −0.54 0.032∗
Superior frontal −0.54 0.030∗ −0.23 0.382
Superior temporal −0.51 0.044∗ −0.36 0.171
Transverse temporal −0.51 0.043∗ −0.40 0.129
Accumbens −0.75 0.001∗∗ −0.67 0.005∗
Amygdala −0.69 0.003∗ −0.60 0.014∗

Perseverative Errors Caudal middle frontal 0.57 0.021∗ 0.43 0.097
Insula 0.55 0.027∗ 0.12 0.658
Lateral orbital frontal 0.73 0.001∗∗ 0.04 0.871
Pars opercularis 0.78 <0.001∗∗ 0.45 0.083
Pars orbitalis 0.69 0.003∗ 0.02 0.931
Pars triangularis 0.55 0.028∗ 0.28 0.295
Superior frontal 0.67 0.004∗ 0.43 0.097
Supramarginal 0.54 0.032∗ 0.13 0.633

Total Errors Entorhinal 0.50 0.048∗ 0.52 0.048∗
Parahippocampal 0.21 0.433 0.53 0.033∗
Pars opercularis 0.63 0.010∗ 0.56 0.024∗
Rostral anterior cingulate 0.51 0.045∗ 0.44 0.087
Accumbens 0.69 0.003∗ 0.68 0.004∗
Amygdala 0.59 0.015∗ 0.55 0.028∗

Note: Correlation between LDI and WCST scores in the SZ group. LDI is measured as the absolute difference of μLI values for SZ patients and mean μLI of the HC
group. Regions with significant LDI associations with WCST scores (∗∗P ≤ 0.001) and those associated at trend level (∗P < 0.05) are included in the table.

Discussion
MK Laterality Abnormalities in SZ

Neuroimaging studies have documented functional and
macrostructural GM lateralization abnormalities in SZ using
T1w MRI, fMRI, Positron Emission Tomography (PET), and

Single-Photon Emission Computerized Tomography (SPECT)
techniques (Russell et al. 1997; Artiges et al. 2000; Takao et al.
2010; Oertel-Knöchel and Linden 2011; Sheng et al. 2013; Royer
et al. 2015; Okada et al. 2016). However, to date, the investigation
of the asymmetry in cytoarchitectural and microstructural GM
features has been limited to postmortem analyses (Harrison
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Figure 5. Graphical representation of the associations between LDI and performance on four subcategories of the WCST in the SZ group. For the Categories Completed
and Concept Level Response, subcategories of the WCST a higher score indicated better performance, whereas for the Perseverative Error and Total Error, subcategories

of the WCST a lower score indicated a better performance. Higher LDI in SZ associated with poorer performance on the WCST. Significant (∗∗P ≤ 0.001) and trend level
associations (∗P ≤ 0.05) are noted by the listed P-values; the strength of the correlation (i.e., Pearson’s r value) is represented using the associated color map.

2000; Hutsler and Galuske 2003; Cullen et al. 2006; Steiner
et al. 2006; Chance et al. 2008; Di Rosa et al. 2009; Chance
2014). To the best of our knowledge, this is the first in vivo
study that investigates GM microstructural asymmetry deficits
in SZ using diffusion imaging. Our results suggest that SZ
is associated with significantly decreased microstructural
lateralization of several subcortical and cortical structures. Our
findings also highlight that MK, an in vivo metric of tissue
microstructural complexity, may be informative in describing
GM microarchitectural lateralization.

In the HC group, leftward GM MK lateralization was observed
primarily in regions of the frontal and parietal lobes, with
orbitofrontal, cingulate, and inferior temporal areas being
right lateralized (Fig. 2). Thus, in language, face processing,
and motor regions, which are known to be functionally
lateralized, increased kurtosis appears to characterize the
dominant hemisphere (i.e., left for the lateral prefrontal, banks
of the superior temporal sulcus, supramarginal gyrus, and
precentral cortex regions and right for the fusiform gyrus).
Histological studies have shown that dominant language areas
are characterized by larger neuronal bodies (Hutsler and Galuske
2003), wider cortical minicolumns (Chance et al. 2008), and
axons that are more thickly myelinated (Anderson et al. 1999)
compared with their contralateral sides. It has been suggested
that these axons may better support long range connectivity
and function, resulting in these areas’ well-known lateralization
(Geschwind and Levitsky 1968; Anderson et al. 1999; Chance
2014). Thus, we hypothesize that increased kurtosis in the
dominant language areas of the healthy brain may arise from
a larger number of more thickly myelinated connections that
descend into deep white matter regions. The GM kurtosis
modulation by myelination has been recently highlighted by
cuprizone demyelination studies in mice (Guglielmetti et al.

2016), which showed not only that cortical kurtosis decreases
with demyelination but also that myelination changes may
have a dominant effect on cortical kurtosis measurements.
Microstructural lateralization in face processing areas in this
study’s HC group also appears to parallel the known rightward
functional dominance. The cerebral asymmetries noted in the
HC group using MK are highly consistent with a recent report
that employed a model-driven diffusion imaging technique, the
neurite orientation dispersion, and density (NODDI) (Schmitz
et al. 2019).

Compared with the HC group, SZ participants had a
significantly decreased lateralization index in a number of
cortical GM regions (Table 3). These regions included areas
known to be involved in language (pars opercularis, transverse
temporal cortex, supramarginal gyrus, banks of the superior
temporal sulcus), motor (precentral gyrus, paracentral lob-
ule), sensory (postcentral gyrus), memory (inferior temporal,
parahippocampal and superior frontal gyri), face processing
(fusiform gyrus), executive control (rostral anterior cingulate
cortex, frontal pole, lateral and medial orbital frontal cortices),
and emotion (insula, inferior parietal, and posterior cingulate
cortices) functions. Robust between-group differences were also
found in MK lateralization of subcortical structures. Decreased
lateralization of these areas may reflect a loss of functional
specialization in SZ and may relate to the known impairments
across multiple functional domains which characterize the
disorder.

Our previous work has shown that MK in GM is increased
in chronic SZ compared with HC participants (Lazar et al.,
2015; Lazar et al., 2017). This increase was hypothesized to
have several potential causes, including differences in neuronal
density and/or neuronal organization and inflammation. In
the healthy brain, increased kurtosis is associated with brain
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maturation and improved cognitive functioning (Helpern et al.
2011; Bester et al. 2015). Given that in SZ MK’s relationship to
cognitive function appears to follow the same pattern as in HCs
(increased kurtosis associated with better function) (McKenna
et al. 2018), we further hypothesized that the observed kurtosis
increase in SZ may reflect a layered effect of pathology on top of
typical microstructural organization. The reduced asymmetry
observed here appears to be related to increased kurtosis
occurring more prominently in the typically nondominant
hemisphere (Fig. 6). Considering the existing body of literature,
we hypothesize that the observed bilateral pattern of change
in SZ is likely the effect of the following additive phenomena:
1) a reduction of the healthy microstructural asymmetry due
to reduced neuropil in the typically dominant hemisphere
caused by less myelinated axons and/or reduced or atrophied
dendrites and 2) an overall bilateral increase in microstructural
complexity caused by pathological processes known to be
associated with increased kurtosis and documented in SZ ex
vivo such as activated/swollen astrocytes or microglia and
increased neuronal or glial packing. This hypothesis aligns
with both a long-standing hypothesis in the field, the reduced
neuropil/increased neuronal density hypothesis (Selemon and
Goldman-Rakic 1999), and current findings of reduced myelin in
both GM (Tishler et al. 2018) and white matter (Scheel et al. 2013;
Lazar et al. 2015). The neuropil, which borders cortical neuronal
minicolumns, contains both local (dendrites) and long distance
(axons) neuronal processes. Aberrations in neuropil may result
in both reduced intracortical myelin and less myelinated long-
distance connections along with abnormal white matter, which
has been extensively documented through diffusion tensor
imaging in SZ and proposed to be due to dysmyelination (Scheel
et al. 2013; Lazar et al. 2015). Alternatively, smaller but more
numerous minicolumns (Chance et al. 2008) and/or increased
neuronal and glial density occurring more prominently in the
nondominant hemispheres may also provide a possible but
less likely explanation of the results here. Several studies have
reported increased neuronal packing in SZ patients (Selemon
et al. 1995; Selemon and Goldman-Rakic 1999; Casanova et al.
2008; Chance et al. 2008) and astrocyte swelling (Uranova et al.
2011), although they did not discriminate between right and
left hemispheres. Future multimodal imaging studies will be
essential to providing additional information needed to discrim-
inate among these different possible pathological mechanisms
of SZ.

Research documenting microstructural lateralization abnor-
malities in SZ remains limited to few brain regions and ex vivo
studies. Chance et al. (2008) found that alterations in minicol-
umn spacing most contributed to reduced total volume asym-
metry in the superior temporal gyrus in SZ. Di Rosa et al. (2009)
documented absent or reversed asymmetry of fusiform pyra-
midal cell density in men with SZ, and Steiner et al. (2006)
found that SZ patients had an absence of rightward lateralized
cerebral microglial cells in the dorsolateral prefrontal cortex,
normally present in healthy individuals. Few studies have con-
centrated on changes in symmetry of subcortical GM regions in
SZ (Harrison 2000; Byne et al. 2002; Steiner et al. 2006). Steiner et
al. (2006) found reduced lateralization of microglia cell density
in the hippocampus postmortem. At macroscale level, Okada
et al. (2016) found reduced yet leftward lateralization in the
thalamus and ventral diencephalon similar to that indicated by
our data. More integrative approaches to studying the macro and
microstructural cortical deficits in SZ, combining postmortem
and in vivo MRI techniques, will be instrumental in piecing

together the relationship between the documented cortical and
subcortical changes, axonal pathway alterations, and functional
deficits.

MK Laterality Abnormalities and Cognition

Several studies have previously shown that individuals with
SZ perform poorly on the WCST, and furthermore, that this
altered cognitive function is linked to abnormalities in frontal
lobe structures measured by fMRI, PET, T1w MRI, and DTI trac-
tography (Kawasaki et al. 1993; Riehemann et al. 2001; Rüsch
et al. 2007; Lee et al. 2013). Consistent with these findings, our
analyses show associations between WCST domains and LDI
of several frontal lobe regions. Significant associations were
observed between increased Perseverative Errors and increased
LDI in the lateral orbital frontal and pars opercularis GM ROIs in
SZ, and between decreased WCST Conceptual Level Responses
and increased LDI in the pars opercularis (Fig. 5; Table 5) with
additional associations noted at trend level. Furthermore, WCST
subtests correlated with the LDI of several ROIs involved in
emotion, memory, and reward: entorhinal cortex, insula, rostral
anterior cingulate cortex, supramarginal gyrus, accumbens, and
amygdala ROIs (Fig. 5; Table 5). The connectivity of these ancil-
lary structures to key parts of the prefrontal cortex is important
for executive function and may thus influence performance
on the WCST. These findings suggest that decreased execu-
tive function may be, at least in part, a consequence of dis-
equilibrium in the local and global/interhemispheric process-
ing arising from disorganization of GM cytoarchitecture. The
extensive differences in lateralization noted here are likely to
relate to abnormal organization of functionally known brain
networks.

Limitations and Future Directions

Several limitations of the present study must be considered.
First, the study examines a limited sample size and has a purely
cross-sectional study design. Whereas the increase in sam-
ple homogeneity is likely to increase the statistical power of
this study, further work will be needed to establish whether
current findings extend to patients of different age, ethnic-
ity, or gender. The observed decreased lateralization may be a
progressive pathology of SZ and therefore be specific to age
or disease duration. Previous literature has demonstrated that
sex, age, and handedness differences can have a confounding
effect not only on SZ neuropathology but also on lateralization
(Goldstein et al. 2002; Vernooij et al. 2007; Deep-Soboslay et
al. 2010; Tomasi and Volkow 2012; Cropley et al. 2017). Thus,
future studies are needed to examine microstructural later-
alization in larger and more diverse SZ populations. Second,
we did not control for antipsychotic medications which could
affect microstructural abnormalities. We note that lateralization
deficits using volumetric or functional measurements have also
been observed in first-episode patients (Bleich-Cohen et al. 2009;
Sheng et al. 2013), suggesting that they may occur indepen-
dently of medication. Medication nonadherence, rather than
the medication use, has recently been proposed as a cause of
decreased intracortical myelin (Tishler et al. 2018). Third, the
voxel size used in this study is relatively large, and thus data
presented here is likely to be to some degree affected by partial
volume averaging. However, we show that MK metrics do not
significantly correlate with measures of cortical thickness in
either SZ or HC groups, suggesting that partial volume averaging
likely does not affect our results (Supplementary Table 2). Future
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Figure 6. MK values of a sub-set of cortical and subcortical ROIs with significantly different μLI (P < 0.001) demonstrating the patterns of lateralization between
hemispheres in HC and SZ groups. Color indicates group and hemisphere (HC left—white, HC right—light gray, SZ left—medium gray, SZ right—dark gray). A greater
increase in MK is observed in the non-dominant hemisphere in SZ. The top row of cortical ROIs shows that the differences in lateralization in SZ are due to a range

of asymmetry patterns including reduced asymmetry but in the same direction as HC (parahippocampal), total loss of asymmetry (rostral anterior cingulate), and
reversed asymmetry in comparison with HC (precentral).

studies will be necessary to further confirm our findings and to
assess the effects of different diffusion acquisition parameters
as well as the effects of the parcellation scheme on the cortical
microstructural asymmetry metrics’ differences in SZ. Last, we
suggest that a multimodal, integrative approach that examines
asymmetry changes across both GM and white matter may
prove informative in better discriminating the microstructural
substrates that are affected in SZ and how these substrates differ
between hemispheres. For example, myelin mapping (Alexander
et al. 2012; Tishler et al. 2018) may be used to quantify cortical
myelination bilateral alterations in SZ. Several white matter–
specific advanced diffusion methods that are assumed to better
discriminate between features such as axonal density, myeli-
nation, and inflammation such as NODDI and diffusion-based
spectrum imaging have been recently proposed (Ferizi et al.
2015; Lazar 2017) and may provide more detailed information on
the precise changes occurring in SZ GM. The strong relationship
between white matter and GM architecture (Zikopoulos et al.
2018) suggests that white matter metrics may also indirectly give
information about corresponding GM microstructural properties
such as neuronal density.

Conclusion
GM microstructural lateralization is substantially reduced in SZ
and may reflect a less efficient brain organization that results in
impaired cognitive function. Differences in lateralization appear
to arise from tissue changes at a microstructural level although
future work will be needed to define the specific tissue alter-
ations involved. Inclusion of GM markers of microstructure such

as MK into computational models of brain function may be
instrumental in better defining neural dysfunction mechanisms
of SZ and may ultimately contribute to improved diagnosis and
treatment.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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