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Abstract
We present a multivariate approach called joint source based morphometry (jSBM), to identify linked
gray and white matter regions which differ between groups. In jSBM, joint independent component
analysis (jICA) is used to decompose preprocessed gray and white matter images into joint sources
and statistical analysis is used to determine the significant joint sources showing group differences
and their relationship to other variables of interest (e.g. age or sex). The identified joint sources are
groupings of linked gray and white matter regions with common covariation among subjects. In this
study, we first provide a simulation to validate the jSBM approach. To illustrate our method on real
data, jSBM is then applied to structural magnetic resonance imaging (sMRI) data obtained from 120
chronic schizophrenia patients and 120 healthy controls to identify group differences. JSBM
identified four joint sources as significantly associated with schizophrenia. Linked gray–white matter
regions identified in each of the joint sources included: 1) temporal — corpus callosum, 2) occipital/
frontal — inferior fronto-occipital fasciculus, 3) frontal/parietal/occipital/temporal —superior
longitudinal fasciculus and 4) parietal/frontal — thalamus. Age effects on all four joint sources were
significant, but sex effects were significant only for the third joint source. Our findings demonstrate
that jSBM can exploit the natural linkage between gray and white matter by incorporating them into
a unified framework. This approach is applicable to a wide variety of problems to study linked gray
and white matter group differences.
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Introduction
Structural magnetic resonance imaging (sMRI) is a widely used approach that provides
information about brain morphometry. In order to identify group differences, sMRI images are
employed to extract the regional variance. Following tissue segmentation, most previous
studies treat gray and white matter tissues in separate analyses. Since gray matter is composed
predominantly of neurons while white matter is composed mainly of axons connected to
neurons, there should be some relationship between the changes of these two brain tissues.
However, few studies have assessed group differences in both gray matter and white matter.
Within those few studies, gray matter and white matter were analyzed separately by voxel
based morphometry (VBM) or regions of interest (ROI) to detect regions showing group
differences (Wright et al., 1995; Mitelman et al., 2007a) and then correlation analysis was used
to examine correlated changes between the detected gray and white matter regions (Schneider-
Axmann et al., 2006). For ROI analyses, this generally requires manual drawing of the regions,
although computational parcellation methods provide a way forward if white matter atlases
can be incorporated (Makris et al., 2006). For VBM analysis, the region determination is based
on individual voxels and no cross voxel information is used. Further, the correlation analysis
can only be carried out between individual voxels or averages within prespecified ROIs. In
order to efficiently find naturally clustered regions that reveal linked gray and white matter
group differences throughout the whole brain, we developed a novel method termed joint
source based morphometry (jSBM). In this method, the gray and white matter changes are
“linked” in that they show the same intersubject covariation.

JSBM is an extension of source based morphometry (SBM) (Xu et al., 2008). Here, the “source”
comprises several regions which together exhibit intersubject covariance and group difference.
In SBM, three fundamental steps are required, preprocessing, independent component analysis
and statistical analysis. First, the raw images are preprocessed identically to voxel based
morphometry (VBM) (Good et al., 2001). Then independent component analysis (ICA) is used
to the preprocessed images to derive the spatially independent sources. Finally, the sources are
subjected to statistical analysis to determine the significant sources that show group
differences, remove noise, and analyze the effect of other variables of interest (such as age and
sex). SBM incorporates cross voxel information in sMRI images by utilizing the multivariate
approach ICA. By replacing the ICA step in SBM with joint ICA, we extend SBM to jSBM,
which performs gray and white matter joint analysis and aims to identify linked gray and white
matter group differences. A schematic describing the jSBM approach is shown in Fig. 1.

Joint ICA is the kernel of jSBM. It is a data fusion method which can combine multiple types
of data from the same participants and extract their correlated information (Calhoun et al.,
2006a; Calhoun and Adali, in press). In jSBM, after preprocessing procedure, segmented gray
matter and white matter images can be extracted from one sMRI image. Then it becomes
possible to use joint ICA to fuse gray and white matter images from the same subject. We
assume that a small number of joint sources in the brain would show linked gray and white
matter differences between groups. The joint sources are maximally spatially independent and
each corresponds to a set of gray matter regions and a set of white matter regions. The gray
matter regions and white matter regions within one joint source share the same contribution to
the intersubject covariation and hence capture the linked gray matter and white matter group
differences. A statistical analysis is then used to detect the joint sources showing significant
group differences.

In this paper, we first validate the jSBM concept using a simulation. Next, we describe jSBM
in detail and apply it to a real sMRI data set from healthy controls and schizophrenia patients.
Since schizophrenia is a well known complex mental illness which affects multiple brain
regions including both gray matter and white matter (Shenton et al., 2001), it is likely that
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linked gray and white matter abnormalities are manifested in this mental illness. Moreover,
multiple previous studies in schizophrenia can be drawn to help us evaluate the jSBM
performance. For example, Pearlson (1997) performed a selective review on the structural brain
imaging in schizophrenia, and Shenton et al. (2001) contained recent MRI findings in
schizophrenia, both of which reviewed a large number of regional abnormalities in
schizophrenia. In addition, Davis et al. (2003) focused on white matter changes and Kubicki
et al. (2007) performed a review of diffusion tensor imaging studies in schizophrenia. Based
upon these papers and others, we expected corpus callosum and thalamus to be identified in
the joint sources. Since these two subcortical tissues have complex interconnections with other
regions, the abnormalities in these tissues would likely be related to disturbances in the circuits
of multiple structural systems and hence be linked to gray matter changes in these circuits
(Andreasen, 1997; Bynet et al., 2008; Walterfang et al., 2008). Also we predicted that white
matter abnormalities would be detectable in some white matter tracts connecting to cerebral
cortex (Kubicki et al., 2007) such as the superior longitudinal fasciculus (Seok et al., 2007;
Caprihan et al., 2008) and would be linked to other white matter as well as gray matter relative
changes.

Simulation
In order to evaluate the jSBM algorithm we performed a simulation (see Fig. 2). The simulation
was designed to contain a variety of changes in gray and white matter that might be interesting
in identifying group difference studies. In the simulation, five different types of joint sources
(a set of linked gray and white matter regions) were simulated: 1) a joint source showing more
linked gray matter (GM) and white matter (WM) in group 1 than in group 2; 2) a joint source
with less linked GM and WM in group 1 than in group 2; 3) a joint source with the same GM
and WM between the two groups; 4) a joint source only showing GM differences between the
two groups; and 5) a joint source showing only WM differences between the two groups. In
some special cases, the gray/white matter regions had a strong covariation which was not shared
by white/gray matter regions and the white/gray matter voxels has a value near zero for that
joint source, for example, joint source 4 and 5. JSBM aims to detect all the joint sources and
statistical analysis identified the joint sources showing significant group differences. The
detailed design and results are as follows.

First, we generated two 256 by 256 images to simulate GM and WM separately. Then 8 circular
regions were generated, each with a radius of 25 voxels and standard deviation of 6 voxels.
Region 1–4 were within the GM image, region 5–8 were within the WM image. Next, we
created 100 GM and 100 WM images for group 1 (see Fig. 2a) and group 2 (see Fig. 2b)
separately to represent GM and WM of 100 subjects. For group 1, the intensities of regions 1–
8 were uniformly distributed between 95% and 105% of the original circular region intensity.
Hence these 8 regions only had slight differences from subject to subject within group 1. For
group 2, the intensities of region 1 were uniformly distributed between 60% and 70% of the
original circular region intensity, the intensities of region 2 were uniformly distributed between
130% and 140% of the original circular region intensity, the intensities of region 3 were
uniformly distributed between 95% and 105% of the original circular region intensity, the
intensities of region 4 were uniformly distributed between 80% and 90% of the original circular
region intensity, the intensity distribution parameters of region 5 were the same as region 2,
the intensity distribution parameters of region 6 were the same as region 3, the intensity
distribution parameters of region 7 were the same as region 1, and the intensities of region 8
were uniformly distributed between 150% and 160% of the original circular region intensity.

A jSBM analysis was carried out on these 400 images in order to evaluate its performance.
Fig. 2c shows the jSBM result thresholded at |Z|>3.0. The five joint sources were all correctly
estimated. Joint source 1 included region 1 of gray matter and region 7 of white matter, which
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showed a 30%–40% decrease in group 2 versus group 1. Joint source 2 included region 2 of
gray matter and region 5 of white matter, which linked with 30%–40% more in group 2 than
in group 1. Joint source 3 included region 3 of gray matter and region 6 of white matter, which
were similar among the groups. Joint source 4 only included region 4 of gray matter which
was 10%–20% less in group 2 than in group 1. Joint source 5 only included region 8 with white
matter showing a 50%–60% increase in group 2 versus group 1. Joint source 1–3 included both
gray and white matter regions reflecting gray and white matter linked covariance. Joint source
4 and 5 consisted of only gray or white matter, respectively. For joint source 4, the gray matter
region had a strong covariation which was not shared by a white matter region and the white
matter voxels in the joint source appropriately had a value near zero. For joint source 5, the
white matter region had a strong covariation which was not shared by a gray matter region.

We then performed a two sample t-test on the loading parameters obtained by jSBM in order
to evaluate differences between group 1 and group 2. Joint sources 1, 2, 4, and 5 showed
significant group differences with p<0.05. Joint source 3 had a p value greater than 0.40, which
meant although the regions in gray and white matter shared the same intensity loading
parameter, they did not show significant differences between groups. Therefore, joint sources
1, 2, 4, and 5 showing significant group differences were kept as the final jSBM results.

This simple yet effective simulation demonstrates the concept behind jSBM to find joint gray
matter and white matter sources that represent linked gray and white matter differences between
groups, i.e., the regions in gray matter have similar intersubject covariation as the white matter
regions. Next we give a more detailed description of the jSBM method. We also show an
application of jSBM to identify the linked gray matter and white matter differences between
schizophrenia patients and healthy controls.

Materials
Participants

One hundred and twenty participants with schizophrenia (SZ) (mean age= 42.1, SD = 12.9,
range 20–81, 51 females) and 120 matched healthy controls (mean age=42.7, SD=16.6, range
18–78, 65 females) were scanned at Johns Hopkins University. Exclusion criteria for all
participants included a history of overt brain disease, mental retardation, head injury with loss
of consciousness for greater than 30 min, or a diagnosis of substance abuse within the last year
or lifetime substance dependence. Healthy participants were recruited using random-digit
dialing as part of Phase 1 of the Johns Hopkins Aging, Brain Imaging, and Cognition (ABC)
study (Schretlen et al., 2000). All healthy controls were screened to ensure they were free from
DSM-III-R/DSM-IV Axis I or Axis II psychopathology (SCID) (Spitzer et al., 1989; First et
al., 1997). Patients met criteria for DSM-IV schizophrenia on the basis of a SCID diagnosis
and review of the case file. All patients with schizophrenia were stable and taking antipsychotic
medications (the exact medication information was not available for these data). These data
were previously analyzed using source based morphometry (Xu et al., 2008).

Imaging parameters
Whole brain sMRIs were obtained on a single 1.5 T scanner (Signa; GE Medical Systems,
Milwaukee, WI). The whole brain was evaluated in the coronal plane using a spoiled GRASS
3D imaging sequence, with the following imaging parameters: 35 ms TR, 5 ms TE, 45° flip
angle, 1 excitation, 1.5 mm slice thickness, 24 cm field of view, and a matrix size of 256×256.
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Methods
Image preprocessing

The images were preprocessed by the preprocessing steps used for VBM approach (Ashburner
and Friston 2000, 2001, 2005) and employed the Matlab program SPM5 (Statistical Parametric
Mapping, Welcome Institute, London, UK). Images were normalized to the 152 average T1
Montreal Neurological Institute (MNI) template, interpolated to voxel dimensions of
1.5×1.5×1.5 mm and segmented into gray matter, white matter and cerebrospinal fluid (CSF)
compartments. Registration, bias correction and tissue classification are combined within one
generative model which is based on image intensity, nonuniformity and tissue probability
maps. The model parameter estimation aims to maximize the posteriori solution and involves
alternating among classification, bias correction and registration steps (Ashburner and Friston
2005). The gray matter and white matter images were then smoothed separately with 12 mm
full width at half-maximum (FWHM) Gaussian kernel. Each voxel in a smoothed image
contains the averaged partial volume of gray matter or white matter from around and within
the selected voxel, which contains gray or white matter concentration, a value ranging from 0
to 1. The original dimension of the gray/white matter images is 121×145×121. These images
were then analyzed with jICA.

Joint independent component analysis
Every gray matter image was converted to a one-dimensional vector. The 120 gray matter
image vectors of healthy controls and 120 gray matter image vectors of schizophrenia patients
were then arrayed into one 240 row subject–graymatter matrix G. The same was done to the
240 white matter images to get the subject–whitematter matrix W. The dimensionality of G
and W were both 240 by 425,389. Note that 425,389 is smaller than the original dimensionality
of 121×145×121=2,122,945 since non-brain voxels were excluded. These two matrices were
next stacked horizontally into a subject–voxel matrix X=[G W] (see Fig. 3). The dimensionality
of X is then 240 by 850778. A modified Akaike’s information criterion (AIC) (Akaike
1974;Li et al., 2007) was used to estimate the number of joint sources, k, from matrix X
(Calhoun et al., 2001). The subject–voxel matrix X was then decomposed linearly into a
subject–source mixing matrix A and a source–voxel source matrix S using spatial ICA (Calhoun
et al., 2001). ICA was performed using the infomax algorithm, which attempts to minimize the
mutual information of the output sources (Bell and Sejnowski 1995;Lee et al., 1999). The
source matrix S was then separated horizontally into a source–graymatter matrix SG and a
source–whitematter matrix SW, i.e., X =[G W]= A·S =A·[SG SW]. Every row of the source matrix
corresponds to a joint source including both gray matter regions and white matter regions. The
source matrix expresses the relationship between the k joint sources and the voxels within the
brain. The gray matter regions and white matter regions within one joint source have the same
shared contribution to the subjects captured by loading parameters within the mixing matrix.
Therefore, the joint source indicates the joint gray matter regions and white matter regions
which are related by the same intersubject covariation. The mixing matrix expresses the
relationship between subjects and k joint sources. The rows of the mixing matrix are scores
that indicate the relative degree each of the k joint sources contributes to a given subject. The
columns of the mixing matrix indicate how one joint source contributes to each of the 240
subjects.

Statistical analysis
We performed a statistical analysis to the mixing matrix. Since every column of the mixing
matrix contains the loading parameters expressing the contribution of every joint source to the
240 subjects, a two sample t-test can be used to every column of the mixing matrix to test which
joint source shows a difference between healthy control and schizophrenia. A corrected
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threshold of p<0.05 which controls for the false discovery rate (FDR) was used to determine
the most significant joint sources (Genovese et al., 2002).

The effects of age and sex on the significant sources were also determined. We regressed the
columns of the mixing matrix on age and sex using a threshold of p<0.05 to determine the joint
sources that were significantly correlated with age or sex. In order to verify that the group
differences in the significant sources were still present after removing the effect of age and
sex, we computed a two sample t-test on the residual of the regression and tested the difference
between controls and patients.

Visualization
We used the source matrix for visualization. Each row of the source matrix was scaled to unit
standard deviation. Then its left half (gray matter regions) and right half (white matter regions)
were reshaped into two 3D images separately. Thus, for one row of the source matrix we have
one gray matter region map and one white matter region map, the two maps together form a
joint source map. The significant joint source maps were then superimposed on the MNI
normalized template brain and thresholded at |Z|>3.0. The regions within the most significant
joint sources were labeled by transforming from the MNI coordinate system to the coordinates
of the standard space of Talairach and Tournoux (1988) using a Matlab conversion program
written by Matthew Brett (http://imaging.mrc-cbu.cam.ac.uk/downloads/MNI2tal, MRC
Cognition and Brain Sciences Unit, Cambridge, England). Once converted, the Talairach
coordinates were entered into the Talairach Daemon (Lancaster et al., 2000) and summarized.
In addition, the white matter regions within significant joint sources were thresholded at |Z|
>3.0 and specifically labeled using the ICBM DTI-81 Atlas (Mori et al., 2008).

Results
The number of sources was estimated to be forty using the modified AIC approach. The mixing
matrix and source matrix were decomposed using joint ICA. The mixing matrix was then
analyzed using the two sample t-test for patients versus controls. Seven joint sources whose
loading parameters in mixing matrix differed significantly between controls and patients were
identified. On visual inspection of the seven joint source maps, three sources appeared to be
obvious artifacts showing sharp edges near the brain boundary or appearing within CSF
regions. Within the remained four joint sources, the loading parameters in mixing matrix of
joint source 1 and joint source 2 are lower in patients, whereas the loading parameters of joint
source 3 and joint source 4 are higher in patients. Figs. 4 and 5 show the joint sources. Joint
source 1 and joint source 2 are displayed in Fig. 4, using blue for joint source 1, green for joint
source 2 and cyan for the overlap. Joint source 3 and joint source 4 are displayed in Fig. 5,
using red for joint source 3, yellow for joint source 4 and orange for the overlap. The identified
joint sources each include regions which reflect group differences in their covariation among
subjects. The Talairach coordinates for the four significant joint sources are listed in Table 1.
The white matter determined by ICBM DTI-81 Atlas is listed in Table 2. The age and sex
effects on these four joint sources were also analyzed.

Anatomy of the significant joint sources
For convenience, the four significant joint sources are listed by a summary of their anatomical
regions and represented in order of increasing p values (decreasing significance). Only the
regions with positive contribution to the covariance were represented within the joint sources
to prevent duplicate information from the regions with negative contribution (opposite
covariance). Note that since each joint source represents a set of regions which have common
intersubject covariation, the short anatomic label does not fully describe the source.
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Joint source 1: temporal — corpus callosum
The largest difference in gray and white matter linked changes between healthy controls and
patients was found within joint source 1 (see Fig. 4, blue and cyan blob) with less gray matter
and white matter in schizophrenia patients. The regions include the bilateral superior temporal
gyrus, insula, anterior cingulate, cingulate gyrus, inferior and medial frontal gyri in gray matter,
and white matter in splenium of corpus callosum, close proximity to posterior cingulate,
hippocampus, parahippocampal gyrus, medial and middle frontal gyri. According to the
Talairach table, the abnormal gray matter volume is 207.6 cc, the abnormal white matter
volume is 16.3 cc.

Joint source 2: occipital/frontal — IFO
Joint source 2 (see Fig. 4, green and cyan blob) shows a second significant difference between
healthy controls and patients with schizophrenia having more gray matter in middle and inferior
occipital gyri, insula, middle and inferior frontal gyri, middle and inferior temporal gyri and
cuneus, and white matter in inferior fronto-occipital fasciculus (IFO), precuneus and close
proximity to middle frontal gyrus. According to the Talairach table, the abnormal gray matter
volume is 19.8 cc, the abnormal white matter volume is 22.4 cc.

Joint source 3: frontal/parietal/occipital/temporal — SLF
Joint source 3 (see Fig. 5, red and orange blob) was found to have more linked gray matter and
white matter changes in patients versus healthy controls. It includes supramarginal gyrus,
inferior parietal lobule, middle temporal gyrus, media and middle frontal gyri and
parahippocampal gyrus in gray matter, and white matter in superior longitudinal fasciculus
(SLF), close proximity to superior and middle temporal gyri, supramarginal gyrus and inferior
parietal lobe. According to the Talairach table, the abnormal gray matter volume is 50.4 cc,
the abnormal white matter volume is 133.3 cc.

Joint source 4: parietal/frontal — thalamus
Within joint source 4 (see Fig. 5, yellow and orange blob), the patients show more gray matter
in inferior parietal lobule, postcentral gyrus, middle media and superior frontal gyri, and more
white matter in thalamus and cuneus than healthy controls. According to the Talairach table,
the abnormal gray matter volume is 47.2 cc, the abnormal white matter volume is 110.9 cc.

Age and sex effect
The effects of age on all the four joint sources are significant at p<0.001. The correlation plots
of age versus ICA weights for the four joint sources are presented in Fig. 6. For joint source
1, the ICA weight decreases as age increases. According to the linear trend, the intercept value
of the controls is slightly higher than that of patients and the negative slope value of the controls
is slightly lower than that of the patients. For joint source 2, the ICA weight decreases as age
increases. The intercept values of controls and patients are nearly the same, the negative slope
value of controls is nearly zero and slightly higher than thatof patient. For joint source 3, the
ICA weight increases as age increases. According to the linear trend, the intercept values of
controls and patients are nearly the same, the positive slope value of controls is nearly zero
and slightly lower than that of patient. For joint source 4, the ICA weight decreases as age
increases. According to the linear trend, the intercept values of controls and patients are nearly
the same, the negative slope value of patients is nearly zero and slightly higher than that of
patient.

The effect of sex was significant only on joint source 3 at p<0.00005 as presented in Fig. 7.
The mean of the ICA weight for the males is larger than that for the females of both healthy
controls and patients. The overall mean of patients is 0.0066 which is slightly larger than that
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of the healthy controls 0.0062. The relationship of the means for males (M), females (F), healthy
controls (HC) and patients (SZ) is M_SZ (0.0068)> M_HC (0.0066)> F_SZ (0.0064)> F_HC
(0.0059).

After removing the effect of age and sex, the group differences in the joint sources remained
significant.

Discussion
We present a jSBM approach to identify joint sources that differ significantly between groups.
The gray and white matter regions within one joint source have the same contribution to
intersubject covariation, which reflects linked gray and white mater changes among
individuals.

For joint source 1, the finding of less gray matter in temporal and frontal gyri and their
intercorrelations are consistent with previous findings (Pearlson, 1997; Gur et al., 2000;
Mitelman et al., 2005). The smaller corpus callosum in white matter agrees with previous
reports (Bachmann et al., 2003; Diwadkar et al., 2004). The smaller hippocampus is also
consistent with previous findings (Velakoulis et al., 2006; Vita and de Peri, 2007). The linkage
between less gray matter in temporal lobe and the lesser white matter in corpus callosum is
interesting and may be related to the posterior corpus callosum connections to temporal lobe
(Woodruff et al., 1993; Downhill et al., 2001; Walterfang et al., 2008).

For joint source 2, the gray matter reduction in middle occipital gyrus and cuneus agrees with
reports by others (Andreasen et al., 1994; Narr et al., 2005). The white matter reduction in
inferior fronto-occipital fasciculus is supported by previous reports (Mitelman et al., 2007b;
Cheung et al., 2008). Our findings suggest the precuneus, which has not been well studied,
might also be a key area in the regional brain abnormalities which underlie the disease. We
also suggest the gray matter reduction in prefrontal cortex and occipital gyrus may be linked
to the dysfunction of inferior fronto-occipital fasciculus.

For joint source 3, more gray and white matter have been detected affecting multiple brain
lobes, reflecting the widespread nature of the disease and consistent with previous findings
(Shenton et al., 2001). The abnormality of superior longitudinal fasciculus is consistent with
previous studies (Seok et al., 2007; Caprihan et al., 2008; Karlsgodt et al., 2008). Since the
superior longitudinal fasciculus connects the frontal, occipital, parietal and temporal lobes, its
abnormality might be an important contributor to gray matter abnormalities in these brain
regions (Shergill et al., 2007).

For joint source 4, the larger thalamic white matter concentrations in schizophrenia might be
related to abnormalities of the synapses connected to the thalamic nuclei. Although most of
the studies have been focused on the gray matter in thalamus (Byne et al., 2008), our study
suggests the thalamic white matter might also play an important role in receiving and projecting
information between the thalamus and particular cortical fields. Future studies incorporating
diffusion tensor imaging might help test this hypothesis. The larger gray matter in parietal and
frontal lobes associated with altered white matter is consistent with earlier work, but may be
related to complex shape changes and require computational anatomy to clarify (Calhoun et
al., 2006b). Our findings also suggest gray matter difference in the parietal and frontal lobe are
linked to white matter difference in thalamus which is consistent with the role of the thalamus
as a relay station.

The overall gray matter and white matter volumes within each joint source were calculated
from the Talairach tables. It is interesting to note that most of the control>patient regions are
in gray matter, whereas most of the patient>control regions are in white matter in every joint
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source except joint source 2. The lesser gray matter and more white matter in schizophrenia is
consistent with previous reports (Mitelman et al., 2007a). This finding might be due to the
disruption of white matter integrity (leading to more white matter) in patients which in turn
results in a reduction of gray matter. We hope to investigate the underlying cause in future
work.

Every joint source reveals a set of linked gray and white matter regions that have a significant
difference between schizophrenia and healthy controls. The independent joint sources reflect
the group difference of various combinations of brain regions. Though the four joint sources
are spatially independent, this does not mean that they are necessarily non-overlapping. Indeed,
we found some interesting overlaps between joint source 1 and joint source 2 and also between
joint source 3 and joint source 4 when examining the Talairach tables and figures (cyan blob
in Fig. 4 and orange blob in Fig. 5). It should be noted that the fact that they appear in different
joint sources means that their intersubject covariation is distinct. The overlapping regions
appearing in different sources may underlie aspects of higher cortical function such as language
and executive function that appear to be most disturbed in schizophrenia patients. Since it is
not likely that all brain regions contribute to only a single joint source, these overlapping
regions may well be involved in multiple sources corresponding to different functional
connectivities. For example, the middle and medial frontal gyri showed disturbance in all four
joint sources, indicating their multifunctional/integrative roles. The insula was observed in all
the four joint sources, implying its role in various highly conserved functions. In addition, the
inferior parietal lobe found in joint sources 3 and 4, the posterior cingulate cortex found in joint
sources 1 and 2, precuneus found in all joint sources, are frequently found to be structurally or
functionally altered in individuals with schizophrenia.

All four joint sources were significantly correlated with age. Though this study is cross-
sectional and not longitudinal, we can still look more closely at the age-related changes. For
joint source 1, the intercept and slope suggest the source concentration in patients is smaller
than in controls at early ages; however it declines slower than controls with increasing age. By
age 75, the source concentration reaches a similar size for both patients and controls. For joint
sources 2, 3 and 4, the source concentration in patients and controls are similar at early ages.
However, for joint source 2, the source concentration in patient declines faster than controls
with increasing age. At older ages, the source concentration in the patients becomes smaller
than in controls. For joint source 3, the source concentration in patient increases at early ages
and continues declining with increasing age. At older ages, the source concentration in patients
becomes larger than in controls. For joint source 4, the source concentration in controls begins
to decrease at early ages while the source concentration in patients is nearly stable. At older
ages, the source concentration in controls becomes smaller than in patients. A significant sex
effect was found for joint source 3. The mean difference between male and female for both
healthy controls and patients implies the source concentration of males is greater than that of
females.

There are also some limitations of the jSBM approach which should be mentioned. First, the
assumption of the same linear covariation for gray and white matter is fairly strong, although
it appears to provide meaningful results in the simulation and schizophrenia application.
Because it is possible that the joint sources may also show more complicated and/or nonlinear
relationships, we would like to relax this linear assumption in our future work. It should also
be noted that the preprocessing steps will likely have an impact on the results. Though we have
applied the typical preprocessing used in VBM for this work, future work should investigate
the impact of different preprocessing steps. We did compare different smoothing amounts
between 8 mm and 12 mm and found the results to be largely consistent (not shown), however
additional preprocessing and segmentation choices should be investigated. Finally, our
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approach only considered the gray and white matter segmented images. It would be interesting
to include an additional compartment for CSF, which we plan to pursue in future work.

Conclusion
In summary, jSBM provides a unified framework which exploits the natural linkage between
gray and white matter to identify joint gray and white matter sources that show group
differences. Our initial experience with jSBM provided some new and interesting insights
which merit further study. JSBM is a multivariate approach for image fusion among different
types of structural MRI images which is applicable to a wide array of questions, including gray
and white matter joint analysis, the identification of group differences, or the association of
joint gray and white matter differences with other variables of interest (e.g. age or sex). In
addition, jSBM can also filter out spatial artifactual sources and separate them from the sources
of interest. For the above reasons, jSBM may provide a powerful new tool for analysis of
structural brain images.
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Fig. 1.
Joint Source Based Morphometry. Structural MRI images are firstly preprocessed. Joint ICA
is then applied to the segmented gray and white matter images which results in a mixing matrix
and a source matrix. Statistical analysis is performed on the mixing matrix to compute the p
values indicating the significance of the group differences. Visualization is carried on the
source matrix to identify which regions are involved in the joint sources.
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Fig. 2.
Simulation for Joint Source Based Morphometry. (a) Simulated gray and white matter images
of group 1. (b) Simulated gray and white matter images of group 2. Five different types of joint
sources (a set of linked gray and white matter regions) were simulated: 1) a joint source showing
more linked gray matter (GM) and white matter (WM) in group 1 than in group 2 (region 1
and region 7); 2) a joint source with less linked GM and WM in group 1 than in group 2 (region
2 and region 5); 3) a joint source with the same GM and WM between the two groups (region
3 and region 6); 4) a joint source only showing GM differences between the two groups (region
4); and 5) a joint source only showing WM differences between the two groups (region 8).
Joint sources 4) and 5) were special cases, the gray/white matter regions had a strong
covariation which was not shared by a white/gray matter regions. (c) JSBM result. JSBM was
able to successfully detect the five different types of regions.
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Fig. 3.
Joint Independent Component Analysis. Gray and white matter images are stacked into one
subject–voxel matrix. JICA is then used to decompose this subject–voxel matrix into a mixing
matrix and a source matrix. The mixing matrix is used for statistical analysis and the source
matrix is used for joint sources visualization in the following jSBM steps.
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Fig. 4.
Joint source 1 and joint source 2 discovered by jSBM thresholded at |Z|>3.0. Left: gray matter
difference; Middle: loading parameters of the joint sources; Right: white matter difference.
Blue blob: Regions within joint source 1; Green Blob: Regions within joint source 2; Cyan
blob: Regions within both joint source1 and joint source 2.
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Fig. 5.
Joint source 3 and joint source 4 discovered by jSBM thresholded at |Z|> 3.0. Left: gray matter
difference; Middle: loading parameters of the joint sources. Right: white matter difference.
Red blob: Regions within joint source 3; Yellow Blob: Regions within joint source 4; Orange
blob: Regions within both joint source 3 and joint source 4.
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Fig. 6.
The correlation plots between age and ICA weights for the four joint sources. Red dots:
Correlation for the patients; Blue dots: Correlation for the controls; Red line: Trend for red
dots; Blue line: Trend for blue dots.
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Fig. 7.
The correlation plots between sex and ICA weights for joint source 3. Red dots: Correlation
for the patients; Blue dots: Correlation for the controls.
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Table 1
Talairach labels for regions of the four significant joint sources

Joint source 1, gray matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Superior temporal gyrus 38, 22, 42, 41, 13, 21,
39

22.0/23.8 15.8(−46,13, −7)/17.5(45,11, −7)

Inferior frontal gyrus 47, 13, 45, 44, 9 12.3/17.9 15.1(−43,15, −11)/16.4(42,14, −11)

Insula 13, 22 8.4/10.8 11.9(−45,12, −2)/13.7(42,9, −3)

Anterior cingulate and cingulate
gyrus

32, 10, 24, 25 12.1/4.4 10.2(−1,47,2)/8.7(1,42,5)

Precentral gyrus 6, 44, 43 2.2/4.1 9.9(−46, −11,7)/9.0(53,10,4)

Medial frontal gyrus 10, 9, 11, 6, 25, 8 19.0/6.9 9.6(0,53,2)/7.1(3,59,5)

Transverse temporal gyrus 42, 41 1.9/2.4 7.3(−49, −16,10)/8.2(59, −20,12)

Superior and middle frontal gyri 9, 10, 8, 11, 6, 46 3.5/5.4 7.7(0,55,25)/5.7(3,59,22)

Parahippocampal gyrus and uncus 27, 30, 34, 28, 35, 36,
Amygdala, 38, 20

7.1/8.2 6.7(−12, −34, −3)/7.6(22,5, −23)

Rectal gyrus and orbital gyrus 11 1.5/0.8 7.1(0,32, −21)/5.6(4,37, −20)

Postcentral gyrus and inferior
parietal lobule

40, 43, 2 4.1/3.5 7.0(−59, −21,16)/6.5(53, −26,14)

Middle and inferior temporal gyri 21, 20 1.8/0.2 6.9(−49,1, −10)/3.0(45, −20, −25)

Thalamus 5.8/3.9 6.9(0, −19,8)/5.9(1, −24,7)

Claustrum 0.6/1.9 5.4(−39, −13,2)/6.9(37,6,0)

Subcallosal gyrus 34, 25 1.9/0.6 6.0(−12,1, −15)/4.3(9,2, −15)

Caudate 1.3/1.7 4.1(−3,12,2)/4.7(3,12,2)

Posterior cingulate 30, 29, 23 2.2/1.1 4.5(−3, −52,7)/4.5(3, −46,5)

Precuneus 7, 31 0.9/0.6 3.8(−1, −61,57)/3.9(1, −77,43)

Superior occipital gyrus, cuneus
and lingual gyrus

19, 30 0.4/0.4 3.5(−31, −69,21)/3.4(1, −81,39)

Joint source 1, white matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Posterior cingulate 29, 23, 30, 31 1.9/1.1 6.5(0, −40,19)/4.9(4, −43,16)

Medial and middle frontal gyri 10, 9, 6, 8, 46 3.5/0.6 4.7(−12,62, −6)/4.0(24,36,22)

Parahippocampal gyrus 30, 35, 28 1.7/0.6 4.4(−12, −38,2)/4.5(12, −39,1)

Paracentral lobule 6, 31 0.9/na 4.2(−7, −29,66)/na

Superior frontal gyrus 11, 10 0.9/0.2 4.1(−12,61, −11)/3.1(22,42,20)

Thalamus 1.1/0.2 4.1(−13, −9,17)/3.0(6, −2,10)

Angular gyrus and inferior parietal
lobule

39, 40 0.6/na 4.0(−34, −58,37)/na

Caudate 0.6/na 3.6(−15, −15,19)/na

Precentral and postcentral gyri 43, 44, 5 0.8/0.8 3.5(−12, −31,69)/3.6(56, −11,13)

Middle and superior temporal gyri 39, 20, 22 0.4/0.4 3.5(−45, −55,11)/3.4(48, −52,29)

Joint source 2, gray matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Middle and inferior occipital gyri 37, 19, 18, 17 2.6/0.8 6.7(−40, −67,0)/4.6(37, −73,1)

Insula 13 0.2/1.3 3.3(−37,11,22)/5.8(40,17,18)
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Joint source 1, gray matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Middle and inferior frontal gyri 9, 46, 6, 44, 45 1.7/0.6 4.9(−37,17,21)/4.5(45,14,16)

Cuneus 23, 18, 30, 17 na/1.5 na/5.2(12, −71,13)

Middle and inferior temporal gyri 21, 37, 19, 39, 22 2.8/2.5 4.9(−56, −24, −18)/5.7(56, −28, −14)

Precentral gyrus 6, 9 0.4/0.2 4.2(−33, −6,50)/3.3(34,9,34)

Superior temporal gyrus 22, 42, 38, 39 0.6/0.4 4.2(−40, −51,19)/3.9(55, −34,11)

Lentiform nucleus 1.3/0.6 3.8(−30, −10, −2)/4.1(22,5,5)

Lingual gyrus and fusiform gyrus 17, 19, 18, 20 1.3/0.6 4.1(−36, −64, −3)/4.0(46, −3, −25)

Precuneus 7 na/0.4 na/3.6(12, −66,41)

Joint source 2, white matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Precuneus 7, 31 0.2/1.9 3.2(−24, −50,44)/6.1(25, −53,39)

Middle frontal gyrus 6, 9, 10 3.5/1.3 5.0(−30,7,47)/4.1(28,4,50)

Precentral gyrus 4, 6 0.4/2.4 3.2(−30, −10,61)/4.5(28, −28,61)

Cuneus 18 na/0.9 na/4.5(22, −76,23)

Posterior cingulate 29 0.9/0.2 4.4(−1, −42,12)/3.5(3, −44,15)

Claustrum 0.4/0.9 3.5(−30,11, −8)/4.3(31,7, −8)

Superior and inferior parietal
lobules

7, 40 0.6/1.1 4.1(−28, −50,40)/4.1(25, −59,39)

Postcentral gyrus 3 na/0.6 na/3.9(22, −27,62)

Medial and superior frontal gyri 10, 25, 6, 8 2.2/2.4 3.9(−12,64, −3)/3.9(13,61, −4)

Inferior frontal gyrus 47, 46 0.9/0.2 3.7(−15,17, −15)/3.0(25,17, −15)

Fusiform gyrus 20 0.4/0.4 3.4(−49, −23, −25)/3.5(48, −30, −21)

Anterior cingulate and cingulate
gyrus

24, 32 0.4/0.2 3.2(−1,25, −4)/.1(24,11,42)

Joint source 3, gray matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Supramarginal gyrus 40 1.1/na 8.4(−37, −42,37)/na

Inferior parietal lobule 40 3.2/0.9 7.3(−43, −43,38)/4.7(48, −35,27)

Middle temporal gyrus 37, 39, 19 0.6/2.4 4.3(−31, −67,25)/6.9(40, −57,0)

Medial and middle frontal gyrus 6, 11, 9 3.9/2.2 6.5(−9, −26,69)/4.9(22, −8,47)

Postcentral gyrus 3, 40, 5 2.2/0.2 6.2(−9, −31,69)/3.4(13, −34,68)

Parahippocampal gyrus Hippocampus, 19, 28,
Amygdala, 35, 37, 36,
27

5.2/4.3 6.1(−25, −14, −11)/5.3(40, −51, −2)

Precentral gyrus 6, 9, 4 3.2/0.2 5.7(−13, −21,69)/5.5(36,12,31)

Cuneus, fusiform gyrus and
lingual gyrus

18, 37, 19, 17 1.3/3.9 3.7(−25, −88, −17)/5.3(21, −90, −16)

Inferior frontal gyri 9 na/0.4 na/4.4(33,9,27)

Paracentral lobule 6, 31, 4, 5 2.2/1.1 4.8(−3, −33,69)/4.6(3, −29,69)

Lentiform nucleus 1.3/1.5 4.4(−30, −11, −8)/4.8(28, −16, −8)

Uncus 28, 20, 36 0.6/0.2 4.7(−28, −7, −26)/3.3(15, −2, −30)

Insula 13 na/0.6 na/4.5(45, −32,22)
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Joint source 1, gray matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Orbital gyrus 11 na/0.4 na/3.9(12,43, −20)

Middle, inferior and superior
occipital gyri

19, 37, 18 1.0/1.1 4.2(−30, −73,23)/3.9(39, −63,2)

Cingulate gyrus, anterior and
posterior cingulate

32, 31, 24 2.1/0.8 3.9(0,33, −10)/3.6(12, −21,45)

Superior and inferior temporal gyri 22, 42, 38, 19 0.4/0.6 3.5(−42, −55,15)/3.7(58, −42,13)

Thalamus 0.9/na 3.5(−13, −23,9)/na

Superior frontal gyrus 9 0.4/na 3.4(−33,45,30)/na

Joint source 3, white matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Superior and middle temporal gyri 39, 13, 22, 41, 21, 42,
38, 20, 37

16.0/14.9 18.8(−46, −44,23)/19.4(43, −50,25)

Supramarginal gyrus 40 2.8/2.6 15.6(−48, −48,27)/12.5(49, −48,26)

Inferior parietal lobule 40, 39 3.2/1.9 14.0(−52, −45,23)/5.5(46, −54,36)

Insula 13 2.2/1.9 12.5(−40, −43,21)/9.6(36, −46,19)

Middle frontal gyrus 6, 10, 8, 46, 9, 11, 47 10.6/8.9 11.3(−31,7,45)/8.7(33,8,47)

Superior parietal lobule 7 2.2/na 10.6(−27, −53,41)/na

Fusiform gyrus 20, 37 3.2/2.2 9.4(−42, −14, −23)/7.1(42, −13, −26)

Inferior temporal gyrus 20, 21 3.0/4.1 8.4(−42, −10, −27)/5.8(39, −10, −30)

Middle, inferior and superior
occipital gyri

19, 18, 37 2.4/6.6 5.0(−34, −78,5)/8.0(40, −76,3)

Precuneus 7, 31, 19 3.9/5.6 7.4(−22, −50,44)/5.3(13, −69,23)

Superior and medial frontal gyri 6, 8, 11, 10, 9 3.7/1.5 5.2(−15,55, −13)/7.1(33,13,50)

Postcentral gyrus 2, 43, 3, 40, 1 5.6/4.1 6.9(−48, −29,41)/6.5(43, −29,36)

cuneus 18, 7, 23, 17 0.6/3.5 3.3(−25, −92,0)/6.2(13, −68,17)

Precentral gyrus 6, 4, 9, 43 4.1/1.9 5.7(−56,0,21)/4.2(56, −7,13)

Inferior frontal gyrus 46, 47, 9, 44 1.7/1.9 5.6(−33,33,16)/4.8(39,37,9)

Angular gyrus 39 0.6/0.4 3.7(−34, −59,35)/4.5(42, −62,32)

Uncus 20 0.2/0.2 4.5(−37, −13, −31)/3.9(37, −16, −29)

Cingulate gyrus and posterior
cingulate

32, 31, 29 2.8/1.9 5.4(−4, −41,16)/5.2(16, −62,17)

Transverse temporal gyrus 42 0.2/0.2 4.3(−61, −11,14)/3.4(56, −13,12)

Joint source 4, gray matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Inferior parietal lobule 40 3.0/1.7 8.4(−34, −31,40)/4.2(40, −39,38)

Middle, medial and superior
frontal gyri

8, 6, 9, 10, 47, 25, 11 5.1/13.8 4.4(−24,27,37)/7.3(31,14,39)

Postcentral gyrus 3, 2, 40 3.0/1.5 7.1(−30, −34,43)/4.3(48, −30,50)

Inferior frontal gyrus 47, 44, 45, 9 0.6/2.8 3.7(−45,14,16)/5.8(30,29,1)

Superior parietal lobule and
precuneus

7 2.2/1.8 5.0(−24, −59,46)/4.4(19, −61,42)

Cingulate gyrus 31, 23, 24, 32 1.5/1.1 4.8(−25, −31,40)/3.6(3, −21,26)

Insula 13 na/0.9 na/4.8(28,25,6)
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Joint source 1, gray matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Precentral gyrus 9 0.2/0.2 3.6(−33,12,35)/4.6(37,12,39)

Inferior and middle temporal gyri 39, 21, 37, 20, 19 na/3.0 na/5.5(50, −53, −4)

Posterior cingulate 23, 29 0.9/0.6 4.4(−1, −32,24)/3.4(4, −31,24)

Subcallosal gyrus 25 0.2/0.4 3.6(−3,12, −13)/4.3(3,12, −14)

Lingual gyrus 18 0.6/na 3.7(−3, −84, −11)/na

Superior temporal gyrus and
angular gyrus

39, 22, 13 na/1.7 na/3.7(31, −53,27)

Fusiform gyrus 36, 37 0.2/0.2 3.7(−49, −40, −23)/3.4(58, −52, −16)

Joint source 4, white matter Brodmann area L/R volume (cc) L/R max Z(x, y, z)

Thalamus 15.1/14.2 20.1(−12, −14,10)/19.1(10, −14,10)

Cuneus 18, 17, 30, 23, 7, 19 8.2/7.3 10.6(−10, −76,15)/7.7(6, −79,16)

Lingual gyrus 18, 17, 19 6.9/1.5 7.9(−16, −80, −2)/4.7(18, −83, −5)

Inferior parietal lobule 40 2.2/0.6 7.1(−31, −47,44)/4.6(31, −37,50)

Caudate 1.5/0.4 7.1(−12, −6,17)/4.9(15, −11,18)

Posterior cingulate 31, 30 2.2/na 6.9(−10, −65,16)/na(0,0,0)

Middle, medial and superior
frontal gyri

6, 9, 11, 32, 8 1.9/6.2 4.8(−10, −13,63)/6.5(24,5,47)

Precuneus 31, 7, 19 7.1/2.2 6.5(−9, −69,21)/5.7(22, −76,26)

Superior temporal gyrus 39, 22, 38, 42 2.8/0.2 6.4(−49, −53,22)/3.2(53, −49,11)

Inferior, superior and middle
occipital gyri

18, 19 4.7/1.7 6.0(−33, −79, −4)/4.9(31, −85, −6)

Superior parietal lobule 7 0.4/na 5.8(−31, −49,49)/na

Fusiform gyrus 20, 19 1.5/1.7 5.6(−56, −20, −22)/5.4(43, −26, −18)

Inferior frontal gyrus 9, 47 0.2/0.6 3.6(−40,27, −8)/5.4(34,10,27)

Cingulate gyrus 24, 31 0.2/0.4 3.3(−10, −39,41)/5.2(19,8,44)

Parahippocampal gyrus 30, 36, 27, Amygdala,
35

1.1/0.9 5.0(−16, −31, −4)/4.3(39, −29, −20)

Paracentral lobule and precentral
gyrus

6, 5, 4 4.6/2.6 5.4(−39, −11,41)/5.2(37,4,27)

Inferior temporal gyrus 20, 37 1.3/1.1 4.7(−59, −24, −19)/4.1(43, −63, −4)

Lentiform nucleus 0.9/0.6 4.7(−21, −11,9)/3.4(31, −14,6)

Middle temporal gyrus 22, 21, 39, 37 1.9/1.3 4.3(−56, −38, −1)/4.7(49, −41,3)

Supramarginal gyrus 40 0.6/na 4.6(−55, −51,22)/na

Postcentral gyrus 3, 4 1.1/0.9 3.6(−24, −29,57)/3.5(34, −34,46)

Rectal gyrus 11 na/0.4 na/3.5(7,35, −22)

Voxels above a threshold of |Z|> 3.0 were converted from Montreal Neurological Institute (MNI) coordinates to Talairach coordinates and entered into a
database to assign anatomic labels for the left (L) and right (R) hemispheres. The concentration of voxels in each area is provided in cubic centimeters
(cc). Within each area, the maximum Z value and its coordinate are provided.
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Table 2
White matter determined by the ICBM DTI-81 Atlas

Joint source 1, white matter Volume (cc) Percentage Max Z(x, y, z)

Splenium of corpus callosum 1.06 8.26% 6.36(0, −41,20)

Middle cerebellar peduncle 0.47 2.97% 3.80(17, −24, −30)

Cingulum (cingulate gyrus) right 0.02 1.02% 3.75(8, −45,15)

Cingulum (hippocampus) left 0.10 1.87% 3.64(−16, −37, −3)

Cingulum (hippocampus) right 0.02 1.02% 3.60(8, −45,14)

Anterior limb of internal capsule right 0.04 1.94% 3.32(−13, −28, −13)

Joint source 2, white matter Volume (cc) Percentage Max Z(x, y, z)

Inferior fronto-occipital fasciculus right 0.47 24.65% 4.31(32,7, −9)

Uncinate fasciculus right 0.17 43.36% 4.09(33,2, −10)

Cerebral peduncle right 0.04 3.89% 3.61(−7, −49, −30)

Inferior fronto-occipital fasciculus left 0.15 8.01% 3.49(−30,12, −9)

Superior cerebellar peduncle right 0.06 5.94% 3.42(−7, −43, −31)

Superior cerebellar peduncle left 0.01 1.07% 3.35(8, −49, −30)

Inferior cerebellar peduncle right 0.02 0.34% 3.06(−6, −40, −30)

Splenium of corpus callosum 0.01 0.05% 3.06(−1,41,14)

Joint source 3, white matter Volume (cc) Percentage Max Z(x, y, z)

Superior longitudinal fasciculus right 1.33 19.94% 15.49(38, −52,23)

Superior longitudinal fasciculus left 1.07 16.32% 12.53(−40, −45,23)

Posterior thalamic radiation (include optic radiation)
right

0.86 21.43% 10.86(35, −52,23)

Posterior corona radiata right 0.12 3.29% 8.13(33, −52,24)

Splenium of corpus callosum 0.61 4.80% 5.16(−22, −63,17)

Posterior thalamic radiation (include optic radiation)
left

0.16 3.84% 5.01(−40, −41,8)

Tapatum right 0.05 8.62% 5.01(32, −48,20)

Cingulum (hippocampus) left 0.15 12.65% 4.63(−10, −45,9)

Retrolenticular part of internal capsule left 0.01 0.41% 3.8(−40, −37,6)

Cingulum (hippocampus) right 0.01 0.80% 3.34(8, −45,12)

Cingulum (cingulate gyrus) right 0.02 0.87% 3.27(8, −45,16)

Uncinate fasciculus left 0.01 1.82% 3.19(−34,2, −19)

Joint source 4, white matter Volume (cc) Percentage Max Z(x, y, z)

Retrolenticular part of internal capsule right 1.87 48.51% 11.67(−18, −15,11)

Posterior limb of internal capsule left 1.80 47.00% 11.19(17, −15,9)

Anterior limb of internal capsule right 0.62 27.46% 8.59(−15, −22, −1)

Cerebral peduncle left 0.55 23.89% 7.49(14, −22, −1)

Fornix (column and body of fornix) 0.17 27.47% 4.97(−1, −7,14)
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Joint source 1, white matter Volume (cc) Percentage Max Z(x, y, z)

Superior longitudinal fasciculus right 0.21 3.15% 4.73(33,6,29)

Fornix (cres)/Stria terminalis left 0.10 9.34% 4.65(−21, −31,12)

Cingulum (hippocampus) left 0.10 8.53% 4.41(−18, −34, −3)

Retrolenticular part of internal capsule left 0.05 2.04% 4.34(−24, −25,10)

Superior cerebellar peduncle left 0.09 9.96% 4.26(5, −32, −12)

Superior longitudinal fasciculus left 0.15 2.32% 4.26(−37, −15,38)

Cerebral peduncle right 0.07 7.77% 4.18(−6, −33, −12)

Corticospinal tract right 0.08 3.33% 4.18(23, −22,10)

Splenium of corpus callosum 0.07 0.53% 4.18(−15, −34,12)

Fornix (cres)/Stria terminalis right 0.06 5.73% 4.1(20, −30,12)

Corticospinal tract left 0.19 14.36% 4.1(2, −25, −37)

Middle cerebellar peduncle 0.14 0.88% 4.02(0, −22, −37)

Uncinate fasciculus left 0.21 57.27% 3.86(−35, −1, −18)

Uncinate fasciculus right 0.10 27.43% 3.78(33, −1, −15)

Medial lemniscus right 0.04 3.23% 3.55(−3, −27, −37)

External capsule right 0.18 5.16% 3.39(32, −14,5)

Pontine crossing tract (a part of MCP) 0.03 2.30% 3.39(0, −31, −35)

Cingulum (hippocampus) right 0.01 1.07% 3.23(20, −30, −6)

Voxels above a threshold of |Z|> 3.0 were converted from Montreal Neurological Institute (MNI) coordinates to ICBM DTI81 coordinates and entered
into a database to assign anatomic labels. The volume of significant white matter voxels within each fiber tract area is provided in cubic centimeters (cc).
The percentage of the fiber tract containing significant white matter voxels is also provided. Within each fiber tract, the maximum Z value and its coordinate
are provided.
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