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Abstract
Acquisition of multimodal brain imaging data for the same subject has become more common lead-

ing to a growing interest in determining the intermodal relationships between imaging modalities

to further elucidate the pathophysiology of schizophrenia. Multimodal data have previously been

individually analyzed and subsequently integrated; however, these analysis techniques lack the

ability to examine true modality inter-relationships. The utilization of a multiset canonical correla-

tion and joint independent component analysis (mCCA1 jICA) model for data fusion allows shared

or distinct abnormalities between modalities to be examined. In this study, first-episode schizo-

phrenia patients (nSZ519) and matched controls (nHC521) completed a resting-state functional

magnetic resonance imaging (fMRI) scan at 7 T. Grey matter (GM), white matter (WM), cerebrospi-

nal fluid (CSF), and amplitude of low frequency fluctuation (ALFF) maps were used as features in a

mCCA1 jICA model. Results of the mCCA1 jICA model indicated three joint group-discriminating

components (GM-CSF, WM-ALFF, GM-ALFF) and two modality-unique group-discriminating com-

ponents (GM, WM). The joint component findings are highlighted by GM basal ganglia,

somatosensory, parietal lobe, and thalamus abnormalities associated with ventricular CSF volume;

WM occipital and frontal lobe abnormalities associated with temporal lobe function; and GM fron-

tal, temporal, parietal, and occipital lobe abnormalities associated with caudate function. These

results support and extend major findings throughout the literature using independent single

modality analyses. The multimodal fusion of 7 T data in this study provides a more comprehensive

illustration of the relationships between underlying neuronal abnormalities associated with schizo-

phrenia than examination of imaging data independently.
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1 | INTRODUCTION

Schizophrenia is often described as a heterogeneous disorder charac-

terized by the presentation of a multitude of different symptoms such

as hallucinations, delusions, lack of interest, and anhedonia (Tandon,

Nasrallah, & Keshavan, 2009). Owing to the heterogeneity of the disor-

der, the underlying neural mechanisms and etiology of schizophrenia

still remain unclear (Heckers, 2000; Tandon, Keshavan, & Nasrallah,

2008). However, researchers continually attempt to uncover the neural

mechanisms of schizophrenia through studies utilizing structural mag-

netic resonance imaging (sMRI), functional MRI (fMRI), diffusion tensor

imaging (DTI), electroencephalography (EEG), and other imaging modal-

ities (Sui, Yu, He, Pearlson, & Calhoun, 2012). Results from different

imaging modalities have illustrated increased ventricular volume; vol-

ume reductions in the temporal lobe, superior temporal gyrus, and pre-

frontal cortex (sMRI); neural connectivity abnormalities involving the

medial temporal, superior temporal, and prefrontal cortices (DTI); and

functional alterations in prefrontal cortex and temporal lobe (fMRI) (see
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Keshavan, Tandon, Boutros, & Nasrallah, 2008 for review). Although

these results contribute to further understanding the disorder of schiz-

ophrenia, the inter-relationships between findings from each modality

are relatively unknown.

The acquisition of multiple types of brain imaging data for the

same subject has become more common as different imaging modal-

ities provide information about different aspects of the brain, such as

functional or structural information (Calhoun & Sui, 2016; Sui et al.,

2011). In addition to collecting multiple types of imaging data for an

individual, collection of data at higher field strengths (i.e., 7 T) has pro-

vided increased spatial resolution and sensitivity to susceptibility

effects, as well as decreased T�
2 relaxation times (Moser, Stahlberg,

Ladd, & Trattnig, 2012; Poser & Norris, 2009). Even with the collection

of multiple imaging modalities at ultra-high resolution, these data are

typically analyzed separately for independent results. Although meth-

ods where data from one modality are constrained by data from

another modality (data integration/conjunction) and post hoc pair-wise

correlation of independent analysis results have been attempted (Cal-

houn et al., 2006b; Sui, Huster, Yu, Segall, & Calhoun, 2014), statistics

limit the inferences that can be made from these results due to strin-

gent corrections for multiple comparisons, as well as the absence of a

common symmetric model to jointly uncover inter-related patterns

(Calhoun & Sui, 2016; Sui et al., 2011, 2012). In addition, heterogene-

ous results have been consistently reported throughout the literature,

which may be attributable to only partial detection of disorder abnor-

malities via single modality analyses (Calhoun et al., 2006b; Calhoun &

Sui, 2016; Sui et al., 2011). In order to address these issues, data fusion

through the utilization of a multi-set canonical correlation and joint

independent component analysis (mCCA1 jICA) has been introduced

(Sui et al., 2013a).

Joint analysis utilizing the mCCA1 jICA model enables the exami-

nation of unique and shared variance among multiple modalities and

hence illustrates how abnormalities in one modality may influence

abnormalities in another (Sui et al., 2013a). Sui and colleagues fused

fMRI, DTI, and sMRI to find both joint and modality-unique abnormal-

ities in schizophrenia (Sui et al., 2013b). Among one of the joint compo-

nents, Sui and colleagues found resting-state fMRI abnormalities in the

prefrontal cortex and left superior temporal gyrus were related to grey

matter density abnormalities in the motor cortex, temporal gyrus, and

medial/superior frontal cortex, along with white matter tract abnormal-

ities of the forceps major, corticospinal tract, and anterior thalamic radi-

ation (Suiet al., 2013b). Wang and colleagues fused resting-state fMRI

and sMRI from a large sample of patients with schizophrenia, schizoaf-

fective disorder, and bipolar I disorder with psychosis to find a link

between the prefrontal–striatal–thalamic–cerebellar functional net-

works and default mode network structural abnormalities, and a link

between temporal lobe function and structure (Wang et al., 2015). In

addition, other joint analyses have found inter-relationships between

fMRI auditory oddball task and DTI fractional anisotropy data (Sui

et al., 2011); EEG event-related potential and fMRI auditory oddball

task data (Calhoun, Adali, & Liu, 2006a); fMRI auditory sensorimotor

task, DTI fractional anisotropy, and sMRI grey matter data (Sui et al.,

2013a); as well as many other combinations of schizophrenia multimo-

dal data (see Sui et al., 2014 for review).

In this study, a four-way mCCA1 jICA model is utilized in order to

examine joint, as well as modality-unique abnormalities in grey matter

volume (GM), white matter volume (WM), cerebrospinal fluid volume

(CSF), and amplitude of low frequency fluctuations (ALFF) in resting-

state fMRI data to discriminate between first-episode patients with

schizophrenia and healthy controls. To our knowledge, this is the first

study to fuse these four types of imaging data in first-episode schizo-

phrenia patients at 7 T. Based on results from the fusion literature (Cal-

houn et al., 2006a; Sui et al., 2011, 2013a, 2013b), we expect to see

joint, as well as modality-unique, components differentiating first-

episode schizophrenia patients from healthy controls. Additionally, we

hypothesize that the areas identified in joint and modality-unique com-

ponents will encompass abnormalities exhibited in single modality anal-

yses for the respective modality; however, we expect that the benefit

of this joint analysis approach will be demonstrated with the examina-

tion of how abnormalities in one modality are related to and/or influ-

ence abnormalities in another via joint components.

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty-two first-episode patients with schizophrenia were recruited

from the University of Alabama at Birmingham (UAB) emergency room,

inpatient units, and various outpatient clinics. Informed consent to par-

ticipate in this UAB Institutional Review Board approved study was

obtained following evaluation of competency to provide informed con-

sent (Carpenter et al., 2000). Additionally, 22 matched healthy controls,

based on age, gender, smoking status, socioeconomic status (SES), and

years of education, were enrolled in the study.

Diagnoses were established with review of medical records and

evaluation by two board certified psychiatrists (ACL and NVK) and con-

firmed using the Diagnostic Interview for Genetic Studies (Nurnberger

et al., 1994). All patients were medicated at the time of scanning. Sub-

jects were excluded from the study due to the presence of major medi-

cal conditions, neurological disorders, history of head trauma with loss

of consciousness, substance abuse within six months of imaging

(excluding nicotine), use of medication altering brain function, preg-

nancy, and MRI contraindications. Exclusion criteria for healthy controls

also included a history of Axis I disorders personally or in first-degree

relatives.

2.2 | Study design

Participants completed a 6-min (120 volume) resting-state fMRI scan.

Of the 22 patients enrolled, one subject was unable to complete the

scan due to scanner intolerability; one subject was excluded due to

poor scan quality; and a resting-state scan was not obtained for one

subject. Therefore, imaging data for 19 patients remained for analysis.

Additionally, 21 of the 22 healthy controls enrolled in the study com-

pleted a resting-state fMRI scan. Symptom severity was assessed using
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the Brief Psychiatric Rating Scale (BPRS) (Overall & Gorham, 1962), the

Scale for the Assessment of Negative Symptoms (SANS) (Andreasen,

1984a), and the Scale for the Assessment of Positive Symptoms (SAPS)

(Andreasen, 1984b). The Repeatable Battery for the Assessment of

Neuropsychological Status (RBANS) (Randolph, Tierney, Mohr, &

Chase, 1998) was used to assess cognitive function for healthy controls

and patients.

2.3 | Scanning parameters

All scans were performed at the Auburn University MRI Research Cen-

ter on a whole-body 7 T Siemens MAGNETOM MRI scanner (Siemens

Healthineers, Erlangen, Germany), with a 32-channel head coil. High-

resolution structural scans were acquired using a three-dimensional T1-

weighted magnetization-prepared rapid acquisition gradient-echo

sequence (MPRAGE; 256 slices, repetition time/echo time/inversion

time [TR/TE/TI]52000/2.89/1050 ms, 78 flip angle, 190 mm field of

view, 0.7 mm isotropic voxels, base resolution5256, sagittal acquisi-

tion, GRAPPA acceleration factor52). Resting-state fMRI scans were

acquired using a gradient recalled echo-planar imaging sequence (TR/

TE53000/28 ms, 708 flip angle, 200 mm field of view, 37 slices,

0.85 mm 3 0.85 mm 3 1.8 mm voxels, iPAT GRAPPA acceleration

factor53, base resolution5234, interleaved acquisition, A>P phase

encode direction, 1 ms echo spacing, gap51.08 mm). Field maps were

acquired using a gradient-recalled echo (GRE) sequence (TR/TE1/

TE25400/4.92/7.38 ms, 608 flip angle, 200 mm field of view, 36 sli-

ces, 3.1 mm 3 3.1 mm 3 3.0 mm voxels, base resolution564, inter-

leaved acquisition, gap50.75 mm).

2.4 | Preprocessing

2.4.1 | Functional magnetic resonance imaging (fMRI)

Data preprocessing of resting-state scans was performed with SPM12

(Wellcome Trust Centre for Neuroimaging, London, UK) and the

“CONN” Connectivity Toolbox (Whitfield-Gabrieli & Nieto-Castanon,

2012) using standard preprocessing steps. More specifically, prepro-

cessing steps included realignment and unwarping using phase maps,

slice timing correction, coregistration to anatomical space using the T1-

weighted MPRAGE structural image and using the first functional

image as reference, normalization to Montreal Neurological Institute

[MNI] space using the first functional volume as reference, artifact

detection, Gaussian smoothing [5 mm full-width half-maximum

(FWHM)], and denoising [aCompCor (Behzadi, Restom, Liau, & Liu,

2007), scrubbing, motion regression, linear detrending, and band-pass

filtering (0.008–0.09 Hz)]. Volumes were scrubbed if movement

exceeded 0.5 mm or noise (z score change>3) was identified. A

smoothed (5 mm FWHM), skull-stripped average whole brain mask of

all subjects was utilized as an analysis mask in CONN. Resulting prepro-

cessed functional resting-state data maintained a spatial resolution of

0.855 mm3 0.855 mm3 2.88 mm.

Voxelwise ALFF maps for each subject were extracted from the

preprocessed rest data (Song et al., 2011) using the REST toolbox

(http://www.restfmri.net/forum/REST_V1.8). More specifically, data

was transformed to the frequency domain with a fast Fourier transform

to obtain the power spectrum. ALFF was then calculated (using an

average GM mask of all 40 subjects) as the averaged square root of

the power spectrum (i.e., amplitude) within a frequency range of

0.01–0.08 Hz.

2.4.2 | Structural magnetic resonance imaging (sMRI)

High-resolution structural scans were segmented into GM, WM, and

CSF in SPM12 utilizing an extension of the unified segmentation algo-

rithm (Ashburner & Friston, 2005; Weiskopf et al., 2011). Segmented

images were subsequently normalized to MNI space and smoothed

with a Gaussian kernel to 5 mm FWHM using the diffeomorphic ana-

tomical registration using exponentiated lie algebra algorithm (DARTEL)

(Ashburner, 2007). It is important to note that a more complex intensity

nonuniformity field is exhibited among high magnetic field strength

(7 T) images compared to the slowly varying intensity nonuniformity

profiles exhibited at lower magnetic field strengths (Ganzetti, Wender-

oth, & Mantini, 2016b). Therefore, to adequately correct for intensity

nonuniformities, optimal input parameters for bias regularization (0.01)

and bias field smoothing (30 mm FWHM) were determined utilizing the

MRTool toolbox in SPM12 (Ganzetti, Wenderoth, & Mantini, 2016a) in

order to be implemented in the intensity nonuniformity correction

methods within the unified segmentation module in SPM12 (Ashburner

& Friston, 2005; Ganzetti et al., 2016a). The resultant modulated seg-

mented images representing volume were used in the subsequent anal-

yses as these images correct for deformations that can occur during

the spatial normalization process (Fornito, Yucel, Patti, Wood, & Pante-

lis, 2009). Resulting GM, WM, and CSF maps maintained a spatial reso-

lution of 0.742 mm3 0.742 mm3 0.7 mm.

2.5 | Multiset CCA1 joint ICA

We use the mCCA1 jICA algorithm as implemented in the fusion ICA

toolbox (FIT; http://mialab.mrn.org/software/fit). Features entered into

the mCCA1 jICA model included GM, WM, CSF, and ALFF maps for

each individual. Prior to running the mCCA1 jICA model, data were

normalized in the same manner presented in (Sui et al., 2013b). Three-

dimensional feature maps were reshaped to a one-dimensional vector

for each subject. The feature vectors for each modality were then

stacked to form a subject by number of voxels matrix. Feature matrices

were then normalized so that all features had the same mean sum-of-

squares. Relative scaling within each modality was preserved following

normalization (i.e., 0.3312, 0.2686, 0.1052, 1.4679 for GM, WM, CSF,

ALFF, respectively). Following feature normalization, data were

reduced via a multi-set canonical correlation analysis (mCCA) (Correa,

Li, Adali, & Calhoun, 2008; Sui et al., 2010) and subsequently decom-

posed into 13 independent components (ICs) via joint independent

component analysis (jICA) utilizing the infomax algorithm (Bell & Sej-

nowski, 1995). The number of components was estimated for each fea-

ture (i.e., 11, 13, 23, 4 for GM, WM, CSF, ALFF, respectively) using the

minimum description length criteria (Li, Adali, & Calhoun, 2007) and

capped at 13 to ensure computational feasibility. Component stability/

quality was measured by repeating the infomax algorithm 10 times in
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ICASSO and the most representative run was used in subsequent steps

(Himberg, Hyvarinen, & Esposito, 2004). Components were then z-

scored and thresholded at |Z| > 3.5 for display. Prior to thresholding

for display, components were masked using a GM, WM, or CSF mask

(depending on modality; ALFF masked with GM mask) segmented from

an average structural image generated from the 40 subjects in the

analysis.

2.6 | Mixing coefficients

Subject-specific mixing coefficients or ICA loadings for each modality

represent the degree to which a given modality component represents

a subject’s data as a whole (Lerman-Sinkoff et al., 2017). Based on the

normality of the mixing coefficients, either a two-sample t test or non-

parametric independent samples Mann–Whitney U test between mixing

coefficients for each respective IC was performed in order to determine

group-differentiating components. Normality of mixing coefficients was

determined using the Kolmogorov–Smirnov test with Lilliefors correc-

tion. Joint group-differentiating ICs are defined as components with the

same index exhibiting the ability to differentiate between groups in

more than one modality (e.g., IC1 in GM and CSF, IC5 in WM and ALFF,

and IC7 in GM and ALFF as shown in Figures 1–3). Joint components

have shared variance across modalities (Stephen et al., 2013). A

modality-unique group-differentiating IC represents a component in a

single modality that demonstrates the ability to differentiate between

groups. Mixing coefficients more than three times the overall interquar-

tile range were identified as outliers and removed. Normality of mixing

coefficients was reevaluated prior to calculating two-sample t tests or

nonparametric independent-samples Mann–Whitney U tests to deter-

mine group-differentiating components. Three joint components (IC 1

in GM and CSF, IC 5 in WM and ALFF, IC7 in GM and ALFF) and two

modality-unique components (IC 3 in WM, IC11 in GM) were identified

to significantly differentiate controls and patients. MNI coordinates for

voxels with Z > |3.5| and cluster size�50 in the joint and modality-

unique components were extracted using xjView (http://www.alive-

learn.net/xjview) and labeled using the Automated Anatomical Labeling

(aal) atlas within xjView.

In exploratory post hoc analyses, mixing coefficients for the identi-

fied significant components were correlated with clinical data including

BPRS, SAPS, SANS, and RBANS scores to examine the potential impact

of symptoms on the joint and modality-unique components.

3 | RESULTS

3.1 | Demographics

No significant differences in age, gender, parental SES, years of educa-

tion, and smoking status (packs per day) were exhibited between

patients and controls (Table 1). Sixteen patients were treated with ris-

peridone, two with aripiprazole, and one with clozapine.

FIGURE 1 Joint group-differentiating IC1 in Grey Matter and CSF. (a) GM and (b) CSF ICs shown to significantly differentiate between
controls and patients via parametric or nonparametric independent samples tests on mixing coefficients. Group differences are found in the
two modalities among components with the same indices. Spatial maps are shown with a threshold of |Z| > 3.5. A list of the component
regions can be found in Supporting Information, Tables I (GM IC1) and III (CSF IC1). (a) Higher mixing coefficients in controls means GM
IC1 is expressed more in controls. When GM IC1 z values are positive (red regions) and mixing coefficients are positive, the component is
showing increased GM volume in controls. Conversely, when GM IC1 z values are negative (blue regions) and mixing coefficients are posi-
tive, the component is showing decreased GM volume in controls. (b) Higher mixing coefficients in patients means CSF IC1 is expressed
more in patients. When CSF IC1 z values are positive (red regions) and mixing coefficients are positive the component is showing increased
CSF volume in patients. Conversely, when CSF IC1 z values are negative (blue regions) and mixing coefficients are positive, the component
is showing decreased CSF volume in patients. IC, independent component; HC, healthy control; SZ, schizophrenia patient; GM, grey matter;
CSF, cerebrospinal fluid

F1-F3
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FIGURE 2 Joint group-differentiating IC5 in White Matter and ALFF. (a) WM and (b) ALFF ICs shown to significantly differentiate between
controls and patients via parametric or nonparametric independent samples tests on mixing coefficients. Group differences are found in the
two modalities among components with the same indices. Spatial maps are shown with a threshold of |Z| > 3.5. A list of the component
regions can be found in Supporting Information, Tables II (WM IC5) and IV (ALFF IC5). Higher mixing coefficients in controls means WM
and ALFF IC5 are expressed more in controls. When WM and ALFF IC5 z values are positive (red regions) and mixing coefficients are posi-
tive, the component is showing increased WM volume/ALFF in controls. Conversely, when WM and ALFF IC5 z values are negative (blue
regions) and mixing coefficients are positive, the component is showing decreased WM volume/ALFF for controls. The opposite is true
when mixing coefficients are negative. IC, independent component; HC, healthy control; SZ, schizophrenia patient; WM, white matter;
ALFF, amplitude of low frequency fluctuations

FIGURE 3 Joint group-differentiating IC7 in grey matter and ALFF. (a) GM and (b) ALFF ICs shown to significantly differentiate between
controls and patients via parametric or nonparametric independent samples tests on mixing coefficients. Group differences are found in the
two modalities among components with the same indices. Spatial maps are shown with a threshold of |Z| > 3.5. A list of the component
regions can be found in Supporting Information, Tables I (GM IC7) and IV (ALFF IC7). Higher mixing coefficients in patients means GM and
ALFF IC7 is expressed more in patients. When z values (red regions) are positive and mixing coefficients are positive, the component is
showing increased GM volume/ALFF in patients. Conversely, when GM and ALFF IC7 z values are negative (blue regions) and mixing coeffi-
cients are positive, the component is showing decreased GM volume/ALFF in patients. The opposite is true when mixing coefficients are
negative. IC, independent component; HC, healthy control; SZ, schizophrenia patient; GM, grey matter; ALFF, amplitude of low frequency
fluctuations
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Information on patient symptom scores can be found in Table 1. In

addition, patients exhibited significantly lower immediate memory, lan-

guage, attention, and total RBANS scores in comparison to controls

(Table 1).

3.2 | Joint components

Results of two-sample t tests and nonparametric independent-samples

Mann–Whitney U tests on IC mixing coefficients indicated three joint

group-differentiating components. These components included IC1 in

GM and CSF, IC5 in WM and ALFF, and IC7 in GM and ALFF.

3.2.1 | Grey matter and cerebrospinal fluid

A joint group-differentiating component in GM and CSF was identified

based on results of two-sample t tests and nonparametric

independent-samples tests on the mixing coefficients of IC1. Controls

demonstrated higher average GM mixing coefficients in IC1 (t53.074,

p5 .0044) in comparison to patients (Figure 1a). Conversely, patients

TABLE 1 Demographics and clinical assessmentsa

HC (n5 21) SZ (n519)b t/v2 p value

Age (years) 23.48 6 4.46 22.95 6 4.39 0.377 0.708

Gender (male/female) 16/5 14/5 0.033 0.855

Parental SESc 3.38 6 3.28 4.61 6 4.47 5.871 0.555

Educationd 3.10 6 0.54 2.83 6 0.62 2.351 0.309

Smoking (packs per day) 0.00 6 0.00 0.08 6 0.16 22.109 0.050

Duration of Illness (months) - 18.94 6 27.40 - -

BPRSe (n 5 17)

Total score - 30.41 6 8.41

Positive symptom subscale - 4.76 6 2.73

Negative symptom subscale - 5.65 6 2.32

SANSf (n 5 15)

Total composite scoreg - 21.50 6 19.13

Global summary score - 6.53 6 5.29

SAPSh (n 5 15)

Total composite score - 7.93 6 12.33

Global summary score - 2.73 6 3.63

RBANSi

Total index 94.78 6 8.63 75.00 6 16.16 4.26 <0.001

Immediate memory 99.61 6 13.10 80.27 6 15.55 3.88 <0.001

Visuospatial 89.17 6 14.01 81.60 6 17.63 1.37 0.1792

Language 105.22 6 10.85 82.80 6 11.45 5.77 <0.001

Attention 96.67 6 14.46 74.53 6 21.26 3.55 0.0013

Delayed memory 92.06 6 8.90 82.27 6 18.46 1.88 0.0753

Note. Abbreviations: HC5 healthy control; SZ5 schizophrenia; SES5 socioeconomic status; Y5 yes; N5no; BPRS5Brief Psychiatric Rating Scale;
SANS5 Scale for the Assessment of Negative Symptoms; SAPS5 Scale for the Assessment of Positive Symptoms; RBANS5Repeated Battery for the
Assessment of Neuropsychological Status.
aMean6 SD unless otherwise indicated.
bSZ values for SES, education, smoking (packs per day), and duration of illness (months) calculated with n518 due to data missing for one patient.
cSES ranks reported from Diagnostic Interview for Genetic Studies scale (1–18); high rank (lower numerical value) corresponds to high socioeconomic
status.
dYears of education reported from Diagnostic Interview for Genetic Studies scale.
eBPRS reported on 1–7 scale; positive (conceptual disorganization, hallucinatory behavior, and unusual thought content); negative (emotional with-
drawal, motor retardation, and blunted affect).
fSANS includes five subscales: affective flattening or blunting, alogia, avolition-apathy, anhedonia-asociality, and attention.
gSANS average total composite score calculated with data from 14 SZ due to missing data from one SZ.
hSAPS includes four subscales: hallucinations, delusions, bizarre behavior, and positive formal thought disorder.
iRBANS data missing from 3 HC (n518) and 4 SZ (n5 15).
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exhibited higher average CSF mixing coefficients in IC1 (t 5 22.765,

p5 .0088) than controls (Figure 1b). It is important to note that a single

patient outlier in the CSF mixing coefficients in IC1 was removed prior

to implementing a two-sample t test on the mixing coefficients

(reflected in the plot of mixing coefficients in Figure 1b). The mixing

profiles of IC1 in GM and CSF were significantly correlated

(r 5 20.562, p< .001). Joint group-differentiating IC1 maps for GM

and CSF are illustrated in Figure 1a,b. In the GM IC1 spatial map illus-

trated in Figure 1a, higher mixing coefficients in controls means GM

IC1 is expressed more in the data of controls. Additionally, if GM IC1

z values are positive (red regions) and mixing coefficients are positive,

this means the component was showing increased GM volume in con-

trols. Conversely, if GM IC1 z values are negative (blue regions) and

mixing coefficients are positive, this means the component was show-

ing decreased GM volume in controls. The opposite is true when mix-

ing coefficients are negative. In the CSF IC1 spatial map illustrated in

Figure 1b, higher mixing coefficients in patients means CSF IC1 is

expressed more in the data of patients. Additionally, if CSF IC1 z values

are positive (red regions) and mixing coefficients are positive, this

means the component was showing increased CSF volume in patients.

Conversely, if CSF IC1 z values are negative (blue regions) and mixing

coefficients are positive, this means the component was showing

decreased CSF volume in patients. The opposite is true when mixing

coefficients are negative. A full list of the regions identified in the joint

GM and CSF IC1 are summarized in Supporting Information, Tables I

and III, respectively. Multi-slice views of GM and CSF IC1 can be found

in Supporting Information, Figure 1. The relationship between the

regions from the joint IC1 are shown in the group average difference

histogram in Supporting Information, Figure 2.

3.2.2 | White matter and ALFF

A joint group-differentiating component including WM and ALFF in

IC5 was determined based on results of two-sample t tests. Controls

demonstrated higher average WM (t52.511, p5 .0164) and ALFF

(t52.236, p5 .0323) mixing coefficients in IC5 in comparison to

patients (Figure 2a,b). In the WM and ALFF IC5 spatial maps illustrated

in Figure 2a,b, higher mixing coefficients in controls means WM and

ALFF IC5 is expressed more in the data of controls. Additionally, if

WM and ALFF IC5 z values are positive (red regions) and mixing coeffi-

cients are positive, this means the component was showing increased

WM volume or ALFF in controls. Conversely, if WM and ALFF IC5 z

values are negative (blue regions) and mixing coefficients are positive,

this means the component was showing decreased WM volume or

ALFF in controls. The opposite is true when mixing coefficients are

negative. All of the regions identified in the joint WM and ALFF IC5

are listed in Supporting Information, Tables II and IV, respectively. Mul-

tislice views of WM and ALFF IC5 can be found in Supporting Informa-

tion, Figure 3. The relationship between the regions from the joint IC5

are shown in the group average difference histogram in Supporting

Information, Figure 4.

3.2.3 | Grey matter and ALFF

A GM and ALFF joint group-differentiating component was determined

based on results of two-sample t tests and nonparametric

independent-samples tests on the mixing coefficients of IC7. First-

episode schizophrenia patients demonstrated higher average GM

(t 5 22.556, p5 .0147) and ALFF (t 5 23.141, p5 .0033) mixing coef-

ficients in IC7 compared to controls (Figure 3a,b). It is important to

note that a single patient outlier in the ALFF mixing coefficients in IC7

was removed prior to implementing a two-sample t test on the mixing

coefficients (reflected in the plot of mixing coefficients in Figure 3b). In

the GM and ALFF IC7 spatial maps (Figure 3a,b), higher mixing coeffi-

cients in patients means GM and ALFF IC7 is expressed more in the

data of patients. Additionally, if GM and ALFF IC7 z values are positive

(red regions) and mixing coefficients are positive, this means the com-

ponent was showing increased GM volume or ALFF in patients. Con-

versely, if GM and ALFF IC7 z values are negative (blue regions) and

mixing coefficients are positive, this means the component was show-

ing decreased GM volume or ALFF in patients. The opposite is true

when mixing coefficients are negative. A full list of the regions identi-

fied in the joint GM and ALFF IC7 are shown in Supporting Informa-

tion, Tables I and IV, respectively. Multislice views of GM and ALFF

IC7 can be found in Supporting Information, Figure 5. The relationship

between the regions from the joint IC7 are shown in the group average

difference histogram in Supporting Information, Figure 6.

3.3 | Modality-unique components

Results of two-sample t tests and nonparametric independent-samples

Mann–Whitney U tests on IC mixing coefficients indicated two

modality-unique components. These components included IC3 in WM

and IC11 in GM.

3.3.1 | White matter

Results of a two-sample t test on component mixing coefficients from

IC3 indicated a WM modality-unique group-differentiating IC. First-

episode patients with schizophrenia demonstrated significantly higher

average mixing coefficients in comparison to controls (t 5 22.121,

p5 .0405). Therefore, in the spatial map for WM IC3 illustrated in Fig-

ure 4a, higher mixing coefficients in patients means WM IC3 is

expressed more in the data of patients. Additionally, if WM IC3

z values are positive (red regions) and mixing coefficients are positive,

this means the component was showing increased WM volume in

patients. Conversely, if WM IC3 z values are negative (blue regions)

and mixing coefficients are positive, this means the component was

showing decreased WM volume in patients. The opposite is true when

mixing coefficients are negative. The regions identified in the modality-

unique WM IC3 are listed in Supporting Information, Table II. Multislice

views of WM IC3 can be found in Supporting Information, Figure 7A.

3.3.2 | Grey matter

A GM modality-unique group-differentiating IC was identified based on

results of a two-sample t test on component mixing coefficients from

IC11. Results indicated significantly higher average mixing coefficients
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in patients compared to controls (t 5 22.820, p5 .0076). Therefore, in

the spatial map for the GM IC11 illustrated in Figure 4b, higher mixing

coefficients in patients means GM IC11 is expressed more in the data

of patients. Additionally, if GM IC11 z values are positive (red regions)

and mixing coefficients are positive, this means the component was

showing increased GM volume in patients. Conversely, if GM IC11

z values are negative (blue regions) and mixing coefficients are positive,

this means the component was showing decreased GM volume in

patients. The opposite is true when mixing coefficients are negative. A

list of the regions identified in the modality-unique GM IC11 is shown

in Supporting Information, Table I. Multislice views of GM IC11 can be

found in Supporting Information, Figure 7B.

3.4 | Symptom correlations

In exploratory post hoc analyses, BPRS positive scores (R2 5 0.386,

p5 .010) were significantly negatively correlated to the joint CSF IC1

mixing coefficients (Figure 5a). As shown in Figure 5b,c, GM IC7 mixing

coefficients significantly positively correlated with BPRS negative

scores (R2 5 0.281, p5 .029) and SANS total composite scores

(R2 5 0.542, p5 .003).

Correlations between groups when comparing GM IC7 mixing

coefficients with RBANS language scores (z52.13, p5 .033; Figure

6a), RBANS attention scores (z52.44, p5 .015; Figure 6b), and RBANS

total scores (z52.18, p5 .029; Figure 6c) were significant. It is

FIGURE 4 Modality-unique components. (a) WM IC 3 and (b) GM IC11 are shown to significantly differentiate between controls and
patients via parametric or nonparametric independent samples tests on mixing coefficients. Group differences are found in individual
modalities among components with different indices. Spatial maps are shown with a threshold of |Z| > 3.5. A list of the component regions
can be found in Supporting Information, Tables I (GM IC11) and II (WM IC3). Higher mixing coefficients in patients means WM IC3 and GM
IC11 are expressed more in patients. When z values (red regions) are positive and mixing coefficients are positive, the component is
showing increased WM/GM volume in patients. Conversely, when WM IC3 and GM IC11 z values are negative (blue regions) and mixing
coefficients are positive, the component is showing decreased WM/GM volume in patients. The opposite is true when mixing coefficients
are negative. IC, independent component; HC, healthy control; SZ, schizophrenia patient; WM, white matter; GM, grey matter

FIGURE 5 Mixing coefficient and symptom correlations. Significant correlations between (a) joint CSF IC1 mixing coefficients and BPRS
positive scores, (b) GM IC7 mixing coefficients and BPRS negative scores, and (c) GM IC7 mixing coefficients and SANS total composite
scores in first-episode patients with schizophrenia. CSF, cerebrospinal fluid; GM, grey matter; BPRS, Brief Psychiatric Rating Scale; SANS,
Scale for the Assessment of Negative Symptoms
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important to note that within-group correlations for controls were sig-

nificant when comparing GM IC7 mixing coefficients with RBANS

attention scores (R2 5 0.332, p5 .012) and RBANS total scores

(R2 5 0.224, p5 .047); however, within-group correlations for controls

(GM IC7-RBANS language: R2 5 0.129, p5 .143) and patients (GM

IC7-RBANS language: R2 5 0.177, p5 .118; GM IC7-RBANS attention:

R2 5 0.077, p5 .316; GM IC7-RBANS total: R2 5 0.101, p5 .249)

were not significant. Controls demonstrated additional significant posi-

tive correlations between WM IC5 mixing coefficients and RBANS

visuospatial scores (R2 5 0.273, p5 .026) and between WM IC3 and

RBANS attention scores (R2 5 0.283, p5 .023); however, correlations

between controls and patients when comparing WM IC5 mixing coeffi-

cients with RBANS visuospatial scores (z50.33, p5 .741) and WM IC3

mixing coefficients with RBANS attention scores (z51.85, p5 .064)

were not significant. No other significant relationships between mixing

coefficients for the joint or modality-unique components and BPRS,

SAPS, SANS, or RBANS scores were identified.

4 | DISCUSSION

To our knowledge, this is the first multimodal joint independent com-

ponent analysis examining GM, WM, CSF, and ALFF in first-episode

patients with schizophrenia at 7T. We describe distinct GM and WM

abnormalities in patients with schizophrenia, as well as shared or joint

abnormalities between GM and CSF, WM and ALFF, and GM and

ALFF. The identified joint group-discriminative components suggest

abnormalities in regions within the basal ganglia, somatosensory cortex,

thalamus, frontal lobe, temporal lobe, parietal lobe, occipital lobe and

ventricles, which are all regions implicated in the disorder of schizo-

phrenia (Hadley et al., 2014; Hutcheson, Clark, Bolding, White, & Lahti,

2014; Kraguljac et al., 2016).

The joint component abnormalities indicate potential underlying

associations in schizophrenia (i.e., abnormalities in one modality are

potentially related to and/or driving changes in another modality) (Sui

et al., 2013b). These shared associations between modalities are not

obtainable via single-modality analyses and thus emphasize the impor-

tance of implementing this type of analysis to examine the complex dis-

order of schizophrenia.

IC1 significantly differentiated between patients and controls in

GM and CSF suggesting abnormalities in the putamen, parietal lobe,

insula, thalamus, and lateral ventricles. Deficits in the putamen are sup-

ported by previous studies demonstrating increases in putamen volume

in schizophrenia patients (Ellison-Wright et al., 2008; Navari & Dazzan,

2009; Shihabuddin et al., 1998). These alterations in basal ganglia vol-

ume are thought to be attributable to antipsychotic medication effects

(Navari & Dazzan, 2009). Abnormalities in the parietal lobe were found

within the postcentral gyrus or the location of the primary somatosen-

sory cortex. These postcentral gyrus abnormalities are consistent with

previous studies in schizophrenia patients (Glahn et al., 2008; Job et al.,

2002; Zhou et al., 2007). Additionally, the abnormalities in GM volume

found in the postcentral gyrus, insula, thalamus, and putamen are cor-

roborated by results from previously published meta-analyses of GM

anomalies in schizophrenia (Ellison-Wright et al., 2008; Glahn et al.,

2008; Haijma et al., 2013). Furthermore, the identified abnormalities in

the somatosensory cortex, putamen, and thalamus supports the notion

of thalamocorticostriatal circuit dysfunction in schizophrenia (Ellison-

Wright et al., 2008). Parietal lobe abnormalities were also illustrated in

the precuneus and angular gyrus in GM IC1. These findings are sup-

ported by reports of parietal lobe deficits in schizophrenia (Zhou et al.,

2007). Another notable abnormality found within GM IC1 lies within

the insula. These abnormalities may reflect GM insular volume or con-

centration loss often found to be characteristic of patients with schizo-

phrenia (Bora et al., 2011; Chan, Di, McAlonan, & Gong, 2011;

Hulshoff Pol et al., 2001; Shepherd, Laurens, Matheson, Carr, & Green,

2012; Sigmundsson et al., 2001; Wylie & Tregellas, 2010). GM IC1

abnormalities are also exhibited in the occipital gyrus, which may be

indicative of characteristic deficits in visual processing in schizophrenia

(Butler, Silverstein, & Dakin, 2008; Reavis et al., 2017; Schultz et al.,

2013). Lateral ventricle abnormalities predominantly characterize

FIGURE 6 Mixing coefficient and cognitive function correlations. Correlations of GM IC7 mixing coefficients with (a) RBANS language
score, (b) RBANS attention score, and (c) RBANS total score are shown. HC are represented by blue dots and SZ are represented by red
dots. GM, grey matter; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; HC, healthy control; SZ, schizophrenia
[Color figure can be viewed at wileyonlinelibrary.com]
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abnormalities exhibited in CSF IC1. These results are supported by pre-

vious first-episode schizophrenia studies demonstrating increases in

ventricular volume (DeLisi, 2008; Steen, Mull, McClure, Hamer, & Lie-

berman, 2006; Vita, De Peri, Silenzi, & Dieci, 2006).

The regions identified with distinguished structural clarity in GM

IC1 define a subcortical–cortical set of regions sharing variances with

CSF abnormalities. Furthermore, the joint nature of IC1 suggests that

these GM regions are influenced by lateral ventricle CSF volumes, and

that these regions may be altered in schizophrenia. Indeed, these find-

ings are supported by a previous study that has demonstrated a rela-

tionship between enlarged ventricular size and GM volume alterations

across the brain (Horga et al., 2011).

Moreover, WM and ALFF IC5 is another identified joint compo-

nent, which demonstrates abnormalities in the cerebellum, temporal

gyrus, and visual regions including the calcarine sulcus. The temporal

gyrus abnormalities found in ALFF IC5 demonstrate the importance of

the temporal gyrus in the pathophysiology of schizophrenia (Ragland,

Yoon, Minzenberg, & Carter, 2007). More specifically, the abnormalities

in the middle temporal gyrus may be indicative of the cognitive deficits

reported in schizophrenia (Ragland et al., 2007). Occipital lobe abnor-

malities, including part of the optic radiation, in WM IC5 may indicate

dysfunction in the visual processing pathways, which is manifested

through various visual perception deficits found in schizophrenia (But-

ler et al., 2008; Reavis et al., 2017; Schultz et al., 2013). In addition to

temporal lobe abnormalities, WM IC5 also illustrated frontal lobe (mid-

dle frontal gyrus) abnormalities. Together, these abnormalities are in

agreement with the frontotemporal WM abnormalities described in

schizophrenia (Whitford et al., 2007; Witthaus et al., 2008). WM IC5

cerebellum abnormalities add further support to the hypothesis that

the cerebellum is structurally and functionally abnormal in schizophre-

nia (Andreasen & Pierson, 2008). It is important to note that the field

of view in our functional data did not include the cerebellum. There-

fore, future functional studies examining this region at 7 T would fur-

ther aid in determining potential functional abnormalities. The joint

nature of IC5 in WM and ALFF suggests that function in ALFF tempo-

ral lobe regions may be influenced by WM structure within the occipi-

tal lobe and cerebellum, and that these regions may be altered in

schizophrenia.

IC7 in GM and ALFF was also identified as a joint component and

suggests abnormalities in the caudate, calcarine sulcus, lingual gyrus,

temporal lobe, and frontal lobe regions. GM abnormalities found within

the frontal and temporal lobes are reported throughout the literature

[see (Birur, Kraguljac, Shelton, & Lahti, 2017; Shepherd et al., 2012) for

review] and support our GM IC7 findings in the middle frontal gyrus,

inferior temporal gyrus, and fusiform gyrus. These GM frontal and tem-

poral lobe abnormalities lend support to the frontotemporal dyscon-

nectivity hypothesis of schizophrenia proposed throughout the

literature (Friston & Frith, 1995; Pettersson-Yeo, Allen, Benetti,

McGuire, & Mechelli, 2011; Whitford et al., 2007). GM alterations in

the occipital lobe, more specifically the calcarine sulcus and lingual

gyrus, are exhibited in IC7. Again, this may be evidence of the deficits

in visual processing reported in the schizophrenia literature (Butler

et al., 2008; Reavis et al., 2017; Schultz et al., 2013). Similar to GM IC1,

GM IC7 also demonstrated parietal lobe abnormalities (i.e., precuneus,

inferior parietal lobule, angular gyrus) consistent with the literature

(Zhou et al., 2007).

Lui et al. (2010) examined the effects of antipsychotic treatment in

drug-naïve first-episode patients with schizophrenia. After 6 weeks of

risperidone monotherapy, patients exhibited increased ALFF in com-

parison to controls in the caudate (Hadley et al., 2014; Lui et al., 2010),

which supports our results (ALFF IC7) examining first-episode patients

treated with antipsychotic medications. These findings substantiate the

importance of the caudate in schizophrenia and its role in treatment

response (Hutcheson et al., 2014). Moreover, GM IC7 frontal, temporal,

and occipital lobe regions may share an underlying relationship with

caudate function in ALFF IC7, and may be abnormal in schizophrenia.

WM and GM abnormalities were additionally characterized via the

identified modality-unique group-differentiating components. WM IC3

demonstrated abnormalities within the brainstem, internal capsule,

frontal lobe, and temporal lobe. In comparison, GM IC11 exhibited

abnormalities within the temporal and frontal lobes. WM IC3 brainstem

abnormalities could be indicative of the role the dopaminergic neurons

in the brainstem play in thalamocorticostriatal circuit dysfunction impli-

cated in schizophrenia (Ellison-Wright et al., 2008). Furthermore, inter-

nal capsule abnormalities demonstrated in WM IC3 are supported by

the literature (Di, Chan, & Gong, 2009; Horga et al., 2011; Lyu et al.,

2015; Reid, White, Kraguljac, & Lahti, 2016). In fact, Horga and col-

leagues proposed that alterations in internal capsule could be a result

of ventricular expansion consistently demonstrated in schizophrenia

(Horga et al., 2011). Additionally, frontal and temporal lobe abnormal-

ities are exhibited in both WM IC3 and GM IC11. These regions have

previously been found to be abnormal in schizophrenia (Colombo et al.,

2012; Di et al., 2009; Ellison-Wright et al., 2008; Fornito et al., 2009;

Glahn et al., 2008; Kim & Jeong, 2015; Lyu et al., 2015; Onitsuka et al.,

2004; Whitford et al., 2007). Frontal and temporal lobe abnormalities

found in both modality-unique components lend further support to the

frontotemporal dysconnectivity hypothesis of schizophrenia (Friston &

Frith, 1995; Pettersson-Yeo et al., 2011; Whitford et al., 2007).

The significant between-group correlation of the joint GM IC7

mixing coefficients and RBANS language and attention scores may be

representative of the role the frontal lobe has in the cognitive function

deficits often implicated in schizophrenia (see Ragland et al., 2007 for

review). GM IC7 was also characterized by inferior parietal and lingual

gyrus abnormalities. A study by Weinberg and colleagues support these

results as they consistently found inferior parietal deficits across three

different cognitive subtypes of schizophrenia; however, they also

showed lingual gyrus abnormalities between the three cognitive sub-

types therefore providing further evidence for the impact heterogene-

ity has in characterizing the disorder (Weinberg et al., 2016). In

addition, the positive correlation between GM IC7 mixing coefficients

and negative symptom scores (i.e., BPRS negative scores and SANS

total composite scores; Figure 5b,c) may indicate dorsal striatal dys-

function often exhibited in schizophrenia and its role in the manifesta-

tion of negative symptoms (Barch & Dowd, 2010; Ehrlich et al., 2012;

Mucci et al., 2015). It is remarkable that both negative and cognitive

symptoms are related to the GM IC7. Hence, poorer cognitive
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symptoms and more severe negative symptoms are associated with a

decrease in GM volume in the visual cortex and an increase in ALFF in

the caudate. The significant relationship between CSF IC1 mixing coef-

ficients and BPRS positive symptom scores is supported by the litera-

ture demonstrating a relationship between ventricular size and

symptom type (Andreasen, Olsen, Dennert, & Smith, 1982).

Several strengths and limitations should be considered in the inter-

pretation of our results. To minimize the variance in the data, subjects

were matched based on factors such as age, gender, parental SES and

smoking status. Utilization of a mCCA1 jICA model requires feature

extraction from each examined imaging modality. Therefore, there is a

loss of information when using these features of modalities rather than

the raw preprocessed data; however, the extracted features are also

more manageable and interpretable than working with the high-

dimensional data (Calhoun & Adali, 2009; Sui et al., 2013b). Addition-

ally, utilization of a mCCA1 jICA model indicates associations between

multiple modalities via joint components. Therefore, abnormalities

found in one modality may impact abnormalities in another modality.

These shared, as well as unique, associations are not otherwise obtain-

able with single-modality analyses. One limitation to our study is the

lack of multiple comparison corrections when determining significant

components using multiple independent samples t tests. Due to the

data-driven exploratory nature rather than hypothesis-driven nature of

our analyses, multiple independent samples tests were not corrected

for multiple comparisons. In addition, we believe the replication of our

data throughout the schizophrenia literature and the distinguished

structural clarity of our components (see Supporting Information,

tables) are further indication of the identified components’ importance.

ALFF abnormalities may be dependent upon frequency range examined

(Yu et al., 2014), and therefore results may be impacted as a frequency

range of 0.01–0.08 Hz was utilized to calculate ALFF in this study. A

sample of medicated first-episode patients with schizophrenia was

examined, and therefore medication effects on brain morphology and

function cannot be distinguished from intrinsic disorder characteristics.

Controlling for medication types in future analyses would enable exam-

ination of the effects of medication on component results. While exam-

ination of WM volume indicates numerous alterations in WM in

patients with schizophrenia, utilization of DTI (i.e., fractional anisotropy,

mean diffusivity, axial/radial diffusivity) may give a more comprehen-

sive representation of WM tract abnormalities and their relationship to

GM, CSF, and ALFF. Findings may be impacted by the segmentation

preprocessing pipeline used and ultimately the examination of GM/

WM/CSF volume instead of concentration (Fornito et al., 2009).

Although modulation of the segmented data compensates for potential

deformations that can occur during the spatial normalization process,

Fornito and colleagues found that GM concentration differences were

often much larger and more extensive than GM volume differences

when examining GM differences in schizophrenia (Fornito et al., 2009).

Meda et al. found similar GM volume and GM concentration difference

patterns, but GM volume differences were less significant than GM

concentration differences (Meda et al., 2008). These more robust GM

concentration patterns were driven by variance differences (Meda

et al., 2008). Therefore, future analyses examining both volume and

concentration differences would be beneficial in determining true GM/

WM/CSF differences. Finally, although bias was corrected in the

MPRAGE structural images, future studies utilizing 7 T would benefit

from collecting MP2RAGE structural images as these images provide

more homogeneous images at 7 T.

Our results replicated findings throughout the schizophrenia litera-

ture and provide potential insight into the relationships between brain

function and structure. These findings are highlighted by GM basal gan-

glia, somatosensory, parietal lobe, and thalamus abnormalities associ-

ated with ventricular CSF volume; WM occipital and frontal lobe

abnormalities associated with temporal lobe function; and GM frontal,

temporal, parietal, and occipital lobe abnormalities associated with cau-

date function. Ultimately, this study indicates the benefits of examining

multiple modalities at 7 T with joint analyses in comparison to single-

modality analyses.
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