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Abstract

BACKGROUND—The cognitive deficits of schizophrenia are largely resistant to current
treatments, thus are a life-long illness burden. The MATRICS Consensus Cognitive Battery
(MCCB) provides a reliable and valid assessment of cognition across major cognitive domains;
however, the multimodal brain alterations specifically associated with MCCB in schizophrenia
have not been examined.

METHODS—The interrelationships between MCCB and the abnormalities seen in three types of
neuroimaging-derived maps—fractional amplitude of low frequency fluctuations (FALFF) from
resting-state functional magnetic resonance imaging (MRI), grey matter density (GM) from
structural MRI and fractional anisotropy (FA) from diffusion MRI, were investigated by using
multi-set canonical correlation analysis in data from 47 schizophrenia patients treated with
antipsychotic medications and 50 age-matched healthy controls.
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RESULTS—O0ne multimodal component (CV8) was identified as both group-differentiating and
significantly correlated with the MCCB composite. It demonstrated: 1) Increased cognitive
performance associated with higher fALFF (intensity of regional spontaneous brain activity) and
higher GM volumes in thalamus, striatum, hippocampus, and the mid-occipital region, with co-
occurring FA changes in superior longitudinal fascicules, anterior thalamic radiation and forceps
major. 2) Higher fALFF but lower GM volume in dorsolateral prefrontal cortex related to worse
cognition in schizophrenia. 3) Distinct domains of MCCB might exhibit dissociable multimodal
signatures, e.g., increased fALFF in inferior parietal lobule particularly correlated with decreased
social cognition. Medication dose did not relate to these findings in schizophrenia.

CONCLUSIONS—Our results suggest linked functional and structural deficits in distributed
cortico-striato-thalamic circuits may be closely related to MCCB-measured cognitive impairments
in schizophrenia.
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INTRODUCTION

Interview-based assessments of cognition subsume multiple domains, including attention,
working memory, language processing, problem solving, and decision making. Cognitive
impairments are recognized as core functional deficits of schizophrenia (SZ), and are a key
reason that schizophrenia patients do not successfully re-enter the community (1, 2). Unlike
positive symptoms, which may be suppressed by medications, cognitive dysfunction
remains in the majority of schizophrenia patients with resulting suboptimal community
functioning.

Launched by NIMH, the MATRICS (Measurement and Treatment Research to Improve
Cogpnition in Schizophrenia) Consensus Cognitive Battery (MCCB) is recognized as a
valuable tool for comprehensive cognitive function evaluation of schizophrenia in the
context of clinical trials. The MCCB includes 10 neurophysiologic tests clustered in 7
cognitive domains (1), including: speed of processing, attention/vigilance, working memory,
verbal learning, visual learning, reasoning/problem solving, and social cognition. Despite its
widespread use, the neural networks underlying MCCB performance in schizophrenia have
been examined in only a few single-modality brain imaging studies (3-5) presenting
inconsistent results. Only one study examined MCCB correlates of fused neuroimaging data
(MEG and DTI) by joint independent component analysis (6). A posterior visual processing
network was related to reduced MEG amplitude, reduced FA and poorer MCCB composite
scores in schizophrenia, suggesting the advantage of this fused approach. Currently NIMH
emphasizes the importance of “target engagement” in clinical trials (7). Understanding the
brain network organization related to MCCB performance may allow imaging assessments
to be engaged early in clinical trials; hence accelerates the development of new therapeutic
approaches to enhance cognition.
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This is the first study to combine functional MRI (fMRI), structural MRI (sMRI) and
diffusion MRI (dMRI) with MCCB to generate a full perspective of neuroimaging “targets”
of cognitive dysfunction in schizophrenia patients. Nowadays collecting these three types of
widely used MRI data from the same subject on one scanner has become a common
practice, which can provide comprehensive brain measures of blood flow, gray matter
volume and white matter integrity. By taking advantage of the 3-way MRI cross-information
and the MCCB in a fusion analysis, we may reveal important covariation that may only
partially be detected by a single modality.

METHODS AND MATERIALS

The study was approved by the Institutional Review Board of University of New Mexico.

Participants

47 schizophrenia patients and 50 age-matched healthy controls (HC) participated in this
study. Demographic data for the subjects are provided in Table 1. Schizophrenia patients
were recruited from the University of New Mexico Hospital and the Albuquerque Veterans
Administration Medical Center. Healthy controls were recruited from the community
through local advertisement. All subjects were screened and excluded if they had diagnosis
of central neurological disorder or active substance use disorder (6 month minimum before
enrollment, except for nicotine). In addition, healthy controls were excluded if they had
first-degree relatives with any psychotic disorder. Patients met criteria for schizophrenia
defined by the DSM-IV-TR based on the SCID-P interview (8). All patients were clinically
stable on the same antipsychotic medications>4 weeks prior to the scan. Please see
Supplementary Table S1 for more information about medication and substance use history.
Clinical assessment was performed within 1 week of scanning, using the Positive and
Negative Syndrome Scale (PANSS) (9). PANSS raters achieved good inter-rater reliabilities
(positive symptom ICC=0.86 and negative symptom ICC=0.64). Informed consent was
obtained from all subjects according to institutional guidelines required by the IRB. Subjects
were paid for their participation.

The MCCB

The MCCB (10) was administered within 1 week of imaging. Raw measurement scores
were converted to normalized T-scores, resulting in 7 domain T-scores and a composite T-
score via the MCCB scoring program. As shown in Table 1, all MCCB scores are
significantly lower in SZ and all domain scores are significantly correlated with the
composite. No correlation was found between MCCB composite and medication dose in SZ.
The domain of speed of processing has the highest correlation (R=0.91), consistent with the
reports that MCCB composite is usually dominated by the domain of speed of processing
(11, 12), which proved to be the best single predictor of overall cognitive performance (13).
Additionally, as expected (32, 33), negative PANSS scores had a significant anti-correlation
with the MCCB composite (R=-0.48, p=0.0008).
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Imaging Parameters

All subjects were scanned by fMRI, sSMRI and dMRI, which were collected on a 3-Tesla
Siemens Trio scanner with a 12-channel radio frequency coil. fMRI: Resting-state scans
were a minimum of 5 minutes, 4s in duration (152 volumes). Subjects were instructed to
keep their eyes open during the scan and stare passively at a presented fixation cross, as this
is suggested to facilitate network delineation compared to eyes-closed conditions and helps
ensure that subjects are awake. The data were collected with single-shot full k-space echo-
planar imaging with ramp sampling correction using the inter commissural line (AC/PC)
(anterior commissure/posterior commissure) as a reference (TR=2s, TE=29 ms, matrix
size=64x64, flip angle = 75°, slice thickness = 3.5mm, slice gap = 1.05 mm, field of view
(FOV) 240 mm, matrix size = 64x64, voxel size = 3.75x3.75x4.55 mm3, sMRI: A multi-
echo MPRAGE sequence was used with the following parameters: TR/TE/TI = 2530/[1.64,
3.5, 5.36, 7.22, 9.08]/900 ms, flip angle = 7°, FOV = 256x256 mm, slab thickness = 176
mm, matrix size= 256x256x176, Voxel size =1x1x1 mm, Pixel bandwidth =650 Hz, Total
scan time = 6 min. dMRI: data was collected along the AC/PC line, throughout the whole
brain, FOV= 256x256 mm, slice thickness = 2 mm, NEX (number of excitations) = 1, TE=
84 ms, TR=9000ms. A multiple channel radio frequency coil was used, with GRAPPA
(generalized auto calibrating partially parallel acquisition) (x2), 35 gradient directions, b =
800s/mm? and 5 measurements with b = 0. All images were registered to the firstb = 0
image by FLIRT (FMRIB’s Linear Image Registration Tool).

Data Preprocessing

fMRI: SPM8 software package (http://www.fil.ion.ucl.ac.uk/spm/software/spm8) was
employed to perform fMRI preprocessing. Slice timing was performed with the middle slice
as the reference frame. Images were realigned using INRIlalign (14). The fMRI data were
then despiked to mitigate the impact of outliers and spatially normalized into the standard
Montreal Neurological Institute (MNI) space (15) with slightly up-sampled to 3x3x3 mm?,
We further regressed out 6 motion parameters, white matter and cerebrospinal fluid in de-
noising, the mean framewise displacements showed no significant group difference
(meanFD, mean of root of mean square frame-to-frame head motions assuming 50 mm head
radius (16); HC: 0.224+0.12mm, SZ:0.227+0.12mm, p=0.91). Finally, data were spatially
smoothed with a Gaussian kernel with FWHM of 8x8x8 mms3. For the rest-fMRI, we
extracted the voxel-wise fractional ALFF (FALFF) to generate a map for each subject as did
in (7, 17-19).

dMRI data were preprocessed by FMRIB Software Library (FSL; www.fmrib.ox.ac.uk/fsl)
and consisted of the following steps: (a) quality check, any gradient directions with
excessive motion or vibration artifacts were identified and removed; (b) motion and eddy
current correction; (c) correction of gradient directions for any image rotation done during
the previous motion correction step; (d) calculation of diffusion tensor and scalar measures
such as FA, which were then smoothed, see more details in (20).

SMRI data were also preprocessed using the SPM8 software package which was used to
segment the brain into white matter (WM), gray matter (GM), and cerebral spinal fluid with
unmodulated normalized parameters via the unified segmentation method (21). Then the
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GM images were smoothed to a full-width half maximum Gaussian kernel of 8mm (22).
Subject outlier detection was further performed using a spatial Pearson correlation with the
template image, to ensure that all subjects were properly segmented, for details, see (23).

Normalization—After preprocessing, the 3D brain images of each subject were reshaped
into a one-dimensional vector and stacked, forming a matrix (Ngpj*Nyoxel) for each of the 3
modalities. These 3 matrices were then normalized to have the same average sum-of-squares
(computed across all subjects and all voxels/locus for each modality) to ensure all modalities
had the same ranges.

Fusion Analysis

The preprocessed data were jointly analyzed by multi-set canonical correlation analysis
(MCCA) (24), which enables assessment of linked alterations among three modalities and
has been successfully applied to discriminate psychotic disorders (25, 26). Please see
supplementary file for more details about MCCA and fusion methods selection. For fusion
purpose, each modality is first reduced to a “feature” for each subject, providing a more
tractable space to link the data (27). Here we used the fALFF maps (fMRI) (19), segmented
GM images (sMRI), and FA maps (dMRI) as fusion input, as previously (7). As shown in
Figure 1, MCCA jointly decomposes 3 datasets into mixing coefficients (matrices Ay) and
components (Cy, spatial maps, k is modality, k=1,2,3), by which any pair-wise modality
correlation between Aj and A (i#j) are maximized and sorted from high to low.
Consequently, the corresponding columns of Ay, also called canonical variants (CVs), are
linked among modalities and can be used to evaluate relationships with MCCB scores and to
detect group differences. Their associated brain maps further demonstrate multimodal
alterations that vary similarly across all subjects. Before MCCA, the factor of sex was
regressed out to remove the potential influence of sex differences between groups. We
choose 20 as the number of CVs based on the minimum description length (28) and more
than 99.5% of the variance was retained for all three modalities.

Correlation Analysis and Group Difference Detection

RESULTS

Correlation analyses were tested between each CV and MCCB scores (composite and
specific domains), as well as PANSS scores. Two-sample t-tests were also performed
between patients and controls for each CV, which of the same indices if showing group
difference in all modalities, are called joint group-discriminative CVs that could indicate
linked functional-structural alterations.

Joint components of interests

We aimed to investigate the joint components significantly related to MCCB and HC-SZ
discrimination across 3 modalities. Among the 20 derived canonical variants, the 8t CV
were found not only significantly group-discriminating (p=0.006, 0.008, 0.0009 for fMRI,
dMRI and sMRI respectively, FDR corrected for multiple comparison), but also correlated
with MCCB composite (R=0.275, 0.215, 0.258 for fMRI, dMRI and sMRI, respectively)
and PANSS negative scores (R=-0.395,-0.287 for fMRI and dMRI). No significant
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correlation was found with medication using the olanzapine equivalent (29). As displayed in
Figure 2, the spatial maps were transformed into Z values, visualized at |Z|>2 in Fig 2 (A)
and adjusted as HC>SZ for all modalities on the mean of loading parameters, as the box plot
shown in Fig 2 (B), so that the positive Z-values (red regions) indicate higher contribution in
HC than SZ, and the negative Z-values (blue regions) indicate higher contribution in SZ than
HC. The identified regions in CV8 are summarized in Table 2, for fALFF components
(Talairach labels), FA (WM tracts, from John Hopkins Atlas) and GM (MNI labels)
respectively. Fig 2 (C) indicates the positive correlation between loadings of CV8in 3
modalities and the MCCB composite (HC: red dots, SZ: blue dots); the higher loadings
correspond to better cognitive performance.

Common in fMRI_CV8 and sMRI_CV8, schizophrenia patients show lower values in sub-
cortical regions including thalamus, striatum, hippocampus, parahippocampal gyrus and
visual cortex (Brodmann area [BA] 18,19) than controls, but have higher contribution in
intraparietal sulcus (IPS), which is part of the attention network. For fMRI only, patients
indicate higher fALFF values in inferior parietal lobule (IPL), DLPFC, left middle temporal
gyrus (MTG), and posterior part of Wernicke's area (BA 39,40). For GM only, patients are
lower in somatosensory cortex, anterior cingulate cortex (ACC), DLPFC and anterior part of
Wernicke's area (BA 22). These above regions can be viewed as part of a cortico-striato-
thalamic loop. For dMRI, the co-occurring FA values in anterior thalamic radiation (ATR),
superior longitudinal fasciculus (SLF) and cortico-spinal tract (CST) are lower in SZ, but
higher in forceps major (FMAJ), inferior longitudinal fasciculus (ILF) and inferior frontal-
occipital fasciculus (IFO).

Furthermore, CV8 also significantly correlated with some of the MCCB domain scores, as
listed in Table 3. While fMRI_CV8 and sMRI_CV8 each correlate with 5 specific domains,
all 3 modalities indicate significant correlation with the domain of social cognition
(R=0.367, 0.243, 0.238 for fMRI, dMRI and sMRI, respectively), suggesting that joint CV8
express a brain network that reflects comprehensive cognitive deficits in SZ, especially
social cognition. In addition, a significant negative association was observed between
fMRI_CV8 loadings and PANSS negative scores (R=—0.395, p=0.006, FDR corrected).
dMRI_CV8 was at the fringe of the statistical significance (R=—-0.285, p=0.05). No
significant correlation was found with PANSS positive scores.

Multimodal co-alterations related to MCCB

Figure 3 displays the overlapped GM-FA and fALFF-FA spatial maps for visualizing co-
occurring multimodal abnormalities specifically related to cognitive deficits, i.e., changes in
one modality (e.g. WM tract in red) associate with alterations in distant, but connected
regions in another modality (e.g., GM in green and fALFF in blue). In both cases, a cortico-
striato-thalamic network covaries with FA in SLF, ATR and CST, whereas the fMRI
alterations in hippocampus and parahippocampal gyrus are linked to mid-occipital gyrus and
IPL through FMAJ and IFO.
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DISCUSSION

To our knowledge, this is the first study to investigate the interrelationships between MCCB,
a comprehensive cognition measure for schizophrenia, and the abnormalities seen in three
MRI modalities via a multivariate method. We found that: 1) the aberrant brain networks
related to schizophrenia cognitive deficits are mainly in cortico-striato-thalamic circuits. 2)
The identified functional or structural regions could well explain the MCCB domains
correlated with each single modality respectively, as shown in Figure 4. Overall, these
findings suggest that three-way fusion takes account of more relevant information to
quantify the group differences and multimodal brain co-alterations.

Co-alterations in cortico-striato-thalamic circuits

Figure 4 illustrates the covaried cortical maps of fMRI_CV8 and sMRI_CV8, and the
summary of modality-specific networks correlated with individual MCCB domains. Each of
the 3 components correlates with MCCB composite and social cognition, corresponding to
the co-altered brain regions in the top row. Namely, the better cognitive performance, the
higher fALFF (intensity of regional spontaneous brain activity) or GM volumes are in
subcortical areas (thalamus, striatum, hippocampus) and the mid-occipital regions. Similar
findings were verified in resting-state fMRI studies in (30) (31). The DLPFC were also co-
involved with higher fALFF values but lower GM volume in schizophrenia, supported by
(32-34). The above regions are part of a cortical-striato-thalamic loop as described in (35):
The striatum, comprising the caudate and putamen, receives inputs from cortex, thalamus,
hippocampus, and amygdala; it projects its output structures to thalamus; the thalamus
finally projects back to the cortex, thereby completing a circuit (36, 37).

In this circuit, thalamus is believed to act as a relay station between many subcortical areas
and the cerebral cortex (38) and has multiple functions, e.g., coordinating, encoding,
retrieval, and planning (39). Our results are consistent with a previous report (40) in which
schizophrenia patients exhibited decreased fMRI thalamic activation and showed significant
positive correlation between working memory performance and thalamic functional
activation (41). The striatum has a role in the planning and some executive functions. As
reviewed in (37), the striatum and its cortical connections are critical for complex cognition,
and the altered striatal activity could indirectly change cortical functioning via the thalamus.
Other reports (42) also suggested lesions of the striatum or its associative loops affect
various attentional and cognitive control processes. For hippocampus, previous work has
found that SZ patients with poorer working memory performance exhibited reduced
hippocampal GM volume (43) and higher intrinsic hippocampal activity (3) as we did.

Other commonly detected regions in fMRI and sSMRI include lingual gyrus and
parahippocampal gyrus, which play important roles in visual memory encoding and word
recognition specifically (44), which are involved in 7 of the 10 MCCB tasks. Coincidentally,
both fALFF_CV8 and GM_CV8 correlate with domains of “processing speed” and
“attention/vigilance”. Combined with findings in Fig 3 where FMAJ and IFO co-occurring
in FA, supporting that the impaired visual memory/attention in schizophrenia is related to
either dysfunction of mid-occipital regions or disconnections between them and other brain
structures (45, 46). In addition, part of the salience network, including anterior cingulate
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cortex (ACC) and insula, was detected in GM, which is involved in a variety of monitoring,
attention switching, and decision-making processes (47), in accordance with the domains
correlated with SMRI.

Figure 3 further illustrates the modality-spanning co-alterations across 3 modalities. Given
the current literature on the neurophysiology of the relevant brain regions (7, 37, 39, 48) and
the discovered MCCB correlations, we posit that schizophrenia patients may have
abnormalities in the modulation circuit connecting striatum to frontal-parietal-occipital
function via the thalamus. (49). In studies of cognitive impairment, the sub-cortical and
parietal-occipital regions usually received less attention compared to prefrontal cortex (50).
Our findings suggest that it is the cortico-striato-thalamic loop critical for complex
cognition, which are anatomical substrates for many motor and executive functions and
social cognition. This is consistent with the hypothesis that a disruption in this loop may
lead to an impairment in synchrony or smooth coordination of mental processes (51),
accounting for the wide range of cognitive deficits (49, 52) and is implicated in diverse
neuropsychiatric disorders (53-55).

Particular brain regions associated with specific MCCB domains

The identified modality-specific brain patterns correspond to their associated domains as
well. For instance, the domains of “visual learning” and “verbal learning” only correlate
with fMRI_CV8, where posterior Wernicke’s area (BA 39,40 (56)), IPL, left MTG were
uniquely found in fMRI. Wernicke’s area had been accepted as specialized in language
comprehension and word generation/understanding (57, 58), while regional ALFF value
from the left MTG was found highly correlated with semantic processing efficiency in HC
(59); both of them corresponded to verbal learning domain here. In addition, IPL especially
angular gyrus (AG) had shown strong involvement in semantic processing, social cognition
or theory-of-mind in several meta-analysis reviews (60-62); coincidentally, fMRI_CV8 has
the highest correlation with social cognition among all correlations (R=0.367, p=0.0003,
FDR corrected): the higher fALFF in AG, the poorer social cognition with participants, in
agreement with (63).

By contrast, the domains of “reasoning” and “working memory” are only correlated with
SMRI, in accordance with executive control networks detected only in sSMRI, i.e.,, DLPFC
and left STG, where SZ patients showed reduced GM volume and lower domain scores.
DLPFC was involved in executive function (2), as well as working memory in fMRI studies
(64, 65). It’s also frequently involved in planning and decision making (66), corresponding
to the reasoning task—maze in MCCB (67). Consistent with our findings, Hazlett (68)
reported larger BA10 volume in DLPFC could predict less symptom severity in schizotypal
personality disorder; while Kawada (69) found executive dysfunction scores were correlated
with volume reduction in DLPFC in schizophrenia. Similarly, the posterior left STG (BA
22), which responded to external sources of speech and words (56), appeared to be central to
the acquisition of long-term lexical memories. Its GM volume was found to be correlated
with the severity of thought disorder (70) and auditory hallucinations (71). Hence, the
identified GM-specific changes could well explain the MCCB domains uniquely associated
with SMRI.
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Finally, both fMRI_CV8 and dMRI_CVS8 inversely correlate with PANSS negative scores,
which share many features with cognitive impairment (72, 73), suggesting the affected
regions shown in fALFF_FA may function in concert to mediate various executive functions
(50), which also underlie the negative symptom construct of schizophrenia (37, 74).
Regarding dMRI findings, both decreased and increased FA values in SZ were found in our
study as listed in Table 2. The identified regions with reduced FA values are consistent with
most dMRI studies in schizophrenia (48, 75). Nevertheless, a few studies also reported some
focal increased FA as exemplified in the networks underlying symptoms such as
hallucinations and delusions (76, 77), especially in the inter-hemispheric and cortico-cortical
WM connections. For example, (78)found a very similar pattern of FA increases in the
forceps major as we did. (79) also reported FA increases on ILF and IFO tracts in
schizophrenia patients, whose FA values were initially lower than controls before being
treated by olanzapine. Therefore, the pathophysiologic reasons of increased FA in
schizophrenia can be complex and diverse (76): it may depend on the developmental stage
of the patients (80) and exposure to antipsychotic medications (79), which may potentially
impact on our results.

Aspects of multimodal fusion

Basically, the joint analysis of resting-state fMRI, dMRI, sSMRI and their associations with
MCCB support brain function as comprised of multiple, distinct, and interacting networks.
This allowed us to discover multimodal co-alterations related to fundamental aspects of
cognitive impairment in schizophrenia, which cannot be easily captured by separate analysis
of each single modality. The findings that linked multimodal changes include both increased
and decreased effects on MCCB performance, suggest that the relationship between
pathology in cortico-striato-thalamic circuits and the associated "cognitive dysmetria™ (39)
in schizophrenia is complex. It is also important to emphasize that though MCCA can
identify covarying multimodal components, it cannot itself answer the question of why the
relevant modality-spanning features co-occur, but there may be two possible reasons. First,
the co-occurrence of structural and functional features might be due to direct causal
influences between them. For example, a disrupted WM tract could affect the regions it
connects. Another explanation is both structural and functional abnormalities might be co-
manifestations of an underlying common disease construct. Future studies with refined WM
tractography or neuroanatomy-based approaches may further elaborate these possibilities.
More tentatively, these results invite further investigation into avenues for exploring
multimodal biomarkers of other measures of interest (e.g., Glutamine/Glutamate
metabolism) for several brain disorders, as did in (25).

Potential limitations and future directions

In order to fully evaluate the multimodal variations in the cortico-striato-thalamic loop as a
biomarker of MCCB, additional longitudinal research with symptoms tracking spaced
sufficiently far apart during disease progression are needed. We plan to pursue this
approach. In addition, the assumption here is that the correlation trends between the imaging
maps and MCCB scores would be similar in both groups, in consistent with (81, 82),
whereas our method also allows patients and controls to exhibit opposite correlations
between imaging signatures and cognition by separately calculating correlations within each
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group, as shown in (83). In future studies with more subjects and greater statistical power or
with task-related fMRI, we may expect to find such relationships. Another problem is that
SZ and HC were not perfectly sex-matched in current study and one cognitive domain
(Attention/ Vigilance) was sex-related (r=0.205, p=0.045)., Though we regressed sex
effects, future studies need to consider this potential confound. In addition, though no direct
correlation was found between antipsychotic dose and the identified component, the
medication may still have an underlying effect on multimodal imaging measures of the
schizophrenia patients, as previously reported on fALFF (84), DTI (85), and gray matter
(86). Our future work also plans to utilize multimodal brain imaging features to predict
cognitive/ symptom scores in patients, which is consistent with the initiative of NIH
Research Domain Criteria (RDoC) project that intends to classify mental disorders based on
dimensions of observable behavior and neurobiological measures.

In summary, this is the first study to use a multivariate, multimodal methodology to
investigate neuroimaging correlates of MCCB in schizophrenia. Our results support the view
that linked functional and structural deficits in distributed cortico-striato-thalamic circuit
may account for several aspects of cognitive impairment in schizophrenia. We also
identified focal deficits in a single modality that may relate to a specific domain, e.g., the
increased fALFF values in IPL significantly correlate with declined social cognition (87),
suggesting that distinct dimensional aspects of MCCB might exhibit dissociable multimodal
imaging signatures. Finally, based on the above results, we suggest that treatment strategies
targeting thalamic and striatal (37) regulation of frontal-parietal-occipital networks may
result in cognitive improvement in schizophrenia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Joint analysis flowchart of fMRI-dMRI-sMRI fusion based on MCCA
Flowchart of fMRI-dMRI-sMRI fusion based on multi-set CCA, which enables

identification of linked modality-spanning alterations. In our case, the feature matrix of each
modality is decomposed as 20 canonical variants (CVs) and 20 corresponding spatial maps
(components), M=20. The CV represents how the component is distributed in participants,
which can be used to correlate with MCCB and symptom scores.
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Figure 2. Joint CV8 that correlated with MCCB composite scores in all modalities, and differed
between groups
Joint components that are significantly group-discriminating, also correlate with MCCB

composite scores in all modalities. (A) The spatial maps visualized at |Z|>2; the positive Z-
values (red regions) means HC>SZ and the negative Z-values (blue regions) means HC<SZ.
(B) Boxplot of the loading parameters for each component, with the p values of two sample
t-test between HC and SZ shown above. (C) Correlations between loadings of component
and the MCCB composite scores (HC: red dots, SZ: blue dots); the higher loadings
correspond to better cognitive performance.
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Figure 3. Multimodal co-alterations manifested in GM-FA and fALFF-FA in CV8
Multimodal co-alterations manifested between joint components, indicating changes in WM

tracts (in red) associated with brain alterations in distant, but connected regions in GM (in
green) or in fALFF (in blue). In both cases, a cortico-striato-thalamic network covaried with
FA values in SLF, ATR, CST and FMAJ.
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Figure 4. Cortical maps of fMRI_CV8 and GM_CVS8, and the summarization of identified brain
regions corresponding to the correlated MCCB domains

Cortical maps of the joint fMRI and SMRI components, and the summarization of identified
cortical regions corresponding to their correlated MCCB domains. Note that both subcortical
regions (in red frame, some subcortical regions may not show in surface mapping, please see
more details in table 2) and visual and attention network (in blue frame) were commonly
identified in fALFF and GM, related to composite MCCB and the top 3 domains with which
they both correlated. The language network (in green frame) was uniquely detected in fMRI,
accompanying the domains of verbal learning, visual learning and social cognition that were
particularly correlated with fALFF. Similarly, the salience network and executive control
network (in purple frame) that were only discovered in GM could well explain the domains
correlate with SMRI only, i.e., working memory and problem solving. Hence the three-way
fusion provided a more informative view of co-occurring multimodal abnormalities
associated with the specific cognitive deficits in schizophrenia. PHP/HP: parahippocampus/
hippocampus.
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Table 2

Anatomical information of the identified joint component in CV8
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Anatomic regions of the group-discriminating fMRI component, sSMRI component, and the parts of WM tracts

identified in dMRI component

fMRI_fALFF

Area Brodmann Area  Vol(cc)L/R  Random effects: Max Value (x, y, z)
HC>SZ

Thalamus 0.3/2.6 2.8 (-3, 14, 3)/3.6 (9, 14, 3)
Caudate/Lentiform Nucleus 2.0/2.7 3.5(-21,9, 0)/3.5 (18, 14, -6)
Posterior Cingulate 30 0.6/0.0 3.4 (21, -64, 6)/INA

Lingual Gyrus/Cuneus 18,19 1.9/0.2 3.4 (21, -61, 3)/2.9 (24, -55, 3)
Parahippocampal Gyrus/Hippocampus 19, 30 0.2/0.2 3.1(-21,-52, 3)/2.7 (21, -52, 3)
SZ>HC

Middle Temporal Gyrus 19, 21, 39 4.0/0.0 3.9 (=59, =27, -6)/INA

Inferior Parietal Lobule 39, 40 3.3/3.8 3.8 (—48, —33, 46)/3.9 (48, 38, 52)
Angular Gyrus 39 1.3/0.1 3.6 (=45, —62, 36)/2.7 (39, ~74, 31)
Precuneus/Superior Parietal Lobule 7,19, 39 1.1/1.2 3.5 (-39, =71, 34)/3.1 (18, =70, 48)
Superior Occipital Gyrus 19 0.6/0.4 3.4 (=39, -74, 26)/3.2 (33, -80, 29)
Postcentral Gyrus 40 0.2/0.1 3.2 (-50, —33, 49)/2.9 (42, -35, 54)
Inferior/Middle Frontal Gyrus 46 0.9/0.1 2.9 (-45, 36, 12)/NA

sSMRI_GM

Area Brodmann Area  Vol(cc)L/R  Random effects: Max Value (X, y, z)
HC>sz

Caudate 3.0/2.3 6.4 (-9, 12, 10)/5.7 (9, 15, 10)
Thalamus 2.4/2.2 5.4 (-6, -17, 15)/4.8 (3, -14, 12)
Parahippocampal Gyrus 19, 30 1.8/0.6 5.0 (-24, -38, 5)/4.2 (24, -38, 5)
Anterior Cingulate 25 0.5/0.1 4.0(-3,11,-3)/3.3 (3,11, -3)
Lingual Gyrus 18,19 0.3/0.0 3.6 (21, 49, 2)/INA

Inferior Frontal Gyrus 47 0.8/0.0 3.4 (-39, 14, -11)/INA
Superior/Transverse Temporal Gyrus 22,38, 41 1.5/0.0 3.4 (-53, 11, -6)/NA
Middle/Superior Frontal Gyrus 8,9,10 1.0/0.2 3.3 (=50, 16, 32)/NA

Superior Parietal Lobule 7 0.1/0.1 2.9 (-33, -67, 50)/2.5 (36, =71, 45)
Postcentral Gyrus 1,2,3,40 0.7/0.0 2.9 (-53, 29, 51)/INA

Insula 0.1/0.0 2.9 (-42, 11, -6)/INA

SZ>HC

Superior/Middle Frontal Gyrus 6,8,9 1.5/2.6 4.1 (-33, 16, 30)/3.7 (36, 13, 30)
Fusiform Gyrus/Middle Temporal Gyrus 20, 37 0.9/0.4 3.4 (-45, -39, —13)/3.3 (45, —33, -16)
Middle Occipital Gyrus 18 0.6/0.5 3.4 (-33,-78,7)/3.2 (3, -85, -8)
Inferior Parietal Lobule 0.1/0.3 2.5 (-33,-59, 42)/3.1 (50, 42, 24)
Precentral Gyrus 6,9 0.1/0.3 2.8 (33, 22, 35)/3.1 (39, 16, 35)
Inferior Temporal Gyrus 20 0.3/0.1 2.9 (48, -22, -27)/2.8 (53, -30, —16)
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Precuneus 39 0.1/0.1 2.7 (-12, -53, 55)/2.8 (36, 62, 34)
Posterior Cingulate 29 0.1/0.1 2.8 (-3, -58, 6)/2.6 (3, 40, 19)
Medial Frontal Gyrus 32 0.0/0.3 NA/2.8 (18, 11, 46)
dMRI_FA
WM tracts Vol(cc)(L/R) Percentage  Zmax
SZ>HC
Forceps minor/Forceps major 0.1/4.5 0%/9% 2.2(23,45,23)/3.6(17,16,20)
Inferior fronto-occipital fasciculus 2.5/1.6 5%/4% 3.4(16,17,20)/3.2(38,18,22)
Inferior longitudinal fasciculus 1.2/1.9 3%/4% 3(15,18,21)/3.4(38,17,22)
Superior longitudinal fasciculus 0.4/0.8 0%/1% 3.2(30,32,27)/2.8(29,39,26)
HC>sz
Anterior thalamic radiation 1.1/0.3 2%/1% 5.8(23,35,23)/6.9(31,34,24)
Corticospinal tract 2.6/2.2 7%/6% 4.2(24,30,10)/3.1(30,29,10)
Inferior longitudinal fasciculus 0.4/2.3 1%/5% 3.4(11,33,8)/5.4(41,31,10)
Superior longitudinal fasciculus 4.0/3.6 4%/3% 4.2(9,32,9)/5.4(42,32,10)
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