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Abstract In this paper we describe an open-access collection
of multimodal neuroimaging data in schizophrenia for release
to the community. Data were acquired from approximately
100 patients with schizophrenia and 100 age-matched controls
during rest as well as several task activation paradigms
targeting a hierarchy of cognitive constructs. Neuroimaging
data include structural MRI, functional MRI, diffusion MRI,
MR spectroscopic imaging, and magnetoencephalography.
For three of the hypothesis-driven projects, task activation
paradigms were acquired on subsets of ~200 volunteers which
examined a range of sensory and cognitive processes (e.g.,
auditory sensory gating, auditory/visual multisensory integra-
tion, visual transverse patterning). Neuropsychological data
were also acquired and genetic material via saliva samples
were collected from most of the participants and have been
typed for both genome-wide polymorphism data as well as
genome-wide methylation data. Some results are also present-
ed from the individual studies as well as from our data-driven

multimodal analyses (e.g., multimodal examinations of net-
work structure and network dynamics and multitask fMRI
data analysis across projects). All data will be released through
the Mind Research Network’s collaborative informatics and
neuroimaging suite (COINS).
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Introduction

The purpose of this paper is to announce the release of a large
multimodal neuroimaging dataset on chronic schizophrenia
patients and healthy controls [e.g., functional MRI, diffusion
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tensor imaging (DTI), protonMR spectroscopic imaging (1H–
MRS), and magnetoencephalography (MEG) data] along with
clinical, genetic, and neurocognitive assessments. Data were
acquired from an NIH-supported COBRE (Centers of
Biomedical Research Excel lence) Phase I grant
(2P20GM103472). Here we describe the projects that gener-
ated this large multimodal dataset for dissemination. An over-
view of the hypotheses motivating these projects and types of
multimodal data to be released are presented in the
Introduction, followed by details of each experimental proto-
col and a synopsis of results in theMethods&Results Section,
followed by a plan for releasing the data in the Information
Sharing section.

The multimodal data to be released were acquired across
four hypothesis-driven projects with a goal of imaging the
same sample of approximately 200 volunteers within each
project. This included 100 patients with schizophrenia (SPs)
and 100 healthy controls (HCs). In addition, analysis using
data-driven approaches developed as part of the COBRE
(e.g., multitask fMRI data analysis across projects) are pre-
sented. Schizophrenia is a serious illness that is primarily char-
acterized by delusions, hallucinations, and disorganized
speech. However, most patients also have cognitive dysfunc-
tion, resulting in problems with social and interpersonal inter-
actions (Green et al. 2004, Green and Nuechterlein 2004).
This dysfunction led to its original conception as an early form
of dementia (dementia praecox) by Kraepelin (1896).
Although current drug regimens are mostly successful at con-
trolling the psychotic symptoms of the disorder (~20–30% do
not respond adequately), cognitive and social functions gen-
erally remain impaired. Our Mind Research Network (MRN)
COBRE team views schizophrenia as a disorder characterized
by abnormalities in structural, functional, and effective con-
nectivity between cortical and subcortical brain regions, pro-
ducing abnormalities in information processing across distrib-
uted brain circuits. The novel combination of non-invasive
neuroimaging techniques used here provided an unprecedent-
ed view of the neuronal pathologies that underlie the core
cognitive dysfunctions of schizophrenia.

Our primary scientific hypothesis was that schizophrenia
affects distributed circuits that appear to be Bdisconnected^ or
poorly integrated. This, in turn, results in generalized cogni-
tive dysfunction (Bullmore et al. 1997, Stephan et al. 2006).
Similarly, in a 2004 NIH sponsored study, a panel of experts
agreed that basic sensory processes, attention, memory, con-
cept formation and problem solving abilities (i.e., intelligence)
were among the top cognitive deficits that detrimentally af-
fected patients with schizophrenia (Kern et al. 2004). Each of
the four individual projects of this COBRE grant examined a
portion of this hierarchy of sensory/cognitive processes, as
identified by the expert NIH panel, as major domains of cog-
nitive dysfunction. Thus, the four projects spanned a range of
perceptual and cognitive processes (see Figure 1). This began

with an examination of a basic inhibitory process during an
auditory sensory gating task (Project 1—Dr. Mayer, PI—red
arrows), multisensory integration during the simultaneous pre-
sentation of auditory-visual stimuli (Project 2—Dr. Stephen,
PI—yellow arrows), memory integration during transverse
patterning (Project 3—Dr. Hanlon, PI—blue arrows) and gen-
eral cognitive impairment (Project 4—Dr. Jung, PI—green
arrows). Note that the networks are complementary and build
on each other while the anatomic localization of these func-
tions has considerable overlap.

Overview of the 4 Hypothesis-Driven Projects

Each of the projects addressed a specific domain of cognitive
dysfunction and carefully probed the basis of impairments at
different hierarchical levels. The resultant dataset is, to our
knowledge, unique in that it includes multiple MRI and
MEG measures on the same patients and controls, performing
multiple tasks. All projects collected multimodal neuroimag-
ing data on up to 100 of the same SPs and up to 100 HCs and a
centralized data processing stream was developed and made
available to the projects. Please note, however, that while there
was significant overlap in participants tested in these projects,
no project obtained data from all 200 participants, given the
logistical challenges associated with acquiring approximately
7 h of multimodal imaging and neuropsychological assess-
ments across visits. Table 1 shows the number of subjects that
were shared among each of the projects.

Fig. 1 Complementary networks investigated in the four projects.
Project 1 (P1, red arrows) explored the functional connectivity between
the superior temporal gyrus (STG), hippocampus and prefrontal cortex
(PFC) during auditory sensory gating. Project 2 (P2, yellow) examined
the integration of simultaneously presented visual and auditory informa-
tion in primary sensory and secondary cortical regions such as the occip-
ital lobe (Occ), superior and inferior parietal lobe (SPL and IPL, respec-
tively), the STG and the superior temporal sulcus (STS). The coherence
between PFC and a hippocampal circuit was studied in Project 3 during a
visual transverse patterning task (P3, blue). Project 4 (P4, green) exam-
ined structural connectivity between the cingulate gyrus (CG), PFC and
caudate-putamen (CP)
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There is general consensus in the schizophrenia literature
that: 1) widespread, generalized deficits exist and appear to be
related to disconnection between several regions; 2) deficits
exist at both basic sensory and higher levels of functioning; 3)
research can examine these disconnections but the problem is
most likely more complex than one study can fully probe; and
4) multimodal imaging may provide complementary informa-
tion (location, timing, content). However, there is no consen-
sus on the primary sites of disconnection. Our four COBRE
projects focused on anatomical and functional examples
of cortico-cortical and cortico-subcortical disconnections
in hemodynamic functioning (fMRI: Projects 1, 2 and 3),
in the temporal dynamics of activity between these re-
gions (MEG: Projects 1, 2 and 3), at the morphometric
level (Project 4), and in white matter integrity (DTI:
Projects 2, 3, and 4). In addition, Project 4 utilized MR
Spectroscopic Imaging (1H–MRS) to examine metabo-
lites of interest [e.g. N-acetylaspartate (NAA)] to poten-
tially identify regions with primary neuronal damage.

Project 1:Multimodal Imaging of Auditory Pre-Attentive/
Attentive and Cognitve Control Processes in SP (Andrew
Mayer, PI) This project acquired fMRI data from 4 task acti-
vation paradigms and MEG data from 1 task activation para-
digm ranging from pre-attentive processes to multisensory cog-
nitive control. Multiple lines of research have consistently doc-
umented auditory sensory processing deficits in SP. One such
deficit which has been previously examined in SP is poor sen-
sory gating; i.e., there is a failure to inhibit the electrophysio-
logical response for the second of two rapidly presented stimuli
in SP compared to HC (Adler et al. 1982, Freedman et al.
1987). This effect is typically reported in terms of a gating ratio
comparing the amplitude of the response for the first (S1) and
second (S2) stimulus (S2/S1*100). Poor sensory gating has
been characterized as not only a deficit in selective attention
and/or in the formation of memory traces, but also as a useful
bio-marker of the cognitive and social dysfunction that is typ-
ically observed in SP (Cullum et al. 1993, Lijffijt et al. 2009).
Electroencephalographic (EEG) and MEG studies of sensory

Table 1 Numbers of participants for each project and task. Top portion—structural MR scans acquired on all SP and HC available to all projects.
Bottom portion—Projects 1–3: functional scans (fMRI andMEG) acquired by some of the projects and for some of the SP and HC. Project 4: Structural
and spectroscopy scans

I. Structural Scans

Structural MRI (sMRI) HC = 200 SP = 224 (2 scans each)

II. Project Specific Scans fMRI (N) MEG (N)

Project 1: Auditory Gating/Orienting and Multisensory Cognitive Control

Task 1—Gating In/Out HC = 65 SP = 58

Task 2—Orienting/Inhibition HC = 66 SP = 57 HC = 25 SP = 30

Task 3—Resting State HC = 94 SP = 115 HC = 22 SP = 24

Task 4—Multisensory Cognitive Control (Visual/auditory) HC = 27 SP = 55

Task 5—Multisensory Detection (Visual/auditory) HC = 27 SP = 60

Project 2: Multisensory Integration (auditory and visual)

Auditory alone (near) HC = 67 SP = 68 HC = 67 SP = 68

Visual alone (near) HC = 67 SP = 68 HC = 67 SP = 68

Auditory/Visual (near-synch) HC = 67 SP = 68 HC = 67 SP = 68

Auditory/Visual (near-asynch) HC = 67 SP = 68 HC = 67 SP = 68

Auditory alone (far) HC = 67 SP = 68 HC = 67 SP = 68

Visual alone (far) HC = 67 SP = 68 HC = 67 SP = 68

Auditory/Visual (far-synch) HC = 67 SP = 68 HC = 67 SP = 68

Auditory/visual (far-asynch) HC = 67 SP = 68 HC = 67 SP = 68

Resting State HC = 36 SP = 37

Project 3: Transverse Patterning (visual)

Task 1—Elemental Control (verbal) HC = 61 SP = 47 HC = 60 SP = 49

Task 2—TP (verbal) HC = 61 SP = 47 HC = 60 SP = 49

Task 3—Elemental Control (nonverbal) HC = 61 SP = 47 HC = 60 SP = 49

Task 4—TP (nonverbal) HC = 61 SP = 47 HC = 60 SP = 49

Project 4: No Experimental Tasks

Diffusion Tensor Imaging (DTI) HC = 96 SP = 97

Proton MR Spectroscopy (1H–MRS) HC = 69 SP = 62
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gating have implicated the temporal lobes, including the supe-
rior temporal gyrus, as the most likely neuronal generator of the
sensory gating deficit (Hanlon et al. 2005a, Huang et al. 2003,
Thoma et al. 2003, 2005). Although other invasive neuroimag-
ing techniques suggest a role for the hippocampus and prefron-
tal cortex in sensory gating (Boutros et al. 2005, Freedman et al.
1996, Grunwald et al. 2003, Korzyukov et al. 2007), neither
EEG nor MEG studies have revealed hippocampal activation.
While this negative result may be reflective of a true lack of
hippocampal activation in gating, it may also be secondary to
technical limitations with EEG and MEG, such as limits in
spatial resolution, failure to examine appropriate time epochs,
and/or difficulties localizing sources in deep structures under
certain conditions. In contrast, fMRI is not restricted by these
limitations, suggesting that it may be an alternative modality for
studying the entire neuronal network underlying the gating def-
icit, including mesial temporal and prefrontal sources. In this
protocol, SP and HC were presented with identical clicks, iden-
tical tones, and non-identical tones while undergoing functional
imaging. It was predicted that a double dissociation of function-
ing would be observed with SP exhibiting higher gating ratios
for the identical tones and clicks conditions and lower gating
ratios for the non-identical tones condition, whereas HC would
exhibit the opposite pattern. The functional data from these
conditions were directly compared and correlated with behav-
ioral and neuropsychological measures to further quantify the
relationship between brain function and the observed clinical
pathology that characterizes this basic inhibitory failure.
Finally, since impaired sensory gating is thought to be an
endophenotypical marker for schizophrenia, the genetic contri-
bution to our measures of electrophysiological and hemody-
namic functioning in both HC and SPwere investigated as well.
Data recorded from other tasks within this project included an
auditory cueing paradigm that measured both exogenous
orienting and inhibition of return and multisensory cognitive
control and detection. A multisensory cognitive control para-
digm was used to determine if deficits in SP result from dys-
functionwithin the cognitive control network (CCN; top-down)
and/or unisensory cortex (bottom-up), using congruent or in-
congruent multisensory (auditory and visual) numeric stimuli.

Project 2: Multisensory Integration in SP using MEG and
fMRI (Julia Stephen, PI) The goal of this project was to study
the neural mechanisms underlying multisensory integration of
auditory and visual stimuli in SP and HC usingMEG and fMRI
combined with structural MRI (sMRI). Integration of multisen-
sory information is critical to understanding our environment
and provides an important bridge between simple sensory per-
ception and more complex cognitive tasks. That is, the integrity
of a larger, distributed neural circuit can be evaluated without
engaging complex cognitive functions, where issues of strategy,
for example, can confound the results. It has been established
that multisensory stimulation generally improves reaction times

and performance (based on percent correct) relative to
unisensory stimulation at levels that are difficult to perceive
(Stein et al. 1993), and more recent results indicate that multi-
sensory facilitation can be observed across the perception spec-
trum (Stanford and Stein 2007). Some reports have shown that
SP have slower reaction times to multisensory stimuli than HC
[e.g., (Williams et al. 2010)]. Since the association areas of the
temporal lobe are necessary for integration of auditory and vi-
sual information (Schroeder and Foxe 2002, Schroeder et al.
2001), altered multisensory processing is consistent with the
findings that SP show functional and anatomical differences
in the temporal lobes [e.g., (Patterson et al. 2008)]. In this pro-
ject, auditory and visual multisensory integration was studied
using an ecologically valid paradigm that simulates the sight
and sound of a soccer ball bouncing either near or far from the
subject. The stimuli were presented as auditory alone, visual
alone, and synchronous auditory/visual conditions, to which
subjects responded with a button press. Based on known defi-
cits in the temporal lobe, it was hypothesized that the responses
to combined auditory/visual stimuli would be impaired in SP
relative to HC. In addition, due to a reported deficit in the visual
dorsal stream in SP (Butler et al. 2007, Butler et al. 2005,
Doniger et al. 2002, Foxe et al. 2001, 2005, Kim et al. 2006,
2005, O'Donnell et al. 1996, Schechter et al. 2006, 2005), a
neural circuit sensitive to the spatial location of objects, it was
hypothesized that there would be a difference in visual re-
sponses to the near versus far stimuli in SP, relative to HC.
These deficits may be related to unisensory deficits and/or to
difficulties in synchronizing activity across widespread regions
connected within the circuit which will likely be seen different-
ly in MEG versus fMRI measures, given the complementary
nature of these measurement techniques. The long term goal
was to identify the local cortical deficits, as well as the deficits
in cortical networks that lead to the abnormalities observed in
SP. Knowledge about these deficits should permit the evalua-
tion of relationships with neurochemical abnormalities, ulti-
mately leading to more targeted pharmacological interventions.

Project 3: Fronto-temporal Coherence: A Test of the
Disconnection Hypothesis in SP (Faith Hanlon, PI)
Prefrontal cortex (PFC) and hippocampal structures play a
central role in workingmemory and relational memory impair-
ments exhibited in SP (Goldman-Rakic 1994, Hanlon et al.
2005a, 2006, Honey and Fletcher 2006, Wolf et al. 2009).
These PFC and hippocampal functional deficits have tradition-
ally been attributed to properties of the cortical structures
themselves. However, an alternative view is that the deficits
are due to the disconnection between these structures in SP
(Friston 1999, 2002, Friston and Frith 1995, Johnson 2006).
Project 3 tested this disconnection hypothesis; that is, there is a
functional disconnection between frontal and temporal corti-
ces due to an abnormal anatomical connection of the underly-
ing white matter tract, uncinate fasciculus, that links the two.
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The most striking evidence supporting this abnormal fronto-
temporal connectivity in SP is found in neuroanatomical stud-
ies that describe abnormalities in the uncinate fasciculus
(Burns et al. 2003, Kubicki et al. 2002, Park et al. 2004).
Despite this finding of abnormal anatomical connectivity, the
relationship between functional and anatomical connectivity
of this PFC-hippocampal network has not been sufficiently
assessed. The focus of this project was on examining the func-
tional and anatomical connectivity in SP and HC using MEG
and fMRI during a working-relational memory task, transverse
patterning or TP (Burns et al. 2003, Hanlon et al. 2012, 2011,
2003, 2005b, Kubicki et al. 2002, Park et al. 2004). TP is very
similar to the childhood-game BRock, Paper, Scissors.^ In TP,
subjects chose between stimuli presented in pairs, with the
correct choice being a function of the specific pairing. To com-
plete the task the subject must discover, encode, and maintain
the distinct relationships among the stimuli, thus requiring
working memory and relational memory integration. Fronto-
temporal functional connectivity was examined via assessing
the temporal correlation, or coherence between the PFC (BA 9
and BA 10) and hippocampus during TP performance. In ad-
dition, anatomical connectivity using fractional anisotropy
(FA) measures derived from DTI of the uncinate fasciculus
was also evaluated. Finally, the functional/structural relation-
ships between PFC and hippocampus, memory function, over-
all functioning, and clinical symptomatology were examined.
Understanding these relationships could potentially lead to
treatments or therapies aimed at improving memory, thereby
improving overall functioning and clinical symptoms.

Project 4: Fronto-Subcortical Disconnection underlying
Neurocognitive Dysfunction in SP (Rex Jung, PI) This pro-
ject used 3 T MRI to investigate whether general cognitive
functioning in SP is related to circuit level white matter
(WM), metabolic, and volumetric changes in subcortical gray
matter (GM) andWM regions suggestive of fronto-subcortical
disconnection. The available neuroscientific literature in HC,
including functional (i.e., fMRI, positron emission tomogra-
phy) and biochemical/structural (i.e., 1H–MRS, DTI, voxel-
based morphometry or VBM) neuroimaging paradigms, show
a striking consensus suggesting that variations in a distributed
network predict individual differences found on intelligence
and reasoning tasks in HC (Jung and Haier 2007). This
parieto-frontal integration theory, or P-FIT model includes
the dorsolateral PFC (BAs 6, 9, 10, 45, 46, 47), the inferior
(BAs 39, 40) and superior (BA 7) parietal lobule, the anterior
cingulate (BA 32), and regions within the temporal (BAs 21,
37) and occipital (BAs 18, 19) lobes. The main structural brain
abnormality established in SP research is modest lateral ven-
tricle enlargement indicative of atrophy (Chua and McKenna
1995), a finding established in the very first report utilizing
computerized tomography (Johnstone et al. 1976), and sugges-
tive of WM atrophic changes. Since then various brain

abnormalities have been identified in SP, both cortically and
subcortically, including gross morphological changes, reduced
metabolism, and cellular pathology. This diffuse pathology has
led some to hypothesize that SP is Ba disease of neuronal
connectivity,^ arising from abnormalities at the level of the
neuron and myelin (Andreasen 2000). Evidence for WM ab-
normality in SP includes structural oligodendrocyte abnormal-
ities (Hof et al. 2002, 2003, Orlovskaya et al. 1997, 1999,
Uranova et al. 2001), myelin protein alterations (Chambers
and Perrone-Bizzozero 2004), myelin gene polymorphisms
(Liu et al. 2005, Novak et al. 2002, Peirce et al. 2006, Qin
et al. 2005, Tan et al. 2005, Wan et al. 2005), and altered
expression of genes involved in the formation and mainte-
nance of myelin sheaths as well as oligodendrocyte survival
and proliferation revealed by DNA microarray methods
(Bunney and Bunney 2000, Goldman-Rakic and Selemon
1997, Hakak et al. 2001). The simultaneous utilization of
DTI, 1H–MRS, and sMRI allowed us to relate WM abnormal-
ities to both cortical and subcortical metabolic and morpholog-
ical changes that, in turn, may underlie ongoing
neurocognitive decline in SP. Since SP was hypothesized to
be a disorder that involves the integration of information
among distributed brain circuits, Project 4 investigated: 1)
whether fronto-subcortical network abnormalities are present
in SP; 2) whether cognitive functioning in SP is related to
circuit level dysfunction; and 3) whether regions beyond the
identified brain circuits contribute significantly to broad cog-
nitive functioning deficits characteristic of SP. A hierarchical
approach was explored, in which cognitive functioning was
predicted by cortical thinning, WM microstructure changes,
and metabolic changes within discrete fiber tracts in SP. Also
tested was the hypothesis that ongoing neurocognitive impair-
ment in SP is related to chronic disconnection of fronto-
subcortical circuits, reflected in morphological contraction of
discrete frontal lobe regions critical to higher cognitive func-
tioning. Finally, we explored whether specific genes associated
with the formation, development, and functioning of myelin
are associated with circuit level dysfunction in SP. No research
to date has simultaneously explored diffusivity, metabolic, and
morphometric abnormalities within these critical brain circuits
as they relate to neurocognitive dysfunction in SP. We see this
as a critical line of investigation that will help us understand
and potentially intervene in the ongoing cognitive dysfunction
that currently limits the ability of treated patients to return to
more normal occupational and social functioning.

Methods & Results

An overview of participant characteristics as well as data ac-
quisition parameters common across the four projects using
structural/functional imaging measures is presented here.
Details of each project’s experimental protocols are discussed
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separately under each project description. Table 1 contains a
breakdown of the number of SP and HC involved in each task
and the types of data acquired for each task. All structural
imaging, shared across projects, were acquired under Project
4. All studies were approved by the institutional review board
(IRB) of the University of New Mexico (UNM) and all sub-
jects provided written informed consent.

Subject Recruitment and Evaluation Patients were recruit-
ed primarily from the UNM Psychiatric Center and secondar-
ily from the Raymond G. Murphy Veterans Affairs Medical
Center, given the investigators’ clinical appointments. Some
were recruited from other psychiatric clinics in the
Albuquerque metropolitan area as well. Inclusion criteria for
patient selection included diagnosis of schizophrenia or
schizoaffective disorder between 18 and 65 years of age.
Each SP completed the Structured Clinical Interview for
DSM-IV Axis I Disorders [SCID–(First et al. 1995a, b)] for
diagnostic confirmation (consensus was reached by two re-
search psychiatrists using the SCID-DSM-IV-TR, patient ver-
sion) and evaluation for co-morbidities. SP had to demonstrate
retrospective and prospective clinical stability to be included
in this investigation.

Because multiple neuroimaging sessions were required
from each subject on different days, a concerted effort to pre-
vent meaningful variation in the SP’s critical state variables
(e.g., symptoms, medication dose, neurological side-effects)
was built into the design of the study. Hence SP were seen
weekly by the study clinicians during the period of data col-
lection. The study clinicians and staff were responsible for
subject recruitment, determining that subjects met clinical sta-
bility criteria, genetic testing, and administering all clinical
assessments and standardized cognitive batteries to subjects.
Standard symptom ratings [e.g., Positive and Negative
Syndrome Scale (PANSS) (Kay et al. 1987)] as well as neu-
rological side-effects [e.g., akathisia—(Barnes 1989); parkin-
sonism—(Simpson and Angus 1970); and tardive dyskine-
sia—(Schooler and Kane 1982)], were collected within one
week of every neuroimaging assessment. The COBRE
Stability Clinic determined retrospective stability from rele-
vant psychiatric records documenting that no change in symp-
tomatology or type/dose of psychotropic medications oc-
curred during the three months prior to the referral. This
Clinic assessed prospective stability during three consecutive
weekly visits and during each imaging assessment.
Prospective stability was defined as no change in clinical
symptoms > two points from the positive symptom items on
the PANSS, no score of Bworse^ or Bmuch worse^ on the
Clinical Global Impression Scale (CGI) (Guy 1976), no sui-
cidal or violent ideation, and no psychiatric or medical hospi-
talizations. The doses of antipsychotic medications were con-
verted to olanzapine equivalents to estimate medication load
(Gardner et al. 2010). Subjects with a history of neurological

disorders including head trauma (loss of consciousness greater
than 5 min), mental retardation or history of active substance
dependence or abuse (except for nicotine) within the past year
were excluded (i.e., history of dependence on phencyclidine
(PCP), amphetamines or cocaine, or history of PCP, amphet-
amine, or cocaine use within the last 12 months). All subjects
had a negative toxicology screen for drugs of abuse at the start
of the study.

HCs were recruited from the same geographic location via
IRB-approved advertisement and completed the SCID-Non-
Patient Edition to rule out Axis I conditions (First et al. 1995a,
b). Additional exclusion criteria for HCs included a current or
past psychiatric disorder (with the exception of one lifetime ma-
jor depressive episode), head traumawith a loss of consciousness
greater than 5 min, recent history of substance abuse or depen-
dence, depression or antidepressant use within the past 6months,
lifetime antidepressant use of more than one year, and history of
a psychotic disorder in a first-degree relative.

SP and HC groups were similar in age (37.9 ± 14 vs.
37.5 ± 11.8) and male/female proportion (81/19 vs. 72/26),
respectively. The SPs had been chronically ill (age of first psy-
chotic symptoms 21.2 ± 8) and had lower education compared
to HCs (3.8 ± 1.4 vs. 4.6 ± 1.3, respectively; 3 = high school
graduate or equivalent, 4 = some college). All participants
refrained from smoking for at least one hour before scanning.

MRI/fMRI data collection EPI slices were collected in se-
quential ascending order on a Siemens 3 T TIM Trio scanner,
located at MRN, using a 12-channel head coil. A sagittal gra-
dient echo scout image through the midline was obtained to
prescribe oblique axial image slices parallel to the anterior-
posterior commissure (AC-PC) line. Oblique slices were used
to minimize the orbitofrontal susceptibility artifact
(Deichmann et al. 2003). High resolution T1-weighted images
were acquired with a 5-echo multi-echo MPRAGE sequence
[TE (echo times) = 1.64, 3.5, 5.36, 7.22, 9.08 ms, TR (repeti-
tion time) = 2.53 s, TI (inversion time) = 1.2 s, 7○ flip angle,
number of excitations (NEX) = 1, slice thickness = 1 mm,
FOV (field of view) = 256 mm, resolution = 256 × 256] for
region of interest analyses and spatial normalization. All fMRI
data were collected using a conventional single-shot, gradient-
echo echoplanar pulse sequence with lipid suppression
[TR = 2000 ms; TE = 29 ms; f l ip angle = 75○ ;
FOV = 240 mm; matrix size = 64 × 64; 33 slices; voxel size:
3.75 × 3.75 × 4.55 mm]. The first image of each run was
eliminated to account for T1 equilibrium effects.

Diffusion MRI (dMRI) Data Collection dMRI data were
collected along the AC-PC line, throughout the whole brain,
with FOV = 256 × 256 mm, 128 × 128 matrix, 72 slices with a
slice thickness of 2 mm (isotropic 2 mm resolution), NEX = 1,
TE = 84 ms and TR = 9000 ms. A multiple-channel radiofre-
quency (RF) coil was used, with GRAPPA (X2), 30 gradient
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directions with b = 800 s/mm2. The b = 0 experiment was
repeated five times (Jones et al. 1999), and equally inter-
spersed between the 30 gradient directions. The total imaging
time was approximately 6 min. This protocol was repeated
twice to increase the signal to noise ratio (SNR).

Proton MR Spectroscopic Imaging (1H–MRS) A standard
PRESS chemical shift imaging 1H–MRS was performed with
a phase-encoded version of a point-resolved spectroscopy se-
quence (PRESS) both with and without water pre-saturation
as described (Gasparovic et al. 2011). Briefly, the following
parameters were used: TE = 40 ms, TR = 1500 ms, slice
thickness = 15 mm, FOV = 220 × 220 mm, circular k-space
sampling (diameter = 24), total scan time = 2 × 582 s. ATE of
40 ms was chosen to improve detection of the Glx (combined
glutamate and glutamine) signal (Mullins et al. 2008). The
nominal voxel size was 6.9 × 6.9 × 15 mm3 (0.71 cm3) but
the effective voxel volume is estimated to be 2.4 cm3. The 1H–
MRS volume of interest (VOI) was prescribed from an axial
T2-weighted image to lie immediately above the lateral ven-
tricles and parallel to the AC-PC axis, and included portions of
the cingulate gyrus and the medial frontal and parietal lobes.
To minimize the chemical shift artifact, the transmitter was set
to the frequency of the NAA methyl peak during the acquisi-
tion of the metabolite spectra and to the frequency of the water
peak during the acquisition of the unsuppressed water spectra.
Additionally, the outermost rows and columns of the VOI
were excluded from analysis. Spectra were automatically
fitted with LCModel (version 6.1) in the spectral range be-
tween 1.8–4.2 ppm in reference to the non-water-suppressed
data using Bwater-scaling^ (Gasparovic et al. 2006), blind to
diagnostic group. Only metabolite values with goodness of fit,
as measured by the standard-deviation (SD), of ≤20 were fur-
ther analyzed. Finally, results from LCModel for the metabo-
lites of interest were corrected for partial volume (using SPM-
5 segmented T1 images) and relaxation effects (from literature
values), as outlined previously (Gasparovic et al. 2011).
Metabolites sampled include creatine (Cr), phosphocreatine
(PCr), glutamate (Glu), glutamine (Gln), choline (Ch), myo-
inositol (Ins), NAA and N-acetylasparthglutamate (NAAG).

MEG data collectionMEG data were collected in a magnet-
ically shielded room (AK3b, Vacuumschmelze GmbH & Co.
KG) us i ng t h e E l ek t a Neu romag 306 channe l
biomagnetometer (VectorView, Elekta AB) located at MRN.
Before acquisition ofMEG scans, four head-position indicator
(HPI) coils were placed around the participant’s head and
secured with tape. The HPI coil location and head shape dig-
itization was obtained using the Polhemus 3-D tracking de-
vice. Three fiducials (left and right preauricular and nasion)
were identified, along with ~200 additional points around the
scalp, to define the head-centered coordinate system and for
co-registration of the MEG data to the MRI structural image.

Two channels of electrooculogram (EOG), vertical (one elec-
trode placed above the left eyebrow and one placed below the
left eye) and horizontal (one electrode each was placed lateral
to the outer canthus of the left and right eye), were recorded to
provide signals for artifact rejection of eye movements and
blinks. One cardiac channel (leads placed just below the left
and right clavicle) was also recorded simultaneously with the
MEG data for identification of heart beat artifacts. Eye-
tracking (Eyelink 1000, SR Research) was used during
MEG data collection for Project 2 when available (corrective
lenses interfere with eye-tracking). MEG data were collected
at a sampling rate of 1000 Hz, DC coupled with a low-pass
filter at 330 Hz. Continuous MEG raw data were collected in
conjunction with continuous head position data (cHPI) for
offline correction of head motion using Neuromag’s
MaxFilter 2.1 MaxMove. Trials were rejected if magnetic ac-
tivity was greater than 3000 femtotesla (fT) peak-to-peak in
any channel. A subject-specific averaged eyeblink was iden-
tified and modeled using the signal space projection method
(Uusitalo and Ilmoniemi 1997) within the Minimum Norm
Estimates (MNE) Python software (Gramfort et al. 2014).
Presentation software (Neurobehavioral Systems) was used
for the presentation of stimuli.

Neuropsychological scalesAn extensive neuropsychological
battery was performed for each of the participants with neu-
roimaging data (same as the other projects). The battery of
tests administered to SPs included: CPT-IP (Continuous
Performance Test-Identical pairs), Quality of Life Scale,
MATRICS (Measurement and Treatment Research to
Improve Cognition in Schizophrenia), WASI (Wechsler
Abbreviated Scale of Intelligence), WAIS-IV (Processing
Speed Index of the Wechsler Adult Intelligence Scale-IV
which includes symbol search and coding), WTAR
(Wechsler Test of Adult Reading), and UCSD Performance-
based Skills Assessment (UPSA/Psychosocial Functioning).
HCs were administered the following tests: CPT-IP,
MATRICS, WASI, WAIS-IV (symbol search, coding PSI)
and WTAR.

Genetic analyses In addition, our COBRE I studies included
the collection of genetic material from subjects to evaluate the
genetic contributions to neuroimaging findings in all the four
projects and a pilot project. A number of genes have been
associated with increased vulnerability for schizophrenia
(Ripke et al. 2013). This genetic information adds a new and
important dimension for the interpretation of endophenotypes
revealed by neuroimaging studies. Saliva was collected and
DNAwas isolated and analyzed using genome wide genotyp-
ing chips. Saliva was collected from 100 SP and 100 HC
subjects. Of these, 84 samples were genotyped using
Illumina’s HumanOmni Quad 1 M Beadchips (Illumina, San
Diego) spanning 1,140,419 SNPs and the rest were genotyped
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using Illumina’s HumanOmni Quad 5M beadchips containing
about 5 million SNPs and two samples were genotyped in both
arrays. GenomeStudio software was used to make the final
genotype calls. A series of quality control procedures
following the recommendation by Anderson et al. (2010)
was performed in PLINK (Purcell et al. 2007), including less
than 5% per-sample missingness, samples’ gender match, het-
erozygosity within 3 SD, relatedness <0.18 (no 2nd degree or
closer relatives), Hardy-Weinberg equilibrium <1 × 10−6, and
minor allele frequency (MAF) > 0.05 (Chen et al. 2012).
Although the vast majority of subjects self-reported racial sta-
tus, we validated this information by computing the popula-
tion structure from the genotyping data. Specifically, we ap-
plied PLINKmultidimensional scaling analysis to our samples
and used the HapMap3 as the reference. In addition, we used
TaqMan® genotyping probes to assay another SNP not pres-
ent in the 1 M chip, the rs1625579 in the miR-137 host gene.

Description of Tasks and Data Acquired

Project 1

The first phase of Project 1 focused on basic pre-attentional
(Task 1) and attentional processes (Task 2), whereas the sec-
ond phase of the project focused on multisensory cognitive
control (Task 4) and detection (Task 5). Task 3 was common
to both phases of the project and involved a resting state fMRI
scan. All fMRI/MRI data were collected on a 3.0 Tesla
Siemens Trio scanner using a 12-channel head coil as de-
scribed previously under the BMRI/fMRI data collection^ sec-
tion. MEG data were acquired for two of the tasks using an
Elekta Neuromag 306 channel system as described under the
BMEG data collection^ section. See Table 1 for the number of
SPs and HCs participating in each task. MEG task parameters
are described below.

Project 1 Tasks 1 and 2 For Task 1 hemodynamic response
functions were explicitly modeled for single (S1) and pairs
(S1 + S2) of identical (IT; Bgating-out^ redundant informa-
tion) or non-identical (NT; Bgating-in^ novel information)
tones (Mayer et al. 2013). For Task 2, cues presented to the
left or right ear (100 ms, 2000 Hz tone pip) correctly predicted
the location of the targets (100 ms, 1000 Hz tone pip) in 50%
of the trials (Abbott et al. 2012). Participants pressed a button
with their right middle finger for tones on the right headphone
and a button with their right index finger for tones on their left.
The stimulus onset asynchrony (SOA) between cue and target
was 200, 400, 600 or 800 ms, which was designed to effec-
tively capture both facilitation (200ms SOA) and inhibition of
return or IOR (800ms), as well as approximate the crossing of
the two functions (400 and 600ms SOA). For Task 2 the onset
of a cue and the onset of the next cue ranged from 3 to 5 s at

multiples of 1 s, with 240 trials acquired for each ISI (inter-
stimulus interval). Cue and Target durations were 100 ms. The
majority of participants who completed Tasks 1 and 2 also
completed a resting state fMRI scan (Task 3), in which partic-
ipants passively stared at a fixation cross for approximately
5 min. An MEG resting state scan (Task 3) utilized the same
parameters as for the fMRI rest condition. Avariant of Tasks 2
and 3 was also collected using MEG.

Project 1 Tasks 4 and 5 In Task 4, congruent or incongruent
multisensory (auditory and visual) numeric stimuli were si-
multaneously presented at either low (0.33 Hz; 3 trials/block)
or high (0.66 Hz; 6 trials/block) frequency rates in ten-second
blocks (Mayer et al. 2015). In each block, the stream of target
numbers (one, two, or three) was preceded by a cue word,
BHEAR^ or BLOOK^. If the cue was BHEAR,^ participants
were instructed to respond via a right-handed button press to
aurally presented target stimuli and ignore simultaneously pre-
sented visual numbers (attend-auditory condition). When the
cue was BLOOK,^ visually presented stimuli were the targets
and participants were instructed to ignore auditory stimuli (at-
tend-visual condition). In addition, the task also contained a
proactive response inhibition condition in which participants
were asked to refrain (cue word = BNONE^) from making a
button press (Mayer et al. 2016). Results from this task are
shown in Fig. 2. In general, SP revealed an overall pattern of
response slowing which was associated with a pattern of pa-
tient hyperactivation within auditory, sensorimotor and poste-
rior parietal cortex, compared to HC. However, there were no
group differences in functional activation within prefrontal
nodes of the CCN (Mayer et al. 2015). Finally, Task 5 used a
multisensory detection task with a rapid event-related fMRI
paradigm to investigate whether both the positive and post-
stimulus undershoot of the hemodynamic response function
are affected in SP. For this task, the target stimuli consisted
of a simultaneously presented blue box (visual an-
gle = 4.3 × 6.5○) and auditory tone (2000 Hz re-sampled with
a 10 ms linear ramp) for 300 ms duration. Participants
responded with a button press upon the detection of the stimuli
(Hanlon et al. 2016).

Project 2

Forced Choice Multisensory Auditory/Visual Task [see
(Stone et al. 2011) for a complete description] The task for
Project 2 was designed to investigate cortical disconnection in
SP using fMRI and MEG measures from an auditory and vi-
sual multisensory task (EEG data were acquired simultaneous-
ly for a subset of SP and HC—these data are available upon
request). The following 8 conditions were presented in random
order to each participant: auditory alone (near/far = cond1/
cond2), visual alone (near/far = cond3/cond4), synchronous
auditory and visual (AV: near/far = cond5/cond6) and
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asynchronous AV (near/far = cond7/cond8). The near/far ma-
nipulation represented two different volume levels for the au-
ditory stimuli (loud = near, quiet = far) and two different loca-
tions within the visual field with a soccer ball presented in a
soccer field background (near = peripheral, far = foveal). The
image of the black and white soccer ball appeared on the static
soccer field background for 200 ms. For the V Near condition,
the ball was centered at 8 degrees below fixation and
subtended 2.7 degrees visual angle. For the V Far condition
the soccer ball appeared at 1.8 degrees below fixation and
subtended 1 degree of visual angle. For the auditory Near
and Far conditions a 550 Hz 200 ms duration tone was pre-
sented at 63 and 45 dB SPL, respectively. The same stimuli
were used for the multisensory conditions. In all cases the
conditions were congruent (e.g., Near ball/Near tone). During
20% of the trials, feedback indicating a correct or incorrect
response was provided to participants. The feedback was con-
sistent with the trial condition (auditory, visual or combined)
and consisted of either a crowd cheer and the soccer ball rolling
into the goal for correct responses or a crowd groan and the
soccer ball missing the goal for incorrect responses. For the
MEG study, the ISI was randomized between 1500 and

2000 ms and all 8 conditions were randomized and presented
in 6 separate blocks. Each participant was presented with 150
trials of each condition resulting in ~140 trials per condition
after artifact rejections. An auditory threshold test was per-
formed in the scanner prior to data collection to normalize
the sound volume across participants. Please see Fig. 1 in
(Stephen et al. 2013) or (Stone et al. 2014) for examples of
the visual display used for data acquisition. Synchronous AV
stimuli had a 5 ms lag between the presentation of the auditory
and visual stimuli (with visual presented prior to auditory),
whereas for the asynchronous AV condition the auditory stim-
ulus lagged the visual stimulus by 50 ms (representing the
natural delay experienced when a sound source is located ap-
proximately 50 ft. from the listener). The task was a simple
forced choice task that required the participant to respond to all
8 randomized conditions by decidingwhether the stimuluswas
Bnear^ or Bfar^ governed by the conditions stated above. As
noted in Table 1, approximately 67 HC and 68 SP participated
in each of the tasks during fMRI and MEG scanning.

Behavioral data were collected for both the fMRI andMEG
tasks. Individual trial reaction times (RTs) and correct/
incorrect responses were recorded. For fMRI data acquisition,
80 averages were acquired for each condition. An ORASI rest
paradigm was used for resting MEG acquisition which
consisted of 3 min eyes closed, 1 min eyes open, with instruc-
tions to blink at the beginning to allow for good characteriza-
tion of eye blinks during the eyes open portion of the rest task.
Raw and Maxfiltered MEG data (.fif format) are available.
DICOM and preprocessed MRI data (through MRN’s SPM
pipeline) are also available.

Example results of this study are shown in Fig. 3. Contrary
to our initial hypothesis, SP did not show impaired multisen-
sory integration. This is illustrated in behavioral results shown
in Fig. 3A. Behavioral multisensory benefit is relative to
unisensory responses. In this case, the RTs in the AV condition
were statistically equivalent for HC relative to the visual RTs.
This shows that multisensory information did not lead to a
significant facilitation of the RTs for HC. However, for SP
the RTs were significantly faster for the AV relative to the
fastest unisensory condition (V). Although the V RTs were
significantly different by group, the AV RTs did not differ by
group suggesting that the addition of the auditory stimulus
helped to normalize the behavioral response in the SP group.
The results in Stone et al. (2011) also showed that the electro-
physiological response was similarly normalized (unisensory
response was lower amplitude in SP vs. HC, whereas the mul-
tisensory response was not significantly different by group).
These behavioral results were replicated in the full COBRE
dataset (Stone et al. 2014). Gamma oscillations have also been
implicated in feature binding. As a follow-up to our results
(Stone et al. 2011), we investigated whether differences in
gamma band oscillations could help explain the behavioral
and physiological differences in multisensory processing in

Fig. 2 Brain regions showing significant group differences between SP
(warm colors) and HC (cool colors) during the attend-visual (AV) condi-
tion. Locations of the sagittal (X) and axial (Z) slices are given according
to the Talairach atlas (Talairach and Tournoux 1988) for the left (L) and
right (R) hemispheres. Adapted from Mayer et al. 2015
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SP. Our results indicated that group differences in gamma band
oscillations were observed in both posterior and frontal re-
gions, yet there was not a direct relationship to multisensory
behavioral benefit. Our interpretation is that gamma band os-
cillations may play a partial role in multisensory processing,
but it is likely that additional oscillations and network connec-
tivity is also an important component of multisensory integra-
tion in SP. Finally, a primary goal of the COBRE project was
to integrate data across modalities. The joint ICA approach
developed by the COBRE PI, V. Calhoun, was applied to
MEG and dMRI data (Stephen et al. 2013). Our motivation
for combining these modalities is that multisensory integration
requires precise timing of information between unisensory and
polysensory areas and MEG provides high temporal sensitiv-
ity to regional activation whereas dMRI allows one to assess

the WM integrity underlying the connections between these
regions. Our results indicate that variations in MEG
amplitude/timing were directly associated with alterations in
WM integrity in SP versus HC. These results provide evidence
for alterations in structure that are associated with alterations
in function as measured by MEG. These linkages across mo-
dalities may provide a better understanding of the structure/
function networks that underlie the cognitive and social im-
pairments experienced by individuals with schizophrenia.

Project 3

TP and Elemental Tasks [for a complete description of
methods see (Hanlon et al. 2012)] Participants were trained
on the verbal and nonverbal versions of the TP task (Tasks 2

Fig. 3 Upper left panel: Reaction times (RTs) to auditory, visual and AV
stimuli in SP relative to HC from Stone et al. (2014). Lower left panel:
Example of differences in gamma band power in SP vs. HC time-
frequency maps. Frequency is represented on the y axis while time in
ms is represented on the x axis. In this example gamma band power was
greater in HC relative to SP (see black box). Upper right panel: Joint ICA
component of fractional anisotropy (FA) consistent with the superior

longitudinal fasciculus showed larger FA in HC vs. SP. Similarly, the
MEG signal over occipital cortex was significantly greater in HC (red
solid line) vs. SP (red dashed line). The joint component weighting factor
positively predicted performance on the MATRICS cognitive battery
suggesting that visual processing and structures that link visual cortex
to frontal regions are important for cognitive performance
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and 4) and their elemental counterparts (Tasks 1 and 3) to a
criterion of 18 consecutive correct responses in a row, or 200
trials if criterion was not met, on each task. Presentation stim-
ulus software version 13.1 (Neurobehavioral Systems) was
used to present stimuli. Stimuli for the nonverbal versions of
the TP and elemental tasks consisted of three different abstract
black and white pictures, unique in appearance for each of the
tasks (see Figure 4A). Stimuli for the verbal versions of the TP
and elemental tasks consisted of three pronounceable non-
words for each task. On each trial, two stimuli were presented
simultaneously, one centered on the left side of the screen and
one centered on the right, and the participant chose which of
the two stimuli was correct via a button press. For the TP task
versions, stimuli A, B, and Cwere used (Fig. 1 in Hanlon et al.
2012). A is correct when presented with B. B is correct when
presented with C. C is correct when presented with A. For the
elemental task versions, stimulus D is correct when presented
with E or F. Stimulus E is correct when presented with F. Each
pair of stimuli was presented until the participant responded or
until 3 s had passed for all tasks. The response was followed
by feedback, a high-pitched tone if correct and a low-pitched
tone if not correct. There was a randomly jittered 3 to 5 s inter-
trial interval (ITI) from button press or end of the 3 s window
until the next stimulus onset, during which a fixation cross
appeared in the middle of the screen. The presentation, task
order, and instructions for the tasks were the same for training,
MEG scans, and fMRI scans, except that the fMRI scans had a
longer jittered ITI of 8 to 12 s to facilitate sampling of the

hemodynamic response (Burock et al. 1998). Approximately
60 HC and 47 SP participated in each task during fMRI and
MEG scanning (Table 1).

Across our studies using MEG and the verbal and nonver-
bal versions of the TP task, we have found lateralized hippo-
campal and PFC activation deficits in SP, as well as lower
fronto-temporal anatomical connectivity which is related to
working-relational memory performance deficits and worse
every day functioning in SP (Hanlon et al. 2012, 2011,
2003, 2005b). Specifically, Hanlon et al. (2011) found that
SP exhibited lower mean behavioral performance than HC
on both the nonverbal and verbal version of TP in the MEG,
with no decrement in performance on the non-hippocampal-
dependent elemental (EL) control task versions. Fig. 4B dis-
plays an example of the hippocampal and PFC activation
(shown in color) found in a HC using the standardized Low
Resolution Brain Electromagnetic Tomography (sLORETA)
analysis (Pascual-Marqui 2002, Wagner et al. 2004). HC
showed more right hippocampal activation during nonverbal
TP and more left hippocampal activation during verbal TP
(Hanlon et al. 2011). This lateralized hippocampal activation
was not seen in patients, who instead showedmore bilateral or
left hippocampal activation for both TP versions. We also
found that SP exhibited more left PFC activation (BA 9 and
10) while HC exhibited more right PFC activation for both
versions of TP (Fig. 4B). In addition, using COBRE data we
examined the relationship between fronto-temporal anatomi-
cal connectivity with working/relational memory performance

Fig. 4 a. Project 3 task relationships for the nonverbal TP task. The 6
images represent the 6 possible stimulus pairings per trial. Each pairing is
presented randomly and sequentially to the participant. The participant
was asked to choose the correct stimulus in each pairing using a mouse
button press (asterisks indicate the stimulus choice). b. Hippocampal and
PFC activation from the sLORETA analysis, plotted on one HC’s MRI

for each version of TP. These images show the most common activation
pattern for HC. c. Performance results for nonverbal and verbal versions
of the TP and Elemental (EL; control) tasks. d. Red tracts indicate where
FA values were lower for SP compared to HC in the uncinate fasciculus
(green = the uncinate fasciculus skeleton)
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(nonverbal and verbal versions of TP) and everyday function-
ing (Hanlon et al. 2012). Fronto-temporal anatomical connec-
tivity was assessed using dMRI measures of FA in the unci-
nate fasciculus. The tract based spatial statistics (TBSS/FSL)
method was used to calculate participant specific skeletons
(Smith et al. 2006). The skeleton was further restricted to
uncinate fasciculus as defined by the JHU atlas (Wakana
et al. 2004). Group differences were evaluated by comparing
group mean values for FA over the uncinate fasciculus skele-
ton (Fig. 4D; green voxels; MNI z-coordinate indicated). The
UPSA-2 (Patterson et al. 2001) was included to evaluate ev-
eryday functioning in patients. Results again showed that pa-
tients performed worse than HC on both the verbal and non-
verbal versions of the TP task, but did not show a performance
decrement on the verbal or nonverbal versions of the elemen-
tal (EL) control task (Fig. 4C). Also, FA in bilateral uncinate
fasciculus was lower in SP compared to HC (Fig. 4D; red
voxels). Finally, lower fronto-temporal anatomical connectiv-
ity (lower FA) was related to lower working-relational mem-
ory performance, and both predicted worse every day func-
tioning (Hanlon et al. 2012).

Project 4

The analysis of the P-FIT model of creativity has been studied
in healthy individuals (Vakhtin et al. 2014) but has not yet
been evaluated in the schizophrenia data. Multiple studies,
however, using structural connectivity, 1H–MRS, and sMRI
data, have been published as discussed below. Each COBRE
investigator utilized structural and biochemical data acquired
under Project 4 to enhance their existing projects (i.e., con-
verging multimodal data); therefore, the focus here is on de-
scriptions of the structural and 1H–MRS data that is available
to others in terms of raw and preprocessed data.

Diffusion Tensor Imaging (DTI) A DTI processing pipeline
has been developed that was used by several studies at MRN
that needed DTI analysis (Aine et al. 2011, Caprihan et al.
2011, 2015, Hanlon et al. 2012, Monnig et al. 2013, Wu
et al. 2015) and by other research groups outside of MRN
(Bessette et al. 2014, Haney-Caron et al. 2014). The prepro-
cessing is primarily based on FSL software with some custom
MATLAB programs for quality control. The preprocessing
steps consisted of data quality check, motion and eddy current
distortion correction, and correcting diffusion gradient direc-
tions (Caprihan et al. 2011). The output of the preprocessing
step is then used for calculating scalar diffusion parameters,
TBSS based analysis, source based morphometry (SBM), and
structural connectivity analysis. The group studies were based
on differences observed in tracts defined by an atlas (Aine
et al. 2011), differences based on the skeleton as defined by
the TBSS (Caprihan et al. 2015), a data driven method based
on SBM of diffusion data to look for group differences in the

loading coefficients (Caprihan et al. 2011), and whole brain
connectivity matrix differences (Wu et al. 2015). The
preprocessed data of subjects scanned under the COBRE pro-
ject is available for other users through COINS.

Proton MR Spectroscopic Imaging (1H–MRS) We have
1H–MRS data analyzed for 156 subjects and the final auto-
analysis results provide for each analyzed voxel the LCModel
estimated concentrations and partial volume corrected concen-
trations of: total creatine (Cr + PCr), Glu, Gln, combined Glu
and Gln (Glx), choline (primarily glycerophosphorylcholine
and phosphorlycholine; GPC + PCh), Ins, and combined
NAA and N-acetylasparthglutamate (NAA + NAAG). The
result also captures partial volumes in the spectroscopic voxel
and the estimation uncertainty. An example of 1H–MRS data
is shown in Fig. 5 where test-retest reliability and reproduc-
ibility were examined for short-echo time at 3 T [see
(Gasparovic et al. 2011) for details]. In this example, measure-
ments of Glu, Glx, Ins, NAA, creatine and choline were ac-
quired in 21 healthy subjects using a 2-dimensional spectro-
scopic imaging version of a PRESS sequence prescribed
above the lateral ventricles. A single excitation slice was pre-
scribed above the lateral ventricles as shown in Fig. 5A and
repeat scans were taken within 30 min. All measures were
calculated with and without partial volume correction (left
and right columns of Fig. 5C, respectively). Overall these re-
sults show high reproducibility and test-retest reliability of
tissue-specific estimates of several metabolites using 1H–
MRS at 3 T and short TE in a group of healthy subjects. In
addition, a data-driven approach to analyze 1H–MRS data
using ICA was developed (Kalyanam et al. 2013, 2015). We
are in the process of applying this approach to the spectrosco-
py data collected from controls and schizophrenia patients.

Structural imaging The structural T1-weighted images are
freely available, and have been included with other datasets
in the analysis of GM covariation patterns in schizophrenia
(Gupta et al. 2015) and a world-wide meta-analysis of subcor-
tical volumes in schizophrenia (van Erp et al. 2016). We have
also combined the healthy controls from the COBRE study
with multiple other data sets collected at MRN in order to
evaluate the relationship between structural patterns of covari-
ation and resting fMRI networks (Segall et al. 2012). The
structural MRI from project 4 and functional MRI data from
project 1 were also utilized in a schizophrenia classification
challenge hosted on the kaggle.com competition site and
garnered over 2000 entries [(Silva et al. 2014) more details
are provided in the section below].

Sample Data-Driven Analyses of COBRE Data

In this section we describe three more recent endeavors using
these data sets: 1) analysis of multi-task fMRI data across
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projects; 2) use of these data sets for an international signal
processing competititon; and 3) examination of functional net-
work connectivity (i.e., network structure and network dy-
namics) using resting state fMRI and MEG in SP and HC.

Multi-Task Analysis of fMRI Data across Project Tasks
We analyzed fMRI data from 53HC and 42 SP obtained during
rest and selected tasks from each project [for further informa-
tion see (Cetin et al. 2014)]. Data for each participant were
gathered across multiple fMRI scanning sessions over the
course of up to 2 months (1–2 months) with prospective ran-
domization of task presentation and close monitoring of SPs to
ensure clinical stability. Functional network connectivity
(FNC) based on group ICA results computed from all fMRI

tasks plus rest fMRI was assessed with different cognitive de-
mands: resting state, pre-attentive sensory processing and
multisnesory processing. We used a novel analysis for
assessing across paradigm connectivity patterns to identify sta-
ble (static effects) and state-based (dynamic effects) differences
between HC and SP groups. A group by task full factorial
ANOVA model was applied to the group average network
connectivity values. Figure 6 (left panel) shows 6 of the 45
non-artifactual brain networks identified using a group inde-
pendent component analysis (GICA). The right portion of the
figure shows between-group differences in static FNC (across
all tasks; A) and dynamic FNC (only for some tasks; B);
increased static FNC in SPs was observed in a network that
included the thalamus in addition to auditory, motor and visual

Fig. 5 a. 1HMRS slice location.
b. A representative fit by
LCModel to a spectrum from a
voxel within primarily gray
matter. C. Plots of first scan vs.
second scan data for NAA and
Glu for all voxels from all
subjects with and without partial
volume and relaxation correction,
respectively. Adapted from
Gasparovic et al. 2011
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cortices (see cluster of red boxes in lower left portion) consis-
tent with a trait deficit in thalamic filtering. However,
reductions in static FNC between the default mode network
and frontal, motor and visaul cortices were also present in SP
relative to HC. Finally, dynamic FNC differed inmore complex
ways; for example, SPs showed significantly higher FNC than
HCs in resting state in the thalamic/frontal network pair, while
HC FNC was higher during performance of the task-related
paradigms. These results suggest that SP network connectivity
deficits change depending on whether the participant is resting
or actively engaged in a task, and furthermore these connectiv-
ity patterns change across task hierarchy. This approach pro-
vides a clear advantage in recognizing the complex variability
in brain reactions to simple sensory stimuli, which are condi-
tioned by experimental circumstances, in SP and HC popula-
tions. Similar integration of data across tasks and/or other im-
aging modalities will be supported for future external users.

Tenth Annual MLSP Competition—Schizophrenia
Classification Challenge The 10th annual Machine
Learning for Signal Processing (MLSP) competition utlized
a portion of the COBRE dataset of HCs and SPs with the goal
of identifying the best objective classification of

schizophrenia patients based on multimodal features derived
from MRI scans. Each investigator (291 investigators and
2087 entries) developed a classifier, optional feature selection,
that combined structural and functional MRI features, hence
providing an example ofmultimodal data fusion (Calhoun and
Sui 2016). The test sets were divided into Public (30 subjects)
vs. Private (28 subjects) sets; multiple entries were permitted
with feedback provided for Public test sets only (area under
the curves or AUCs). Because there was variability between
the Public and Private AUCs (Fig. 7 top), most likely due to
the small sizes of the data sets, the overall distribution of
overall AUCs of the entire test set was used instead.
Figure 7 (bottom) shows the overall AUC distribution for all
2087 entries; many entries were able to attain an overall AUC
of 0.8 or higher and several different strategies produced good
results. For example, the team winning first place estimated
class probabilities for test examples by means of a Gaussian
process classifier with prior distribution scaled by a probit
transformation. For more information on the winning strate-
gies and the competition itself please see (Silva et al. 2014).

Functional Network Connectivity in both fMRI andMEG
Network structure and network dynamics (functional network

Fig. 6 Left panel. Maps of the components identified as non-artifactual
in static FNC or dynamic FNC analysis: Of the 75 components returned
by the GICA, 45 were identified as non-artifactual components. Only 34
of these non-artifactual components showed static FNC or dynamic FNC
effects; these 34 components were divided into groups based on their
anatomical and functional properties and include visual network, thalamic
network, cerebellar network, frontal network, attentional network, default
mode network, sensory motor network, and auditory networks. Only 6

components, representing the thalamic (C12, C51) and auditory networks
(C28, C38, C62, C71) are shown. Color bars at the right represent z-
scores. Right panel. a. Static FNC matrix (lower part). Pairwise correla-
tions of component pairs showed static FNC effects at α > 0.001 level. b.
Dynamic FNC matrix (upper part). Pairwise correlations of component
pairs showed dynamic FNC effects at the α ≤ 0.001 level.
Thal = thalamus network, CR = Cerebellar network. Adapted from
Cetin et al. 2014
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connectivity or FNC) were examined using resting state fMRI
and MEG data obtained from 46 SP and 45 HC (Houck et al.
2017). Our resting fMRI FNC findings are consistent with
work indicating hypoactivation in prefrontal cortex (Kuhn
and Gallinat 2013). In contrast, prefrontal FNC was enhanced
(i.e., hyperconnectivity) in SP for MEG (see bottom panel of
Fig. 8–blue), suggesting abnormally high synchronous firing
from neuronal populations in prefrontal and temporal net-
works. It is not possible to determine with certainty from these
results whether these hyper-synchronous networks underlie
core deficits of the illness, or whether they represent compen-
sation to overcome primary functional defects. However, our
MEG results suggesting hyper-synchronous prefrontal and
temporal networks are consistent with the dysconnectivity
model of schizophrenia (Stephan et al. 2006). Both similar

and contrasting patterns of connectivity were identified in
fMRI vs.MEG indicating that thesemodalities whichmeasure
brain function at different time scales using fundamentally
different measures (hemodynamic vs. electromagnetic activi-
ty) provide access to complementary information. This point
is reiterated in a separate analysis using the resting state con-
nectivity data to determine classification accuracy with fMRI
alone, MEG alone, and combined fMRI and MEG data (Cetin
et al. 2016). By using both static and dynamic connectivity
measures, the correct classification rate was highest using the
combined fMRI and MEG connectivity measures.

These datasets also provide a unique opportunity for fusing
data of various types, besides combining data across modali-
ties. The first study mentioned in this section (Cetin et al.
2014) can be considered as multi-task data fusion and the
Silva et al. (2014) competition challenge paper requires data
fusion across sMRI/fMRI. Stephen et al. (2013) and Sui et al.
(2015) provide more examples of the richness of these
datasets where MEG data is fused with DTI data, and where
MATRICS responses are fused with fMRI/dMRI/sMRI.

Final remarks

Neuroimaging studies of schizophrenia have typically identi-
fied small differences between SP and HC in electrophysio-
logical, structural, functional and metabolic brain measures.
However, many of the functional/structural studies have fo-
cused on single task measures (or resting state), unisensory
measures, or single modality measures (including volumetric)
rather than utilizing complementary measures of brain func-
tion and structure that are needed to fully understand the com-
plex brain dynamics that underlie this disorder. Project 1,
which utilized several tasks and resting state, suggests that
schizophrenia is characterized by inhibitory deficits that ex-
tend throughout the hemodynamic response function and
across multiple tasks. Project 2 shows that although
unisensory visual RTs were significantly slower for SP com-
pared to HC, multisensory RTs (i.e., visual and auditory stim-
uli were presented together) did not differ by group, suggest-
ing that the addition of the auditory stimulus helped to nor-
malize the behavioral response in the SP group; the neuro-
physiological measures were consistent with this finding.
Project 3 found lateralized hippocampal and PFC activation
deficits in SP for nonverbal/verbal tasks, whereas a non-
hippocampal elemental control task did not reveal differences
between SP and HC. These results highlight the necessity of
examining a hierarchy of tasks/functions across the same gen-
eral set of patients/healthy controls as we did in our COBRE
project. While use of rest fMRI data has become popular due
to its ease of collection and use, the integration of (extended)
rest fMRI data with task data is a largely understudied area.
We have shown, using a hierarchy of tasks including rest, that
schizophrenia patients exhibit consistent changes in

Fig. 7 a.Dashed red lines represent median values of Public and Private
AUCs. Blue contours indicate the centration of entries. The 3 winning
entries are shown as green squares at the upper right. 1st and 2nd place
entries attained lower public AUCs because the official ranking optimized
for extremes along the x-axis only. b. Overall AUC of all 2087 entries.
Dashed red line indicates the median. Orange/yellow triangle indicates
the competition benchmark (just above the median). No entry was able to
attain an overall AUC of 0.9 or higher. Adapted from Silva et al. 2014
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connectivity from rest to tasks and in some cases show de-
creased connectivity at rest and increased connectivity during
the most difficult tasks.

When examining linkages across modalities, in order to
provide a better understanding of the structure/function net-
works that underlie the cognitive and social impairments ex-
perienced by SP, Project 2 results indicate that variations in
MEG amplitude/timing were directly associated with alter-
ations in WM integrity in SP versus HC. Similarly, Project 3
found lower fronto-temporal anatomical connectivity in SP,
compared to HC, which was related to working-relational
memory performance deficits and worse every day function-
ing in SP. Furthermore, our studies using multimodal func-
tional data (e.g., MEG and fMRI), identified consistent func-
tional components during rest, yet distinct patterns of func-
tional network connectivity, results which emphasize the in-
adequacy of unimodal data collection and support the need to
evaluate and integrate complex mental illness via multiple
types of information. While the effect sizes for linking
genome-wide individual genetic mutations with brain imaging
results continue to be very small, the connection of these two
modalities can give us important clues about the underlying
mechanisms associated with schizophrenia. For example,
multivariate association analyses can integrate multiple genet-
ic risk loci’s effects on brain endophenotypes (Pearlson et al.
2015). Through these analyses, we were able to identify spe-
cific genetic contributions to structural abnormalities in

patients with schizophrenia using a set of reference genes
[Guided ICA (Chen et al. 2013) and PCA with reference
(Gupta et al. 2015)]. Furthermore, we were able to demon-
strate the contributions of a top schizophrenia risk gene ex-
pressing microRNA miR-137 (MIR137) and its targets to
schizophrenia risk using pathways analyses and meta-
analysis gene-set enrichment of variant associations
(MAGENTA) (Wright et al. 2015, 2016) as well as gray mat-
ter concentration (Wright et al. 2016) and corpus callosum
volume (Patel et al. 2015).

Ongoing advancements in computational power and
algorithm development now allow us to capture some of
this complexity across multiscale measures of brain func-
tion. For example, the use of dynamic (time-varying) con-
nectivity (Calhoun et al. 2014) shows us that SPs do not
always experience reduced connectivity; SP tend to spend
less overall time in the more strongly connected states
(Damaraju et al. 2014), which also correlates with the
cortico-thalamic connectivity. Finally, we would like to
emphasize the importance of data sharing and community
competitions. The COBRE data competition, with over
2200 participants, demonstrated that structural and func-
tional brain imaging is reliably predictive of schizophre-
nia. While this work is not yet complete, this represented
one of the largest competitions demonstrating the poten-
tial for using brain imaging to inform us about diagnosis
at the individual level.

Fig. 8 Summary of FNC group
averages (SP and HC) for fMRI
and MEG rendered on white
matter surface. P = HC > SP and
N = SP > HC. FNC is a measure
of among- network connectivity;
that is, pairwise correlations in
network (ICA component)
timecourses. Only those regions
involved in significant group dif-
ferences are included. Color bar
values are the mean correlations
for each component and group.
Importantly, the MEG and fMRI
results were quite different from
one another (i.e., greater FNCwas
observed in HC visual networks
for fMRI components while
greater FNC was evident in SP
frontal networks for MEG com-
ponents (blue color), highlighting
the complementary information
embedded within these two mo-
dalities. We adjusted for multiple
comparisons within each network
matrix using the false discovery
rate correction. Adapted from
Houck et al. 2017
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Information Sharing Statement

Data sharing vehicle—COINS

All data are currently or will be disseminated via COINS
(RRID:SCR_000805, http://coins.mrn.org; Scott et al. 2011).
COINS is a mature end-to-end system for data capture and
study management (King et al. 2014), archiving, and sharing
(Wood et al. 2014) and serves multiple investigators and im-
aging centers world-wide (Bockholt et al. 2010, King et al.
2014, Scott et al. 2011, Wood et al. 2014). COINS can handle
a variety of imaging modalities and analysis tools, and

includes data capture and archival services that automate the
transfer, organization, backup and processing of imaging data
directly from the MRI or MEG scanner. For example, COINS
was used to upload/share data for the CoRR consortium (over
4000 R-fMRI datasets) (Zuo et al. 2014), as well as the phe-
notypically rich Enhanced NKI Rockland Sample (n = 1000
participants) (http://fcon_1000.projects.nitrc.org/indi/en-
hanced/). COINS fully integrates offline and online handling
of multi-site study management, radiology reading, assess-
ments including advanced question types (King et al. 2014),
DICOM image capture, and automated processing (Wood
et al. 2014). Access to the shared data from COBRE (RRID:

Fig. 9 COINS webportal (coins.
mrn.org/dx). Instructions for
accessing data
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SCR_010482) and multiple other studies can be obtained by
creating an account at http://coins.mrn.org/dx and searching
for the desired data using the graphical query tool (Landis
et al. 2016). Both assessment and imaging data are available
and can be jointly downloaded (See Figure 9). For general
information regarding COINS and how to access the data
please contact Margaret King (mking@mrn.org). In addition,
a Table listing all studies that have used COBRE data thus far
is included in supplementary material (Table 2).
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