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Abstract The relationships between structural and func-
tional measures of the human brain remain largely
unknown. A majority of our limited knowledge regarding
structure—function associations has been obtained through
comparisons between specific groups of patients and
healthy controls. Unfortunately, a direct and complete view
of the associations across multiple structural and functional
metrics in normal population is missing. We filled this gap
by learning cross-individual co-variance among structural
and functional measures using large-scale neuroimaging
datasets. A discover-confirm scheme was applied to two
independent samples (N = 184 and N = 340) of multi-
modal neuroimaging datasets. A data mining tool, gRAI-
CAR, was employed in the discover stage to generate
quantitative and unbiased hypotheses of the co-variance
among six functional and six structural imaging metrics.
These hypotheses were validated using an independent
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dataset in the confirm stage. Fifteen multi-metric co-vari-
ance units, representing different co-variance relationships
among the 12 metrics, were reliable across the two sets of
neuroimaging datasets. The reliable co-variance units were
summarized into a database, where users can select any
location on the cortical map of any metric to examine the
co-varying maps with the other 11 metrics. This database
characterized the six functional metrics based on their co-
variance with structural metrics, and provided a detailed
reference to connect previous findings using different
metrics and to predict maps of unexamined metrics. Gen-
der, age, and handedness were associated to the co-vari-
ance units, and a sub-study of schizophrenia demonstrated
the usefulness of the co-variance database.
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Introduction

Many structural and functional metrics have been devel-
oped in neuroimaging studies, each characterizing the
cerebral cortex from a different perspective. Brain struc-
ture metrics, such as cortical volume (vol), surface area
(area), cortical thickness (thick), mean cortical curvature
(curv), local gyrification index (lgi), and sulcus depth
(sulc), have been derived from surface modeling of the
cerebral cortex (Fischl et al. 1999) and widely applied to
investigate brain development and brain disorders. For
example, the vol, area, and thick metrics are popular
measures used to quantify brain morphometric abnormali-
ties in schizophrenia (e.g., Ohtani et al. 2014; Sprooten
et al. 2013; Xiang et al. 2013). In particular, these metrics
play different roles in distinguishing schizophrenia from
bipolar disorder patients (Rimol et al. 2012). The curv, lgi,
and sulc metrics have been developed to characterize gyri-
folding patterns (Schaer et al. 2008), reflecting complex
interactions between differential growth rates, various
physical processes, and the specific layout of cortical fiber
connections (White and Hilgetag 2011). These metrics
have been proposed as potential candidates of effective
brain-based markers for schizophrenia (e.g., Fornito et al.
2008; Nanda et al. 2014; Takahashi et al. 2013; White et al.
2003).

Similarly, a variety of functional metrics have been
derived based on the temporal dynamics of blood oxygen
level-dependent (BOLD) signals acquired under a task-free
state (Biswal et al. 1995). Low-frequency fluctuations in
task-free BOLD signal reflect intrinsic functional organi-
zations of the brain (Biswal et al. 2010; Kelly et al. 2012;
Yeo et al. 2011). In addition to traditional seed-based
temporal correlations, metrics, including amplitude of low-
frequency fluctuation (alff), degree centrality (dc), eigen-
vector centrality (ec), regional homogeneity (reho), and
fractional amplitude of low-frequency fluctuation (falff),
have been frequently used in functional imaging studies.
Indeed, alff and falff metrics have been employed to
quantify abnormalities in voxel-wise low-frequency fluc-
tuations in schizophrenia patients (Yang et al. 2007; Zou
et al. 2008; Zuo et al. 2010), and these metrics reflect
distinguishable locations of abnormality in the cortex
(Hoptman et al. 2010). The reho metric (Zang et al. 2004)
reflects the local synchronization of low-frequency fluctu-
ations as a local connectivity measure (for a comprehensive
review, see Jiang and Zuo 2015). The use of the surface-
based reho metric to exclude the influence of non-gray
matter signals (i.e., partial volume effects) has recently
been proposed (Zuo et al. 2013) in association with the
hierarchical architecture of functional organization in the
human brain (Jiang et al. 2015). The dc and ec metrics
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characterize the intrinsic functional organizations of the
brain in a graph-theoretical perspective (Buckner et al.
2009; Bullmore and Sporns 2009; Lohmann et al. 2010;
Zuo et al. 2012; Zuo and Xing 2014), which has been
adopted in neuroimaging studies of schizophrenia to
investigate deficits in brain network hubs (Alexander-
Bloch 2010; Lord et al. 2011; for a review see Rubinov and
Bullmore 2013).

While a number of studies have demonstrated superior
performance of combining information from multiple
metrics (or imaging modalities) to examine neural mech-
anisms underlying behaviors and distinguish mental dis-
orders (Fan et al. 2008; Kim et al. 2012; Palaniyappan and
Liddle 2014; Wee et al. 2012; Zhang et al. 2011a), the
relationships between these structural and functional met-
rics are largely unknown. Specifically, our understanding
of the associations across multiple neuroimaging metrics is
restricted in three aspects: first, nearly all multi-modal
studies integrate no more than three metrics; second, many
studies combine information from multiple metrics based
on their spatial overlaps, but relevant metrics do not nec-
essarily overlap in space; and third, most studies compare
specific groups of patients to healthy controls. Due to these
practical issues, we currently only have indirect knowledge
about the similarities and differences across these metrics
(Sui et al. 2014), and a direct/complete view of the asso-
ciations across multiple structural and functional metrics in
normal population is lacking.

To map the cross-subject co-variance between the
aforementioned structural and functional metrics, we
applied a discover-confirm scheme to two independent
large samples (N = 184 and N = 340) of multi-modal
neuroimaging datasets. In the discover stage, we used the
first sample and a data-driven approach, generalized
ranking and averaging independent component analysis
(gRAICAR'; Yang et al. 2008, 2012) to generate quanti-
tative hypotheses about the cross-subject co-variance
among the 12 metrics. In the confirm stage, we examined
these hypotheses using the second dataset. This set of
analyses is able to address the practical difficulties men-
tioned above because (1) this data-driven approach gener-
ates unbiased hypotheses (imposes no constraint of spatial
similarity between metrics), (2) the discover-confirm
scheme is robust to artifacts introduced by odd images, and
(3) the model is simple enough to include a number of
metrics. We hypothesize that the co-variance relationships
among the 12 metrics, represented by multi-metric co-
variance units (MMCUs), are reliable and reproducible
across datasets, and that these MMCUs are able to interpret

! The gRAICAR package is freely available at https://github.com/
yangzhi-psy/gRAICAR. It is also a part of CCS (https://github.com/
zuoxinian/CCS).
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variation in behavioral variables, to link existing findings
using different metrics, and to predict characteristics of
unexamined metrics for individual studies.

Methods
Datasets

We used two publicly available large datasets from the 1000
Functional Connectomes Project (FCP; http://fcon_1000.
projects.nitrc.org/fcpClassic/FcpTable.html) (Biswal et al.
2010) and the Consortium for Reliability and Repro-
ducibility (Zuo et al. 2014) (CoRR; http://fcon_1000.
projects.nitrc.org/indi/CoRR). Dataset 1 is from the FCP, the
Cambridge-Buckner site (FCP-Cambridge), where high-
resolution structural images and resting-state functional
images were collected from 198 healthy subjects (123
females, ages: 18—40) using a Siemens 3 T Trio scanner. The
imaging sequences included MP-RAGE for T1 image
acquisition (TR/TE/TI = 2200/1.04-7.01/1100 ms, Flip
Angle = 7°, FOV = 230 mm, 144 sagittal slices, voxel
size =12 x 1.2 x 1.2 mm) and EPI for resting-state
functional MRI (rfMRI) image acquisition (TR/TE = 3000/
30 ms, FA = 85°, FOV = 216 mm, 47 axial slices, voxel
size = 3.0 x 3.0 x 3.0 mm, 124 volumes).

Dataset 2 is a part of the Consortium for Reliability and
Reproducibility (CoRR; Zuo et al. 2014) and contains 345
healthy college students (182 females; ages: 17-27) recrui-
ted from Southwest University in Chongqing, China (CoRR-
SWU). Each participant underwent both MP-RAGE (TR/
TE/TI = 1900/2.52/900 ms, Flip Angle = 9°, FOV = 256
mm, 176 sagittal slices, voxel size = 1.0 x 1.0 x 1.0 mm)
and rfMRI scanning (TR/TE = 2000/30 ms, FA = 90°,
FOV = 220 mm, 32 axial slices, voxel size = 3.44 x
3.44 x 4.0 mm, 242 volumes) using a Siemens 3 T Trio
scanner.

Preprocessing and quality control: structural images

All structural MRI images were first inspected for quality
control before being preprocessed using the structural
preprocessing pipeline of the Connectome Computation
System (CCS: Xu et al. 2015). This pipeline first cleaned
the images with a spatially adaptive non-local means filter
and corrected the intensity inhomogeneity. CCS then called
FreeSurfer (Dale et al. 1999) to implement the steps of
brain tissue segmentation and cortical surface reconstruc-
tion. Specific steps included: (1) brain extraction with a
hybrid watershed/surface deformation; (2) tissue segmen-
tation of the cerebrospinal fluid (CSF), white matter (WM)
and deep gray matter (GM); (3) cutting plane generation to
disconnect the two hemispheres and subcortical structures;

(4) fixation of the interior holes of the segmentation; (5) a
triangular mesh tessellation over a GM-WM boundary and
mesh deformation to produce smooth GM-WM (white
surface) and GM-CSF interfaces (pial surface); (6) topo-
logical defect correction on the surface; (7) individual
surface mesh inflation to a sphere; and (8) estimation of the
deformation between the resulting spherical mesh and a
common spherical coordinate system to align the cortical
folding patterns across subjects. As a quality assessment,
intermediate results from the above steps were visually
inspected based upon the screenshots generated using CCS.
Subjects with bad brain extraction, tissue segmentation and
surface reconstruction were excluded from the subsequent
analysis.

For each subject, six morphological metrics were
derived from the cortical surface model created using
FreeSurfer, including cortical vol, area, thick, curv, lgi,
and sulc. All abbreviations are listed in Supplementary
Text 1, and detailed descriptions of the meaning and
computation of these metrics are presented in Supple-
mentary Text 2. The area metric was set to the total area
of the triangles connected to a vertex (Fischl and Dale
2000). The total cortical area generated using the Free-
Surfer model was consistent with the surface area derived
from postmortem studies and has been validated on sev-
eral brain phantoms and compared with other surface-
based analysis packages (Lee et al. 2006; Makris et al.
2006). The thick metric was calculated using the average
linking distance between the pial and white surfaces
(Fischl and Dale 2000). This measure of cortical thickness
showed adequate test-retest reliability across time, scan-
ner manufacturers and field strengths (Han et al. 2006).
The vol metric was calculated as the product of the thick
and area metrics. The curv metric represents the mean of
the two principal curvatures, which measures the maxi-
mum and minimum bending of the cortical surface at the
vertex (Pienaar et al. 2008). The lgi is a metric that
quantifies the amount of cortex buried within the sulcal
folds compared with the amount of cortex on the outer
visible cortex. A cortex with extensive folding has a large
lgi, whereas a cortex with limited folding has a small Igi.
In Freesurfer, 1gi was computed at thousands of points
over the entire cortical surface (Schaer et al. 2008).
Moreover, the sulc metric is the integrated dot product of
the movement vector with the surface norm during infla-
tion, indicating the large-scale geometry of the cortical
surface. When deep regions consistently move outward,
these regions have positive values of sulc, whereas when
superficial regions move inward, these regions have neg-
ative values.

Each of these metrics was computed in the native space
and subsequently transferred onto the fsaverage standard
spherical surface. To enable further comparisons with
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functional metrics, these metric maps were down sampled to
an fsaverage5 standard cortical surface with 10,242 vertices
per hemisphere, and a Gaussian filter (FWHM = 4 mm) was
applied to smooth the surface maps. An outlier detection
procedure was further performed to exclude subjects with
extremely low/high metrics. A subject was excluded from
subsequent analyses when any of the six metrics was an
outlier at any vertex of the fsaverage5 surface. The outliers
were determined using the generalized extreme Studentized
deviate test (p < 0.001) (Rosner 1983).

Preprocessing and quality control: functional
images

Connectome computation system was employed to analyze
rfMRI data using a functional pipeline. The following
procedures were included: (1) eliminating the first 5 EPI
volumes from each scan for signal equilibration; (2) de-
spiking the time series to detect and reduce outliers (spikes)
using an hyperbolic tangent function; (3) slice timing using
Fourier interpolation to temporally correct the interleaved
slice acquisition; (4) aligning each volume to a “base”
image (the mean EPI image) using Fourier interpolation to
correct between-head movements; (5) normalizing the 4D
global mean intensity to 10,000 to allow inter-subject
comparisons; (6) regressing out the WM/CSF mean time
series and the Friston-24 motion time series to reduce the
effects of these confounding factors; (7) filtering the
residual time series with a band-pass filter (0.01-0.1 Hz) to
extract low-frequency fluctuations; (8) removing both lin-
ear and quadratic trends; and (9) aligning individual
motion-corrected functional images to the individual
structural image using a GM-WM boundary-based regis-
tration (BBR) algorithm. The preprocessed time series
were subsequently projected onto the fsaverage5 standard
cortical surface.

For each subject in both preprocessed datasets, we
computed six functional metrics that character low-fre-
quency fluctuations (0.01-0.1 Hz), including alff and its
fractional variant (falff), dc, ec, and surface-based regional
homogeneity with length-one (reho) and length-two (re-
ho2) neighbors. These metrics were commonly used to
characterize properties of intrinsic connectivity networks
(see Zuo and Xing 2014 for a review). Here, we provide a
brief description of these metrics and more details are
presented in Supplementary Text 3. The alff metric indi-
cates the power of low-frequency oscillations in the BOLD
time series (Zang et al. 2007). The normalized form, falff,
further divides the alff value by the power of the entire
frequency spectrum (Zou et al. 2008). These metrics
characterize single voxel/vertex properties. In contrast,
from a graph-theoretical perspective (Bullmore and Sporns
2009), the dc and ec metrics depict the relationships of the
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BOLD time series between a given location and all other
locations in the brain. The relationships between the time
series were characterized using Pearson’s Correlation
coefficients. The reho and reho2 metrics measure the multi-
vertex relationship in a local neighborhood (Zang et al.
2004; Zuo et al. 2013), reflecting the local homogeneity of
the BOLD time series. The radius of the local neighbor-
hood is different between the reho and reho2 metrics,
where the reho metric has a radius of 1 vertex, and reho2
has a radius of 2 vertices.

We conducted the following quality assessments for
functional images. To examine the head motion during
rfMRI acquisition, we computed (1) the maximum distance
of translational head movement (maxTran), (2) the maxi-
mum degree of rotational head movement (maxRot), and
(3) the mean frame-wise displacement (meanFD). To
evaluate the quality of functional-structural image
realignment with BBR registration, we collected the min-
imal cost of the BBR co-registration (mcBBR). Subjects
were excluded from further analysis when the following
criteria were not met: (1) maxTran < 2 mm, (2) max-
Rot < 2°, (3) meanFD < 0.2 mm, and (4) mcBBR < 0.75.
As a result of the quality control procedures for both
structural and functional images, 184 subjects from FCP-
Cambridge (female 117, age range 18-30) and 340 subjects
from CoRR-SWU (female = 180, age range 17-27) were
retained for further analyses.

Structure-function co-variance analysis: discovery

A discover-confirm scheme was illustrated in Fig. 1 and
was applied to the preprocessed FCP-Cambridge
(N = 184) and CoRR-SWU (N = 340) datasets. Besides
Fig. 1, we made an animation to demonstrate the proce-
dures.” FCP-Cambridge was used in the discover stage. We
first decomposed the cross-subject variability of each cor-
tical metric in FCP-Cambridge into a number of indepen-
dent components. Specifically, an n by v matrix was
formed for each of the 12 metrics, where #n is the number of
subjects (n = 184), and v is the number of vertices on the
surface map (for the ‘fsaverage5’ mesh, v = 20,484).
Independent component analysis (ICA), as implemented in
the MELODIC module of FSL software (Beckmann and
Smith 2004), was applied to the matrices (step 1 in Fig. 1).
The numbers of components were automatically deter-
mined using the Laplacian estimator in MELODIC. The
ICA outputs are referred to as surface component maps
(SCMs), each representing a spatial pattern of vertices.
Each SCM is accompanied with a subject course that
depicted the variation of the corresponding SCM across

2 Also available at http://ddl.escience.cn/f/qMsE.
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subjects. Since the SCM is an unthresholded, continuous
map of vertices, the values on the vertices indicate the
relative contribution of the vertices to the subject course.
The above ICA decomposition was applied to the 12
metrics separately.

Next, we adopted gRAICAR (Yang et al. 2008; Yang
et al. 2012) to cluster the SCMs from the 12 metrics (step 2
in Fig. 1). The gRAICAR algorithm is effective in
revealing intrinsic inter-subject relationships (Kyathana-
hally et al. 2015; Yang et al. 2014a) or patient subtypes
(Yang et al. 2014b). Supplementary Fig. 1 presents a
demonstration of the gRAICAR algorithm. Specifically,
gRAICAR first constructed a full similarity matrix (FSM)
containing pair-wise similarity between all the SCMs from
the 12 metrics (Fig. S1A). The similarity between the
SCMs was defined as the Pearson’s correlation coefficients
between their subject courses. The value of this similarity
reflects the coherence between two SCMs in terms of their
cross-subject variations. gRAICAR then searched through
the FSM for clusters of SCMs (demonstrated in Fig. S1).
The first operation in the search procedure was ranking the
SCMs according to their “popularity” among SCMs from
different metrics. The following steps were conducted to
compute the “popularity” of SCMs: (1) the FSM was
segmented into metric-blocks, so that the FSMs from the
same metric stayed together and the similarity values
between them were represented in a block within the FSM
(Fig. S1A). (2) The similarity values were converted into
relative values (Zrow) within each row in each metric-
block (Fig. SI1B). (3) The maximal value in each row of
each metric-block in Zrow was then retained in a new
matrix (Zmax), and all other values were set to 0
(Fig. S1C). Each row in the Zmax matrix thus revealed the
most similar SCMs from different metrics to the SCM
represented in current row. (4) The Zmax matrix was
multiplied to its transform (multiply elements in corre-
sponding locations, Fig. S1D). This operation eliminated
unpaired inter-metric maximal similarities. (5) In the
resultant matrix, the sum of each row yielded the “popu-
larity” value for each SCM, representing a special form of
centrality that takes specificity and mutual correspondence
of SCMs into account. We then computed a standardized
FSM by adding the Zrow matrix to its transpose, so that the
similarity between a pair of SCMs from different metrics
was standardized among all SCMs from the relevant met-
rics (Fig. S1E). Starting from the top SCM in the popularity
rank, 11 SCMs from different metrics were identified in the
standardized FSM, by searching for maxima in metric-
blocks on the top SCM’s row (Fig. S1F).

As a result, the identified 12 SCMs shared similar trends
of variability across subjects, and were grouped as a multi-
metric co-variance unit (MMCU). An inter-metric co-
variance matrix was extracted from the FSM for each

MMCU to characterize the subject course similarity
between SCMs from different metrics (Fig. S1G). These 12
SCMs were thus eliminated from the popularity rank, and
the above procedure was repeated until all SCMs were
assigned to MMCUs. Because different metrics had dif-
ferent numbers of SCMs, the number of MMCUSs detected
using gRAICAR equals the second maximal number of
SCMs among the 12 metrics (An MMCU at least associates
two metrics).

Structure—function co-variance analysis: validation

In the confirm stage, we examined whether the MMCUs
detected in FCP-Cambridge were reproducible across
datasets. This step is necessary because odd subjects or
image artifacts might influence the MMCUs obtained in
FCP-Cambridge. We first correlated each SCM in each
MMCU (obtained in FCP-Cambridge) to the corresponding
metric map of each subject in CoORR-SWU. As a result, we
obtained a series of correlation coefficients; each coeffi-
cient was from a participant in CORR-SWU. We treated the
correlation coefficients as a cross-subject fluctuation course
in CoRR-SWU for a given SCM in a given MMCU
obtained in FCP-Cambridge (step 3 in Fig. 1). For instance,
we correlated the SCM of the vol metric (obtained in FCP-
Cambridge) to the vol map of all subjects in CoRR-SWU,
yielding a course of correlation coefficients that repre-
sented fluctuating contributions of the vol SCM to the
subjects in CoRR-SWU.

Next, for each MMCU, we computed a correlation
matrix between the cross-subject fluctuation courses of the
12 member SCMs in CoRR-SWU. We then used the intra-
class correlation coefficient (ICC) to measure the consis-
tency between the inter-metric co-variance matrices
obtained in the CoRR-SWU and FCP-Cambridge datasets
(step 4 in Fig. 1). The rationale for using ICC here is to
consider both the intra-MMCU variability and the inter-
MMCU variability. In this step, the elements of the co-
variance matrices were first converted into Fisher’s Z
scores, and the co-variance matrices obtained in both
datasets were deemed as two observations of the same
variable. The resultant ICC, therefore, indicates the con-
sistency between the inter-metric co-variance matrices
obtained in FCP-Cambridge and CoRR-SWU, relative to
the variability/similarity between the inter-metric co-vari-
ance matrices from different MMCUSs.

We conducted a permutation test to examine the sig-
nificance of the ICC values. Specifically, the SCMs from
different metrics were randomly grouped into fake
MMCUs, and inter-metric co-variance matrices were
computed by correlating the SCMs’ subject courses in
FCP-Cambridge. Meanwhile, the subject courses corre-
sponding to these SCMs were obtained in CoORR-SWU and
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«Fig. 1 Flowchart of the discover-confirm scheme. For an animated
demonstration, see http://www.ddl.escience.cn/f/qMsE. In the dis-
cover stage, the six structural metrics (vol, area, thick, curv, Igi, sulc)
and six functional metrics (alff, falff, dc, ec, reho, reho2) were
derived from each subject in FCP-Cambridge (N = 184). Each of the
12 metrics was decomposed into spatial components using indepen-
dent component analysis (stepl). gRAICAR was used to pool the
subject courses of the resulting components from all 12 metrics and
align the components to form multi-metric co-variance units
(MMCUs, step2). Each MMCU unit associates the surface component
maps (SCMs) from different metrics according to the co-variance
across subjects (correlation between corresponding subject courses).
The levels of co-variance between pairs of SCMs are depicted in the
inter-metric co-variance matrix. In the confirm stage, spatial corre-
lations were computed between the SCMs identified in FCP-Cam-
bridge and the metric maps independently derived from CoRR-SWU
(N = 340), yielding a subject course for each SCM (step3). The
correlations between the subject courses were computed to generate a
new inter-metric co-variance matrix. For each MMCU, the similarity
of the two inter-metric co-variance matrices, derived from FCP-
Cambridge and CoRR-SWU, respectively, were quantified using
intra-class correlation coefficients (ICC) that indicate the consistency
of the matrices across the two datasets, relative to the similarity
between the matrices from different MMCUs

Examine relevance to demographical variables

The MMCUs with significant reproducibility were further
examined for their relevance to demographical variables
including age (18-30), sex (117 females), and handedness
(25 left handed). Specifically, for each MMCU, the subject
courses (obtained from ICA in the discover stage) corre-
sponding to the member SCMs were collected and input
into a principle component analysis. The first principle
component represented the most common variance across
all the subject courses and thus can be considered as a
representative subject course for the given MMCU. A
regression model was then constructed to explain this
representative subject course by variability in age, sex, and
handedness.

Results
Discover MMCUs from FCP-Cambridge data

In FCP-Cambridge, we decomposed cross-subject vari-
ability for each metric into a number of components. The
numbers of components were automatically estimated
using the Laplacian approach implemented in MELODIC.
As a result, different metrics were decomposed into a
different number of components. The numbers of compo-
nents for the 12 metrics estimated in the FCP-Cambridge
dataset are summarized in Supplementary Table S1. Each
metric component carries two pieces of information: a
surface map (i.e., SCM) reflecting the spatial distribution of
a given metric, and a subject course indicating the variable

contributions from different subjects to the current
component.

The SCMs decomposed from different metrics in the
FCP-Cambridge dataset were clustered into MMCUs
according to the similarity of their associated subject cour-
ses. ZRAICAR revealed 88 MMCUs that reflect co-variance
of at least two SCMs (see Fig. 3 for an example of an
MMCU). A typical MMCU collects 12 SCMs that exhibit
similar subject courses, each from a different metric. To
characterize the co-variance relationships among the 12
metrics, each MMCU is associated with an inter-metric co-
variance matrix that shows correlation coefficients between
every pair of SCMs. Notably, because the cross-subject
variability of different metrics was decomposed into dif-
ferent numbers of SCMs, it is not guaranteed that each
MMCU includes SCMs from all 12 metrics.

Validate reliable MMCUs using CoRR-SWU data

The MMCUs obtained in FCP-Cambridge represent com-
mon cross-subject variability among metrics. Before
interpreting the neurobiological meaning of these MMCUs,
the reliability of these MMCUs should be rigorously
examined. In other words, the MMCUSs obtained in FCP-
Cambridge might represent impact from odd subjects or
image artifacts. To exclude this possibility, we used CoRR-
SWU to identify reliable MMCUs across datasets. Relia-
bility was measured based on the ICC between the inter-
metric co-variance matrices obtained in FCP-Cambridge
and CoRR-SWU. Among the 88 MMCUs detected in FCP-
Cambridge, we identified 42 MMCUs with ICC values
greater than 0.40. This threshold is typically considered as
a cutoff for fair reproducibility (Rosner 1995). These 42
MMCUs likely reflected reliable (not caused by odd sub-
jects or image artifacts) co-variance between different
metrics. Among these, 15 MMCUs had ICC values greater
than the 95.5th percentile of the null distribution of ICCs
(ICC >0.81), they were considered as significantly reliable
at p < 0.005. These MMCUs are presented in Supple-
mentary Figures S2-S16.

We made a database with an interactive graphic user
interface to present all the 42 MMCUs (https://yangzhi.
shinyapps.io/showCovGraph_R). Figures 3 and 4 below
are screen captures of the user interface. Users can click on
any location of the 12 metric maps, and the interface will
render the co-variance relationships between all surface
maps to show the MMCU maximally affected by the cur-
rent location. As users’ mouse hover over the surface maps,
the texts in the upper right corner will simultaneously
display the index and ICC value of the most dominate
MMCU at the location under the mouse. This database
provides an efficient way to explore the co-varying maps
across all metrics.
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General co-variance relationships across 12 metrics

To summarize the general co-variance relationships
across the 12 metrics, we averaged the inter-metric co-
variance matrices of all 42 MMCUs (first transformed
each element in the matrices to Fisher’s Z score), yielding
an overall inter-metric co-variance matrix (see Fig. 2a).
This matrix reflected the degree of cross-subject co-
variance between every pair of metrics, despite the
specific locations shown in the SCMs. Using this matrix,
we can infer whether two metrics carry common vari-
ability information. Overall, the co-variance among the
12 metrics was generally low (mean correlation coeffi-
cients 0.170, SD 0.118), but significantly larger than 0
[#(65) = 8.820, p < 0.0001]. The general co-variance
between the functional and structural metrics was even
lower (mean correlation coefficients 0.112, SD 0.03), but
significantly larger than 0 [#(35) = 22.25, p < 0.0001].
The correlation coefficients among the six structural
metrics were significantly larger than those between the
structural and functional metrics [#(14.13) = 2.88,
p = 0.012]. Similarly, the correlation coefficients among
the six functional metrics were also significantly larger
than those between the structural and functional metrics
[#(15.96) = 3.87, p = 0.0014].

reho
reho2
falff

vol
lgi
alff

o
(]
o
©

sulc
curv
thick
dc
ec
reho
falff

reho2

Fig. 2 Overall co-variance among the 12 structural and functional
metrics. a General similarity matrix obtained after averaging the
inter-metric co-variance matrices from the 42 MMCUs (transformed
to Fisher’s Z scores before averaging). The colors indicate the mean
Fisher’s Z scores. A higher Z score indicates higher general co-
variance between the two corresponding metrics. The dashed lines
over the matrix separate structural and functional metrics. The
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Hierarchical clustering analysis on this matrix showed
that the six functional metrics carry different information
from the structural metrics. As Fig. 2a shows, the vol and
area metrics exhibited a high degree of co-variance,
whereas the other structural metrics showed some inde-
pendence from the vol and area metrics. The co-variance
between the six functional metrics was not as strong as the
structural metrics. Nonetheless, the reho2 metric showed
relatively strong co-variance with multiple metrics,
including alff, dc, and reho. The dc metric showed rela-
tively strong co-variance with ec. The falff metric might
represent a special functional metric that shares little co-
variance with the other functional and structural metrics.

To take a closer look into the co-variance between
functional and structural metrics, a zoomed-in view of the
structural-functional co-variance is shown in Fig. 2b,
located in the upper right quadrant of the matrix shown in
Fig. 2a. Figure 2b suggests that the functional metric ec
has the highest co-variance with the structural metrics area
and vol (r = 0.309). The functional metric reho co-varied
with multiple structural metrics, including area, sulc, curv,
and thick (r = 0.159, 0.154, 0.138, and 0.135, respec-
tively). Among these structural metrics, curv and thick
showed specificity in co-variance with reho. Interestingly,
reho2 exhibited a different co-variance pattern with

B
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hierarchical clustering dendrogram shows that the structural and
functional metrics belong to two clusters, except for the falff metric.
b A zoomed-in view of the general structural-functional co-variance
matrix. The color scales are adjusted to enhance the contrast. The ec
metric (functional) shows the maximal general co-variance with the
area and vol metrics (structural)
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structural metrics than reho, but more similar to that of ec.
The difference between the within-structural and within-
functional correlations was not significant
[#(15.88) = —1.79, p = 0.093].

Structural-functional MMCUs

Among the 15 significantly reliable MMCUs, 5 MMCUs
(Figs. S9, S10, S11, and S15) showed significant co-vari-
ance between structural and functional metrics (r > 0.23,
p < 0.0005). Figure 3 presents the structural-functional
MMCU with the highest ICC (ICC = 0.83, p = 0.0025).
This figure shows significant co-variance between the ec
and lgi SCMs and between the alff, area, and vol SCMs. A
remarkable commonality across the 1gi, area, vol, and ec
SCMs is the cross-subject variability around the right
superior frontal gyrus (SFG). The alff SCM shows
noticeable cross-subject variability on the precuneus, pos-
terior cingulate, left dorsal prefrontal cortex, and lateral
and inferior temporal lobe. The strong co-variance in this
MMCU suggests that the structural variability in the right

Fig. 3 The structural—
functional co-variance unit with
the highest ICC value

(ICC = 0.78, p = 0.0022). The
SCMs are arranged on a circle.
Abbreviations of the metrics are
labeled at the center of each
SCM. The weights of the
vertices (Z scores) on the SCMs
are indicated using colors (see
color bar at the bottom-right
corner). The SCMs are linked
using curves whose width
indicates the correlation
coefficients between the subject
courses of the SCMs. Only the
statistically significant links are
rendered using colors other than
gray (r > 0.23, p < 0.0005,
multiple comparison error
corrected using the Bonferroni
approach). This multi-metric
co-variance unit shows
significant structure—function
co-variance between the ec and
Igi SCMs and between the alff,
area, and vol SCMs

SFG predicts ec of this region as well as alff of remote
regions such as the precuneus and posterior cingulate
cortex.

Relevance to demographical variables

We examined the linear relationships between the
MMCUs’ representative subject courses and the demo-
graphical variables including age, sex, and handedness.
Among the 15 MMCUs, four showed significant sex effect
after Bonferroni’s correction (Figs. S6, S8, S13, and S14,
p < 0.0005), and one of them (Fig. S13) showed significant
handedness effect (p = 0.002). No MMCU exhibited sig-
nificant age effect after Bonferroni’s correction. Figure 4
presents the MMCU showing both significant sex
(p = 7.5 x 1077) and handedness effects (p = 0.002). In
this MMCU, the vol and area of the middle frontal gyrus
co-varied with the Igi of the right superior temporal gyrus
(STG) and the sulc of the inferior frontal gyrus. Addi-
tionally, alff of the bilateral STG and the right post-central
gyrus co-varied with reho2 of the STG.

Co-variance strength
(correlation coefficient) 0.23 0.94

Vertex-wise weight in
i - .
spatial component maps 4 =2 0 2 4
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Fig. 4 The structural—
functional co-variance unit
showing significant sex and
handedness effects. For a
complete description of this
demonstration, see the legend of
Fig. 3. This MMCU indicates
co-variance among the vol and
area of the middle frontal gyrus,
the Igi of the right STG, the sulc
of the inferior frontal gyrus, the
alff of the bilateral STG and the
right post-central gyrus, and the
reho2 of the STG

Relevance to clinical research: a sub-study

To demonstrate the potential contributions of the MMCUs
to clinical research, we conducted a sub-study focusing on
the gray matter volume of the STG (see Fig. 5). Abnor-
mality in this structure has been robustly detected in
schizophrenia patients (Shenton et al. 2001). We first
identified the vol SCM with the highest spatial consis-
tency with the anatomical parcellation labeled
‘G_temp_sup-Lateral’ in FreeSurfer. The identified vol
SCM was a member of MMCUG6 (Fig. S7). This MMCU
indicated that the area, dc, and ec SCMs significantly co-
varied with the vol SCM (Fig. 5). The correlation coef-
ficients for these three SCMs were: area, r = 0.70
(p < 0.001), dc, r = 0.18 (p = 0.008), and ec, r = 0.16
(p = 0.014), suggesting that deficits of the area metric in
bilateral inferior frontal gyri and the precuneus could be
observable in schizophrenia patients and that deficits of dc
and ec metrics in the STG may also occur in
schizophrenia patients. Such an approach could be applied
in studies of various mental disorders to detect potential
deficits in the brain.

@ Springer
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Discussion

Although many structural and functional metrics of the
brain have been developed and applied to a wide range of
studies, the relationships across them have not been
explicitly and systematically investigated. In this study, we
filled this gap by mining two independent, large samples of
healthy subjects. Applying gRAICAR to the first dataset
(N = 184), we first proposed a set of hypotheses regarding
the cross-subject co-variance among the 12 brain metrics,
as represented by the MMCUSs. We then found 42 of these
MMCUs were reproducible in a second dataset (N = 340),
and summarized them using an interactive database, where
users could select any location on any metric to review the
co-variance between the 12 metric maps. Using this data-
base, we characterized the six functional metrics according
to their general dependency to the six structural metrics.
Further, we found relevance between some MMCUs and
sex and handedness, suggesting that the MMCUs are
meaningful in the neuroscience context and that the
MMCUs are capable to link existing findings using dif-
ferent metrics. Moreover, based on a priori knowledge of
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STG ROI

Fig. 5 A sub-study focusing on the cortical volume of STG. Based
on the commonly reported volume abnormality of STG in schizophre-
nia, we identified the vol SCM with the highest spatial consistency to
the anatomical parcellation labeled ‘G_temp_sup-Lateral’ in Free-
Surfer. The identified vol SCM (a member of MMCU®6) predicts that
accompanying deficits in the vol of STG, schizophrenia patients may
have deficits in the area of bilateral inferior frontal gyri and the
precuneus (r = 0.70) and deficits in the dc (r = 0.18) and ec
(r = 0.16) of the STG

abnormality in gray matter volume, the database predicted
abnormalities in multiple functional metrics in
schizophrenia. The implications and potential contributions
of these findings are discussed below.

A systematic view of structural-functional co-
variance

This study provides a systematic view of the associations
between multiple structural and functional metrics in
healthy human brain, and advances our knowledge in three
folds. First, the full picture of the relationships between six
functional and six structural metrics brings in a novel
avenue to characterize the functional metrics. A funda-
mental question for the neuroimaging field is what the
functional metrics really tell us or what is their generative
mechanism from the brain structure (Betzel et al. 2016).
Many researchers have attempted to associate functional
metrics to various phenotypes (Medaglia et al. 2015), but
have not achieved a fully clear understanding of the bio-
logical meaning of these functional metrics. Our study
offers a novel perspective that characterizes functional
metrics based on their shared information with the

structural metrics across individuals. Specifically, our
results as in Fig. 2 suggest that alff weakly reflect vari-
ability in vol and area, dc has specific associations with vol,
and ec has strong and specific associations with vol and
area. The falff seems to carry unique information because it
does not associate with any structural metrics. Surface-
based reho reflects a combination of multiple structural
metrics including area, sulc, curv, and thick. Reho2 is
different from reho in that it has much weaker associations
to structural metrics, echoing the nature of this local con-
nectivity measure as a multi-modal, multi-scale neu-
roimaging marker of the human connectome (Jiang and
Zuo 2015). Interestingly, since the reho metric reflects
local coherence of the intrinsic neural activities (Zang et al.
2004), an insight from our finding is that only the coher-
ence of activity within a close neighborhood (reho) reflects
a synthesized variation of structural metrics, but not the
coherence in a larger neighborhood (reho2). Another
implication from Fig. 2 is that ec is the most structure-
related functional metric, while falff is the most structure-
irrelevant functional metric. Our systematic, unbiased
investigation on large samples makes it possible to uncover
these novel insights about the functional metrics.

Second, the present study extends the scope of struc-
tural-functional association investigations. Most studies
linked structural and functional metrics based on their
spatial correspondence (Liao et al. 2013; Seeley et al. 2009;
Segall 2012; Zhang et al. 201 1b; Vidal-Pineiro et al. 2014).
The MMCUs found in our study suggest that the most
reliably associated metric maps do not necessarily overlap
in space. For instance, Fig. 3 indicates that multiple
structural metrics (Igi, area, and vol) around the right SFG
co-vary with the functional metrics (ec and alff). However,
the SCMs of ec and alff showed different spatial distribu-
tions: while the ec SCM was consistent with the structural
metrics, the alff SCM showed widespread contributions
across the brain. This argument is supported by studies on
mental disorders. For instance, gray matter abnormality in
parietal and frontal regions in schizophrenia patients has
been associated to the abnormal functional activations in
bilateral temporal regions under an oddball task (Calhoun
et al. 2006); abnormal correlation between the mean cor-
tical thickness and the mean fractional anisotropy of the
white matter has also been reported in schizophrenia
patients (Sasamoto et al. 2014). Our study thus suggests a
wider scope in searching for multi-modal imaging features,
and provides evidence that the co-variance between struc-
tural and functional metrics may serve as an important
factor for generative models of the human brain
connectomes.

Third, our results provide the most detailed reference for
selecting effective features for multi-modal neuroimaging
applications. Nearly all of previous multi-modal imaging
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studies included no more than 3 imaging metrics (for a
comprehensive review, see Sui et al. 2014). Our study
suggests that each of the 12 frequently used metrics,
especially the six functional metrics, carries some unique
information (Fig. 2). Given the general principle that
combining more unique information helps to improve the
predictive power, our result that the functional metrics
carry different information from the structural metrics
suggests that combining more functional metrics may
improve the performance of a machine-learning applica-
tion. On the other hand, including more features in
machine-learning models can lead to very high dimen-
sionality and over-fitting issues. The reliable MMCUs in
our study provide highly detailed reference for selecting
effective features, and thus help to avoid the over-fitting
problem. As an example, Fig. 4 indicates that the vol and
area metrics in the middle frontal gyrus strongly co-vary
with the lgi of the right posterior insula and the sulc of the
inferior frontal gyrus, suggesting these four features are
mutually dependent and three of them could be excluded in
a machine-learning study. In other words, these MMCUs
could constrain the search space for effective brain imaging
features in machine-learning applications.

Integrating/predicting findings from different
metrics

The co-variance of structural metrics has previously been
investigated in a number of studies (for a comprehensive
review, see Alexander-Bloch et al. 2013a), in which the co-
variance between the morphology of remote brain regions
was examined across subjects. Based on these studies,
structural co-variance has been associated with white
matter tracts (Colibazzi et al. 2008; Gong et al. 2012; Lerch
2006), rates of cortical development (Alexander-Bloch
et al. 2013b; Raz et al. 2005; Raznahan et al. 2011), genetic
factors (Rimol et al. 2010; Schmitt et al. 2008; Thompson
et al. 2001; Wright et al. 2002), functional networks
(Alexander-Bloch et al. 2013b), and behaviors, such as
intelligence (Lerch 2006) and musical ability (Bermudez
et al. 2009; Jancke et al. 2012; Lv 2008). These findings
indicate that the structural co-variance is a promising way
for understanding the human brain organization.

Our results extend the existing structural co-variance
studies towards multi-modal, multi-metric co-variance
studies: in addition to structural metrics, we considered a
variety of functional metrics to quantitatively and simul-
taneously examine the cross-subject co-variance of struc-
tural and functional properties. Given that functional
metrics co-varying (but not necessarily overlapping) with
structural metrics are more likely to be a trait marker that is
robust against the state at the time of scan (Kelly et al.
2012; Castellanos et al. 2013; Zuo and Xing 2014), an
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important contribution of the current study is that we could
find a number of detailed functional metric maps as can-
didates for individual trait markers.

The connected 12 metrics in each MMCU could serve as
a reference to link existing findings using different metrics
and to predict features of unexamined metrics. In this
study, we showed an MMCU representing individual
variability in sex and handedness (Fig. 4). This MMCU
connects the vol, area, lgi, sulc, and reho2 metrics at dif-
ferent locations across the cortex. Most of these findings
are echoed by existing studies, which have reported sig-
nificant sex difference in the gray matter volume of the
middle frontal gyrus (Ruigrok et al. 2014) and in the local
gyrification index (Mutlu et al. 2013), the alff (Dong et al.
2010), and the reho of STG (Dai et al. 2012). This MMCU
also predicts the sex effect on the sulcal depth of the
inferior frontal gyrus. In fact, a study has linked the sulcal
morphology and volume of Broca’s area (in the inferior
frontal gyrus) to sex and handedness, indirectly supporting
our prediction (Powell et al. 2012).

In the same vein, the MMCUs are capable to generate a
number of hypotheses for multi-metric studies on mental
disorders, as demonstrated in our sub-study focusing on the
vol metric of the STG (Fig. 5). Schizophrenia literature has
consistently pointed to gray matter volume abnormality in
the STG (Shenton et al. 2001). Incorporating this knowl-
edge with our database, we identified an MMCU that
associates the vol metric of the STG to area, dc, and ec
metrics. These associations hypothesize that the deficits of
the area metric in bilateral inferior frontal gyri and the
precuneus, and deficits of the dc and ec metrics in the STG
may exist in schizophrenia patients. In fact, functional
connectivity deficits of the STG have been frequently
highlighted by schizophrenia studies (Leroux et al. 2014).
Comparing these multi-metric associations between
schizophrenia and the norm MMCU may provide addi-
tional insights to understand brain mechanisms for
schizophrenia. The above examples evident two advan-
tages of the proposed MMCUs: (1) provide a reference for
building relationships between results using different
metrics and (2) generate new hypotheses for specific met-
rics that have not been examined.

Potential biological interpretations of MMCUs

Potential biological interpretations for the inter-metric
MMCUs can be borrowed from those for the structural co-
variance. In general, these phenomena can be interpreted
using dependencies on the neurodevelopmental process
(Alexander-Bloch et al. 2013a). Alexander-Bloch et al.
speculated that the possible mechanisms underlying the co-
variance between two regions are: sharing a developmental
precursor (Riska 1986), inductive signaling from one
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developing tissue to another (Jackson 2010), simultaneous
exposure to signals from a third party (Klingenberg 2005,
2008; Mitteroecker et al. 2012), shared genetic influences
(Wright et al. 2002), correlational selection due to adaptive
fitness (Roff and Fairbairn 2012; Sinervo and Svensson
2002), associations with the same behaviors (Kingsolver
and Huey 2003), inherited ancestral relationships between
phenotypic traits (Kirschner and Gerhart 1998), and com-
mon influences through environmental factors (Cheverud
1988; Waitt and Levin 1998). Compared with structural co-
variance studies, the present study introduces an additional
dimension, different structural/functional metrics, for con-
sideration in the interpretation. Knowledge that bridges
genetic factors, neural activities, and neuroimaging prop-
erties (Richiardi et al. 2015) might help investigations of
the detailed mechanisms for these observations, serving as
important topics for future studies (e.g., genetic basis and
computational model of these MMCU ).

Methodological issues

As argued by several studies, preprocessing pipelines (e.g.,
how to correct for motion artifacts) influence the results of
functional MRI studies (Strother et al. 2004; Power et al.
2014; Aurich et al. 2015; Glatard et al. 2015). Conse-
quently, differences in preprocessing pipelines should be
taken into account when comparing other findings to our
results (i.e., using our results as a reference for common
structural-functional associations). To alleviate this issue,
we chose a preprocessing strategy that was shown to
generate graph-theoretical metrics with the maximal inter-
subject reliability and minimal dependency on subject head
motion among several commonly used preprocessing
pipelines (Aurich et al. 2015). We argue that while dif-
ferent preprocessing pipelines have different considerations
and advantages, they share an identical ultimate goal to
produce results that are robust against confounding factors
such as head motion, and that our choice of preprocessing
pipeline is a maximal effort to reduce the influence of
processing pipelines. As an additional effort to produce
reproducible and useful results (Pernet and Poline 2015),
we shared all datasets (FCP-Cambridge and CoRR-SWU),
preprocessing pipelines such as CCS, gRAICAR,’ and
other scripts® to the public for researchers to tune the
processing parameters at will in examining pipeline-
specific/independent structural-functional associations.
Another important issue is that the dimensionality esti-
mations in the ICA decomposition may impact the resultant
MMCUs. To evaluate the impact, we repeated the dis-
covery analysis with a range of fixed numbers of

3 Available at https:/github.com/yangzhi-psy/gRAICAR.
4 Available at https://github.com/yangzhi-psy/covGraph.

components in ICA, changing from 15 to 100 with an
interval of 5. We calculated the similarity (correlation
coefficients) between the resultant MMCUs and those
reported above. The results showed that the similarity of
MMCUs obtained with the changing dimensionality
parameters did not change dramatically (shown in Sup-
plementary Figure S17). Therefore, we believe the reported
results are robust against the dimensionality parameter.

In summary, using a completely data-driven approach,
we examined the association across six structural and six
functional metrics according to the co-variance observed
across subjects and presented an overview of the associa-
tions among multiple structural and functional metrics. The
results could serve as a normative reference for multi-
metric investigations, help to explain anatomical basis of
the functional metrics, and provide insights for integrating
multi-modal imaging markers for clinics.

Acknowledgments This study was supported through funding from
the National Basic Research Program (973 Program: 2015CB351702
to XNZ), the Natural Science Foundation of China (81571756 and
81270023 to ZY, 81278412 to JQ, 81471740 and 81220108014 to
XNZ), the Foundation of Beijing Key Laboratory of Mental Disorders
(2014JSJBO3 to ZY), the Key Research Program (KSZD-EW-TZ-
002) and the Hundred Talents Program of the Chinese Academy of
Sciences (to XNZ), the Beijing Nova Program for Science and
Technology (XXJH2015B079 to ZY), and the Outstanding Young
Investigator Award of Institute of Psychology, Chinese Academy of
Sciences (to ZY).

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Alexander-Bloch AF (2010) Disrupted modularity and local connec-
tivity of brain functional networks in childhood-onset
schizophrenia. Front Syst Neurosci 4:147

Alexander-Bloch A, Giedd JN, Bullmore E (2013a) Imaging struc-
tural co-variance between human brain regions. Nat Rev
Neurosci 14:322-336

Alexander-Bloch AF, Raznahan A, Giedd J, Bullmore ET (2013b)
The convergence of maturational change and structural covari-
ance in human cortical networks. J Neurosci 33:2889-2899

Aurich N, Alves Filho J, Marques da Silva A, Franco A (2015)
Evaluating the reliability of different preprocessing steps to
estimate graph theoretical measures in resting state fMRI data.
Front Neurosci 9:48

Beckmann CF, Smith SM (2004) Probabilistic independent compo-
nent analysis for functional magnetic resonance imaging. IEEE
Trans Med Imaging 23:137-152

Bermudez P, Lerch JP, Evans AC, Zatorre RJ (2009) Neuroanatom-
ical correlates of musicianship as revealed by cortical thickness
and voxel-based morphometry. Cereb Cortex 19:1583-1596

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://github.com/yangzhi-psy/gRAICAR
https://github.com/yangzhi-psy/covGraph

4472

Brain Struct Funct (2016) 221:4459-4474

Betzel R, Avena-Koenigsberger A, Goni J, He Y, de Reus M, Griffa
A, Vertes P, Misic B, Hagmann P, Thiran JP, van den Heuvel M,
Zuo XN, Bullmore Ed, Sporns O (2016) Generative models of
the human connectome. Neuroimage 124:1054—1064

Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Reson Med 34:537-541

Biswal BB, Mennes M, Zuo XN, Gohel S, Kelly C, Smith SM,
Beckmann CF, Adelstein JS, Buckner RL, Colcombe S,
Dogonowski AM, Ernst M, Fair D, Hampson M, Hoptman MJ,
Hyde JS, Kiviniemi VJ, Kotter R, Li SJ, Lin CP, Lowe MJ,
Mackay C, Madden DJ, Madsen KH, Margulies DS, Mayberg
HS, McMahon K, Monk CS, Mostofsky SH, Nagel BJ, Pekar JJ,
Peltier SJ, Petersen SE, Riedl V, Rombouts SA, Rypma B,
Schlaggar BL, Schmidt S, Seidler RD, Siegle GJ, Sorg C, Teng
GJ, Veijola J, Villringer A, Walter M, Wang L, Weng XC,
Whitfield-Gabrieli S, Williamson P, Windischberger C, Zang
YF, Zhang HY, Castellanos FX, Milham MP (2010) Toward
discovery science of human brain function. Proc Natl Acad Sci
USA 107:4734-4739

Buckner RL, Sepulcre J, Talukdar T, Krienen FM, Liu H, Hedden T,
Andrews-Hanna JR, Sperling RA, Johnson KA (2009) Cortical
hubs revealed by intrinsic functional connectivity: mapping,
assessment of stability, and relation to Alzheimer’s disease.
J Neurosci 29:1860-1873

Bullmore E, Sporns O (2009) Complex brain networks: graph
theoretical analysis of structural and functional systems. Nat Rev
Neurosci 10:186-198

Calhoun VD, Adali T, Giuliani NR, Pekar JJ, Kiehl KA, Pearlson GD
(2006) Method for multimodal analysis of independent source
differences in schizophrenia: combining gray matter structural
and auditory oddball functional data. Hum Brain Mapp 27:47-62

Castellanos FX, Di Martino A, Craddock RC, Mehta AD, Milham MP
(2013) Clinical applications of the functional connectome.
Neuroimage 80:527-540

Cheverud JM (1988) A comparison of genetic and phenotypic
correlations. Evolution 42:958-968

Colibazzi T, Zhu H, Bansal R, Schultz RT, Wang Z, Peterson BS
(2008) Latent volumetric structure of the human brain:
exploratory factor analysis and structural equation modeling of
gray matter volumes in healthy children and adults. Hum Brain
Mapp 29:1302-1312

Dai XJ, Gong HH, Wang YX, Zhou FQ, Min YJ, Zhao F, Wang SY,
Liu BX, Xiao XZ (2012) Gender differences in brain regional
homogeneity of healthy subjects after normal sleep and after
sleep deprivation: a resting-state fMRI study. Sleep Med
13(6):720-727

Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based analysis.
I. Segmentation and surface reconstruction. Neuroimage
9:179-194

Dong HH, Guo MX, Zhang YT, Fu Y (2010) Sex differences in brain
gray and white matter in healthy young adults: correlations with
resting state ALFF. Biomedical Engineering and Informatics
(BMEI), 2010 3rd International Conference on, vol 2,
pp 560-563

Fan Y, Resnick SM, Wu X, Davatzikos C (2008) Structural and
functional biomarkers of prodromal Alzheimer’s disease: a high-
dimensional  pattern  classification  study. = Neuroimage
41:277-285

Fischl B, Dale AM (2000) Measuring the thickness of the human
cerebral cortex from magnetic resonance images. Proc Natl Acad
Sci USA 97:11050-11055

Fischl B, Sereno MI, Dale AM (1999) Cortical surface-based analysis.
Ii: inflation, flattening, and a surface-based coordinate system.
Neuroimage 9:195-207

@ Springer

Fornito A, Yucel M, Wood SJ, Adamson C, Velakoulis D, Saling
MM, McGorry PD, Pantelis C (2008) Surface-based morphom-
etry of the anterior cingulate cortex in first episode schizophre-
nia. Hum Brain Mapp 29:478—489

Glatard T, Lewis L, Ferreira da Silva R, Adalat R, Beck N, Lepage C,
Rioux P, Rousseau M, Sherif T, Deelman E, Khalili-Mahani N,
Evans A (2015) Reproducibility of neuroimaging analyses across
operating systems. Front Neuroinform 9:12

Gong G, He Y, Chen ZJ, Evans AC (2012) Convergence and
divergence of thickness correlations with diffusion connections
across the human cerebral cortex. Neuroimage 59:1239-1248

Han X, Jovicich J, Salat D, van der Kouwe A, Quinn B, Czanner S,
Busa E, Pacheco J, Albert M, Killiany R, Maguire P, Rosas D,
Makris N, Dale A, Dickerson B, Fischl B (2006) Reliability of
MRI-derived measurements of human cerebral cortical thick-
ness: the effects of field strength, scanner upgrade and manu-
facturer. Neuroimage 32:180-194

Hoptman MJ, Zuo XN, Butler PD, Javitt DC, D’ Angelo D, Mauro CJ,
Milham MP (2010) Amplitude of low-frequency oscillations in
schizophrenia: a resting state fMRI study. Schizophr Res
117:13-20

Jackson MO (2010) Social and economic networks. Princeton
University Press, Princeton

Jancke L, Langer N, Hanggi J (2012) Diminished whole-brain but
enhanced peri-sylvian connectivity in absolute pitch musicians.
J Cogn Neurosci 24:1447-1461

Jiang L, Zuo XN (2015) Regional homogeneity: a multi-modal, multi-
scale neuroimaging marker of the human connectome. Neuro-
scientist. doi:10.1177/1073858415595004

Jiang L, Xu T, He Y, Hou XH, Wang J, Cao XY, Wei GX, Yang Z,
He Y, Zuo XN (2015) Toward neurobiological characterization
of functional homogeneity in the human cortex: regional
variation, morphological association and functional covariance
network organization. Brain Struct Funct 220:2485-2507

Kelly C, Biswal BB, Craddock RC, Castellanos FX, Milham MP
(2012) Characterizing variation in the functional connectome:
promise and pitfalls. Trends Cogn Sci 16:181-188

Kim H, Chupin M, Colliot O, Bernhardt BC, Bernasconi N,
Bernasconi A (2012) Automatic hippocampal segmentation in
temporal lobe epilepsy: impact of developmental abnormalities.
Neuroimage 59:3178-3186

Kingsolver JG, Huey RB (2003) Introduction: the evolution of
morphology, performance, and fitness. Integr Comp Biol
43:361-366

Kirschner M, Gerhart J (1998) Evolvability. Proc Natl Acad Sci USA
95:8420-8427

Klingenberg CP (2005) Variation: a central concept in biology,
pp 219-247

Klingenberg CP (2008) Morphological integration and developmental
modularity. Annu Rev Ecol Evol Syst 39:115-132

Kyathanahally SP, Jia H, Pustovyy OM, Waggoner P, Beyers R,
Schumacher J, Barrett J, Morrison EE, Salibi N, Denney TS,
Vodyanoy VJ, Deshpande G (2015) Anterior-posterior dissoci-
ation of the default mode network in dogs. Brain Struct Funct
220:1063-1076

Lee JK, Lee J-M, Kim JS, Kim IY, Evans AC, Kim SI (2006) A novel
quantitative cross-validation of different cortical surface recon-
struction algorithms using MRI phantom. Neuroimage
31:572-584

Lerch JP (2006) Mapping anatomical correlations across cerebral
cortex (MACACC) using cortical thickness from MRI. Neu-
roimage 31:993-1003

Leroux E, Delcroix D, Dollfus S (2014) Left fronto-temporal
dysconnectivity within the language network in schizophrenia:
an fMRI and DTI study. Psychiatry Res 223:261-267


http://dx.doi.org/10.1177/1073858415595004

Brain Struct Funct (2016) 221:4459-4474

4473

Liao W, Zhang Z, Mantini D, Xu Q, Wang Z, Chen G, Jiao Q, Zang
YF, Lu G (2013) Relationship between large-scale functional
and structural covariance networks in idiopathic generalized
epilepsy. Brain Connect 3:240-254

Lohmann G, Margulies DS, Horstmann A, Pleger B, Lepsien J,
Goldhahn D, Schloegl H, Stumvoll M, Villringer A, Turner R
(2010) Eigenvector centrality mapping for analyzing connectiv-
ity patterns in fMRI data of the human brain. PLoS ONE
5:10232

Lord LD, Allen P, Expert P, Howes O, Lambiotte R, McGuire P, Bose
SK, Hyde S, Turkheimer FE (2011) Characterization of the
anterior Cingulate’s role in the at-risk mental state using graph
theory. Neuroimage 56:1531-1539

Lv YT (2008) Correlations in spontaneous activity and gray matter
density between left and right sensoritmotor areas of pianists.
NeuroReport 19:631-634

Makris N, Kaiser J, Haselgrove C, Seidman LJ, Biederman J, Boriel
D, Valera EM, Papadimitriou GM, Fischl B, Caviness VS Jr,
Kennedy DN (2006) Human cerebral cortex: a system for the
integration of volume- and surface-based representations. Neu-
roimage 33:139-153

Medaglia JD, Lynall ME, Bassett DS (2015) Cognitive network
neuroscience. J Cogn Neurosci 27:1471-1491

Mitteroecker P, Gunz P, Neubauer S, Muller G (2012) How to explore
morphological integration in human evolution and development?
Evol Biol 39:536-553

Mutlu AK, Schneider M, Debbané M, Badoud D, Eliez S, Schaer M
(2013) Sex differences in thickness, and folding developments
throughout the cortex. Neuroimage 82:200-207

Nanda P, Tandon N, Mathew IT, Giakoumatos CI, Abhishekh HA,
Clementz BA, Pearlson GD, Sweeney J, Tamminga CA,
Keshavan MS (2014) Local gyrification index in probands with
psychotic disorders and their first-degree relatives. Biol Psychi-
atry 76:447-455

Ohtani T, Levitt JJ, Nestor PG, Kawashima T, Asami T, Shenton ME,
Niznikiewicz M, McCarley RW (2014) Prefrontal cortex volume
deficit in schizophrenia: a new look using 3 T MRI with manual
parcellation. Schizophr Res 152:184-190

Palaniyappan L, Liddle PF (2014) Diagnostic discontinuity in
psychosis: a combined study of cortical gyrification and
functional connectivity. Schizophr Bull 40:675-684

Pernet C, Poline J (2015) Improving functional magnetic resonance
imaging reproducibility. Gigascience 4:15

Pienaar R, Fischl B, Caviness V, Makris N, Grant PE (2008) A
methodology for analyzing curvature in the developing brain
from preterm to adult. Int J Imaging Syst Technol 18:42-68

Powell JL, Kemp GJ, Roberts N, Garcia-Finana M (2012) Sulcal
morphology and volume of Broca’s area linked to handedness
and sex. Brain Lang 121:206-218

Power J, Mitra A, Laumann T, Snyder A, Schlaggar B, Petersen S
(2014) Methods to detect, characterize, and remove motion
artifact in resting state fMRI. Neuroimage 84:320-341

Raz N, Lindenberger U, Rodrigue KM, Kennedy KM, Head D,
Williamson A, Dahle C, Gerstorf D, Acker JD (2005) Regional
brain changes in aging healthy adults: general trends, individual
differences and modifiers. Cereb Cortex 15:1676-1689

Raznahan A, Lerch JP, Lee N, Greenstein D, Wallace GL, Stockman
M, Clasen L, Shaw PW, Giedd JN (2011) Patterns of coordinated
anatomical change in human cortical development: a longitudi-
nal neuroimaging study of maturational coupling. Neuron
72:873-884

Richiardi J, Altmann A, Milazzo A, Chang C, Chakravarty M,
Banaschewski T, Barker G, Bokde A, Bromberg U, Biichel C,
Conrod P, Fauth-Biihler M, Flor H, Frouin V, Gallinat J,
Garavan H, Gowland P, Heinz A, Lemaitre H, Mann K, Martinot
J, Nees F, Paus T, Pausova Z, Rietschel M, Robbins T, Smolka

M, Spanagel R, Strohle A, Schumann G, Hawrylycz M, Poline J,
Greicius M, IMAGEN consortium (2015) BRAIN NETWORKS.
Correlated gene expression supports synchronous activity in
brain networks. Science 348:1241-1244

Rimol LM, Panizzon MS, Fennema-Notestine C, Eyler LT, Fischl B,
Franz CE, Hagler DJ, Lyons MJ, Neale MC, Pacheco J, Perry
ME, Schmitt JE, Grant MD, Seidman LJ, Thermenos HW,
Tsuang MT, Eisen SA, Kremen WS, Dale AM (2010) Cortical
thickness is influenced by regionally-specific genetic factors.
Biol Psychiatry 67:493-499

Rimol LM, Nesvag R, Hagler DJ Jr, Bergmann O, Fennema-Notestine
C, Hartberg CB, Haukvik UK, Lange E, Pung CJ, Server A,
Melle I, Andreassen OA, Agartz I, Dale AM (2012) Cortical
volume, surface area, and thickness in schizophrenia and bipolar
disorder. Biol Psychiatry 71:552-560

Riska B (1986) Some models for development, growth, and
morphometric correlation. Evolution 40:1303-1311

Roff DA, Fairbairn DJ (2012) A test of the hypothesis that
correlational selection generates genetic correlations. Evolution
66:2953-2960

Rosner B (1983) Percentage points for a generalized ESD may-outlier
procedure. Technometrics 25:165-172

Rosner B (1995) Fundamentals of biostatistics. Duxbury Press,
Belmont

Rubinov M, Bullmore E (2013) Schizophrenia and abnormal brain
network hubs. Dialogues Clin Neurosci 15:339-349

Ruigrok AN, Salimi-Khorshidi G, Lai MC, Baron-Cohen S, Lom-
bardo MV, Tait RJ, Suckling J (2014) A meta-analysis of sex
differences in human brain structure. Neurosci Biobehav Rev
39:34-50

Sasamoto A, Miyata J, Kubota M, Hirao K, Kawada R, Fujimoto S,
Tanaka Y, Hazama M, Sugihara G, Sawamoto N, Fukuyama H,
Takahashi H, Murai T (2014) Global association between
cortical thinning and white matter integrity reduction in
schizophrenia. Schizophr Bull 40:420-427

Schaer M, Cuadra MB, Tamarit L, Lazeyras F, Eliez S, Thiran J-P
(2008) A surface-based approach to quantify local cortical
gyrification. IEEE Trans Med Imaging 27:161-170

Schmitt JE, Lenroot RK, Wallace GL, Ordaz S, Taylor KN, Kabani
N, Greenstein D, Lerch JP, Kendler KS, Neale MC, Giedd JN
(2008) Identification of genetically mediated cortical networks: a
multivariate study of pediatric twins and siblings. Cereb Cortex
18:1737-1747

Seeley WW, Crawford RK, Zhou J, Miller BL, Greicius MD (2009)
Neurodegenerative diseases target large-scale human brain
networks. Neuron 62:42-52

Segall JM (2012) Correspondence between structure and function in
the human brain at rest. Front Neuroinform 6:10

Shenton ME, Dickey CC, Frumin M, McCarley RW (2001) A review
of MRI findings in schizophrenia. Schizophr Res 49:1-52

Sinervo B, Svensson E (2002) Correlational selection and the
evolution of genomic architecture. Heredity 89:329-338

Sprooten E, Papmeyer M, Smyth AM, Vincenz D, Honold S, Conlon
GA, Moorhead TW, Job D, Whalley HC, Hall J, McIntosh AM,
Owens DC, Johnstone EC, Lawrie SM (2013) Cortical thickness
in first-episode schizophrenia patients and individuals at high
familial risk: a cross-sectional comparison. Schizophr Res
151:259-264

Strother S, La Conte S, Kai Hansen L, Anderson J, Zhang J, Pulapura
S, Rottenberg D (2004) Optimizing the fMRI data-processing
pipeline using prediction and reproducibility performance met-
rics: I A preliminary group analysis. Neuroimage 23(Suppl
1):S196-S207

Sui J, Huster R, Yu Q, Segall JM, Calhoun VD (2014) Function-
structure associations of the brain: evidence from multimodal
connectivity and covariance studies. Neuroimage 102:11-23

@ Springer



4474

Brain Struct Funct (2016) 221:4459-4474

Takahashi T, Nakamura Y, Nakamura K, Ikeda E, Furuichi A, Kido
M, Kawasaki Y, Noguchi K, Seto H, Suzuki M (2013) Altered
depth of the olfactory sulcus in first-episode schizophrenia. Prog
Neuropsychopharmacol Biol Psychiatry 40:167-172

Thompson PM, Cannon TD, Narr KL (2001) Genetic influences on
brain structure. Nat Neurosci 4:1253-1258

Vidal-Pineiro D, Valls-Pedret C, Fernandez-Cabello S, Arenaza-
Urquijo EM, Sala-Llonch R, Solana E, Bargallo N, Junque C,
Ros E, Bartres-Faz D (2014) Decreased default mode network
connectivity correlates with age-associated structural and cog-
nitive changes. Front Aging Neurosci 6:256

Waitt DE, Levin DA (1998) Genetic and phenotypic correlations in
plants: a botanical test of Cheverud’s conjecture. Heredity
80:310-319

Wee CY, Yap PT, Zhang D, Denny K, Browndyke JN, Potter GG,
Welsh-Bohmer KA, Wang L, Shen D (2012) Identification of
mci individuals using structural and functional connectivity
networks. Neuroimage 59:2045-2056

White T, Hilgetag CC (2011) Gyrification and neural connectivity in
schizophrenia. Dev Psychopathol 23:339-352

White T, Andreasen NC, Nopoulos P, Magnotta V (2003) Gyrification
abnormalities in childhood- and adolescent-onset schizophrenia.
Biol Psychiatry 54:418-426

Wright IC, Sham P, Murray RM, Weinberger DR, Bullmore ET
(2002) Genetic contributions to regional variability in human
brain structure: methods and preliminary results. Neuroimage
17:256-271

Xiang B, Wu JY, Wang Q, Li ML, Jiang LJ, Deng W, Chen ZF, He
ZL, Huang CH, Han YY, Li YF, Lin Y, Liu X, Wang YC, Ma
XH, Gong QY, Li T, Hu X (2013) Cortical surface area
correlates with ston2 gene ser307pro polymorphism in first-
episode treatment-naive patients with schizophrenia. PLoS ONE
8:64090

Xu T, Yang Z, Jiang L, Xing XX, Zuo XN (2015) A connectome
computation system for discovery science of brain. Sci Bull
60:86-95

Yang H, Long XY, Yang Y, Yan H, Zhu CZ, Zhou XP, Zang YF,
Gong QY (2007) Amplitude of low frequency fluctuation within
visual areas revealed by resting-state functional MRI. Neuroim-
age 36:144-152

Yang Z, LaConte S, Weng X, Hu X (2008) Ranking and averaging
independent component analysis by reproducibility (RAICAR).
Hum Brain Mapp 29:711-725

Yang Z, Zuo XN, Wang P, Li Z, LaConte SM, Bandettini PA, Hu XP
(2012) Generalized RAICAR: discover homogeneous subject
(sub)groups by reproducibility of their intrinsic connectivity
networks. Neuroimage 63:403—414

Yang Z, Chang C, Xu T, Jiang L, Handwerker DA, Castellanos FX,
Milham MP, Bandettini PA, Zuo XN (2014a) Connectivity
trajectory across lifespan differentiates the precuneus from the
default network. Neuroimage 89:45-56

Yang Z, Xu Y, Xu T, Hoy CW, Handwerker DA, Chen G, Northoff G,
Zuo XN, Bandettini PA (2014b) Brain network informed subject

@ Springer

community detection in early-onset schizophrenia. Sci Rep
4:5549

Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D,
Hollinshead M, Roffman JL, Smoller JW, Zollei L, Polimeni
JR, Fischl B, Liu H, Buckner RL (2011) The organization of the
human cerebral cortex estimated by intrinsic functional connec-
tivity. J Neurophysiol 106:1125-1165

Zang Y, Jiang T, Lu Y, He Y, Tian L (2004) Regional homogeneity
approach to fMRI data analysis. Neuroimage 22:394-400

Zang Y, He Y, Zhu C, Cao Q, Sui M, Liang M, Tian L, Jiang T, Wang
Y (2007) Altered baseline brain activity in children with adhd
revealed by resting-state functional MRI. Brain Dev 29:83-91

Zhang D, Wang Y, Zhou L, Yuan H, Shen D, Alzheimer’s Disease
Neuroimaging, I (2011a) Multimodal classification of Alzhei-
mer’s disease and mild cognitive impairment. Neuroimage
55:856-867

Zhang Z, Liao W, Zuo XN, Wang Z, Yuan C, Jiao Q, Chen H, Biswal
BB, Lu G, Liu Y (2011b) Resting-state brain organization
revealed by functional covariance networks. PLoS ONE
6:¢28817

Zou QH, Zhu CZ, Yang Y, Zuo XN, Long XY, Cao QJ, Wang YF,
Zang YF (2008) An improved approach to detection of
amplitude of low-frequency fluctuation (ALFF) for resting-state
fMRI: fractional ALFF. J Neurosci Methods 172:137-141

Zuo XN, Xing XX (2014) Test-retest reliabilities of resting-state
fMRI measurements in human brain functional connectomics: a
systems neuroscience perspective. Neurosci Biobehav Rev
45:100-118

Zuo XN, Kelly C, Adelstein JS, Klein DF, Castellanos FX, Milham
MP (2010) Reliable intrinsic connectivity networks: test-retest
evaluation using ICA and dual regression approach. Neuroimage
49:2163-2177

Zuo XN, Ehmke R, Mennes M, Imperati D, Castellanos FX, Sporns
O, Milham MP (2012) Network centrality in the human
functional connectome. Cereb Cortex 22:1862—-1875

Zuo XN, Xu T, Jiang L, Yang Z, Cao XY, He Y, Zang YF,
Castellanos FX, Milham MP (2013) Toward reliable character-
ization of functional homogeneity in the human brain: prepro-
cessing, scan duration, imaging resolution and computational
space. Neuroimage 65:374-386

Zuo XN, Anderson JS, Bellec P, Birn RM, Biswal BB, Blautzik J,
Breitner JCS, Buckner RL, Calhoun VD, Castellanos FX, Chen
A, Chen B, Chen J, Chen X, Colcombe SJ, Courtney W,
Craddock RC, Di Martino A, Dong H-M, Fu X, Gong Q,
Gorgolewski KJ, Han Y, He Y, He Y, Ho E, Holmes A, Hou
X-H, Huckins J, Jiang T, Jiang Y, Kelley W, Kelly C, King M,
LaConte SM, Lainhart JE, Lei X, Li H-J, Li K, Li K, Lin Q, Liu
D, LiulJ, Liu X, Liu Y, Lu G, Lu J, Luna B, Luo J, Lurie D, Mao
Y, Margulies DS, Mayer AR, Meindl T, Meyerand ME, Nan W,
Nielsen JA, O’Connor D, Paulsen D, Prabhakaran V, Qi Z, Qiu J,
Shao C, Shehzad Z, Tang W et al (2014) An open science
resource for establishing reliability and reproducibility in
functional connectomics. Sci Data 1:140049



	Brain structure--function associations identified in large-scale neuroimaging data
	Abstract
	Introduction
	Methods
	Datasets
	Preprocessing and quality control: structural images
	Preprocessing and quality control: functional images
	Structure--function co-variance analysis: discovery
	Structure--function co-variance analysis: validation
	Examine relevance to demographical variables

	Results
	Discover MMCUs from FCP-Cambridge data
	Validate reliable MMCUs using CoRR-SWU data
	General co-variance relationships across 12 metrics
	Structural--functional MMCUs
	Relevance to demographical variables
	Relevance to clinical research: a sub-study

	Discussion
	A systematic view of structural--functional co-variance
	Integrating/predicting findings from different metrics
	Potential biological interpretations of MMCUs
	Methodological issues

	Acknowledgments
	References




