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Abstract

Functional connectivity magnetic resonance imaging (fcMRI) is a powerful tool for understanding
the network level organization of the brain in research settings and is increasingly being used to
study large-scale neuronal network degeneration in clinical trial settings. Presently, a variety of
techniques, including seed-based correlation analysis and group independent components analysis
(with either dual regression or back projection) are commonly employed to compute functional
connectivity metrics. In the present report, we introduce template based rotation,! a novel analytic
approach optimized for use with a priori network parcellations, which may be particularly useful
in clinical trial settings. Template based rotation was designed to leverage the stable spatial
patterns of intrinsic connectivity derived from out-of-sample datasets by mapping data from novel
sessions onto the previously defined a priori templates. We first demonstrate the feasibility of
using previously defined a priori templates in connectivity analyses, and then compare the
performance of template based rotation to seed based and dual regression methods by applying
these analytic approaches to an fMRI dataset of normal young and elderly subjects. We observed
that template based rotation and dual regression are approximately equivalent in detecting fcMRI
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differences between young and old subjects, demonstrating similar effect sizes for group
differences and similar reliability metrics across 12 cortical networks. Both template based
rotation and dual-regression demonstrated larger effect sizes and comparable reliabilities as
compared to seed based correlation analysis, though all three methods yielded similar patterns of
network differences. When performing inter-network and sub-network connectivity analyses, we
observed that template based rotation offered greater flexibility, larger group differences, and
more stable connectivity estimates as compared to dual regression and seed based analyses. This
flexibility owes to the reduced spatial and temporal orthogonality constraints of template based
rotation as compared to dual regression. These results suggest that template based rotation can
provide a useful alternative to existing fcMRI analytic methods, particularly in clinical trial
settings where predefined outcome measures and conserved network descriptions across groups
are at a premium.
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Introduction

Examination of spontaneous fluctuations in the blood-oxygen level dependent (BOLD)
signal during functional magnetic resonance imaging (fMRI) data acquisition reveals
patterns of coordinated activity across distant anatomic sites within the brain. This imaging
method, termed “resting-state fMRI” and often referred to as functional connectivity MRI
(fcMRI), has revealed the presence of intrinsically connected cortical networks across
subjects (Yeo et al., 2011), across time (Damoiseaux et al., 2006; Shehzad et al., 2009),
within behavioral states (Smith et al., 2009), and even across species (Margulies et al., 2009;
Luetal., 2012).

Increasingly, fcMRI measures are being used to describe network dysfunction in human
disease and provide a non-invasive assessment of the cortical network integrity that is
critical for complex behaviors such as memory and attention. The default mode, salience,
dorsal attention, and control networks in particular have been heavily studied in cognitive
aging, Alzheimer’s disease, schizophrenia, and autism among other disorders (see Fox and
Greicius, 2010; van den Heuvel and Pol, 2010; Rosazza and Minati, 2011; Lee et al., 2012
for reviews). Additionally, fcMRI will be used as a secondary outcome measure in at least
three major Alzheimer’s disease prevention trials (Sperling et al., 2011; Reiman et al., 2011;
Mills et al., 2013).

Despite the increasing use of fcMRI in clinical trial settings, substantial work remains to
optimize analytic (and acquisition) techniques for the unique requirements of clinical trials.
We outline a newly developed fcMRI analytic technique that we term template based
rotation (TBR). TBR builds on the strengths of seed-based correlation analysis (SCA) (Fox
and Raichle, 2007; Van Dijk et al., 2010), group independent component analysis (group
ICA) (Calhoun et al., 2001, 2009; Beckmann et al., 2005, 2009; Erhardt et al., 2010), and
dual regression (DR) (Beckman, 2009; Filippini et al., 2009) while also demonstrating the
utility and feasibility of using a priori network templates derived out of sample. The
methodological enhancements in TBR may help address many of the analytic concerns that
are particularly important for the use of fcMRI in clinical trial settings.
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The TBR approach is made possible by two intersecting conceptual and technical
developments. First, a number of studies have demonstrated that high order, group level
functional network parcellations (i.e spatial patterns) are highly stable and highly
reproducible across time, across populations, across analysis methods, and across cognitive
states (Damoiseaux et al., 2006; Shehzad et al., 2009; Smith et al., 2009; Guo et al., 2010;
Meindl et al., 2010; Van Dijk et al., 2010; Zuo et al., 2010; Biswal et al., 2010; Yeo et al.,
2011; Chou et al., 2012). This, in turn, suggests that the functional organization of the
human brain into functional networks is largely static at this level of description. Second, the
recent availability of large datasets consisting of hundreds or thousands of subjects has made
it possible to create robust and accurate population level representations of the brain’s
functional organization (e.g. the Genome Superstruct Project (Yeo et al., 2011), the 1000
Functional Connectomes Project (Biswal et al., 2010), and the Human Connectome Project
(Van Essen et al., 2013)). Taking these developments together, we have the opportunity to
utilize the spatial stability of the brain’s functional organization and the accuracy of
population level descriptions from large datasets to drive the analysis of individual resting
state acquisitions that would otherwise be too noisy and too unstable to recover the level of
detailed functional organization we desire. Employing a priori network parcellations brings
a number of advantages, including the ability to compare small samples to a known
reference group; the ability to compare groups with unequal sample sizes (where one group
may contribute disproportionally to the group level parcellation); the ability to retain a high
number of components to study sub-network architecture and connectivity (especially when
dealing with small sample sizes); ease in performing interim analyses (before the full dataset
has been collected); and perhaps most importantly, a higher degree of reproducibility and
comparability across studies that utilize the same a priori network descriptions (see Cole et
al., 2010 for a review). These advantages are particularly important in the context of clinical
trials, where regulatory approval requires the use of pre-defined network descriptions and
outcome measures.

With these considerations in mind, we devised template based rotation (TBR) to use a priori,
out-of-sample spatial templates to drive functional connectivity analysis of single subjects.
In the present report we (1) introduce the TBR method (2) establish the viability of using a
priori out-of-sample templates, and (3) validate the results of TBR analysis by comparison
to both dual regression and seed-based connectivity analysis. Methodological comparisons
are facilitated via examination of a real fcMRI dataset of young and elderly subjects,
evaluating both group differences and within session/across run reliability of functional
connectivity measures. We argue that TBR provides a useful way to estimate functional
connectivity with reduced orthogonality assumptions; that it does so without sacrificing
measurement efficacy; is well suited to using a priori templates; and offers promise for new
lines of inquiry regarding inter-, intra-, and sub-network connectivities.

Overview of functional connectivity analysis methods

Nearly all functional connectivity metrics rely on temporal covariance to estimate
synchrony, and the total information available from a functional connectivity analysis is best
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represented by the temporal covariance matrix across all voxels. All commonly used
functional connectivity analysis procedures leverage and extract information from this
covariance matrix in order to create functional connectivity maps and compute functional
connectivity metrics. Currently, the two most commonly used methods for utilizing a priori
network information are seed-based correlation analysis, which uses knowledge of prior
peaks and seed locations and dual regression, which uses whole brain spatial patterns,
typically from a group ICA.

Seed based correlation analysis

Seed-based connectivity (SCA) was first described by Biswal et al. (1995) and is still the
most commonly used functional connectivity analysis technique. SCA has the advantage of
simplicity of implementation, ease of interpretation, and flexibility of implementation. A set
of seed regions is extracted and then used to make pair-wise connectivity measurements via
Pearson’s correlation between the time courses from those seed regions. SCA is an
inherently regional technique, and makes it very easy to examine region-to-region
connectivity. However scaling seed based techniques to full networks, and higher order
functional organization is more difficult. Additionally, for a network such as the default
mode, there are numerous seed regions and subtly different incarnations of the default mode
network that one could test, and there is no simple way to choose between them or to
optimize one’s choice without moving to a large number of seeds coupled with analytic
techniques such as cluster analysis, factor analysis, or graph theoretic analysis.

From the vantage point of the full functional covariance matrix, SCA utilizes a small
fraction of the full information available. SCA typically operates with spherical seed regions
that use a small fraction of the total information available and are likely to introduce noise
related to subject-to-subject and scan-to-scan fit of the seed regions that are selected.
Recently there have been moves to deal with this either by using a large number of seed
regions (Yeo et al., 2011; Bullmore and Sporns, 2009; Rubinov and Sporns, 2010),
structurally defined seed regions (Richiardi et al., 2011), or by utilizing large ROIs from
group ICA analyses instead of spherical seeds (Shrier et al., 2012; Jones et al., 2012), with
all of these approaches moving towards graph theoretic or clustering frameworks to more
completely utilize the information available in the full connectivity matrix. While these
advancements are welcome improvements and growing in popularity, they come with
increased computational burden and interpretational complexity.

Dual regression

Dual regression (DR) was first introduced as a method of estimating voxel-wise connectivity
maps for individual subjects/runs from group ICA components derived from the same
dataset (Beckmann et al., 2009; Filippini et al., 2009). While alternative methods of back
projection from group ICA components have been devised (e.g GICA3, Erhardt et al.,

2010), dual regression remains the most commonly used group ICA method that could be
used with out-of-sample, a priori templates, though to our knowledge the use of out-of-
sample components has never been published. While dual regression is typically used to
create individual subject maps from the group ICA components derived on the same data,
there is nothing inherent to the method that prevents the use of out-of-sample component
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maps, and we use this ability to provide a direct comparison between dual regression and
template based rotation.

Mathematically dual regression can be defined as two sequential linear regressions, which in
matrix algebra can be expressed as:

T=((X'%) 'X)«D

where X is an m-voxel by n-template matrix of demeaned spatial templates, and D is an n-
voxel by p-volume matrix of functional volumes from a single subject (also demeaned) and
((X’X)~1X) is the pseudo inverse of X. Resulting in T: an n-template by p-volume matrix of
time-series. Once the time courses are obtained (the first regression), they are passed back to
the second regression:—

-1

’

M=((TT') 'T)+D"

The second regression results in M, an n-template by m-voxel matrix of connectivity maps.

In words, spatial components are regressed onto individual functional volumes, whereby
each functional volume is estimated as linearly weighted sum of component maps. The
corresponding beta weights are then used as time courses, which are regressed onto the
temporal fluctuations of each voxel producing connectivity maps.

This procedure can work very well as long as certain assumptions about the template set and
the dataset are met. Given that the beta weights from the spatial regression are derived via
multiple regression, the beta weights are representative of only the unique variance
associated with each template. This is generally not a problem, particularly for group ICA
components, where the group level parcellations are optimized for maximal independence.
However, as the spatial maps in the template set become more collinear (i.e. components
with greater overlap) the parameter estimates of the beta weights will become progressively
more unstable. In certain contexts the orthogonal nature of dual regression can be a benefit
by isolating network signal, and removing non-neuronal signal, but it can also result in the
removal of relevant neuronal signal that is shared across components.

As compared to standard SCA methods, dual regression more fully utilizes the full
covariance matrix via a relatively small number of spatial descriptions (networks/
components) that describe the majority of the covariance structure in the BOLD fluctuations.
However due to the use of multiple regression, dual regressions insist on both spatial
orthogonality and temporal orthogonality and therefore excludes any shared variance in
either domain. This can be an advantage when the shared variance is largely representative
of noise or nuisance signal, but can also be a serious drawback when assumptions of spatial
orthogonality and temporal orthogonality are not met. Existing evidence indicates that
functional connectivity data are non-stationary (Chang et al., 2010; Jones et al., 2012), and
that connectivity patterns are influenced by cognitive state (Richiardi et al., 2011; Shirer et
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al., 2011), both of which imply caution when assuming static orthogonality of spatial and
temporal connectivity patterns. While the drawbacks of the strong orthogonality
assumptions can be ameliorated by the use of carefully crafted template sets, dual regression
nevertheless places a strong limitation on the set of all possible template sets, namely that
they must exhibit both spatial orthogonality and temporal orthogonality. As such, dual
regression is optimal when these assumptions are met and when the spatiotemporal
covariance is representative of non-neuronal signal. It is non-optimal when any of the
foregoing assumptions are not met, and it is highly likely that these assumptions are
routinely violated.

Template based rotation (TBR)

Here we introduce a new method called template based rotation (TBR) that was specifically
designed for the application of a priori, out-of-sample network templates. Paramount to our
considerations was a method with reduced assumptions regarding the spatial orthogonality
and temporal orthogonality of network descriptions. TBR is conceptually similar to dual
regression in that it utilizes a set of spatial templates to constrain the parcellation of variance
in individual fMRI sessions, and recovers time courses that correspond to the spatial patterns
in the template set. The primary discriminant between dual regression and TBR is in the
direction of the prediction. Dual regression predicts the BOLD pattern in each volume as a
linear combination of templates, whereas TBR predicts templates as a linear combination of
functional volumes. This inversion of the directionality results in the removal of spatial and
temporal orthogonality assumptions of distributed functional networks since each network
representation is estimated independently.

The TBR analysis method entails first performing a spatial principal component analysis
(PCA) such that in matrix algebra forms:

C=DR
and
D=CR™!

where D is an m-voxel by p-volume matrix corresponding to a single fMRI session; R is the
principal component rotation matrix, and C are the principal components. Note that by
definition the principal components C are orthogonal to one another.

The principal components C are then mapped onto the templates X via multiple regressions
(note this is equivalent to a Procrustes rotation):

B=((C'c) ')« x
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where X is again an m-voxel by n-template matrix of demeaned spatial templates. At this
point we have a set of beta weights that maps the principal components onto the templates
such that C * B represents the best fit in a least squares sense to the templates.

In order to obtain time courses we use the principal component matrix to un-mix the
parameter estimates associated with the principal components back to individual functional
volumes via:

T=RB

where R is the principal component rotation matrix. With time courses in hand, we then
create correlation maps corresponding to each template via simple correlation. It should be
noted that, if time-courses are not desired, the TBR procedure can operate by directly
regressing individual functional volumes onto the templates. Fig. 1 shows a schematic of
dual regression and TBR approaches.

The above matrix algebra consists of a multiple regression analysis where the individual
volumes are used to predict the spatial pattern of each template. The recovery of time-course
information via un-mixing through the principal component matrix then allows for optional
control of particular components (via covariates in a multiple regression) and investigating
temporal collinearity between templates. Since each template is fit independently (see Fig.
1) there is no influence of having spatial collinearity between templates. In contrast to dual
regression, this means that measurements are not affected by what is or is not part of the
template set, but only by the particular spatial pattern of each template. This raises a
question regarding whether nuisance variance is being adequately controlled for. The answer
is in the structure of the templates themselves; if the template for the DMN is representative
of the DMN independent of sources of nuisance variance (e.g. global, white matter, CSF
signal, movement, signal artifact), then TBR will implicitly control for these sources of
nuisance variance.

TBR assumes that the spatial pattern of a given template is a meaningful segmentation of the
variance present in the functional run, with no other assumptions regarding the spatial or
temporal distinctiveness of templates. The lack of orthogonality constraints allows the same
variance in the functional run to be reused to fit multiple templates, thereby allowing for
temporal collinearity and spatial collinearity and allowing the assessment of dependence
between functional connectivity networks. As an example, TBR would be ideally suited for
the application of temporal independent functional modes identified in Smith et al., 2012,
which exhibit relatively high levels of spatial collinearity.

Participants—Participants were healthy, native English-speaking adults with normal or
corrected-to-normal vision. Subjects had no history of psychiatric or neurological disorders,
head trauma, and were not using any psychoactive medications. Informed consent was
obtained in accordance with the institutional review boards of the Massachusetts General
Hospital (Boston, MA) and Harvard University (Cambridge, MA). Subjects fell into one of
three groups. (1) The “template dataset” (n = 675, 382 female, 607 right-handed, age =

Neuroimage. Author manuscript; available in PMC 2015 November 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schultz et al.

Page 8

20.92 + 2.43, age range = 18-35), a subset of the Genome Superstruct Project (GSP). (2)
The “young test dataset” (n = 70, 34 female, 70 right-handed, age = 21.53 + 3.66, age range
= 18-34), collected as young controls for the Harvard Aging Brain (HAB) study. (3) The
“elderly test dataset” (n = 70, 33 female, 70 right-handed, age = 75.51 + 6.36, age range =
65-90), a subset of elderly cognitively normal participants from the HAB study. All subjects
underwent two back-to-back resting-state functional magnetic resonance imaging (rsfMRI)
scans (6 min. per run), and one high-resolution T1-weighted multi-echo magnetization
prepared rapid gradient echo scan (MEMPRAGE; van der Kouwe et al., 2008). All subjects
included in the present report passed automated quality assessment (QA) procedures for
both resting state runs. All data met criteria of global signal to noise (SNR) greater than 115,
average movement less than .15 mm/TR, and number of bad/scrubbed volumes less than 20.
Bad volumes were identified as volumes where global signal was greater than or less than
2.5 standard deviations of the entire run, where movement was greater than .75 mm between
TRs, or where rotation was more than 1.5° between TRs. Bad volumes were scrubbed from
the analyses by removing the volumes after preprocessing but prior to computing
connectivity maps or templates.

Image acquisition—All data were collected using matched 3T Trio Tim scanners
(Siemens Medical Systems, Erlangen, Germany) using a 12-channel phased-array head coil.
Scanner noise was attenuated using foam earplugs. rsfMRI data were acquired using a
gradient-echo echo-planar imaging sequence sensitive to BOLD contrast. Whole-brain
coverage, including the cerebellum, was acquired aligned parallel to the anterior-/posterior-
commissure using the following parameters: repetition time (TR) = 3000 ms, echo time (TE)
= 30 ms, flip angle = 85°, field-of-view (FOV) = 216 x 216mm, matrix = 72 x 72,and 3 x 3
x 3 mm voxels. 124 volumes were acquired in each run. Instructions were to lie still, remain
awake, and keep eyes open.

Data for the template dataset came from three different sites in the Boston, MA area (two
Trio Tim scanners at the Martinos Center for Biomedical Imaging, and one matched Trio
Tim scanner at the Center for Brain Science at Harvard University), while the young test
dataset and elderly test dataset were all collected on the same Trio Tim scanner at the
Martinos Center for Biomedical Imaging.

Data processing—All resting state data were processed using SPM8 (http://
www.fil.ion.ucl.ac.uk/spm/; version r4290). The first four volumes of each run were
excluded to allow for T1 equilibration. Each run was slice-time corrected, realigned to the
first volume of each run with INRIAlign (http://www-sop.inria.fr/epidaure/software/
INRIAlign/; Freire and Mangin, 2001), normalized to the MNI 152 EPI template (Montreal
Neurological Institute, Montreal, Canada), and smoothed with a 6 mm FWHM Gaussian
kernel. Following these standard preprocessing steps, additional processing known to be
beneficial for fc-MRI analysis was conducted. These included (sequentially, and in this
order) (1) regression of realignment parameters (plus first derivatives) to reduce movement
artifacts on connectivity and (2) temporal band-pass filtering (second order Butterworth
filter) to focus the analysis on frequencies in the 0.01-0.08 Hz band. As an additional step,
for seed based analyses only, we regressed out the average signal from white-matter,
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ventricles, and global signal (plus first derivatives; Fox et al., 2006; Van Dijk et al., 2010).
Note that the order of operations was done in this manner to prevent the reintroduction of
nuisance variance in the stop band frequencies (Hallquist et al., 2013). While white matter,
ventricle, and global signal were regressed after band-pass filtering, the signals were taken
from the band pass filtered data and so did not inadvertently reintroduce nuisance variance
in the stop-band.

Template creation—The potential utility of TBR lies in the quality and applicability of
the template set that is used. This means that the creation of the template set is an
exceptionally important step, but also that this procedure can be done independently of the
target dataset. This approach is predicated on the idea that functional network parcellations
are sufficiently consistent and reproducible across subjects, populations, and time.
Attempting to tackle the issue of what constitutes a “good” or “proper” parcellation is
beyond the scope of this paper, and remains a major issue of discussion in fcMRI research.
Even defining the basic set of regions or units for functional analysis is an extremely
difficult and complex task (Wig et al., 2011, 2013). It is likely that there is no one true
network parcellation, but rather that large scale, distributed functional networks represent
statistical tendencies within a nested and likely fractal hierarchy (for an interesting example
see Blumensath et al., 2013). However, consensus from multiple studies suggests that there
is a relatively stable higher order set of connectivity patterns that are an appropriate
description of at least one level of this functional connectivity hierarchy (e.g., the 10 task/
rest matched networks from Smith et al., 2009 and the 7-network parcellation from Yeo et
al., 2011). Based on current standard procedures for group ICA analyses (Calhoun et al.,
2001, 2009; Beckmann et al., 2005) and assuming a need for at least twice as many
components as cortical networks of interest (to allow for variance associated with noise,
physiological, or subcortical sources to be segregated into components of non-interest), we
set a target of 20 components for our parcellation, which is also the default number of
components in the Group ICA fMRI Toolbox (GIFT; Calhoun et al., 2001) and the number
used in prior large-scale studies (e.g., Biswal et al., 2010).

Input data for template creation were pre-processed as described above for non-seed based
analysis. To create group level functional parcellations we performed a series of analytical
steps analogous to the procedures implemented in the GIFT ICA toolbox and the Melodic
toolbox from FSL (Jenkinson et al., 2012). This consisted of z-scoring the time-course in
each voxel (variance normalization) followed by a spatial principal component analysis
(PCA) for each functional run (note that the spatial PCA is defined as the eigenvectors
obtained from a singular value decomposition on the spatial covariance matrix of each TR/
volume to every other TR/volume). We retained the top 50 PCs per session, which were then
stacked to create a data superset. A second, group-level, PCA was then performed on the
stacked PCs, and the first 20 components from this group level PCA were then rotated with
an orthomax rotation with row-based normalization to produce the template set (see Browne,
2001 for an overview of factor rotation algorithms). Row-based normalization is defined as:
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C/ L Cij

ij /72?21 )

where i corresponds to the rows, and j corresponds to the columns of the principal
component matrix C. In words, each row of the principal components (i.e. each voxel) is
scaled by the L2-norm for that row (the square-root of the summed squares). In practical
terms, this means that each voxel is given equal weight in the subsequent rotation.

The factor scores for each component were written out to image files and served as the
templates for the TBR procedure. Notably, the orthomax rotation was used to help maximize
the spatial orthogonality of the templates in order to ensure that the template set met the
basic assumptions of dual regression and to facilitate comparison between TBR and dual
regression. Exploration of templates with lager numbers of components and more fine-
grained sub-network parcellations were not undertaken, but remain an important area of
future research.

Factor rotation vs. ICA—Both group ICA and the group level factor rotation that we
employed are population level representations derived from pooled data across multiple
subjects. The primary difference is in the use of ICA vs. factor rotation for un-mixing/
uncovering the components/latent variables that best represent the variance of the pooled
data.

Comparing the method employed in this paper to a standard group ICA analysis such as that
performed in GIFT toolbox, the methods are nearly identical except for the final step of
translating group level spatial principal components to group level independent components.
In GIFT this is done with one of a number of ICA algorithms (most typically the infomax
algorthim), whereas we performed this step via a factor rotation. The primary differences
between these methods are in the source of the information used (i.e. 2nd vs. 4th statistical
moments; variance vs. kurtosis), and in the assumptions of the component sources (ICA) vs.
latent variables (factor rotation) that are being recovered. The largest of these assumptions is
that ICA assumes non-Gaussian distributions as the sources whereas factor analysis assumes
Gaussian distributions for the latent variables. The orthomax family of rotations in particular
attempts to achieve “simple perfect structure” where each row of the factor matrix has at
most 1 non-zero element, though in practice this is rarely achievable.

For directly comparing ICA to the orthomax rotation, we used the infomax ICA algorithm
included in GIFT to unmix the group level principal components into 20 ICA components
(these are the identical principal components used with the factor rotation). We then
compared the spatial correlations between the spatial maps/templates obtained using the
methods outlined in the paper (the orthomax rotation with row based normalization) to using
the infomax ICA and found an average of 73% shared variance between the ICA derived
templates and their best matching orthomax derived templates. This similarity can be
improved further by z-scoring the spatial principal components prior to factor rotation and
not employing row-based normalization, which resulted in an increase to 97% shared
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variance. The primary point is that choices related to how variance is scaled, and how
variables are centered, guide the relative similarity or differences between the ICA and
factor rotation approaches rather than the specifics of the algorithms themselves.

As with any data analysis procedure there are pros and cons to different analytic
methodologies. We chose to use factor rotation due to greater familiarity with and access to
factor rotation algorithms that provided us with greater understanding and control over the
template creation procedure. Additionally we chose not to normalize the spatial components
since the differing degrees of variance captured in the principal components is representative
of the data in question (particularly given the use of variance normalization), and we chose
to use row-based normalization in order to be agnostic as to the relative importance of any
particular voxel. Other researchers may choose other approaches for a variety of reasons,
and we make no claim as to the superiority of the methods we chose over others. Indeed, one
of the benefits of the TBR procedure is that multiple template sets, created with different
assumptions and optimizations, can be easily combined into a single coherent analysis. For
example different incarnations of the DMN derived from different methods and/or
normalization schemes can be pooled together in a single template set and can then be
directly compared to one another.

Measurement

Seed-based connectivity analysis (SCA)—We extracted two sets of seed based
measurements. First, to facilitate a direct methodological comparison seed locations were
taken from the peaks of the template maps (see Table 1). Second, as an examination of using
seeds gleaned from prior reports we utilized the seed set published in Brier et al. (2012),
which was a compilation of seeds from a variety of previous publications for visual, motor,
dorsal attention, control, salience, and default mode networks (also listed in Table 1). It
should be noted that we did not include sub-cortical seeds such as the cerebellum, putamen,
and thalamus, and we broke the somatosensory network into motor and visual networks. All
seed regions were specified with 10-mm diameter spheres.

For each network of interest we computed the Fisher-Z transformed correlation between
each pair of seeds, and then averaged these pairwise measurements to create a single
network coherence measure (see Hedden et al., 2009; Van Dijk et al., 2010 for a similar
approach).

Global signal measurements were made by creating correlation maps with the global signal
time-course obtained from the seed pre-processing step. The global connectivity
measurements were made by averaging values within the same mask used for TBR and dual
regression measurements (see Fig. 3 and the TBR and dual regression measurements section
below). Similarly, white-matter connectivity measurements were made using correlation
maps from the white matter time-course obtained from the seed pre-processing (after global
signal had been regressed out), and the same white matter mask used for TBR and dual
regression was used to extract white matter connectivity values. Finally seed-based
measurements of primary visual areas were excluded due to the lack of spatial
distinctiveness between peaks of connectivity.
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Dual regression (DR)—Following preprocessing, each run was z-scored in the time
domain, followed by the dual regression procedure with three different template sets. These
included (1) the 675 subject template set (out-of-sample); (2) the 140 young/old template set
(in-sample); and (3) the out-of-sample template set with DMN nodal maps (see within
network nodal decomposition section below for more details). Following the spatial
regression the beta values were transposed, z-scored, and then entered into a multiple-
regression analysis with the functional data. Beta values for each template time-course were
then written out as connectivity maps. (See above for mathematical definitions of these
procedures.)

Template based rotation (TBR)—TBR maps for the young and elderly test datasets
were created by first performing the preprocessing steps for template creation outlined
above Following this, each run for each subject was analyzed with the TBR procedure, using
each of three different templates sets, (1) the 675 subject template set (out-of-sample); (2)
the 140 young/old template set (in-sample); and (3) the out-of-sample template set with
DMN nodal maps (see within network nodal decomposition section below for more details).
The TBR procedure consisted of variance normalization in the time domain followed by
demeaning in the spatial domain followed by a spatial PCA. A variable number of PCs was
retained to ensure that a constant 90% of the original variance was retained. The truncated
PCs were then mapped to the templates, and back-projected time-courses were recovered
and then used independently to create correlation maps. (See above for mathematical
definitions of these procedures.)

While it is possible to explicitly control for other templates by entering their corresponding
time courses as covariates, the oblique nature of the Procrustes style mapping will typically
result in a higher degree of collinearity than time-courses derived from dual regression. As
such, entering all time-courses into a multiple regression analysis is not advised since the
higher degree of collinearity can result in unstable beta estimates and consequently very
noisy connectivity maps. While not reported investigations into entering all TBR time-
courses into a single multiple regression analysis resulted in substantially altered
connectivity measurements, and reduced measurement similarity with dual regression as
compared to simple correlation maps for each TBR time course. As a consequence the
default implementation of TBR is to regress each time-course independently to create a
correlation map.

TBR and Dual-regression measurement—To simplify comparisons between methods
across multiple networks, we computed a single metric for each template/network of
interest. These metrics were computed by averaging all values within a mask defined by
thresholding the corresponding out-of-sample template map at 100 (see Fig. 3). While the
value of 100 is somewhat arbitrary, as are the factor loadings represented in the spatial
templates, for each template map this value corresponds to a p-value well below the FWE
corrected threshold for an alpha value of 0.05. While not reported, investigations with
different thresholds ranging from 65 to 120 did not substantially alter the results. Averaging
within the masks produced a single measurement for each subject, for each run, for each
network of interest. Due to the anti-correlated pattern between DMN and salience networks,
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measurements for the DMN and salience network were made on the same template map,
with the DMN mask defined as >100 and the salience network mask defined as <-100. The
same procedure was used for making measurements on the in-sample template maps with a
threshold of 43. The value of 43 was determined by calculating a scaling factor between the
factor loading values of the in-sample and out-of-sample template sets and then performing
a linear transform of the 100 threshold. Since all TBR maps were correlation maps, the
values were Fisher-Z transformed before computing the average connectivity, whereas dual
regression maps were left as raw beta weights.

Methodological assessments

Template reproducibility—To test if the 20 templates were reproducible, we ran the
template creation procedure on three separate sub-groups of 100 young subjects from the
template dataset (the GSP dataset).

Next, assuming that larger sample sizes would produce higher quality templates, we utilized
all 675 subjects in the template dataset to create a set of master templates (later referred to as
the out-of-sample templates or OST). This dataset totals 1350 six-minute scans for a total of
162,000 TRs, equaling 135 h of scan time across subjects.

Finally we repeated the same procedures for the 70 subjects from the young test dataset, the
70 subjects from the elderly test dataset, and the combined dataset of all 140 subjects from
the young and elderly test datasets (later referred to as the in-sample templates or IST).
These in-sample templates were then used to make comparisons between in-sample
templates (IST) derived on the test datasets vs. out-of-sample templates (OST) derived from
the template dataset as a way of validating the use of a priori templates.

To assess the reproducibility of the templates themselves (group level spatial patterns) we
used spatial correlations (voxel-to-voxel correlations between spatial maps) to match
templates and to measure the similarity of templates derived across three separate 100-
subject subsets as compared to templates derived on the full set of 675 subjects. In order to
establish the degree of specificity we also report the second strongest spatial correlation
found for each template.

We also performed the spatial similarity analysis (computed as voxel-to-voxel Pearson’s r)
comparing the in-sample templates (70 young only, 70 elderly only, and the combined set of
140) to the 675 subject out-of-sample template set.

Comparison of functional connectivity measurements—Given that there is no
absolute standard to evaluate the performance of the different functional connectivity
analysis methods, we took a pragmatic approach by making comparisons between young vs.
old group differences and within session, across run reliability. Our assumption is that the
method that provides more robust group differences and higher reliability is likely producing
a better measurement. It should be noted that we used a template set that is very well suited
to the orthogonality assumptions of dual regression (average spatial r2 across all templates =
0.015; peak r2 = 0.130 between primary visual (PriVis) and extrastriate visual (ExVis)), with

Neuroimage. Author manuscript; available in PMC 2015 November 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schultz et al.

Page 14

the expectation that both techniques would produce similar results, and which serves as a
validation of the TBR procedure relative to an established method.

Using the whole network measures we compared effect sizes of group differences (Cohen’s
D) between young and old across multiple cortical networks including the default mode
network (DMN), salience network (SAL), dorsal attention network (DAN), left control
network (I-CRTL), right control network (r-CRTL), language network (Lang), precuneus
network (Prec), motor (MOT), primary visual (PriVis), extrastriate visual (ExVis), white
matter, and global. Cohen’s D is defined as the difference in means between groups divided
by the pooled variance.

, T —To
Cohen sD=——=
s

Alternatively Cohen’s D can be computed from a t-statistic as:

2t

Cohen's D=——.
Vdf

Conventionally a D of 0.2 is considered a small effect size, ~0.5 is considered a medium
effect size, and ~0.8 is considered a large effect size (Cohen, 1988).

Then using the same whole network measures and the same set of cortical networks, we
compared the within session reliability of the first and second runs for each subject. Due to
the presence of group differences, intraclass correlation coefficients (ICC 2,1 from Shrout
and Fleiss, 1979) were computed separately for young and old subjects.

Comparison of intra/inter network connectivity—Given the presence of left and
right lateralized control networks in the template set, we evaluated the intra-network
collinearity of the time courses obtained from TBR and dual regression for these two
templates. As a secondary test, we also checked for the presence of group differences
(young vs. old) in the degree of collinearity between left and right control networks.

Since the left and right lateralized control networks can be thought of as sub-networks of a
bilateral frontoparietal control network, we also performed an inter-network connectivity
analysis using two other prominent networks; the default mode network and the dorsal
attention network. These networks were chosen since they represent stable large-scale
networks and unlike the DMN/SAL were isolated in different components. The analysis
again focuses on differences in collinearity between methods and between age groups. This
test was performed under the assumption that the orthogonality of networks would be
sensitive to age related changes in cortical connectivity.

To compute inter-template connectivity we measured the correlations between the time-
courses recovered from TBR, dual regression, and the template based seed locations on a
subject-by-subject basis. Measurements of time-course collinearity between left and right
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control networks (excluding the mid-line seed for the SCA metric), and between DMN and
DAN networks were then evaluated for differential degrees of collinearity via a paired
samples t-test, and young vs. old differences were evaluated with a between samples t-test.

Within network nodal decomposition—To highlight the potential flexibility and
utility of TBR in terms of the removal of orthogonality assumptions, we took the DMN
template, and split it into 8 separate maps by creating cluster images for the 8 primary nodes
of the DMN (see Fig. 4). These 8 individual nodal cluster maps were then added as
additional templates to the template set. This new template set was used with both TBR and
dual regression to create a new set of connectivity maps.

We first investigated how the inclusion of the nodal templates affected the measurement of
the whole DMN component, and second, we examined the temporal collinearity between the
whole DMN and the 8 nodal maps. Last, we looked for young vs. old group differences in
the pattern of connectivity between the whole DMN and the individual nodal maps.

To address the question of how inclusion of the nodal templates affected the measurements
we obtained the DMN connectivity measure for each method for the original template set
and the template set with the nodal DMN components. We then compared the similarity of
these metrics to gain a sense of how the connectivity measurements were altered by the
inclusion of the nodal templates. To address the question of nodal connectivity we examined
the correlations between each of the recovered time-courses from the 8 DMN nodes, and the
whole DMN time-course.

Finally to address group differences we performed an ANOVA using age group as a
between subject factor and DMN node as a repeated factor with the collinearity between
individual nodes and the whole DMN as the dependent variable.

The template set

Fig. 2 shows the full set of 20 templates computed on all 675 young subjects from the
template dataset. We divided the templates into 5 categories: sensory networks, cortical
association networks, physiological structures, sub-cortical networks, and artifact. The
sensory networks consist of motor (Mot), primary visual (PriVis), and extrastriate visual
(ExVis). The cortical association networks consist of the default mode network (DMN) with
an anti-correlated salience network (SAL), a dorsal attention network (DAN), left and right
lateralized frontal—parietal control networks (I-CRTL and r-CRTL), a language network
(Lang), a precuneus/retrosplenial network (Prec; potentially analogous to a posterior DMN
sub-network), and a frontal network (potentially analogous to an anterior DMN sub-
network). Physiological structures included a whole brain component, as well as white
matter, sagittal sinus, and the eyes. For subcortical structures there was a cerebellar grey,
cerebellar white, and midbrain. We also observed three templates that appeared to be
artifact, likely stemming from movement and/or signal dropout related to the nasal sinuses.
Importantly, we show the templates in un-thresholded form to emphasize the importance of
the whole brain patterns for both TBR and dual regression measurements, that is voxels near
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0 and negatively correlated voxels have substantial influence on both TBR and dual
regression methods. That is, in these methods, a network is defined as much by the spatial
pattern of regions with weak associations as by regions with strong associations to the
network.

Reproducibility of whole brain parcellations across different datasets

To test reproducibility we created template sets from three independent subsets of the whole
675 subject sample, each consisting of independent random selections of 100 young
subjects. We then used voxel-to-voxel spatial correlations to quantify the similarity between
each of the three 100 subject template sets, as well as similarities to the template set derived
from the entire 675 subject sample. As shown in Table 2, all template sets are highly similar
for the major cortical networks of interest. Perhaps due to idiosyncratic noise contributions
or the limitation in the number of templates, somewhat poorer fits were seen for the sub-
cortical (r = 0.66) and the frontal networks (r = 0.68). Overall reproducibility was still very
high, particularly for networks of interest such as motor (r = 0.99), visual (r = 0.99), default
mode/salience (r = 0.99), dorsal attention (r = 0.96) and control networks (r = 0.98) as well
as eyes (r = 0.98), white matter (r = 0.99), and whole brain (r >.99). All reported r values
are much less than p = 0.001. The demonstrated reproducibility of the whole brain
parcellations agrees well with previous studies (e.g., Biswal et al., 2010; Yeo et al., 2011),
and supports the central argument that group level spatial network descriptions are highly
stable and offer support for the use or a priori functional parcellations for the analysis of out
of sample data.

In Table 3 we present the spatial correlations for the in-sample templates (IST) computed for
the young subject test set (N = 70); the elderly subjects test set (N = 70); and the combined
young and old template set, as compared to the out-of-sample templates (OST; computed on
the full 675 young subject template dataset). Perhaps owing to differential data quality
between young and old subjects and increased inter-network collinearity in elderly subjects
(see inter- and intranetwork analyses below), the results show an expected but strong drop in
the similarity between the old subject templates and the OSTs as compared to the 70 young
subject OSTs. Overall, however, the ISTs computed across all 140 subjects in the test
datasets were deemed of sufficient similarity (spatial r2 > 0.75) to the OSTs to allow for
comparisons between all components with the exception of the dorsal attention and language
networks (values in tables are listed as NA for DAN and Lang networks with ISTs).
Notably, the inability to determine a usable dorsal attention and language network
component from the group ICA-like process used to determine the ISTs demonstrates a
common problem with comparison of different group ICA analyses; namely not all networks
will be readily identifiable or of sufficient similarity in a given dataset to facilitate fair
comparisons.

Age group effect sizes

For analysis of effect size, we focus on a subset of the networks of particular interest. These
include: motor (Component #3), primary visual (Component #4), extrastriate visual
(Component #19), DMN (Component #2, positive), salience (Component #2, negative),
DAN (Component #6), left control (Component #15), right control (Component #12),
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language (Component #13), precuneus (Component #7), white matter (Component #5), and
global (Component #1). Table 4 reports effect sizes (Cohen’s D) as well as group means and
SDs, for TBR and dual regression for both OSTs and ISTs. In addition, we report SCA
results for both the template derived seeds and a set of previously published seeds assembled
in Brier et al., 2012.

First, out-of-sample templates tended towards modestly larger effect sizes than the in-
sample-templates for both TBR and DR. The notable exception to this trend was the DMN,
which showed an increase in Cohen’s D when using ISTs of 0.2 for TBR and 0.05 for dual
regression as compared to OSTSs.

When comparing TBR to dual regression we see approximate equivalence between the
methods, with TBR showing slightly larger effects for DMN, left control, language,
precuneus, motor, both visual networks, and white matter, while dual regression returned
slightly larger effects for SAL, DAN, and right control. With the exception of the language
network, the differences in Cohen’s D were generally less than 0.2, and we interpret this
pattern as rough equivalence in the ability to detect age differences across these two
methods (a one-tailed t-test for this sample size with a Cohen’s D of 0.2 would correspond
to a non-significant p-value of 0.12).

While SCA showed a similar pattern of significant differences in age across multiple
networks, both TBR and dual regression consistently outperformed SCA in terms of effect
size. Additionally, we observed that the seed locations derived from the 675 young subject
templates performed better than seeds based on prior reports, though again the overall
pattern of group differences was similar. Lastly, while some decreased connectivity in older
individuals is observed across nearly all of the resting state networks examined, the
differential effect sizes observed across networks suggest there may be differential
susceptibility to age-related connectivity decreases in certain networks (e.g., control vs.
visual networks).

Turning to within-session, across-run measurement reliability, Table 5 shows that the out-of-
sample templates (OSTs) performed slightly better than the in-sample templates (ISTs), as
evidenced by a small-but-consistent improvement in reliabilities. Observed intraclass
correlation coefficients (ICCs) were approximately equivalent between TBR (average ICC
across templates/networks of 0.584), dual regression (average ICC across templates of
0.576), and template seeds (average ICC across templates of 0.581) and all of these
performed better than prior report seeds (average ICC across templates of 0.473).

All three methods performed about equally when looking at physiological templates such as
global and white matter. TBR and dual regression performed better for the main cortical
association networks (DMN, VAN, DAN, and CRTL networks) whereas template seeds
tended to perform better for sensory networks such as extrastriate visual and motor as well
as second order cortical networks such as precuneus and language, though on the whole
these differences were relatively small.
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Notably, across all three methods, reliabilities of functional connectivity measurements had
a rather large spread across networks. For TBR the ICC values ranged from a high of 0.82
for the DMN in old subjects, to a low of 0.33 in the language network for young subjects.
For dual regression the peak ICC value was 0.76 for both the DMN and the global
component in old subjects to a low of 0.23 in young subjects in the language network. For
template seeds the range was from a high of 0.74 for the global template in old subjects to a
low of 0.36 for the VAN in old subjects.

Between TBR and DR, networks that showed higher or lower reliability using one analytic
technique showed a similar pattern using the other technique (e.g., the language network
showed similarly poor ICCs using TBR and DR, whereas the DMN showed relatively high
ICCs using TBR, DR, and SCA).

Measurement similarity

To help address the issue of which method (TBR vs. DR) was better suited for use with
OSTs, we examined the shared variance between the measurements obtained from different
methods and different template sets (Table 6). When comparing the shared variance between
template sets but within methods (first two columns of Table 6) we see that TBR has
consistently higher measurement similarity (88% shared variance on average) across
template sets than dual regression (77% shared variance on average). When comparing
across TBR and dual regression using out-of-sample templates, the two methods shared 67%
variance with the dorsal attention network included and 72% excluding the dorsal attention
network, which is a clear indication that both these techniques are honing on the same
variance. Comparisons between TBR-IST vs. DR-IST also show a strong degree of
collinearity with an average of 65% shared variance (excluding the DAN and Lang) and we
observe the sharpest drop in measurement similarity for DMN (85.4% shared variance for
OST; 64.2% shared variance for IST) and VAN (82.2% shared variance for OST; 68.2%
shared variance for IST).

Lateralized control networks

The left and right portions of the control network appeared as two separate lateralized
components in our template set, and thus offered an in-built opportunity for comparing how
TBR, DR, and SCA can be used to assess inter-network correlations. Given the preceding
orthogonality discussion, we expected that TBR would retain some collinearity between left
and right control networks, whereas dual regression would hone on largely orthogonal time-
courses between the left and right control network templates. As a result, we expected that
TBR would better be able to recognize the inter-network correlations between these highly
related networks.

To compare TBR to dual regression we first investigated the degree of collinearity between
the estimated left and right control network time-courses computed for each session. For
dual regression the average correlation between left and right control network time-courses
was 0.045 (one sample t-test: t(139) = 2.81; p = 0.006) whereas for TBR the average
correlation between time-courses was r = 0.41 (one sample t-test: t(139) = 45.38; p < 0.001),
a paired samples t-test showed this difference to be significant (t(278) = 19.71 p < 0.001),
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and the difference between methods showed the expected result of greater collinearity with
the TBR method.

Next we asked if we could detect differences in the collinearity of left and right control
networks between age groups. We found significant effects for both dual regression (YYoung
=0.01; Old = 0.08; t(138) = 2.06, p = 0.04) and TBR (Young = 0.35; Old = 0.46; t(138) =
7.13, p < 0.001) with the direction of the effect indicating greater collinearity in the elderly
subject group as compared to the young, with greatly increased statistical power for the TBR
method. Seed-based methods showed a marginal effect of age (Young = 0.32; Old = 0.29;
t(138) = 1.95, p = 0.054), with the pattern of means showing greater collinearity in the
young as compared to the old.

Inter-network connectivity

Following a similar line of reasoning as above we asked if we could also detect differences
in the collinearity between non-hemispheric homologues. For this analysis we examined
collinearity between the DMN and the DAN, and again looked for differences between the
age groups. For dual regression we found no significant difference (Young = 0.05; Old =
0.09 t(138) = 1.45, p = 0.15) and for TBR we again found a significant difference (Young =
0.30; Old = 0.37; t(138) = 5.11; p < 0.001) with the effect showing increased collinearity in
the elderly group. Seed based methods again showed a marginal effect (Young = 0.17; Old =
0.12; t(138) = 3.61, p < 0.001) with the pattern of means going in the opposite direction
showing greater collinearity in young subjects than in old.

Default mode network decomposition

Finally, we demonstrated that relaxing the orthogonality constraints of dual regression
allows for greater flexibility in using network descriptions that contain a high degree of
spatial overlap via a within network analysis of the DMN. We generated both TBR and dual
regression maps using a modified OST set that included the same 20 templates as used
previously plus 8 additional templates that were created by writing out separate cluster maps
for each of the 8 primary nodes of the DMN template (see Fig. 4). These consisted of medial
frontal, posterior midline, left IPL and right IPL, left and right lateral temporal nodes, and
left and right medial temporal nodes. As the inclusion of these 8 new DMN-node templates
in an analysis along with the original DMN template from which they were derived
constitutes a direct violation the orthogonality assumption of dual regression, this analysis
allows us to demonstrate the flexibility of TBR to investigate within network connectivity
and its ability to handle templates with high spatial overlap.

First we addressed how the inclusion of these additional templates affected the whole
network DMN connectivity values. Starting with dual regression we found that the whole
network DMN measures with and without the extra DMN components shared 86% variance,
demonstrating that the inclusion of the non-orthogonal node components led to a minor but
still altered estimation of total DMN connectivity. In contrast, TBR DMN measurements
with and without the separate DMN components were identical, reflecting the tolerance of
TBR for the inclusion of non-orthogonal network descriptions.

Neuroimage. Author manuscript; available in PMC 2015 November 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schultz et al.

Page 20

Next, we investigated whether the decreased DMN connectivity in young vs. old subjects
was driven by alterations in the contribution of individual nodes within the DMN as
compared to overall DMN connectivity. To enable the investigation of regionally specific
differences between young and old subjects, we correlated each of the time-courses from the
8 DMN node templates with the time-course from the whole DMN template. We then
performed a node by age-group mixed design ANOVA to test for differential patterns/
contributions across the nodes of the DMN.

The results shown in Fig. 5 demonstrate that the TBR time-courses retained the expected
collinearity between nodal regions and the network as a whole. Using TBR, we found a
significant group by node interaction (F(7,966) = 2.76, p = 0.008) suggesting that the
contribution of individual nodes to the DMN is altered in older subjects. An exploration of
the TBR results reveals that the interaction is driven by group differences in the mPFC
t(138) = 2.83; p = 0.02, and the left MTL t(138) = 1.92, p = 0.057. For both of these
comparisons, young subjects showed higher connectivity than elderly subjects. When
compared to the overall DMN connectivity effect (t(138) = 7.06, p < 0.001) it is clear that
differences in nodal contribution between young and old subjects, while significant, are
fairly small compared to the overall decrease in DMN connectivity in older subjects. Taken
together, this suggests that decreased DMN connectivity is primarily a network wide (rather
than regional) effect, though there is some selective evidence to suggest that certain nodes
(e.g9., mPFC and left MTL) may show increased vulnerability to age-related change.

In contrast, correlations between dual regression time-courses tend to be both very weak and
negative, and represent the residual signal assigned to an individual DMN node after
controlling for the whole DMN and the other individual DMN nodes. This last aspect
represents a direct violation of the orthogonality assumptions inherent in dual regression.
Though statistically significant, the weakly negative connectivity values generated in this
situation by dual regression are very difficult to interpret, and are potentially artifactual in
the same manner that global signal regression can induce significant negative correlations
(Strother et al., 1995; Andersson, 1997; Murphy et al., 2009; Fox et al., 2009). This should
be considered a feature of dual regression, as it requires that nodes or networks being probed
be orthogonal to one another, thereby modeling only the unique relationships of orthogonal
nodes. In contrast, TBR allows the simultaneous investigation of spatially overlapping nodes
and networks, which is advantageous for examining the relationships among nodes within a
network, which are likely to be correlated with one another.

Discussion

For comparison of functional connectivity analyses across clinical groups and over time, it is
preferable to use network descriptions that are derived out-of-sample, and thus not
influenced by the characteristics of the experimental population. This is especially the case
in clinical trials settings where outcome measures must be explicitly and exactly defined in
advance. This constraint largely precludes the use of group ICA since the group level
templates are unknown and/or incomplete until data collection is complete, whereas out-of-
sample a priori templates offer both an explicit outcome and a way to perform interim
analyses. There are also large potential benefits for observational designs where the number
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of subjects within groups of interest (e.g. preclinical AD and healthy controls) is often
unbalanced, and where both the connectivity strength and the spatial pattern of connectivity
may vary between groups. Even in controlled experimental designs, where experimental
manipulation and careful matching of subject characteristics are chosen over large sample
sizes, there remain substantial benefits in using stable network descriptions derived from
very large datasets as opposed to templates derived from small study-specific samples in
which subjects vary over experimental conditions. Utilization of a priori information
regarding functional networks is already regarded as important by the field as evidenced by
critiques of circularity when seed locations are defined on the test data rather than defined
out-of-sample, since any definition derived on the data in question is likely to lead to bias,
and reduced reproducibility.

The central thesis of this report is that out-of-sample, a priori templates are useful and
informative for many applications in the analysis of functional connectivity data. We
demonstrate that TBR is a powerful and flexible tool to perform this type of analysis and has
several potential advantages compared to SCA and dual regression. We show that out-of-
sample templates can be effectively utilized to analyze and make inferences about new
datasets and new populations, and we show that using out-of-sample template sets can
actually improve the statistical power of the results, suggesting that template quality is as
important a consideration as how accurately the templates describe a particular subject or
population.

Additionally, we demonstrate that when using templates well suited to dual regression, TBR
and dual regression perform approximately equally (with a tendency for a slight but non-
significant advantage for TBR), and that both perform better than standard SCA methods.
Lastly, we demonstrate that TBR provides a flexible method to explore connectivity data,
allowing for a range of inter- and intra-network analyses that benefit from retaining shared
temporal and spatial variance between components. Taken together, we argue that TBR,
combined with out-of-sample templates, represents a promising approach for the
standardization of functional connectivity analyses by harmonizing the functional network
descriptions across diverse subject populations and disease states.

The move to using a priori template sets can be compared to the use of MR templates for
spatial normalization. For spatial normalization we have a need for a common Euclidian
space to standardize the spatial locations of activity patterns associated with different
subjects or groups. Here we propose to extend such standardization to what are essentially
covariance templates to facilitate evaluation across subjects or groups by placing them into a
common covariance space. It remains important to recognize that there are still questions
regarding the appropriateness and applicability of templates to certain target populations (as
it is with picking a reference space for spatial normalization). We expect that just like
certain populations show very strong benefits for using customized spatial templates for
spatial normalization, there will be populations that benefit from the creation and use of
customized functional connectivity templates. To extend the analogy further, there is also a
promise that, given sufficient data, it may be possible to create stable single subject
covariance parcellations that could be used in a manner akin to detailed single subject
structural parcellations (a la Freesurfer) where comparisons are made between matched

Neuroimage. Author manuscript; available in PMC 2015 November 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schultz et al.

Page 22

covariance structures at the individual level as opposed to predefined spatial areas in
Euclidean space.

Another important point is that the overall pattern of network connectivity differences which
we observed when comparing young and elderly subjects were quite similar whether SCA,
DR, or TBR method was used. This similarity confirms that all three methods are picking up
on the same sources of variance and lends confidence to the measures obtained from all of
these methods. Similarly, the overall pattern of network connectivity differences we
observed was similar whether in- or out-of-sample derived templates or seeds were used,
again suggesting that analytic choices can be tailored to the idiosyncrasies of the question
and dataset without fundamentally altering the overall result. As an example, one could
imagine that small datasets or those with very unequal numbers across groups or disease
states may benefit from the use of out-of-sample templates as it is less likely that the
parcellation of such a dataset (using factor analysis or ICA) would lead to a stable and
complete set of cortical network components. Additionally, a conserved set of out-of-sample
network templates is advantageous when analyzing datasets still under active collection, as
the introduction of new data would alter the in-sample network parcellations. These latter
concerns are particularly important where there is a need for interim analyses, where
unbalanced numbers of subjects across groups of interest may lead to biased in-sample
network descriptions, and where potential cohort effects may cause early in-sample
parcellations to differ from later in-sample parcellations.

Going forward, implementation of out-of-sample derived templates (whether by dual
regression or TBR) would benefit from a more certain understanding of what constitutes a
proper functional parcellation, and to what degree functional network descriptions are
transferable across populations. Multiple research papers (see introduction) have
demonstrated that resting state connectivity networks are largely stable across populations
and across time. We reiterate that our goal in the present report is to introduce the TBR
method and demonstrate the viability of using out-of-sample templates, rather than to
advocate for a particular template set. We believe that the 20 component 675-subject
template set is a reasonable description of large scale distributed functional networks and
accords well with previous reports (including anti-correlations between DMN and SAL),
however we make no particular claim regarding the superiority of this template set relative
to what has been, or may be, produced in the future. This is not to say that the 20 component
675-young subject templates are ideally suited to all situations, rather we mean to imply that
this set appears to correspond to a large-scale organization of the brain that is roughly in-line
with other large-scale connectivity parcellations and is likely to provide meaningful
functional connectivity measures given our current state of knowledge. The flexibility of
TBR to utilize multiple template sets may provide opportunities for dissociating different
groups and different pathological states; for example differential fits between young, old,
and impaired templates may provide crucial information related to concepts such as
biological age, brain reserve, and even fine grain temporal staging of the location of
individuals on a pathological cascade. Understanding the functional organization of the
human brain is an ongoing endeavor, and a benefit of the TBR procedure is the ability to
easily utilize new information and new parcellations as they become available. It is also
unknown if different subject populations present a fundamentally different functional
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organization or if these potential differences are simply an issue of data quality, and possibly
inter-network connectivity, confounding the group level functional parcellations. Given the
evidence presented above regarding the differential degrees of network collinearity between
young and old subjects, we believe the difference has more to do with data quality and the
manner in which networks share information rather than a fundamentally different
functional architecture. This is especially true since robust and coherent networks are still
recoverable in elderly subjects using young subject parcellations. However, a great deal of
work remains to fully explicate this in terms of both true functional organization and the
pragmatics of utilizing out-of-sample templates across varied populations.

We should also note that TBR measures for a particular network could be controlled for the
behavior of other networks or templates, similar to what is commonly done in dual
regression analysis. In the present report the method employed was simply to create a
correlation map for each recovered time-course that is agnostic to the behavior of other
recovered time-courses. Though we do not explore this in the present report, it may be the
case that selectively controlling for sources of noise and/or for other network signal may
lead to improved measurement. Additionally, taking advantage of the ability to engineer
custom templates without worry of violating dual regression orthogonality constraints, one
could imagine customizing network templates that split templates into separate positive and
negative components to better separate (or control for) changes in correlation and anti-
correlation strength. This leads to another important consideration that is frequently not
addressed with dual regression, namely that dual regression measurements are sensitive to
the full template makeup and not just the components of interest. When attempting to
reproduce a previously published report using DR, using an identical single network
description is not sufficient to reproduce the result. Exact replication requires the full set of
networks used in the initial analysis, as the fcMRI measure for the network of interest is at
least partially dependent on the other components in the template set. This is especially
problematic when the change in connectivity is subtle or dependent on altered collinearity
between networks. In contrast, TBR measurements for a given template depend only on the
specific template in question, meaning the results for a particular network of interest will be
identical regardless of what other components are included in the template set. As stated
earlier, other templates can optionally be controlled for, but this option must be explicitly
performed and subsequently reported.

Another future direction for exploration is the degree to which more or less preprocessing
would affect results. For example if there are known sources of nuisance variance such as
CSF signal, these could be removed prior to the TBR mapping procedure. Since the TBR
method can implicitly control for nuisance variance insofar as the template in question is a
good representation independent of nuisance variance, it may also be the case that
preprocessing such as motion regression and filtering may not be strictly necessary and
would further reduce the assumptions and data processing required to utilize the TBR
method.

The major drawback to TBR is that the results are only as good as the templates and the
appropriateness of the templates to specific populations and specific research question. To
what extent this is an issue which remains an open question. Other recent methodological
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enhancements to group ICA approaches such as iterative approaches to dual regression (Kim
et al., 2012) and group information guided ICA (GIG-ICA; Du and Fan, 2013) have sought
to address the issue of utilizing group information to constrain the analysis of individual
subjects in order to simultaneously achieve parsimony with group level components and
maximal fidelity to the true patterns in individual subjects. Such methods may provide
potential avenues of methodological enhancement that could either be incorporated with or
used in conjunction with TBR to help address potential concerns of template bias, and the
appropriateness of a specific template sets to specific populations. However we suspect that
there will never be a one-size fits all template set; rather the nature of the templates and how
they are defined will be heavily influenced by the nature of the research question.

In terms of what has actually been tested, the current report focuses on a dataset of identical
functional acquisitions. Even granting that a particular template set is a good representation
for a particular use case, it remains to be seen how well templates translate across different
scanners, acquisition parameters and field strengths. For instance it may be the case that
switching from data acquired in the axial plane to data acquired in the coronal plane would
necessitate a new template set. It is also likely that switching field strengths would
necessitate separate templates. This will be crucial for the use of a priori templates in large-
scale clinical trials and research studies where potentially hundreds of sites, multiple MR
manufacturers and multiple MR models will be employed. Ideally template sets will be
created that offer mixtures of acquisitions, scanners, and populations to make the template
sets more broadly applicable. On the whole we expect templates to perform better than seeds
across acquisitions and populations due to the ability of TBR and dual regression to leverage
large scale patterns that are likely more robust to slight anatomic mismatches than small
spherical seed regions, but this remains to be demonstrated.

Better neuroimaging tools are imperative for accelerating the development of
pharmacological interventions for neurodegenerative diseases, as well as the tracking and
evaluation of neurodegenerative processes. Especially as we begin to integrate functional
connectivity MRI as a secondary endpoint in clinical trials (Sperling et al., 2011; Reiman et
al., 2011; Mills et al., 2013), it is highly attractive to move toward a comprehensive set of
network descriptions that can be easily carried forward, compared across samples, and that
can be used on datasets where scans are still being acquired. Additionally, building on the
intriguing observation that neurodegenerative changes in functional connectivity may be
most obvious in the connectivity between networks (Brier et al., 2012), it may be
advantageous to have an analytic method that flexibly allows for inter- and intra-network
analyses while maintaining a high degree of statistical power and reproducibility.

TBR provides similar results and functionality as DR, but does so with greatly reduced
assumptions regarding the spatiotemporal structure of the brain’s functional architecture and
simultaneously makes possible template customizations and new classes of inter-, intra-, and
subnetwork analysis that were previously only possible with SCA style analysis. That is,
TBR combines the flexibility and interpretability of SCA with the robustness of group ICA
and dual regression. We hope that the TBR method will facilitate the use of out of sample
templates and prove to be a valuable addition to our quiver of analytic tools for clinical
trials.
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Schematic representation of dual-regression and template based rotation (TBR). In dual
regression linearly weighted combinations of templates are used to predict individual
volumes, the corresponding beta series are then used as time courses. TBR inverts this
approach and maps individual volumes onto templates. Note that beta values () are
representative of only the unique variance from each source. In dual regression p values
reflect the unique variance associated with each template. In TBR the beta values reflect the
unique variance from each volume. When combined with a spatial PCA prior to TBR
mapping, the source images are by default orthogonal and beta values are by definition
independent. We argue that TBR offers reduced assumptions and is better suited to
functional connectivity analysis, particularly the application of out-of-sample templates.
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Fig. 2.
Unthresholded template maps create from 675 young subjects (the out-of-sample templates

— OST). The components are grouped into four categories: A. Primary sensory networks;
B. Cortical association networks; C. Physiological components; D. Subcortical networks,
and E. Artifact. This template set was used to compare measurements derived from TBR,
DR, and SCA. Note, unthresholded maps reveal substantial spatial structure in the
negatively weighted loadings (shown as dark areas), which are highly influential in both
dual regression and TBR.
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Fig. 3.

Tf?resholded maps used to compute whole network measurements. These maps were created
by taking the raw template maps and thresholding at factor loadings >100 (all with
corresponding p-values much less than an alpha = 0.05 FWE correction). All values within
these masked images were averaged to create the whole network metric for each template
analyzed.
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Fig. 4.
Nodal decomposition of DMN. Each node, depicted with a different color, was written out

as a separate template map and added to the 20-component template set in order to evaluate
within network connectivity of the DMN. Red = posterior midline; blue = medial frontal;
green/purple = left/right inferior parietal lobe (IPL), orange/peach = left/right lateral
temporal; teal/yellow = left/right medial temporal lobe (MTL).
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Fig. 5.
Comparison of correlation strength between individual nodes of the DMN and the DMN

network as a whole as determined by TBR and dual regression. The figure shows that time-
courses recovered by TBR retain the expected collinearity with DMN network signal; that is
the nodes of the DMN correlate with the DMN as a whole. Meanwhile, dual regression
estimates tend to be weak, negative, and are reflective of the nodal connectivity with the
DMN after controlling for the DMN, which is difficult to interpret because of the violation
of dual regression’s orthogonality assumptions. TBR shows a highly similar nodal
connectivity profile between young and old subjects with small but significant effects in the
left medial temporal and medial pre-frontal regions.
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Table 3

Spatial similarity as measured by spatial correlations of in-sample template sets (IST) vs. the out-of-sample
template set (OST). The results show an expected better match between young subjects and the OST as
compared to the old subject IST. Taken as a set, the 140 subjects from datasets 2 and 3 (both young and old)
offer a good overall match to the 675 young subject templates (generally more than 75% shared variance) with
the notable exceptions of the dorsal attention and the language networks.

In-sample vs. out-of-sample template similarity

Template 70young 70o0ld All140
DMN 0.975 0.785  0.909
VAN 0.975 0.785  0.909
DAN 0.938 0452  0.671
Left control 0.931 0.817  0.880
Right control 0.962 0.452  0.942
Language 0.421 0425 0.548
Precuneus 0.912 0.748  0.795
Motor 0.974 0.854  0.941
Primary visual 0.981 0.871  0.972
Extrastriate visual ~ 0.947 0.600 0.887
White matter 0.979 0.887  0.965
Global signal 0.994 0.973  0.990
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