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ARTICLE INFO ABSTRACT
Article history: The brain is organized into a set of widely distributed networks. Therefore, although structural damage from
Accepted 24 February 2012 stroke is focal, remote dysfunction can occur in regions connected to the area of lesion. Historically, neurosci-

Available online 5 March 2012 ence has focused on local processing due in part to the absence of tools to study the function of distributed

networks. In this article we discuss how a more comprehensive understanding of the effects of stroke can

Keywords: be attained using resting state functional connectivity BOLD magnetic resonance imaging (resting state
Stroke . i .
Recovery fcMRI). ResFlng ;tate fcMRI has a numbe.r of aqvantages over task—.evoked ﬂVlRI for st.udymg brain network
fMRI reorganization in response to stroke, including the ability to image subjects with a broad range of
Resting state impairments and the ability to study multiple networks simultaneously. We describe our rationale for
Connectivity using resting state connectivity as a tool for investigating the neural substrates of stroke recovery in a hetero-
Inter-hemispheric geneous population of stroke patients and discuss the main questions we hope to answer, in particular
whether resting state fcMRI measures in the acute phase of stroke can predict subsequent recovery. Early
results suggest that disruption of inter-hemispheric connectivity in the somatomotor network and the dorsal
attention network is more strongly associated with behavioral impairment in those domains than is intra-
hemispheric connectivity within either the lesioned or unaffected hemisphere. We also observe in the
somatomotor network an interesting interaction between corticospinal tract damage and decreased inter-
hemispheric connectivity that suggests that both processes combine to contribute to neuromotor impairment
after stroke. A connectivity-based approach will provide greater insight into network reorganization in the
acute and chronic phases after stroke and will contribute to improving prognostic ability and the
development of therapeutic interventions.
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From local structural damage to physiological impairment in
distributed functional networks

Stroke is unlike many other neurologic disorders. For example,
most progressive neurodegenerative diseases are insidious in onset,
but stroke occurs suddenly in a system that is intact until the onset
of symptoms. Moreover, structural damage from stroke is focal rather
than diffuse, although stroke is associated with both local and global
changes in brain function. Also, because the disease process is gener-
ally static after the initial insult, subsequent changes in brain function
represent how the brain responds to injury rather than representing
ongoing pathologic processes. These and other features of stroke
discussed below create unique challenges and opportunities with
regard to the use of a connectivity-based approach to studying the
effect of focal lesions on brain function and recovery, as well as the or-
ganization of normal neurological systems. We will discuss the use of
resting state functional connectivity MRI (fcMRI) to study stroke in
the context of our ongoing NIH-funded longitudinal study of stroke
recovery.

Historically, the observation that certain patterns of neurologic
impairment were often associated with damage to different brain re-
gions represented a very significant advance in our understanding of
the brain. As a result, the mapping of symptoms to focal lesions has
been a mainstay of neurology research since the early 19th century
and continues to this day (Bartolomeo, 2011; Gillebert et al., 2011;
Kalenine et al., 2010). Although this approach has taught us a lot
about the specialization of different brain regions, it has also blinded
us to a network perspective. Consequently, researchers are often
befuddled when experimental results suggest that lesions in different
brain locations are associated with a similar clinical picture, as in
hemispatial neglect. Recent studies of neglect have suggested that
white matter lesions may be just as important as cortical damage,
emphasizing anatomical connectivity (Bartolomeo et al., 2007;
Doricchi et al,, 2008; He et al., 2007a; Karnath et al., 2009; Urbanski
et al,, 2011). We believe our understanding of central neurological
disorders is limited by the longstanding focus on local function within
brain regions, and that a conceptual framework based on connectivity
and neural communication across regions (He et al., 2007b) provides
a useful heuristic that is consistent with most recent views of the
brain as organized in an ensemble of functional networks.

Functional connectivity MRI (fcMRI) as a tool to study the
functional organization of the brain

Measurement of temporal correlation of the BOLD signal between
different regions at rest (functional connectivity MRI, or fcMRI) has
emerged as a powerful tool to map the functional organization of
the brain (see Van Essen et al., 2012). A growing number of studies
are employing this technique to map the spatio-temporal covariance
structure of networks of spontaneous activity in the brain at rest. It is
now well established that many networks are robust, i.e. consistent
across subjects, and involve sensory (visual, auditory, somatosensory)
and motor regions of the brain, as well as a number of associative
‘control’ networks (default, dorsal attention, fronto-parietal, ventral
attention) (Fox et al., 2005; Greicius et al., 2003; Vincent et al.,
2007). From a theoretical perspective, the main appeal of fcMRI is

that it allows a direct and fairly straightforward measure of interaction
between areas of the brain, and that the signal, not depending only on
direct mono-synaptic connections (Honey et al., 2009; Vincent et al.,
2007), provides a fairly large scale view of different functional systems
across the whole brain. It is therefore an ideal tool to study the remote
physiological effects of lesions on distant areas.

Advantages of resting state fcMRI over task-evoked fMRI

It is appropriate to discuss herein the relative pros and cons of
traditional task fMRI vs. fcMRI to study behavioral deficits in
stroke and their recovery. Task-based functional neuroimaging
has been used to study recovery of function (Corbetta et al.,
2005; Saur et al., 2006; Ward et al., 2003) and has provided im-
portant information on the patterns of functional reorganization
post-stroke in several domains including motor (Loubinoux et
al., 2003; Ward et al.,, 2003); language (Buckner et al., 1996;
Meinzer et al., 2011; Saur et al., 2006); and attention (Corbetta
et al., 2005). In a typical example subjects with stroke producing
a specific deficit, e.g. hemiparesis secondary to subcortical strokes
(Chollet et al., 1991) are selected, and then scanned either at one
or multiple time points post-stroke for comparing patterns of ac-
tivation produced by the normal and impaired hand. A primary
requirement for this experiment to work is that patients must
have enough function to be able to carry out the experimental
task. This profoundly limits the number of patients that can be
studied, and their severity since only mild-to-moderate patients
will be able to participate. Even if subjects can perform the task,
the interpretation remains problematic if performance is not
matched between patients and controls. To overcome this prob-
lem parametric designs have been proposed (Ward et al., 2003).
Another limitation is that neuroimaging studies based on activation
paradigms are tailored to a particular neural system, while stroke symp-
toms may reflect dysfunction across multiple systems. More generally it
is an intellectual abstraction that one study is about ‘motor’ or ‘lan-
guage’ recovery since most patients present with a combination of def-
icits in different domains that are not usually controlled for in the
enrollment. Finally, task-evoked studies traditionally provide little in-
formation about temporal interactions between regions. While a num-
ber of methods have been proposed to study interaction and
directional influences, these methods have had limited application be-
cause either they require strong assumptions or their signal-to-noise
is relatively modest, especially for experimental paradigms (e.g.
event-related designs) in which regional interactions are relatively lim-
ited in time.

We believe that fcMRI studies provide a number of distinct advan-
tages over task-evoked fMRI to study the pathogenesis of behavioral
deficits in brain disorders, especially for conditions such as stroke,
multiple sclerosis, traumatic brain injury and Alzheimer's disease in
which the communication among regions/networks is impaired. As
mentioned above the main strength of fcMRI is that it provides a fairly
direct and simple measure of regional interaction. The measure is
robust because it is based on the computation of a Pearson's r-score
between two time-series (one for each region) of the BOLD signal
over long periods of time (10-30 min). As a result fcMRI measures
are not only robust at the group level, as in most task fMRI studies,
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but also in single subjects. This provides potentially the opportunity
to use data in single subject for individual diagnosis, prognosis or
monitoring of therapy. Another major advantage of fcMRI is that it
can be easily obtained even in severe patients that cannot participate
in cognitive testing in the scanner. We have scanned comatose intu-
bated patients, and although these more severe cases are technically
challenging, it is possible to study with this method even single
cases of unusual presentations. A third major advantage is that in a
single scan it is possible to obtain a survey of multiple networks at
once, in contrast to task fMRI in which only regions driven by the
task will be seen.

There are also major potential limitations. The major weakness of
fcMRI is that brain signals and behavioral measures are obtained in
different sessions. In the early days of SPECT and FDG-PET, the ability
to measure simultaneously behavior and brain function first with
015-water PET, then with fMRI was hailed as a major step forward.
Today, nearly 20 years later from those first studies in neurological
patients, we are assuming again that it is sensible to measure behav-
ior and brain physiology separately. This belief is based on a growing
literature in normal subjects (Albert et al., 2009; Hampson et al.,
2006; Lewis et al., 2009; Tambini et al., 2010; van den Heuvel et al.,
2009) showing that in healthy subjects behavioral parameters and
learning are significantly correlated with patterns of resting function-
al connectivity. The Human Connectome Project (see Van Essen et al.,
2012) is seeking to demonstrate inter-individual variability of such
relationship. Work in numerous clinical conditions including stroke
(Carter et al., 2010; Grefkes and Fink, 2011; He et al., 2007a; James
et al.,, 2009; van Meer et al., 2010; Westlake and Nagarajan, 2011)
have also shown an association between behavioral deficits and
their recovery and changes in fcMRI. It remains, however, to be seen
in a large prospective study (such as the NIH-sponsored project we
are currently conducting) whether, and what patterns of functional
connectivity more closely predict behavioral deficits, and whether
fcMRI explains more behavioral variability than simple structural
measures of lesion volume or location (see below). It remains also
to be seen whether fcMRI changes in stroke reflect a state or a trait
change, i.e. are they robust across different sessions? Or, do they re-
flect idiosyncratic patterns related to recent behavioral activity? A
final important point is whether fcMRI signals will be sensitive and
correlate with changes in behavior over time. In preliminary work
on a small sample of subjects (N=11), for instance, we found good
correlation between attention scores in neglect subject at the acute
stage in structurally normal regions of posterior parietal cortex, and
improvement of connectivity over time (from 3-4 to 39 weeks), but
no correlation with recovery of function. This issue resonates with
the trait vs. state issue, because if fcMRI were to underlie the latter,
then behavioral correlations at each stage (acute, chonic) may be
easier to obtain than behavioral correlation across time points.

What do we hope for from a connectivity approach?

The answers fall into two main categories, clinical and theoretical.
From a clinical perspective, we hope that examining stroke through
the lens of connectivity may improve our ability to correlate behavioral
deficits to structural/functional indices of dysfunction. We expect that
each behavioral deficit and its variability across patients will likely be
explained by a combination of structural variables (location, volume)
and their interaction with measures of structural (e.g. integrity of the
white matter and pathways), and functional connectivity (see below).

A second promise is that measures of connectivity will improve
our prediction of clinical outcomes. Previous attempts based on struc-
tural damage alone have been disappointing. Analysis of some large
cohorts such as the Copenhagen study have provided some general
guidelines, but at the individual patient level, predicting which stroke
patient will reintegrate into society and which will be relegated to a
life of disability is difficult. Multiple studies have considered factors

like stroke lesion volume (Protopsaltis et al., 2009), location (Pan et
al.,, 2006) and etiology as prognostic factors of long-term outcome,
but results are conflicting and conventional MRI scans have not
yielded conclusive added value in the prediction of resuming activi-
ties of daily living in the long term (Schiemanck et al., 2006). The abil-
ity to assess multiple networks at once and their interaction may be
especially valuable since in the real world stroke patients rarely
have deficits in just one functional domain (e.g. neglect patients
may also show profound motor impairments). Hence, assessments
of the functional integrity or reconfiguration of multiple networks
may be necessary for accurate prediction. For instance a recent
study showed that patterns of functional connectivity across multiple
networks were able to predict the developmental age of normal
children (Dosenbach et al., 2010).

Finally, understanding disorders of network connectivity may lead to
a more rational approach to developing novel therapeutic interventions.
For instance, the discovery of pathological increases in connectivity be-
tween regions after stroke might suggest that disruption of such connec-
tivity via non-invasive brain stimulation could have a therapeutic effect.

It is appropriate to mention that as exciting as these developments
may appear, similar promises have been made before at the inception
of each of the various neuroimaging methods developed in the last
25 years (PET, SPECT, fMRI, MEG). Even so, and based on our own
experience of using different methods in the last 15 years or so of
research in this area, our impression is that fcMRI is the most promis-
ing of the methods thus far available to study stroke recovery.

Connectivity analysis in patients can also provide new theoretical
insights. First, the timing and extent of changes in connectivity can
extend our understanding of mechanisms of neuroplasticity at the
network scale. Task-based fMRI has already taught us some lessons
about network reorganization after stroke. A consistent observation
is the activation of more extensive cortical areas after stroke (Feydy
et al., 2002; Saur et al., 2006; Tombari et al., 2004; Ward et al.,
2003). Initially it was thought that this widespread activation
reflected the recruitment of adjacent or contralateral cortical regions
to compensate for the deficit, but several studies have determined
both cross-sectionally and longitudinally that persistent over-
activation is negatively associated with function and recovery
(Bestmann et al., 2010; O'Shea et al., 2007; Riecker et al., 2010) and,
that conversely re-focusing and normalization of activation patterns
to pre-injury levels and topography correlates with better outcome.
Accordingly efforts are under way to use this model to ‘down-
regulate’ regions of brain over-activation with methods that tran-
siently disrupt cortical function like transcranial magnetic stimulation
(TMS). Functional connectivity analysis of similar conditions would
allow to understand whether the regional interaction, and not just
the focal level of activation, is disrupted, and what patterns separate
good from poor outcome. In relation to the question of contralateral
over-activation, study of intra- vs. inter-hemispheric patterns of
functional connectivity seems especially relevant (see below).
Second, patterns of connectivity may contribute to testing of neuro-
cognitive models based in healthy subjects. A relevant example is a
model of attention that posits physiological interactions between
two cortico-cortical network of regions involved in the control of
visual attention (Corbetta and Shulman, 2002). The putative
interaction between networks was demonstrated in a series of studies
in neglect subjects in which lesions overlapping with the more ven-
tral network cause physiological, both task-evoked and functional
connectivity, abnormalities in the structurally intact dorsal network
(Corbetta et al., 2005; He et al., 2007b). Third, in combination with
behavioral analyses, we can begin to dissect which connections in a
widely distributed brain network are most relevant for neuro-
rehabilitation. Again in neglect, a recent analysis based in part on
functional and structural connectivity results argues that different
behavioral deficits in neglect emerge from damage to different net-
works for attention (Corbetta and Shulman, 2011). These deficits
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are amenable to different interventions, and it would be valuable to
be able to assess physiologically which pattern of behavior/functional
connectivity impairment a specific patient suffers from. Fourth, effec-
tive connectivity approaches can show us which nodes in a network
are driving which other nodes, thereby providing crucial knowledge
about the direction of information flow and ultimately what kinds
of computations are being performed in the system. In a recent
study we showed that dorsal parietal and frontal areas commonly
recruited by spatial attention generate a top-down signal onto visual
cortex during orienting to spatial locations (Bressler et al., 2008).
Based on this result we used TMS to disrupt top-down signals in visu-
al cortex during spatial attention, and were successful in causing be-
havioral deficits in healthy subjects (Capotosto et al, 2011). In
parallel, occipital rhythms associated with the allocation of spatial at-
tention were also disrupted. Measurement of similar signals in pa-
tients with visual disorders would be very important not just for
clinical reasons, but also to demonstrate top-down influence of
fronto-parietal regions on visual cortex.

A theoretical framework for connectivity-based approach
to reorganization

We propose that stroke impairs behavioral functions because it
disrupts communication in distributed brain networks that are
relatively specific to particular behavioral domains, yet are widely
distributed in the brain. The degree of initial disorganization and
then dynamic reorganization over time of these functional brain
networks may determine the amount of acute impairment and then
the level of post-stroke recovery, respectively. An important idea
here is that recovery of function is largely determined by a reorgani-
zation of activity in existing cortical/subcortical networks, and that
this reorganization is present not only during active tasks, i.e. when
the networks are recruited, but also at rest. Therefore a stroke causes
a ‘functional state’ change in the distributed landscape of spontane-
ous brain activity. This ‘state’ change at rest will impact the way
these networks are recruited during active behavior. This relationship
explains why measures of resting state activity may relate to behav-
ioral deficits. We can think of this state change as a new set of hills
and valleys in the landscape of spontaneous activity across multiple
networks in the brain. In non-linear dynamics, this landscape can be
formalized as a set of attractors. Recovery is the process with which
the brain settles back into a nearly normal landscape, while poor out-
come may be thought of as a reorganized state whose output is
non-optimal. This framework makes it clear why multi-network
assessment may be key to understanding or prognosis. Preliminary
support for this framework comes from proof-of-concept studies in
neglect and motor deficits (Deco and Rolls, 2004; Grecucci et al.,
2008; Krebs et al., 2009; Park et al., 2011; J. Wang et al., 2010). In
the last 2 years we have embarked on a large scale study trying to
test some of the above ideas in a much larger sample of stroke
patients studied prospectively and longitudinally.

Our experimental approach

This study prospectively enrolls patients with a first-ever stroke
regardless of the nature and severity of their neurologic deficits, as
long as they are medically stable and can safely tolerate MRI scanning
and behavioral testing. This design feature is important to highlight
because the frequency, severity, and co-occurrence of deficits in this
sample reflects what is observed in the community. Patients are stud-
ied longitudinally within the first 2 weeks from symptom onset when
their deficits are still severe, at 3 months, and finally at 12 months.
These time points capture the recovery curve of most deficits. At
each time point, we obtain resting state fcMRI, anatomical imaging
and behavioral performance on a battery of clinical and cognitive
tasks that reflect the function of networks of interest (attention,

language, motor, memory, vision and default). While neuropsycho-
logical studies often involve homogeneous samples based on a
common behavioral or anatomical categorization (e.g. ‘neglect’
patients or ‘right intraparietal lobule (R IPL)’ patients), a large
(n=200) heterogeneous sample can be analyzed without the use of
categorizations, which can involve arbitrary thresholds or cut-off
scores. Essentially, a large variation in behavioral scores and connec-
tivity scores across stroke patients allows a sensitive assessment of
how connectivity relates to behavior while controlling for the
presence of stroke and for lesion volume. The use of a heterogeneous
sample is most advantageous when the integrity of multiple
networks can be assessed efficiently, as with resting state fcMRI,
and when a broad range of behavioral measures is collected.

Questions

A set of complementary goals have been developed around the
major resting state networks, addressing the question of how net-
works are affected by and reorganized after a focal lesion. First, we
use resting state functional connectivity to explore how focal
structural lesions lead to dysfunction in brain regions that are
structurally intact, but connected to the area of structural damage.
This “distributed injury hypothesis” is the basis for all studies of al-
tered connectivity after a focal lesion. Second, the separation of the
brain into two hemispheres is arguably the most obvious structural/
functional organizing principal. However, the relative importance of
intra-hemispheric versus inter-hemispheric connectivity seems to
be important on the basis of task fMRI studies (see above). Third,
network connectivity can be examined at different scales, and con-
nectivity measures may reflect whole network connectivity, as in
some graph measures of network properties (Bullmore and Sporns,
2009) or local connectivity between two specific ROIs. Whether
global network connectivity or connectivity between specific ROI
pairs is more behaviorally relevant is not known. Fourth, is it possible
to disentangle the relative contributions of structural damage and
altered physiology to behavioral deficits? Fifth, how are deficits
within single or multiple behavioral domains related to interactions
between different networks? And finally, does how any (or all) of
these relationships change over time predict the course and ultimate
level of recovery?

Methodological considerations

BOLD image acquisition and quality assurance

Patient groups may show poorer quality BOLD resting data than
control groups because of physiological artifacts such as increased
movement which has recently been shown to cause an underestima-
tion of long-range BOLD correlations and an overestimation of
short-range correlations (Power et al., 2012). In addition to assessing
the prevalence of artifacts across groups, the use of procedures for
identifying and removing MR frames with high artifact from the
resting time-series is advisable. We have examined several automatic
procedures based on quantitative assessments of subject movement
and image variance. Preliminary results show that these procedures
can increase the signal-to-noise ratio. To some extent, these problems
are mitigated by the use of a large heterogeneous sample in
which patients essentially serve in both experimental and control
groups.

Cerebrovascular status

Arterial spin labeling (ASL) can be used to investigate and control
for changes in overall cerebral perfusion (see Supplementary data).
We will also control for carotid stenosis. We will have access to clin-
ical information on carotid Doppler studies to evaluate the impact of
the degree of carotid obstruction on fcMRI and perfusion measures.
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The degree of obstruction can be used as a covariate of no interest in
the analysis.

Atlas transformation

Theoretically, the local deformation of the brain of stroke patients
due to ischemia, edema or hemorrhage might interfere with optimal
image registration. However, although we mask out the lesion in
the final stages of computing the atlas transform, we have observed
minimal effects of a lesion on image registration.

Lesion segmentation and symptom mapping

Using atlas-transformed T1-weighted MP-RAGE and T2-weighted
spin echo images, lesions are manually segmented using the Analyze
biomedical imaging software system. As much as possible, hyperin-
tensities on T2 weighted images are matched to hypointensities on
T1IW images. All segmented lesions are reviewed by one of 2
neurologists with special attention given to distinguishing lesion
from CSF and hemorrhage from surrounding vasogenic edema.
Lesions can then be quantified and conjunction analyses performed
to develop lesion density maps or to quantify the amount of overlap
between lesion and other structures of interest such as white matter
tracts in a given subject.

Quantification of lesion extent and location can be of particular
value in studies of stroke recovery. Although we have focused primar-
ily on functional connectivity here, there is a growing appreciation for
understanding the anatomical connectivity underlying distributed
brain networks.

Several recent methods have been proposed to map symptoms or
deficits on structural lesions. This mapping involves either a binary
contrast between groups of patients with more or less severe deficits,
or a linear regression of severity of deficits onto presence/absence of
damage in a voxel. Several studies have used this approach to map
language (Bates et al., 2003; Borovsky et al., 2007), attention
(Committeri et al., 2007; Molenberghs et al., 2008; Verdon et al.,
2010), motor planning (Kalenine et al.) and general intelligence
(Glascher et al., 2010). An open issue is whether structural, physio-
logical, or both sets of measures constitute a better predictor of cur-
rent deficits or future outcome.

Behavioral measures

One of the strengths of fcMRI analysis is that all networks can be
studied simultaneously. However to harness the full power of the ap-
proach, connectivity should be correlated with behavior. Therefore,
careful selection of behavioral measures across multiple domains is
important. Many measures that index rehabilitation are ordinal, but
because of the frequent use of correlation and regression analyses,
more statistical power is achieved when the dependent variable is
continuous rather than ordinal, as in measures of reaction time or
percent correct responses. As noted above, use of a correlational or
multiple regression framework for relating behavior to connectivity
avoids the classification of patients into groups using cutoffs. Finally,
data simplification can be achieved by using factor-analytic ap-
proaches to combine multiple measures.

The behavioral battery includes:

Vision battery

We plan to measure visual impairment using an automated peri-
metry system (Humphrey Zeiss perimeter, www.zeiss.com) to
determine the contrast sensitivity over the visual field and the
dimensions of any detected scotoma.

Memory battery

The memory battery consists of three tests: The Wechsler Memory
Scales-III (Wechsler, 1997) Spatial Span block tapping test (forward
and backward) (Wilde et al., 2004); the Hopkins Verbal Learning
Test (HVLT) (immediate recall, delayed recall, recognition)
(Stewart et al, 2002); and the Brief Visuospatial Memory Test

(BVMT) (immediate recall, delayed recall, recognition) (Benedict
et al., 1998).

Functional outcome battery

Assessments will be administered including the Short Form 36
(SF-36) (Anderson et al, 1996), the Reintegration to Normal
Living Index (RNL) (Wood-Dauphinee et al, 1988), the Geriatric
Depression Scale (Williams et al., 2005), the FIM/FAM (McPherson
et al,, 1996), and the Stroke Adapted Sickness Impact Profile (van
Straten et al., 1997).

Attention battery

We will use the Posner Task, a computerized target detection task
with directional cueing. The subject must maintain central fixation
throughout but must covertly shift attention as directed by the di-
rectional cue and press a button upon the appearance of the
target. However, 25% of the time, the cue is misleading (Friedrich
et al,, 1998; Posner, 1980; Posner et al., 1984). We have recently
demonstrated that the computerized Posner Task is the most
sensitive test for the detection of hemispatial neglect at the acute
and especially the chronic phase after stroke (Rengachary et al.,
2009).

The Mesulam random array symbol cancelation subtest is a pen and
paper target cancelation task where participants must cross out
each occurrence of a target (Lowery et al., 2004; Mesulam, 1985).

The Behavioral Inattention Test: star cancelation subtest. Like the
Mesulam, this is a pen and paper target cancelation task where
participants must cross out each occurrence of a target (Wilson
et al., 1987).

Motor battery

Assessment included goniometric measurements of the active range
of motion in joints of the upper and lower extremities (Lang and
Beebe, 2007), against gravity; grip strength with a dynamometer
(Schmidt and Toews, 1970); the lower extremity Motricity Index
(Collin and Wade, 1990); the Action Research Arm Test (Lyle,
1981) and the 9 Hole Peg Test (Mathiowetz et al., 1985) . Lower
extremity function is assessed with the Functional Independence
Measure (FIM) walking item (Granger and Hamilton, 1993), gait
speed (Richards et al, 1993) and ankle dorsiflexion with a
dynamometer (Sunnerhagen et al., 1999).

Language battery

The Boston Diagnostic Aphasia Examination (BDAE) (Goodglass et
al.,, 2001) is a widely used standardized test battery for evaluating
adults with acquired brain damage on reading, writing, verbal
production, and auditory comprehension and includes summary
scores across subtests (e.g., the Language Competency Index,
LCI). We designed a test battery for aphasia that was substantially
shorter than the 2-hour BDAE, yet evaluated expression and
comprehension components of language. A Verbal Expression
composite score includes the 15-item Boston Naming, Oral
Sentence Reading, Stem Completion, and Nonword Reading. The
latter two tests came from a computerized battery of verbal
production developed in our lab for which we have substantial
experience and data from people with aphasia (Blasi et al., 2002;
Connor et al., 2006; Rosen et al., 2004). Our Comprehension com-
posite score includes Word Discrimination, Commands, Complex
Ideational Material, Oral Word Reading, and Oral Sentence Com-
prehension. Each BDAE subtest in the composite measures have
reliability coefficients greater than 0.89, with the 15-item Boston
Naming Test having a reliability of 0.90 (Graves et al., 2004).

Testing for the emergence of new or modified networks

Resting state functional connectivity analyses can be performed in a
seed-based fashion using predefined ROIs or in a data driven fashion
using independent component analysis (ICA) (Arfanakis et al., 2000).
This method involves the identification of spatio-temporal components
and the clustering of these components across subjects based on their
spatial similarity. While seed-based analyses exploit prior information
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on the organization of functional brain networks in healthy subjects
and test their modification post-stroke, this approach would not be
sensitive for detecting the recruitment of new areas into a network,
or detecting changes in the topography of a network in response to
the focal structural lesion of stroke. In preliminary studies using ICA
we observed the fractionation of a bilaterally represented motor net-
work into two unilateral networks consistent with the breakdown of
inter-hemispheric connectivity seen using seed-based fcMRI. Recent
reports of long-range neuroplasticity in monkey cortex also would sug-
gest that the formation of novel networks may not be unexpected.

Preliminary results on functional connectivity and behavioral
deficits post-stroke

Local destruction but distributed dysfunction: evidence from hemispatial
neglect and motor impairment

Neuroimaging studies of task-evoked activity have shown that
regions involved in directing attention to spatial locations are localized
in dorsal frontal and posterior parietal cortex (Corbetta et al., 1993;
Nobre et al, 1997) and overlap regions involved in eye movement
planning/execution (frontal and parietal eye regions) (Corbetta et
al., 1998; Luna et al., 1998). Dorsal fronto-parietal regions contain
topographic maps of contralateral space (Sereno et al., 2001; Silver
et al,, 2005), and they generate top-down signals that bias sensory
processing in visual regions (Bressler et al, 2008; Ruff et al,
2006). These regions form a ‘dorsal attention network’ that controls
stimulus-response selection both under goal-driven and stimulus-
driven conditions (Corbetta and Shulman, 2002). However, these re-
gions are not generally damaged in neglect patients.

Instead, regions much more ventrally located are typically damaged
in neglect (Fox et al., 2006; Friedrich et al., 1998; He et al., 2007a;
Rengachary et al., 2011; Shomstein et al,, 2010; Shulman et al., 2010).
These regions correspond to a second system whose core regions in-
clude temporo-parietal junction (TPJ) cortex and ventral frontal cortex
(VEC). This ventral network is co-activated with the dorsal network
during orienting to novel or behaviorally relevant stimuli presented
outside the focus of attention and is ‘non-spatial’ in the sense that it re-
sponds equally well to stimuli presented on both sides of space and sig-
nals the presence of novel salient stimuli even when they do not
require a shift of attention (Corbetta et al., 2008).

However, a right hemisphere stroke that structurally damages the
ventral network and induces neglect also has remote effects on the
dorsal attention network, which is more hypoactivated in the right
than left hemisphere. Furthermore, He et al. (20073, 2007b) showed
that at two weeks after stroke, the normally high resting state
functional connectivity (rsFC) between left and right dorsal parietal
cortex was disrupted and the degree of breakdown correlated with
the severity of left spatial neglect.

Connectivity analyses have revealed evidence of similar remote
network dysfunction after a focal lesion in the motor network
(Carter et al., 2010; Grefkes et al., 2008; van Meer et al., 2010; Ward
et al., 2007). In a group of subacute stroke patients, structural damage
to the corticospinal tract (CST) was correlated with decreased inter-
hemispheric rsFC in the motor network upstream from the site of
the lesion (Carter et al., 2012). This effect could not be accounted
for by damage to the selected motor ROIs or to the interruption of
transcallosal motor fibers. Therefore, while stroke induces a sudden
local structural lesion, widespread changes in network functional
connectivity take place immediately and may have important
implications for behavior and recovery.

Intra-hemispheric versus inter-hemispheric connectivity

Connectivity measures of networks after stroke may reveal im-
portant principles about network organization and reorganization,

particularly when those measures are correlated with behavioral
measures of impairment. For instance, although contralateral control
is a general feature of sensorimotor organization, a large body of
experimental evidence, implicates inter-hemispheric interactions as
important in spatial attention and disrupted in hemispatial neglect.
Accordingly, we reported that acute changes in inter-hemispheric
fcMRI in spatial attention networks correlate with the severity of
neglect while intra-hemispheric changes in connectivity were not
predictive. Similarly in motor physiology there is a growing
awareness that disrupted inter-hemispheric functional interactions
may underlie motor behavioral deficits and post-stroke recovery
(Grefkes and Fink, 2011; Westlake and Nagarajan, 2011). Movement
parameters are impaired after stroke not only in the contralesional
hand, but also to a lesser degree in the ipsilesional hand. As discussed
above prominent contralateral changes in activation have been
reported post-stroke during movements of the affected limb, which
could depend on abnormal interaction between the two
hemispheres (Chollet et al., 1991; Gerloff et al., 2006; Grefkes et al.,
2008; Rehme et al., 2011; Ward et al., 2003). These results have led
to the hypothesis (Ward and Cohen, 2004) that the primary goal of
inter-hemispheric interaction in the motor system is to prevent the
execution of symmetrical movements or mirror movements, and
that these interactions are impaired post-stroke. The hypothesis of
impaired cross-inhibitory motor control is in line with theories of
inter-hemispheric competition in attention (Kinsbourne, 1977).
Correspondingly, we have reported that inter-hemispheric decreases
in connectivity are more predictive of motor deficits than
intra-hemispheric decreases. Surprisingly neither ipsilesional
nor contralesional intra-hemispheric functional connectivity was
predictive of behavioral deficits in a group of stroke patients with
subcortical lesions and very little cortical damage (Fig. 1). This result
will need replication in a larger group of subjects. Using a dynamic
causal modeling approach in subacute stroke patients, Grefkes et al.
(2008) found a significant decrease in intrinsic ipsilesional SMA-M1
coupling that was correlated with motor behavior. In addition, during
movement of the paretic hand, increased inhibition from
contralesional M1 onto ipsilesional M1 was detected that correlated
with motor impairment. Whether this increased inhibition during
movement in this DCM analysis corresponds to the decreased inter-
hemispheric resting state connectivity and drives the correlation we
observed between inter-hemispheric connectivity and motor perfor-
mance remains to be determined.

Local connectivity versus global network integrity

Both global vs. local measure of functional connectivity can be used
to describe the damage or reorganization to a network. Which of the
two sets of measures (local, global) is more relevant to behavior and
outcome is a key issue for the future. Networks can be described with
different mathematical tools, which provide global indices about the
spatial properties of the network (e.g. centrality, betweeness),
(Bullmore and Sporns, 2009; J. Wang et al., 2010; L. Wang et al,,
2010). While global measures have been related to behavior (Li et al.,
2009), and shown to be differentially affected in different pathological
states such as Alzheimer's disease (Sanz-Arigita et al., 2010); schizo-
phrenia (Bassett et al., 2008); alcoholism (Chanraud et al., 2011); and
obsessive compulsive disorder, (Zhang et al., 2011) their clinical and be-
havioral relevance is unknown. In our own work, while initial results
from attention and motor networks point to the importance of inter-
hemispheric interactions at the network level, this result does not pre-
clude the importance of changes in local connectivity between two spe-
cific ROIs either between or within hemispheres. For example, the
correlation between inter-hemispheric connectivity and motor behav-
ior is particularly strong for regions within the central sulcus (Carter
et al., 2010). The relative importance of regional vs network-wide con-
nectivity is an open issue.
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Fig. 1. Correlation of motor function with large scale patterns of resting state functional connectivity in the somatomotor network. In a study of 23 subacute stroke patients, grip
strength (in kg) was significantly correlated with inter-hemispheric connectivity (left panel) but not with intra-hemispheric connectivity either within the lesioned hemisphere
(middle panel) or the unaffected hemisphere (right panel). Inter-hemispheric connectivity represents the average of the connectivity scores between homologous regions in
the left and right hemispheres (e.g. average of the Fisher z score for the temporal correlation between left and right hemisphere ROIs in the network). Ipsilesional
intra-hemispheric rsFC represents the average of the connectivity scores between each ROI in the damaged hemisphere and all other ROIs in the same network within the damaged
hemisphere. Contralesional intra-hemispheric FC is the same as the ipsilesional score but all ROI pairs are in the unaffected hemisphere. rsFC: resting state functional connectivity.

Relative contributions of structural damage and functional connectivity is controversial. In some cases, as in the case of frontal lesions causing
posterior parietal abnormalities the effects must be transynaptic

It is currently debated whether fcMRI signals relate to structural hence reflect a true physiological remote effect. Also, a growing
anatomy. Lesions that affect the cortex or the white matter will nec- number of studies using diffusion tensor imaging (DTI) have demon-
essarily have an effect on fcMRI signals recorded. Whether the strated correlations between white matter integrity and behavioral
impact of lesions goes beyond the simple anatomical disconnection performance. For instance, the degree of aphasia in chronic stroke
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Fig. 2. A model for how interactions between structural damage and network dysfunction contribute to behavioral impairment. A template of the corticospinal tract (CST) was de-
veloped based on diffusion tensor imaging in 12 healthy controls (colored in pink in top panel). Each stroke patient's lesion was segmented out (colored in green in top panel) and
overlaid on the CST template to obtain the % CST damage. Structural damage to the CST had a direct effect on behavior (arrow A to right panel), as illustrated by the scatter plot (top
panel) demonstrating that as % CST damage increased grip strength decreased. In addition, CST damage affected inter-hemispheric resting connectivity (arrow B to bottom panel).
As % CST damage increased, inter-hemispheric functional connectivity decreased as shown in the scatter plot and functional connectivity maps from 4 subjects with increasing
amounts of CST damage (note the decreased connectivity with the hemisphere contralateral to the hemisphere that was seeded (*) for the analysis). Effects of structural damage
and altered connectivity (arrows A and C respectively) converge to impact motor behavior (right panel). In this three dimensional representation, black circles in the foreground
have severe CST damage; white circles in the midground have moderate CST damage; red circles in the background have little or no CST damage. When CST damage is severe, grip
performance is not correlated with functional connectivity. However, when CST damage is moderate or mild, then grip performance improves with higher inter-hemispheric con-
nectivity (white and red circles). FC: inter-hemispheric resting state functional connectivity in somatomotor network.
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patients is correlated with the extent of white matter damage specif-
ically to the arcuate fasciculus and not to other with matter bundles
like the extreme capsule or the uncinate fasciculus (Marchina et al.,
2011). In chronic stroke patients, the extent of CST damage, rather
than overall lesion volume, is correlated with motor performance
(Zhu et al,, 2010). In addition, fractional anisotropy (FA) values in
the CST predict the amount of motor improvement in response to
training (Schaechter et al., 2009; Stinear et al., 2007). Furthermore,
DTI studies suggest that the integrity of other pathways such as
cortico-rubro-spinal or cortico-reticulospinal tracts and transcallosal
motor pathways may contribute to the potential for functional recov-
ery (Lindenberg et al., 2011). The implication of a role for transcallosal
motor pathways is interesting in light of our recent study of the effects
of corticospinal tract damage on resting state functional connectivity
in the somatomotor network in subacute stroke patients (Carter et
al,, 2012). CST damage was significantly correlated with inter-
hemispheric connectivity but not with ipsilesional intra-hemispheric
connectivity or contralesional intra-hemispheric connectivity. Be-
cause % CST damage influences the strength of inter-hemispheric
rsFC but is also highly correlated with motor impairment, it was im-
portant to disentangle the relative importance of % CST damage and
inter-hemispheric connectivity on motor behavior. We found that
when CST damage was mild or moderate, then inter-hemispheric
rsFC was correlated with behavior but that at higher levels of CST
damage, neuromotor impairment was driven primarily by the CST
damage, although inter-hemispheric rsFC was quite altered. We con-
cluded that both the focal lesion and its remote effects on network
function are relevant to understanding network reorganization after
stroke (Fig. 2).

Conclusion

Resting state functional connectivity analysis is well suited to the
study of how multiple distributed networks are disrupted by and
reorganize after stroke. In conjunction with analysis of behavioral
performance it is possible to determine what patterns of connectiv-
ity are most likely to be behaviorally relevant. Initial results suggest
that rsFC is behaviorally relevant and that in the dorsal attention
network and the somatomotor network, inter-hemispheric rsFC in
subacute stroke is a better predictor of behavior than is intra-
hemispheric rsFC. Whether this relationship holds true at the chron-
ic stage and whether acute rsFC predicts chronic performance re-
mains to be determined. Given the difficulty of the challenges
faced in stroke rehabilitation and the uncertainty of an individual
patient's recovery, the promise of a roadmap for individual treat-
ment long held out by functional neuroimaging is appealing. Be-
cause of individual variability, individual rsFC measures for a
patient may not be interpreted as normal or abnormal with any cer-
tainty, but the use of multivariate classification techniques may im-
prove diagnostic accuracy.
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