EDITED BY: Bruno J. Weder, Roland Wiest and Riidiger J. Seitz
PUBLISHED IN: Frontiers in Neurology



http://journal.frontiersin.org/researchtopic/2914/principles-underlying-post-stroke-recovery-of-upper-extremity-sensorimotor-function---a-neuroimaging
http://journal.frontiersin.org/researchtopic/2914/principles-underlying-post-stroke-recovery-of-upper-extremity-sensorimotor-function---a-neuroimaging

l‘ frontiers

Frontiers Copyright Statement

© Copyright 2007-2016 Frontiers
Media SA. All rights reserved.

All content included on this site,
such as text, graphics, logos, button
icons, images, video/audio clips,
downloads, data compilations and
software, is the property of or is
licensed to Frontiers Media SA
(“Frontiers”) or its licensees and/or
subcontractors. The copyright in the
text of individual articles is the property
of their respective authors, subject to
a license granted to Frontiers.

The compilation of articles constituting
this e-book, wherever published,

as well as the compilation of all other
content on this site, is the exclusive
property of Frontiers. For the
conditions for downloading and
copying of e-books from Frontiers’
website, please see the Terms for
Website Use. If purchasing Frontiers
e-books from other websites

or sources, the conditions of the
website concerned apply.

Images and graphics not forming part
of user-contributed materials may

not be downloaded or copied
without permission.

Indlividual articles may be downloaded
and reproduced in accordance

with the principles of the CC-BY
licence subject to any copyright or
other notices. They may not be
re-sold as an e-book.

As author or other contributor you
grant a CC-BY licence to others to
reproduce your articles, including any
graphics and third-party materials
supplied by you, in accordance with
the Conditions for Website Use and
subject to any copyright notices which
you include in connection with your
articles and materials.

All copyright, and all rights therein,
are protected by national and
international copyright laws.

The above represents a summary
only. For the full conditions see the
Conditions for Authors and the
Conditions for Website Use.

ISSN 1664-8714

ISBN 978-2-88919-767-5
DOI 10.3389/978-2-88919-767-5

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering
approach to the world of academia, radically improving the way scholarly research
is managed. The grand vision of Frontiers is a world where all people have an equal
opportunity to seek, share and generate knowledge. Frontiers provides immediate and
permanent online open access to all its publications, but this alone is not enough to
realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online
journals, promising a paradigm shift from the current review, selection and dissemination
processes in academic publishing. All Frontiers journals are driven by researchers for
researchers; therefore, they constitute a service to the scholarly community. At the same
time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing
system, initially addressing specific communities of scholars, and gradually climbing up to
broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative
interactions between authors and review editors, who include some of the world’s best
academicians. Research must be certified by peers before entering a stream of knowledge
that may eventually reach the public - and shape society; therefore, Frontiers only applies
the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly
publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series:
they are collections of at least ten articles, all centered on a particular subject. With their
unique mix of varied contributions from Original Research to Review Articles, Frontiers
Research Topics unify the most influential researchers, the latest key findings and historical
advances in a hot research area! Find out more on how to host your own Frontiers
Research Topic or contribute to one as an author by contacting the Frontiers Editorial
Office: researchtopics@frontiersin.org

Frontiers in Neurology

1 January 2016 | Principles Underlying Post-Stroke Recovery


http://www.frontiersin.org/
mailto:researchtopics@frontiersin.org
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://journal.frontiersin.org/journal/neurology
http://journal.frontiersin.org/researchtopic/2914/principles-underlying-post-stroke-recovery-of-upper-extremity-sensorimotor-function---a-neuroimaging

PRINCIPLES UNDERLYING POST-
STROKE RECOVERY OF UPPER
EXTREMITY SENSORIMOTOR
FUNCTION — A NEUROIMAGING
PERSPECTIVE

Topic Editors:

Bruno J. Weder, University Hospital Bern & Kantonsspital St. Gallen, Switzerland
Roland Wiest, University Hospital Bern, Switzerland

Riidiger J. Seitz, Heinrich-Heine-University Diisseldorf, Germany & University of
Melbourne, Australia

Neuroimaging post-stroke has the potential to uncover underlying principles of disturbed
hand function and recovery characterizing defined patient groups, including their long term
course as well as individual variations. The methods comprise functional magnetic resonance
imaging (MRI) measuring task related activation as well as resting state. Functional MRI may be
complemented by arterial spin labeling (ASL) MRI to investigate slowly varying blood flow and
associated changes in brain function. For structural MRI robust and accurate computational
anatomical methods like voxel-based morphometry and surface based techniques are available.
The investigation of the connectivity among brain regions and disruption after stroke is
facilitated by diffusion tensor imaging (DTI). Intra- and interhemispheric coherence may
be studied by electromagnetic techniques such as electroencephalography and transcranial
magnetic stimulation.

Consecutive phases of stroke recovery (acute, subacute, early chronic and late chronic stages)
are each distinguished by intrinsic processes. The site and size of lesions entail partially different
functional implications. New strategies to establish functional specificity of a lesion site include
calculating contrast images between patients exhibiting a specific disorder and control subjects
without the disorder. Large-size lesions often imply poor cerebral blood flow which impedes
recovery significantly and possibly interferes with BOLD response of functional MRI. Thus,
depending on the site and size of the infarct lesion the patterns of recovery will vary. These
include recovery sensu stricto in the perilesional area, intrinsic compensatory mechanisms
using alternative cortical and subcortical pathways, or behavioral compensatory strategies
e.g. by using the non-affected limb. In this context, behavioral and neuroimaging measures
should be developed and employed to delineate aspects of learning during recovery. Of special
interest in recovery of hand paresis is the interplay between sensory and motor areas in the
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his image shows lesion overlap maps for
Tl hows 1 1 i
patients in the acute phase after a cortical

sensorimotor (MI/SI) stroke, confirmed

on diffusion-weighted MRI, exhibiting
contralateral hand paresis or plegia as
common denominator (upper half). The
corresponding three-dimensional rendering
with a vertical cut through the maximum
overlap of the complete cohort is added in
the lower half. The image relates to the paper
of Abela E, Missimer J, Wiest R, Federspiel
A, Hess C, Sturzenegger M, Weder B (2012)
(Lesions to Primary Sensory and Posterior
Parietal Cortices Impair Recovery from Hand
Paresis after Stroke. PLoS ONE 7(2): e31275.
doi:10.1371/journal.pone.0031275).

posterior parietal cortex involved during reaching
and fine motor skills as well as the interaction with
the contralesional hemisphere. The dominant
disability should be characterized, from the level
of elementary to hierarchically higher processes
such as neglect, apraxia and motor planning.

In summary, this Research Topic covers new trends
in state of the art neuroimaging of stroke during
recovery from upper limb paresis. Integration
of behavioral and neuroimaging findings in
probabilistic brain atlases will further advance
knowledge about stroke recovery.
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The Editorial on the Research Topic

Principles Underlying Post-Stroke Recovery of Upper Extremity Sensorimotor Function - A
Neuroimaging Perspective

A substantial proportion of stroke survivors suffer from long-term sensorimotor deficits of the
contralesional arm and hand (1). Neuroimaging, using a diversity of methods, has the potential to
uncover underlying principles of functional disabilities and recovery characterizing patient groups
as well as individual variability (2-6). The present issue aims at (i) revealing the physiological
mechanisms and the long-term course of stroke recovery with respect to site and size of lesions,
(ii) correlating behavioral deficits and electrophysiological parameters with imaging patterns, (iii)
delineating neural networks involved, and (iv) identifying sites where interventions enhance the
recovery process.

Seitz and Donnan give an overview of mechanisms and disease-related limitations in post-stroke
recovery. They address two informative subsections delineating time courses of the recovery process
and state-of-the-art of neurorehabilitative training to improve the stroke-induced neurological
deficit.

Auriat et al. complete this clinical perspective with an overview on the use of transcranial
magnetic stimulation and multimodal neuroimaging to estimate functional resources post-stroke.
They provide a review of data from studies utilizing DTI, MRS, fMRI, EEG, and brain stimulation
techniques, focusing on TMS and its combination with uni- and multimodal neuroimaging methods
with respect to their benefits and limitations.

Falcon et al. used “The Virtual Brain (T'VB),” an open source platform based on local biophysical
models. Using this platform, they simulated individuals’ brain activity linking structural data directly
to a TVB model. Correlating TVB parameters with graph analysis metrics, they obtained evidence
for a shift of global to local dynamics in chronic stroke patients.

Buetefisch reviews the role of an intact contralesional motor cortex (M1) in post-stroke recovery
of upper extremity motor function. The impact of the contralesional M1, on the lesioned motor
cortex, seems to be promoting activity in the acute and inhibiting it in the chronic stage. Supportive
evidence comes from animal studies, including changes in neurotransmitter systems, dendritic
growth, and synapse formation. Thus, the contralesional M1 may represent a treatment target during
rehabilitation.
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Weder et al.

Post-Stroke Recovery of Upper Extremity

Sharma and Baron report an fMRI study of a finger-thumb
opposition sequence in chronic, well-recovered subcortical stroke
patients. Using independent component analysis, they could
show that recovery of motor function involved pre-existing corti-
cal networks contributing to recovery in a differentiated manner.

The study of Abela et al. complements these investigations of
functional networks associated with recovery in the case of corti-
cal sensorimotor stroke. The structural covariance network in
patients recovering from hand paresis encompassed (i) a cortico-
striato-thalamic loop involved in motor execution and (ii) higher
order sensorimotor cortices affected by the stroke lesions. The
network emerged in the early chronic stage post-stroke was
related to gray matter volume increases in the ipsilesional medio-
dorsal thalamus, and its expression depend on an interaction of
recovered hand function and the lesion size.

Bannister et al. report about neuroimaging evidence for the
significance of the contralesional hemisphere in the recovery
process after hemispheric supratentorial ischemic stroke, thus
supplementing the review of Buetefisch. They followed the time
course of touch sensation in the upper extremity using resting
state — fMRI to explore functional connectivity. Improvement
of touch sensation was related to changes in the contralesional
hemisphere and cerebellum: (1) an increase in connectivity
strength between the secondary somatosensory area seed and
both inferior parietal cortex and middle temporal gyrus as well
as the thalamus seed and cerebellum and (2) a decrease in con-
nectivity strength between SI seed and the cerebellum.

Primafiin et al. dealed with four exemplary cases in which
motor and language domains were affected differently. They
focused on dissociative outcomes after 7 weeks of rehabilita-
tive treatment following the predominant failure at baseline.
Primarily, precise location of the lesions in the corticospinal
tract and/or fasciculus arcuatus, respectively, turned out to
be critical for recovery. Motor and language improvement
seemed to occur together, rather than to compete for recovery
resources.

REFERENCES

1. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB,
et al. Heart disease and stroke statistics-2013 update: a report from the
American Heart Association. Circulation (2013) 127(1):e6-245. doi:10.1161/
CIR.0b013e318282ab8f

2. Rehme AK, Eickhoff SB, Rottschy C, Fink GR, Grefkes C. Activation likeli-
hood estimation meta-analysis of motor-related neural activity after stroke.
Neuroimage (2012) 59:2771-82. doi:10.1016/j.neuroimage.2011.10.023

3. Ward NS, Brown MM, Thompson AJ, Frackowiak RSJ. Neural correlates
of outcome after stroke: a cross-sectional fMRI study. Brain (2003) 126(Pt
6):1430-48. doi:10.1093/brain/awg145

4. Schaechter JD, Perdue KL. Enhanced cortical activation in the contralesional
hemisphere of chronic stroke patients in response to motor skill challenge.
Cereb Cortex (2008) 18:638-47. doi:10.1093/cercor/bhm096

5. Thiel A, Vahdat S. Structural and resting-state brain connectivity of
motor networks after stroke. Stroke (2014) 46(1):296-301. doi:10.1161/
STROKEAHA.114.006307

Ben-Shabat et al. investigated changes in human propriocep-
tion, its specific brain activation, laterality, and changes follow-
ing stroke. Brain activation involved the supramarginal gyrus
(SMG) and dorsal premotor cortex (PMd) with a prominent
lateralization in the former. Lateralization was diminished in
three patients exhibiting proprioceptive deficits post-stroke and
a common lesion within the thalamus. The findings underline
the role of SMG and dPM in spatial processing and motor
control.

Brugger et al. investigated the intriguing role of supplemen-
tary motor complex (SMC) and disturbed motor control, a
retrospective clinical and lesion analysis of 10 patients present-
ing anterior cerebral artery stroke. In the very acute phase,
alien hand syndrome (AHS) dominated accompanied by failed
conscious awareness of motor intention and a missing sense of
agency while performing externally triggered movements. In the
follow-up, motor signs specifically related to AHS, i.e., disturbed
self-initiated movements, grasping, and intermanual conflict,
were mainly related to lesions of the pre-supplementary motor
area and medial cingulate cortex.

Camilleri et al. studied the neural substrate underlying the
performance of the trail making test (TMT) that is often used
in the follow-up of stroke. In healthy volunteers, they found that
performance in terms of motor speed to be related to the local
brain volume of a region in the lower bank of the left inferior
sulcus. Conjunction analysis of four connectivity approaches
has shown this area to represent a constituent of the so-called
multiple demand network, highlighting the TMT as related rather
to executive than primary motor function.

In summary, the neurological deficits, recovery mechanisms,
and the prognosis for recovery after stroke are hot spots of clinical
neurology and systems neuroscience research. Multimodal imag-
ing, applied neurophysiology, and careful neurobehavioral in vivo
correlations have opened new vistas on the pathophysiological
mechanisms underlying post-stroke recovery of upper extremity
sensorimotor deficits paving new avenues for future research.

6. Abela E, Seiler A, Missimer JH, Federspiel A, Hess CW, Sturzenegger M,
et al. Grey matter volumetric changes related to recovery from hand paresis
after cortical sensorimotor stroke. Brain Struct Funct (2015) 220(5):2533-50.
doi:10.1007/500429-014-0804-y

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Weder, Wiest and Seitz. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neurology | www.frontiersin.org

December 2015 | Volume 6 | Article 267


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.3389/fneur.2015.00230
http://dx.doi.org/10.3389/fneur.2015.00211
http://dx.doi.org/10.3389/fneur.2015.00165
http://dx.doi.org/10.3389/fneur.2015.00214
http://dx.doi.org/10.3389/fneur.2015.00215
http://dx.doi.org/10.3389/fneur.2015.00248
http://dx.doi.org/10.3389/fneur.2015.00209
http://dx.doi.org/10.3389/fneur.2015.00219
http://dx.doi.org/10.1161/CIR.0b013e318282ab8f
http://dx.doi.org/10.1161/CIR.0b013e318282ab8f
http://dx.doi.org/10.1016/j.neuroimage.2011.10.023
http://dx.doi.org/10.1093/brain/awg145
http://dx.doi.org/10.1093/cercor/bhm096
http://dx.doi.org/10.1161/STROKEAHA.114.006307
http://dx.doi.org/10.1161/STROKEAHA.114.006307
http://dx.doi.org/10.1007/s00429-014-0804-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Neurology

REVIEW
published: 11 November 2015
doi: 10.3389/fneur.2015.00238

OPEN ACCESS

Edited by:

Brian Silver,

Alpert Medical School of Brown
University, USA

Reviewed by:

Bin Jiang,

Beijing Neurosurgical Institute, China
Roshini Prakash,

University of California

Los Angeles, USA

*Correspondence:
Rudiger J. Seitz
seitz@neurologie.uni-duesseldorf.de

Specialty section:

This article was submitted to Stroke,
a section of the journal

Frontiers in Neurology

Received: 27 April 2015
Accepted: 26 October 2015
Published: 11 November 2015

Citation:

Seitz RJ and Donnan GA (2015)
Recovery Potential After

Acute Stroke.

Front. Neurol. 6:238.

doi: 10.3389/fneur.2015.00238

®

CrossMark

Recovery Potential After
Acute Stroke

Rddiger J. Seitz'>%* and Geoffrey A. Donnan®

' Department of Neurology, Centre of Neurology and Neuropsychiatry, LVR-Klinikum Ddsseldorf, Heinrich-Heine-University
Dusseldorf, Disseldorf, Germany, 2 Biomedical Research Centre, Heinrich-Heine-University Disseldorf, Disseldorf, Germany,
3Florey Institute of Neuroscience and Mental Health, University of Melbourne, Parkville, VIC, Australia

In acute stroke, the major factor for recovery is the early use of thrombolysis aimed at
arterial recanalization and reperfusion of ischemic brain tissue. Subsequently, neurore-
habilitative training critically improves clinical recovery due to augmention of postlesional
plasticity. Neuroimaging and electrophysiology studies have revealed that the location
and volume of the stroke lesion, the affection of nerve fiber tracts, as well as functional
and structural changes in the perilesional tissue and in large-scale bihemispheric net-
works are relevant biomarkers of post-stroke recovery. However, associated disorders,
such as mood disorders, epilepsy, and neurodegenerative diseases, may induce sec-
ondary cerebral changes or aggravate the functional deficits and, thereby, compromise
the potential for recovery.

Keywords: cerebral ischemia, infarct location, thrombolysis, recovery, perilesional plasticity, network
reorganization, stroke associated disturbances, neurorehabilitative training

INTRODUCTION

Stroke is one of the leading causes of persistent disability in Western countries (1). It induces acute
deficits of motion, sensation, cognition, and emotion. In the majority of patients, stroke results from
an interruption of cerebral blood supply and subsequent ischemic brain damage, while >25% of
patients suffer from intracranial hemorrhage (2, 3). Recovery from stroke is a multifaceted process
depending on different mechanisms that become operational at different phases after the acute insult
ranging from hours to many months (4). Importantly, intravenous and intra-arterial thrombolyses
have opened new avenues to substantially reverse the amount of brain damage and the neurological
deficit after stroke (5-8). Furthermore, neuroscience-based strategies in neurorehabilitation
have improved the fate of stroke patients. Specifically, training approaches including very early
mobilization, antigravity support for walking, basic arm training, and arm ability training can be
tailored to the neurological deficits to optimally engage the residual capacities of the patients (9-11).
From a technical point of view, neuroimaging and neurophysiological methods have offered means
to investigate the recovery potential of stroke patients already in the acute stage of stroke (12-14).
In particular, these non-invasive neuroscientific measures substantiate clinical observations and
have opened new insights into the neuroscientific basis of recovery mechanisms from stroke. More
recently, the recovery potential after stroke has been studied by using multivariate analyses in which
epidemiological factors have also been taken into account (15). We address here the mechanisms of
post-stroke recovery including postlesional plasticity and disease-related limitations of the recovery
potential in acute ischemic stroke.
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Seitz and Donnan

Stroke Recovery

MECHANISMS OF POST-STROKE
RECOVERY

Dynamics of Cerebral Ischemia

A sudden interruption of arterial blood supply leads to distur-
bances of neural function and the clinical appearance of neuro-
logical or neuropsychological deficits. In the most severe cases,
ischemia is so severe that structural brain damage and the forma-
tion of ischemic brain infarction occur (Figure 1). The cessation
of cerebral blood circulation induces an immediate suppression
of cerebral electrical activity with peri-infarct depolarization
leading to repeated episodes of metabolic stress (16, 17). There is
good evidence from animal experiments that ischemic damage of
neurons and brain tissue occurs in proportion to the reduction of
regional cerebral blood flow (rCBF) (16). Thus, the acute occlu-
sion of a cerebral artery, the thereby caused local depression of
rCBE, and its subsequent electrical, metabolic, and ionic changes
are critical factors determining the extent of a cerebral ischemic
infarct (18). Imaging and neurophysiological studies in humans
have shown that, similar to animal experiments, spreading
depression occurs in severe ischemic stroke leading to progres-
sive infarct expansion (19, 20).

After occlusion of a cerebral artery, an area of impaired perfu-
sion surrounds an area with a complete cessation of perfusion
whose extent is determined by the compensatory recruitment of
arterial collaterals. In the area of misery perfusion, the so-called
penumbra, the extraction of oxygen from blood into brain tissue
is enhanced as was shown in stroke patients by multiparametric
imaging with positron emission tomography (21, 22). The
advent of magnetic resonance imaging (MRI) has allowed a
spatial dimension to be introduced. It has been shown that the
area of impaired perfusion typically exceeds the area of reduced
extracellular water diffusion, thus signifying virtually reversible
brain tissue damage due to ischemia (23-25). In fact, there is a
good correspondence between the area with enhanced oxygen
extraction and the perfusion-diffusion mismatch area in acute
stroke (26, 27).

The area of reduced brain perfusion undergoes a dynamic
lesion transformation within the first 24 h after onset of ischemia

FIGURE 1 | Successful thrombolysis. (Left) Severe perfusion deficit in the
precentral gyrus (red) as assessed in a time-to-peak map before
thrombolysis. (Middle) Point-like abnormality in diffusion-weighted imaging at
the same time signifying the perfusion—diffusion mismatch. (Right) Two small
lesions in diffusion-weighted imaging 24 h after intravenous thrombolysis
accompanied by complete recovery from hemiparesis.

(28-30). In a persisting arterial occlusion, the infarct lesion
expands up to 24 h (31, 32). Beyond the acute time window of
about 24 h, secondary changes including an early phase with
vasogenic edema and a later phase with inflammatory infiltration
evolve (33-35). Lymphocytes and macrophages have been shown
to accumulate in the perivascular vicinity ~6 days after a cerebral
infarction and are heterogeneously distributed within the infarct
area (36). Due to their immunological competence, these cells
are suited to augment the infarct lesion raising the interesting
notion that immunosuppression may have a beneficial affect in
acute stroke (37).

Reversal of Cerebral Ischemia

In acute ischemic stroke, intravenous thrombolysis is targeted
toward the rescue of brain tissue by early recanalization of the
occluded cerebral artery. It has been shown to be effective up to
4.5 h with maximal efficacy within the first 90 min after symptom
onset (5, 6, 38). The beneficial role of early recanalization was
demonstrated by functional brain imaging (39-42) and monitor-
ing with transcranial Doppler sonography (43, 44). More recently,
neuroradiological interventions with intra-arterial thrombolysis
and/or thrombectomy have been shown to be at least as effective
as intravenous thrombolysis even in distal carotid or proximal
middle cerebral artery (MCA) occlusion (8). By multiparametric
MRI, itbecameevidentthatbraintissueattherisk ofischemicdam-
age can be salvaged by tissue reperfusion (Figure 1). Important
factors determining the extent of a brain infarct are the severity
and duration of ischemia, the dimension and composition of the
causal arterial emboli, the anatomy and the vascular changes of
the cerebral arteries, and the presence of diabetic hyperglycemia
(29, 41, 45-47). In failed reperfusion, severe edema formation
will develop that can hardly be limited pharmacologically. Thus,
to rescue patients from malignant brain swelling after stroke
craniectomy has been advocated as a symptomatic therapy which
is a life-saving action but does not reduce the neurological deficit
in patients older than 60 years (48).

Brain infarcts may result from cardiac or artery to artery
embolism, from thrombotic occlusion of the small penetrating
arteries complicating vessel hyalinosis or microatheroma (49,
50). While infarcts in the territory of the posterior cerebral artery
(PCA) are typically embolic in origin affecting the entire supply
area of the PCA (51), infarcts in the anterior cerebral artery (ACA)
territory are usually of atherosclerotic origin and more variable
in lesion pattern and neurological deficit (52). The situation is
most complex in the MCA territory because of the arborization
of the MCA, the large territory supplied by the artery, and the
widespread anastomoses of the leptomeningeal arterial branches
fed from the ACA or PCA. The poorer these collaterals are due
to arterosclerotic changes in the intracranial arteries, the more
severe is the initial ischemic event and the resulting stroke lesion
(41, 53, 54).

The location and the volume of the cerebral infarct deter-
mine the neurological deficit in an individual patient as shown
for sensorimotor as well as cognitive and emotional functions
(55-61). Large brain infarcts involving subcortical white
matter may affect multiple brain systems which may result
in complex neurological syndromes, such as apraxia, neglect,
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and Gerstman’s syndrome (62-64). In such patients, measures
of fiber tract damage or cortical activations have been found to
predict the degree of recovery (55, 65-68). Similar observations
have also been made for language, somatosensory and visual
functions (69-72).

Residual Brain Infarct Lesions After

Thrombolysis

The successful recanalizing therapy is of fundamental importance
for the topography and volume of the resulting ischemic infarct
lesion (73, 74). This was taken into consideration in developing a
refined classification of ischemic brain infarcts (75). It should be
stated, however, that the functional prognosis of ischemic stroke
is worse than that in cerebral hemorrhage in stroke survivors
(76). This most likely reflects the structural damage of brain
tissue in ischemic stroke, while in cerebral hemorrhage recovery
can occur largely upon absorption of the hematoma. Accordingly,
territorial Type I infarcts depend on the size of the emboli and the
location of the arterial occlusion (Table 1). Distal arterial branch
occlusion gives rise to small infarcts entirely limited to the cer-
ebral cortex, while proximal arterial branch occlusions result in
larger infarcts involving the cerebral cortex and the underlying

TABLE 1 | Classification of ischemic brain infarcts.

Type Infarct location Pathogenesis Response to

thrombolysis

| Territorial Occlusion of cerebral
artery branch
1.1 Cortical Distal branch Early
1.2 Cortico-subcortical Proximal branch Limited
1] Striatocapsular Occlusion of MCA stem
1.1 +Insula Infarct core Early
.2 +Periventricular Large lesion Limited
white matter
1] Lacunar hyalinosis of Limited
arterioles
. Fiber tracts
.2 Internal capsule
(anterior choroidal
artery)
1.3 Basal ganglia, lateral
thalamus
.4 Medial and anterior
thalamus (perforating
branches of posterior
cerebral artery)
v Chronic hemodynamic
deficit + downstream
emboli
IV.A Cortico-subcortical Extracranial artery Limited

occlusion =+ intracranial

large artery

occlusion + accompanied by
reactive vasodilation

V.2 Arterial borderzone Extracranial artery occlusion

Adapted from Seitz and Donnan (75).

white matter (77, 78). In MCA stroke, these territorial infarcts do
not destroy the entire motor and somatosensory representation
areas, nor the complete descending motor cortical output or
afferent sensory input tracts (55, 79, 80). This allows sufficient
recovery potential associated with perilesional reorganization in
the adjacent cerebral tissue in response to various neurorehabili-
tative approaches.

Ischemic lesions of large parts of or the entire striatocapsular
region typically result from an embolic occlusion of the MCA
stem (81) (Table 1). If reperfusion is achieved early, only the deep
perforating arteries and the arteries that supply the insular cortex
may remain obstructed causing infarcts of the lentiform nucleus
and insula (82). However, when collaterals are insufficient due to
arteriosclerotic changes in multiple cerebral arteries (41, 53, 54),
the infarct lesions become larger involving to a larger extent also
the hemispheric white matter. This causes hemispatial neglect
and conduction aphasia due to cortico-cortical and cortico-
subcortical disconnections (62, 83, 84).

Small-sized, lacunar-type, infarcts (Type III infarcts) result
from an occlusion of the small penetrating cerebral arteries or
even arterioles. They typically occur in the anterior choroidal
artery, the deep perforating lenticular MCA branches, the
thalamic branches of the PCA, or in brainstem structures and
the pons (85, 86). In spite of their small spatial dimension, but
due to their strategic location, they cause well-defined neuro-
logical syndromes, such as pure motor and pure sensory stroke
(Table 1). These infarcts have a limited recovery potential as
predicted by a loss of motor-evoked potentials and asymmetry
of water diffusivity on MR imaging (55, 87, 88). The crucial role
of the white matter for functional outcome becomes apparent
from the observation that small infarcts in the precentral gyrus
allow for profound motor recovery, whereas infarcts of similar
volume in the periventricular white matter or the internal cap-
sule may induce a severe and persistent hemiparesis (89, 90).
Interestingly, white matter damage in stroke was found in a large
genome-wide association study to be related to a mutation in
chromosome 17 (91).

Patients with a chronic occlusion of extracranial cerebral
arteries resulting from dissection or long-standing cerebro-
vascular disease constitute Type IV infarcts (Table 1). These
patients may become symptomatic with transient ischemic
attacks due to small embolic or hemodynamically induced
watershed infarcts in cerebral white matter (92, 93). In these
patients, blood flow depression induces a reactive vasodilatation
of the intracranial blood vessels resulting in a severe delay in
cerebral brain perfusion in the presence of an enhanced cerebral
blood volume (94, 95).

Perilesional Plasticity

Ischemia and reperfusion evoke a large number of biochemical,
metabolic, and immunological processes that evolve sequentially
as identified in animal experiments (96). In addition, there are
rapid changes in the expression of genes, neurotransmitters,
such as glutamate and GABA, as well as neurotrophic media-
tors implicated as molecular substrates related to perilesional
reorganization (21, 97-101). These biochemical changes are
accompanied on the microscopical level by the growing of axons
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and formation of new synapses in the perilesional vicinity and in
remote locations in functionally related areas in the affected and
contralesional “non-affected” hemisphere (102, 103). In particu-
lar, they occur when animals recover in an enriched environment
or are subjected to dedicated training (104, 105).

Non-invasive brain stimulation techniques have provided
means to explore changes of cortical excitability following stroke
in humans. There are different technical approaches that allow to
enhance or to suppress brain activity (106). By these methods,
diagnostic and therapeutic goals were aimed for as summarized in
Table 2. For example, using paired-pulse TMS, it was found that
within the first 7 days after a brain infarct, there is an enhanced
cortical excitability in the cortex adjacent to the brain lesion
(107-109). In fact, the sites of residual motor representation move
into the region of maximal cortical disinhibition (110). Also,
fMRI activation areas related to finger movements were found to
remap to spared more dorsal locations of the motor cortex (111,
112). Notably, an enhanced excitability was propagated to the
contralesional hemisphere (14, 107-109, 113). It decreased in the
patients who showed a good recovery within the 90 days, while it
persisted in those patients with poor recovery (114). In keeping
with these observations, functional MRI performed ~2 days after
stroke revealed an area in the ipsilesional postcentral gyrus and
posterior cingulate gyrus that correlated with motor recovery
~3 months after stroke (115). Conversely, recovery of hand func-
tion was associated with progressively lateralized activation of the
affected sensorimotor cortex (116-118).

Non-invasive electrical anodal stimulation of the affected
motor cortex was found to augment motor skill acquisition due
to improved consolidation but not due to long-term retention of
the task (120). In contrast, application of 1-Hz repetitive TMS
(rTMS) that downregulates the contralesional motor cortex
improved the kinematics of finger and grasp movements in the
affected hand (121). This was accompanied by an overactivity in
the contralesional motor and premotor cortical areas predicting
improvement in movement kinematics. One may wonder if long-
term retention of the induced effects can be achieved by longer
lasting stimulation or by the combination of voluntary action
and direct brain stimulation preferentially in the acute phase
after stroke. The combination of electrical stimulation of finger
extensor muscles and training over 2-3 weeks did not result in a
greater improvement of dexterity of the affected hand as assessed
with the Jebson test than each intervention alone (122). Subjects
with an intact motor cortex showed a greater improvement than

those who had damage of the motor cortex. Similarly, in chronic
stroke-induced aphasia rTMS over the left inferior frontal gyrus
resulted in an increase of reaction time or error rate in a semantic
task suggesting restoration of a perilesional tissue in the left
hemisphere after stroke (123, 124). Given the human postlesional
changes of cortical excitability it may be intriguing to rebalance
the interhemispheric rivalry by direct cortical stimulation or
peripheral stimulation (125-128). An even greater effect was
observed when bihemispheric direct cortical stimulation was
used to activate the affected motor cortex and to inhibit the
contralesional motor cortex (129). Cortical stimulation in asso-
ciation with motor training also improved motor performance
(128, 130-132). Along the same line, combining peripheral
nerve stimulation to the affected hand with anodal direct cur-
rent stimulation of the affected motor cortex in chronic stroke
facilitates motor performance beyond levels reached with either
intervention alone (133).

Infarct Induced Damage to Cortico-
Cortical and Cortico-Subcortical

Connections

Corticospinal fibers are key factors for the recovery of motor
function after stroke as demonstrated with different imaging
modalities as well as electrophysiological measures (55, 87,
134-136). In non-human primates, the cortico-reticulo-spinal
and cortico-rubro-spinal tracts are known to mediate motor
functions in case of corticospinal tract lesions (137, 138), since
these tracts have been described as functionally redundant in
healthy animals (139). In humans, however the corticospinal
tract is of key relevance for motor recovery (Figure 2). In fact,
the integrity of the corticospinal tract determines the movement
related motor cortex activation (65, 87). When there are no motor
evoked potentials and there is poor recovery in chronic patients,
the fractional anisotropy of the posterior part of the internal
capsule as assessed by diffusion tensor imaging was altered in the
affected hemisphere (68, 87). Notably, these patients had bilateral
fMRI activations in relation to finger movements, while in the
patients with a lower asymmetry, there was an activation lateral-
ized to the affected hemisphere.

There are not only changes in the efferent motor fiber tracts but
also in the cortico-cortical and probably also cortico-subcortical
fiber tract systems during recovery. In fact, the intracortical excit-
ability as assessed with TMS was increased in motor cortex of

TABLE 2 | Techniques, actions, and effects of non-invasive stimulation of the human brain.

Transcranial magnetic stimulation (TMS)

Transcranial electrical stimulation

Neuromodulatory effects

Random noise
stimulation

Direct current stimulation
tDCS
Cathodal tDCS

Alternating current
stimulation

Anodal tDCS

Single pulse TMS ~ Paired-pulse TMS Repetitive TMS Patterned rTMS
Intracortical (single 1Hz TMS Continuous theta-burst
coil) (inhibitory) stimulation (inhibitory)
Cortico-cortical (two >4 Hz TMS Intermittent theta-burst
coils) (excitatory) stimulation (excitatory)

After Liew et al. (119).
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FIGURE 2 | Striatocapsular stroke (Type 11.1) in a patient with
persistent hemiplegia. Note the small but complete destruction of the
posterior limb of the internal capsule (arrow). Color bar: green fronto-occipital
diffusion, red right-left diffusion, blue dorso-ventral diffusion. By permission of
Oxford University Press (URL www.oup.com), Free permission Author reusing
own material, p. 82 fig: 6.4 (left part) from “Stroke Rehabilitation” edited by
Carey and Leeanne (140).

both hemispheres both in subcortical and cortical infarcts (108,
114, 141, 142). Conversely, ipsilesional MEPs were more easily
elicited from proximal muscles in stroke patients than in healthy
subjects (143-145). Moreover, motor cortical connectivity was
shown by diffusion tensor imaging to be enhanced after stroke
(146). Additionally, orientation uncertainty and greater white
matter complexity correlated with functional outcome and were
possibly triggered by functional demands (146, 147). In addition,
it was found recently that the pyramidal tract splits up in the pons
forminga ventral and a dorsal tract. When both tracts are affected,
patients have a poor recovery, while continuity of the projections
in the dorsal portion was characterized by good recovery (136).
In addition, in chronic stroke patients, DTI-derived measures
of transcallosal motor fibers as well as ipsilesional corticospinal
tracts pyramidal tract and alternate fiber tract determine the
therapeutic response to rehabilitation. The more the diffusivity
profiles resembled those observed in healthy subjects, the greater
a patient’s potential for functional recovery (88). These findings
accord with the evidence from functional imaging suggesting that
the concerted action of both cerebral hemispheres is required
for recovery. This corresponds well to the observation that even
patients with an excellent recovery may show a bilateral activa-
tion pattern (148, 149). This abnormal activity involved premotor
cortical areas and was largely reminiscent of activity patterns in
learning but are essentially transient in nature (84, 115, 149).
Notably, tiny activation areas in contralesional motor cortex were
related to mirror movements that frequently occur initially after
stroke (150).

Network types of neuroimging data analysis have revealed
that there is a pathological interhemispheric interaction between
the ipsi- and contralesional motor cortex as well as between the
ipsilesional supplementary motor area (SMA) and contralesional
motor cortex in patients with a single infarct lesion (151, 152). In
unilateral movements of the affected hand, there was an inhibitory
influence from the contralesional to the ipsilesional motor cortex
which correlated with the degree of motor impairment (152). In
bimanual movements, the interaction of the ipsilesional SMA and
the contralesional motor cortex was reduced, and this correlated
with impaired bimanual performance. This can be related to the
observation that there was less activation in contralesional motor
cortex when the motor task did not require working memory
demands and no change when the task required online visual
feedback monitoring (153). Furthermore, connectivity strength
of the prefrontal cortex to the premotor cortex was enhanced in
relation to motor imagery highlighting its role for higher order
planning of movement (154).

DISEASE-RELATED LIMITATIONS OF THE
RECOVERY POTENTIAL

Associated Diseases

It has been known for 30 years that patients with acute stroke
may develop cognitive impairment and mood disorders which
may aggravate their clinical conditions (155, 156). However, only
recently it was shown in a large database of stroke patients sub-
jected to systemic thrombolysis that the pre-existing functional
impairment may reduce the patients’ response to thrombolysis
and the survival rate (157). In a prospective, open label study of
192 patients (68 + 13 years, 50% males) subjected to intravenous
thrombolysis the patients was found to improve (P < 0.0001),
while 18% deceased within 100 days (158). This was predicted
by older age (76 + 10 years, P < 0.05) and more severe affection
on admission (P < 0.0001). Also, these patients more frequently
had atrial fibrillation (P < 0.03) than the surviving patients.
Furthermore, it was found that stroke patients with a severe pre-
stroke disability have a virtually 50% risk of deceasing. It seems
that women are particularly liable of depression after stroke and
that this is related to a greater stroke severity (159). Of note are
patients with migraine that to a large proportion suffer from small
vessel disease (160) or hemorraghic stroke (161). This is of great
functional relevance since white matter disease due to small ves-
sel disease enhances the risk of depression, physical disability, and
areduction of quality of life (162). Furthermore, there is evidence
from a huge meta-analysis that ischemic stroke is associated with
the presence and subsequent development of dementia, particu-
larly in recurring ischemic stroke (163). In addition, dementia was
found to be associated with increased letality (164). Interestingly,
small vessel disease is the most frequent vascular abnormality
in patients with Parkinson’s disease (165, 166). These vascular
changes seem to predispose patients with Parkinson’s disease to
cerebrovascular accidents (167). Arteriosclerosis was found to be
of particular relevance for Parkinsonian gait, while macroscopi-
cal infarcts seem to result in rigidity (168). Moreover, infarcts
induce epileptic seizures (169), which may mimic stroke as in
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Todd’s paresis and impair recovery due to reduced consciousness.
Beyond that stroke may induce changes of affect including alex-
ithymia (58) or depression (170). The latter was found to be most
severe in chronic obstructive pulmonary disease, smoking, and
in patients with poor socioeconomic status. Also the increasing
lesion load with recurrent strokes in the elderly may predispose
to depression (171) and death (172). Thus, there is an intimate
interaction of stroke and comorbities the latter of which impair
the recovery potential of stroke patients. Deeper insight into the
pathophysiology of these interactions is required to counteract
these detrimental effects and to enhance the recovery potential
of the multimorbid stroke patients.

Functional Deficits in Brain Infarcts

The neurological deficit has two expressions. There is the impair-
ment to perform actions on command which is usually assessed
in clinical examinations. And there is the decrease in spontaneous
motor activity which may be functionally relevant (Figure 3). In a
prospective study of 25 patients (63 + 10 years) with acute MCA
stroke and seven control patients without neurological disease
(61 + 14 years), movement activity was measured continuously

for 4 days in both arms using Actiwatches (Cambridge Research
Instruments, UK). Stroke patients with an initial decline in arm
movement activity showed no increase in movement activity in
either arm over 4 days after stroke, while other patients improved
steadily after admission. The impairment continued to be different
among the two groups 3 months after stroke (173). Stroke sever-
ity, location and treatment, as well as arterial blood pressure and
body temperature were not different among the groups. But, in
the non-recovering patients, the C-reactive protein was elevated
and related to a low number of waking hours. These results sup-
port the notion that in the acute stage after MCA stroke, there
are patients with a secondary decline in general motor activity
and an enhanced sleep demand which was related to systemic
inflammation.

Moreover, recordings with the electroencephalogram (EEG)
revealed that stroke patients may exhibit focal slow wave activ-
ity (SWA) as well as focal epileptic changes in the affected
hemisphere (175-177). Focal SWA (1-4 Hz) has been reported
to predict poor recovery from stroke (178-180) but can last even
for years (181). Notably, EEG recordings have revealed that, in
addition to their neurological deficit, stroke patients also have
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FIGURE 3 | Severely reduced spontaneous movement activity in the affected left arm in right hemispheric brain infarct. Shown is the recording time
between 4 p.m. until 10 a.m. the following day. The intermittent slow wave activity in electroencephalographic recordings predicted poor motor recovery. Dotted

lines indicate seconds. From Ruan and Seitz (174).
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FIGURE 4 | Gaming-based training scenario using the commercially available hand hold PABLOR-device. Hand movements are measured by acceleration
and force sensors and thereby steer objects in virtual reality games. Training on consecutive days enlarged the angle of hand rotations and decreased the
heterogeneity of movement execution both in healthy subjects and stroke patients. From Seitz et al. (213).
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an abnormal sleep architecture (182, 183). It is unclear, however,
what the functional impact of SWA is on spontaneous movement
activity of the affected side after stroke. In fact, stroke patients
with similar infarcts concerning lesion location and volume may
show recovery patterns of the formal neurological assessment
that are not reflected by the spontaneous movement activity of the
affected limbs (184, 185). In acute stroke patients (68 + 8 years)
and age-matched controls (68 + 12 years), movement activity
was measured continuously and synchronously with the EEG for
24 hin both arms using actiwatches (174). The stroke patients had
lower total sleep time (P = 0.031), sleep efficiency (P = 0.019),
percent non-rapid eyement movement sleep (P = 0.034), and
percent sleep stage N2 (P = 0.003) and showed reduced spontane-
ous movement activity in the affected arm during wakefulness.
Stroke patients with abnormal focal SWA showed less spontane-
ous arm movement activity than those without SWA, while there
were no differences in the sleep parameters (Figure 3). These
findings accord with earlier observations by Bassetti and Aldrich
(175) supporting the notion that sleep architecture is impaired
in stroke patients leading to sleep fragmentation, increased
wakefulness, and increased REM latency (186). Furthermore, the
stroke patients with SWAs enjoyed a limited recovery as assessed
with the NIHSS. Thus, focal SWA is a marker of profound brain
pathology.

Times-Lines for Post-Stroke Recovery
The neurological deficits can regress substantially in the early
period after ischemic stroke following acute stroke treatment

with arterial recanalization and effective reperfusion. The
relatively early recovery in patients with small cortical lesions
steadily evolves over weeks and levels out over the subsequent
months (112, 187, 188). In contrast, the processes of cerebral re-
organization are slow and may need many months to complete.
In the acute phase of stroke, it is difficult to predict the degree of
ultimate recovery, since there is a large heterogeneity of recovery
over the first 3 months after stroke (12). Prediction becomes
progressively better the more specific and differentiated the
physiological assessment measures are and the longer the time
since stroke (70, 189, 190). For example, the neurological state
by day 4 predicts the long-term neurological outcome (188, 191).
The recovery of activities of daily living usually develop within
26 weeks after the stroke insult and is often accompanied by
compensatory hand use (192, 193).

Neurorehabilitative Training

There are numerous reports about rehabilitative approaches to
improve the neurological deficit following stroke (4, 13). Notably,
patients older than 65 years benefit as much as younger patients
from intensive rehabilitation (190, 194), while younger patients
typically improve more on mobility, balance, walking, and grip
strength (195). The intensity of the training rather than the type
of training appears to determine long-term improvement of
motor function (113, 196-198). While passive training of wrist
movements was reported to be clinically effective and associated
with change in cortical activation (199), volitional control of
finger and thumb extensions was found to play an important role
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for successful hand shaping and grasping of objects (147, 214).
Importantly, repetitive training of the affected arm resulted in
an increase of activation in the sensorimotor cortex related to
hand movements which initially persisted for weeks after training
completion and then decreased in magnitude in relation to the
functional gain (200, 201). In contrast, mirror therapy was found
to improve the neurological status immediately after the interven-
tion and to be effective even at long-term follow-up (202, 203).
Training of the affected limb as well as training targeting the
non-affected limb has been proposed to be effective. For example,
use of bilateral synergies has been reported to improve the motor
capacity of the paretic arm (204). It was described that active—pas-
sive bilateral arm therapy can produce sustained improvements
in upper limb motor function in chronic stroke patients. This was
paralleled by an enhanced ipsilesional motor cortex excitability
and an increased transcallosal inhibition from ipsilesional to
contralesional motor cortex (205). Conversely, the concept of
“learned non-use” was implemented in new approaches of reha-
bilitative strategies in chronic patients with brain infarction (206,
207). This therapy has been shown to be successful even when
applied in the chronic state to moderately affected patients (65,
208, 209). This beneficial effect of constraint-induced movement
therapy is likely to be composed of focusing the patient’s attention
to the affected side and imposing repetitive training. It was shown

REFERENCES

1. Bejot Y, Benatru I, Rouaud O, Fromont A, Besancenot JP, Moreau T, et al.
Epidemiology of stroke in Europe: geographic and environmental differ-
ences. ] Neurol Sci (2007) 262:85-8. doi:10.1016/j.jns.2007.06.025

2. Intiso D, Stampatore P, Zarrelli MM, Guerra GL, Arpaia G, Simone P, et al.
Incidence of first-ever ischemic and hemorrhagic stroke in a well-defined
community of southern Italy, 1993-1995. Eur ] Neurol (2003) 10:559-65.
doi:10.1046/j.1468-1331.2003.00648.x

3. Shiber JR, Fontane E, Adewale A. Stroke registry: hemorrhagic vs. ischemic
strokes. Am ] Emerg Med (2010) 28:331-3. d0i:10.1016/j.ajem.2008.10.026

4. Carey LM, Seitz RJ. Functional neuroimaging in stroke recovery and
neurorehabilitation: conceptual issues and perspectives. Int ] Stroke (2007)
2:245-64. doi:10.1111/j.1747-4949.2007.00164.x

5. Hacke W, Donnan G, Fieschi C, Kaste M, von Kummer R, Broderick JP,
et al. Association of outcome with early stroke treatment: pooled analysis
of ATLANTIS, ECASS, and NINDS rt-PA stroke trials. Lancet (2004)
363:768-74. doi:10.1016/S0140-6736(04)15692-4

6. Hacke W, Kaste M, Bluhmki E, Brozman M, Dévalos A, Guidetti D, et al.
Thrombolysis with alteplase 3 to 4.5 hours after acute ischemic stroke. N Engl
J Med (2008) 359:1317-29. doi:10.1056/NEJM0a0804656

7. Donnan GA, Baron JC, Ma M, Davis SM. Penumbral selection of patients
for trials of acute stroke therapy. Lancet Neurol (2009) 8:261-9. doi:10.1016/
S1474-4422(09)70041-9

8. Berkhemer OA, Fransen PS, Beumer D, van den Berg LA, Lingsma HE Yoo
AJ, et al. A randomized trial of intraarterial treatment for acute ischemic
stroke. N Engl ] Med (2015) 372:11-20. doi:10.1056/NEJMoal411587

9. Cumming TB, Thrift AG, Collier J]M, Donnan G, Bernhardt J. An early

mobilization protocol successfully delivers more and earlier therapy to

acute stroke patients: further results from phase II of AVERT. Stroke (2011)

42:153-8. doi:10.1161/STROKEAHA.110.594598

Hesse S. Treadmill training with partial body weight support after stroke: a

review. NeuroRehabilitation (2008) 23:55-65.

Platz T, van Kaick S, Mehrholz J, Leidner O, Eickhoff C, Pohl M. Best

conventional therapy versus modular impairment-oriented training for arm

paresis after stroke: a single-blind, multicenter randomized controlled trial.

Neurorehabil Neural Repair(2009)23:706-16.d0i:10.1177/1545968309335974

10.

11.

to result in improved motor function and enhanced activation in
the partially damaged sensorimotor cortex and other gray matter
areas including the hippocampus (210).

Recently, computer-based training approaches employing
virtual realitiy scenarios have been developed for neurorehabili-
tative training purposes, since it was assumed that they engage
the patients emotionally and thereby enhance their inclination
to embrace rehabilitation training activities. For example, the
rehabilitation gaming system (RGS) is a flexible, virtual reality-
based device for rehabilitation of neurological patients (211). In
fact, it was shown to effectively improve arm function in acute
and chronic stroke patients. Furthermore, it was shown by fMRI
that the RGS engages human mirror neuron mechanisms that
underly visuomotor coordination (212). Similarly, the handhold
multifunctional PABLOR-device was applied for the training of
visuomotor-tracking paradigms. It was observed that training
of the right dominant hand improved visuomotor coordination
of hand rotation movements in both hands in healthy subjects.
Notably, it was successful only in the trained hand in stroke patients
(Figure 4). Since these gaming applications capitalize on the posi-
tive affect of the patients and engage brain structures known to be
related to emotional processing (212), these approaches point into
new avenues of post-stroke rehabilitation opening new frames for
the recovery potential after stroke.

. Cramer SC. Repairing the human brain after stroke: I. Mechanisms
of spontaneous recovery. Ann Neurol (2008) 63:272-87. doi:10.1002/
ana.21393

Cramer SC. Repairing the human brain after stroke: II. Restorative therapies.
Ann Neurol (2008) 63:549-60. doi:10.1002/ana.21412

Wittenberg GF, Chen R, Ishii K, Bushara KO, Eckloff S, Croarkin E, et al.
Constraint-induced therapy in stroke: magnetic-stimulation motor maps
and cerebral activation. Neurorehabil Neural Repair (2003) 17:48-57.
Haselbach D, Renggli A, Carda S, Croquelois A. Determinants of neurologi-
cal functional recovery potential after stroke in young adults. Cerebrovasc Dis
Extra (2014) 4:77-83. doi:10.1159/000360218

Hossmann KA. Viability thresholds and the penumbra of focal ischemia. Ann
Neurol (1994) 36:557-65. doi:10.1002/ana.410360404

Heiss WD, Huber M, Fink GR, Herholz K, Pietrzyk U, Wagner R, et al.
Progressive derangement of periinfarct viable tissue in ischemic stroke. J
Cereb Blood Flow Metab (1992) 12:193-203. doi:10.1038/jcbfm.1992.29
Dirnagl U, Iadecola C, Moskowitz MA. Pathobiology of ischaemic
stroke: an integrated view. Trends Neurosci (1999) 22:391-7. doi:10.1016/
S0166-2236(99)01401-0

Dohmen C, Sakowitz OW, Fabricius M, Bosche B, Reithmeier T, Ernestus RI,
et al. Spreading depolarizations occur in human ischemic stroke with high
incidence. Ann Neurol (2008) 63:720-8. d0i:10.1002/ana.21390

Dreier JP, Major S, Manning A, Woitzik ], Drenckhahn C, Steinbrink J, et al.
Cortical spreading ischaemia is a novel process involved in ischaemic dam-
age in patients with aneurismal subarachnoid haemorrhage. Brain (2009)
132:1866-81. d0i:10.1093/brain/awp102

Heiss WD, Sobesky J, Smekal UV, Kracht LW, Lehnhardt FG, Thiel A, et al.
Probability of cortical infarction predicted by flumazenil binding and dif-
fusion-weighted imaging signal intensity: a comparative positron emission
tomography/magnetic resonance imaging study in early ischemic stroke.
Stroke (2004) 35:1892-8. doi:10.1161/01.STR.0000134746.93535.9b
Moustafa RP, Baron JC. Pathophysiology of ischaemic stroke: insights from
imaging, and implications for therapy and drug discovery. Br ] Pharmacol
(2008) 153(Suppl 1):S44-54. doi:10.1038/sj.bjp.0707530
Neumann-Haefelin T, Wittsack H-J, Wenserski E, Siebler M, Seitz R], Modder
U, et al. Diffusion- and perfusion-weighted MRI. The DWI/PWI mismatch
region in acute stroke. Stroke (1999) 30:1591-7.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Frontiers in Neurology | www.frontiersin.org

14

November 2015 | Volume 6 | Article 238


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/j.jns.2007.06.025
http://dx.doi.org/10.1046/j.1468-1331.2003.00648.x
http://dx.doi.org/10.1016/j.ajem.2008.10.026
http://dx.doi.org/10.1111/j.1747-4949.2007.00164.x
http://dx.doi.org/10.1016/S0140-6736(04)15692-4
http://dx.doi.org/10.1056/NEJMoa0804656
http://dx.doi.org/10.1016/S1474-4422(09)70041-9
http://dx.doi.org/10.1016/S1474-4422(09)70041-9
http://dx.doi.org/10.1056/NEJMoa1411587
http://dx.doi.org/10.1161/STROKEAHA.110.594598
http://dx.doi.org/10.1177/1545968309335974
http://dx.doi.org/10.1002/ana.21393
http://dx.doi.org/10.1002/ana.21393
http://dx.doi.org/10.1002/ana.21412
http://dx.doi.org/10.1159/000360218
http://dx.doi.org/10.1002/ana.410360404
http://dx.doi.org/10.1038/jcbfm.1992.29
http://dx.doi.org/10.1016/S0166-2236(99)01401-0
http://dx.doi.org/10.1016/S0166-2236(99)01401-0
http://dx.doi.org/10.1002/ana.21390
http://dx.doi.org/10.1093/brain/awp102
http://dx.doi.org/10.1161/01.STR.0000134746.93535.9b
http://dx.doi.org/10.1038/sj.bjp.0707530

Seitz and Donnan

Stroke Recovery

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Rother J, Schellinger PD, Gass A, Siebler M, Villringer A, Fiebach JB, et al.
Effect of intravenous thrombolysis on MRI parameters and functional out-
come in acute stroke <6 hours. Stroke (2002) 33:2438-45. doi:10.1161/01.
STR.0000030109.12281.23

Olivot JM, Mlynash M, Thijs VN, Kemp S, Lansberg MG, Wechsler L, et al.
Relationships between infarct growth, clinical outcome, and early recanali-
zation in diffusion and perfusion imaging for understanding stroke evolution
(DEFUSE). Stroke (2008) 39:2257-63.d0i:10.1161/STROKEAHA.107.511535
Sobesky J, Zaro Weber O, Lehnhardt FG, Hesselmann V, Thiel A, Dohmen
C, et al. Which time-to-peak threshold best identifies penumbral flow? A
comparison of perfusion-weighted magnetic resonance imaging and posi-
tron emission tomography in acute ischemic stroke. Stroke (2004) 35:2843-7.
doi:10.1161/01.STR.0000147043.29399.f6

Sobesky J, Zaro Weber O, Lehnhardt FG, Hesselmann V, Neveling M, Jacobs
A, et al. Does the mismatch match the penumbra? magnetic resonance
imaging and positron emission tomography in early ischemic stroke. Stroke
(2005) 36:980-5. doi:10.1161/01.STR.0000160751.79241.a3

Beaulieu C, de Crespigny A, Tong DC, Moseley ME, Albers GW,
Marks MP. Longitudinal magnetic imaging study of
perfusion and diffusion in stroke: evolution of lesion volume and
correlation with clinical outcome. Ann Neurol (1999) 46:568-78.
doi:10.1002/1531-8249(199910)46:4<568::AID-ANA4>3.0.CO;2-R

Rehl L, Ostergaard L, Simonsen CZ, Vestergaard-Poulsen P, Andersen G,
Sakoh M, et al. Viability thresholds of ischemic penumbra of hyperacute
stroke defined by perfusion-weighted MRI and apparent diffusion coefficient.
Stroke (2001) 32:1140-6. doi:10.1161/01.STR.32.5.1140

Wittsack HJ, Ritzl A, Fink GR, Wenserski F, Siebler M, Seitz RJ, et al. MR
imaging in acute stroke: diffusion-weighted and perfusion imaging param-
eters for predicting infarct size. Radiology (2002) 222:397-403. doi:10.1148/
radiol.2222001731

Lee LJ, Kidwell CS, Alger J, Starkman S, Saver JL. Impact on stroke subtype
diagnosis of early diffusion-weighted magnetic resonance imaging and
magnetic resonance angiography. Stroke (2000) 31:1081-9. doi:10.1161/01.
STR.31.5.1081

Li E, Liu KE Silva MD, Omae T, Sotak CH, Fenstermacher JD, et al. Transient
and permanent resolution of ischemic lesions on diffusion-weighted imaging
after brief periods of focal ischemia in rats: correlation with histopathology.
Stroke (2000) 31:946-54. doi:10.1161/01.STR.31.4.946

Saleh A, Schroeter M, Jonkmanns C, Hartung HP, Médder U, Jander S.
In vivo MRI of brain inflammation in human ischaemic stroke. Brain (2004)
127:1670-7. doi:10.1093/brain/awh191

Schroeter M, Saleh A, Wiedermann D, Hoehn M, Jander S. Histochemical
detection of ultrasmall superparamagnetic iron oxide (USPIO) contrast
medium uptake in experimental brain ischemia. Magn Reson Med (2004)
52:403-6. d0i:10.1002/mrm.20142

Price CJ, Wang D, Menon DK, Guadagno JV, Cleij M, Fryer T, et al.
Intrinsic activated microglia map to the peri-infarct zone in the subacute
phase of ischemic stroke. Stroke (2006) 37:1749-53. doi:10.1161/01.
STR.0000226980.95389.0b

Saleh A, Schroeter M, Ringelstein A, Hartung HP, Siebler M, Modder U, et al.
Iron oxide particle-enhanced MRI suggests variability of brain inflammation
at early stages after ischemic stroke. Stroke (2007) 38:2733-7. doi:10.1161/
STROKEAHA.107.481788

McCombe PA, Read SJ. Immune and inflammatory responses to stroke: good
or bad? Int ] Stroke (2008) 3:254-65. doi:10.1111/j.1747-4949.2008.00222.x
Merino JG, Latour LL, An L, Hsia AW, Kang DW, Warach S. Reperfusion
half-life: a novel pharmacodynamic measure of thrombolytic activity. Stroke
(2008) 39:2148-50. doi:10.1161/STROKEAHA.107.510818

Heiss WD, Grond M, Thiel A, von Stockhausen HM, Rudolf J, Ghaemi M,
etal. Tissue at risk of infarction rescued by early reperfusion: a positron emis-
sion tomography study in systemic recombinant tissue plasminogen activator
thrombolysis of acute stroke. J Cereb Blood Flow Metab (1998) 18:1298-307.
doi:10.1097/00004647-199812000-00004

Kidwell CS, Saver JL, Starkman S, Duckwiler G, Jahan R, Vespa P, et al. Late
secondary ischemic injury in patients receiving intraarterial thrombolysis.
Ann Neurol (2002) 52:698-703. doi:10.1002/ana.10380

Seitz RJ, Meisel S, Weller P, Junghans U, Wittsack H-J, Siebler M. The ini-
tial ischemic event: PWI and ADC for stroke evolution. Radiology (2005)
237:1020-8. doi:10.1148/radiol.2373041435

resonance

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ogata T, Nagakane Y, Christensen S, Ma H, Campbell BC, Churilov L, et al.
A topographic study of the evolution of the MR DWI/PWI mismatch pattern
and its clinical impact: a study by the EPITHET and DEFUSE investigators.
Stroke (2011) 42:1596-601. doi:10.1161/STROKEAHA.110.609016
Alexandrov AV, Demchuk AM, Felberg RA, Christou I, Barber PA, Burgin
WS, et al. High rate of complete recanalization and dramatic clinical recovery
during tPA infusion when continuously monitored with 2-MHz transcranial
doppler monitoring. Stroke (2000) 31:610-4. d0i:10.1161/01.STR.31.3.610
Alexandrov AV, Burgin WS, Demchuk AM, El Mitwalli A, Grotta JC. Speed of
intracranial clot lysis with intravenous tissue plasminogen activator therapy:
sonographic classification and short-term improvement. Circulation (2001)
103:2897-902. doi:10.1161/01.CIR.103.24.2897

Parsons MW, Barber PA, Desmond PM, Baird TA, Darby DG, Byrnes G, et al.
Acute hyperglycemia adversely affects stroke outcome: a magnetic resonance
imaging and spectroscopy study. Ann Neurol (2002) 52:20-8. doi:10.1002/
ana.10241

Hillis AE, Gold L, Kannan V, Cloutman L, Kleinman ]JT, Newhart M, et al.
Site of the ischemic penumbra as a predictor of potential for recovery of func-
tions. Neurology (2008) 71:184-9. doi:10.1212/01.wn].0000317091.17339.98
Almekhlafi MA, Hu WY, Hill MD, Auer RN. Calcification and endotheliali-
sation of thrombi in acute stroke. Ann Neurol (2008) 64:344-52. doi:10.1002/
ana.21404

Arac A, Blanchard V, Lee M, Steinberg GK. Assessment of outcome following
decompressive craniectomy for malignant middle cerebral artery infarction
in patients older than 60 years of age. Neurosurg Focus (2009) 26(6):E3.
doi:10.3171/2009.3.FOCUS0958

Thrift AG, Dewey HM, MacDonnell RA, McNeil JJ, Donnan GA. Incidence
of the major stroke subtypes: initial findings from the North East Melbourne
Stroke Incidence Study (NEMESIS). Stroke (2001) 32:1732-8. d0i:10.1161/01.
STR.32.8.1732

Dewey HM, Sturm J, Donnan GA, MacDonnel RA, McNeill JJ, Thrift AG.
Incidence and outcome of subtypes of ischaemic stroke: initial results from
the North East Melbourne Stroke Incidence Study (NEMESIS). Cerebrovasc
Dis (2003) 15:133-9. doi:10.1159/000067142

Finelli PE Neuroimaging in acute posterior cerebral artery infarction.
Neurologist (2008) 14:170-80. doi:10.1097/NRL.0b013e3181627679

Kang SY, Kim JS. Anterior cerebral artery infarction. Stroke mechanism
and clinical-imaging study in 100 patients. Neurology (2008) 70:2386-93.
doi:10.1212/01.wnl.0000314686.94007.d0

Bang OY, Saver JL, Buck BH, Alger JR, Starkman S, Ovbiagele B, et al. Impact
of collateral flow on tissue fate in acute ischaemic stroke. ] Neurol Neurosurg
Psychiatry (2008) 79:625-9. doi:10.1136/jnnp.2007.132100

Liebeskind DS, Cotsonis GA, Saver JL, Lynn M]J, Turan TN, Cloft HJ, et al.
Collaterals dramatically alter stroke risk in intracranial atherosclerosis. Ann
Neurol (2011) 69:963-74. doi:10.1002/ana.22354

Binkofski F, Seitz R], Arnold S, Claflen J, Benecke R, Freund H-J. Thalamic
metabolism and integrity of the pyramidal tract determine motor recovery in
stroke. Ann Neurol (1996) 39:460-70. doi:10.1002/ana.410390408

Kim JS. Predominant involvement of a particular group of fingers due to
small, cortical infarction. Neurology (2001) 56:1677-82. doi:10.1212/
WNL.56.12.1677

Binkofski E, Seitz R]. Modulation of the BOLD-response in early recovery
from sensorimotor stroke. Neurology (2004) 63:1223-9. doi:10.1212/01.
WNL.0000140468.92212.BE

Schafer R, Popp K, Jorgens S, Lindenberg R, Franz M, Seitz R]. Alexithymia-
like disorder in right anterior cingulate infarction. Neurocase (2007)
13:201-8. doi:10.1080/13554790701494964

Barton JJ. Structure and function in acquired prosopagnosia: lessons from a
series of 10 patients with brain damage. ] Neuropsychol (2008) 2:197-225. doi
:10.1348/174866407X214172

Hémke L, Amunts K, Bénig L, Fretz C, Binkofski E, Zilles K, et al. Analysis of
lesions in patients with unilateral tactile agnosia using cytoarchitectonic prob-
abilistic maps. Hum Brain Mapp (2009) 30:1444-56. doi:10.1002/hbm.20617
Burke Quinlan E, Dodakian L, See ], McKenzie A, Le V, Wojnowicz M, et al.
Neural function, injury, and stroke subtype predict treatment gains after
stroke. Ann Neurol (2015) 77:132-45. doi:10.1002/ana.24309

Karnath HO, Rorden C, Ticini LE. Damage to white matter fibre tracts in
acute spatial neglect. Cereb Cortex (2009) 19:2331-7. doi:10.1093/cercor/
bhn250

Frontiers in Neurology | www.frontiersin.org

15

November 2015 | Volume 6 | Article 238


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1161/01.STR.0000030109.12281.23
http://dx.doi.org/10.1161/01.STR.0000030109.12281.23
http://dx.doi.org/10.1161/STROKEAHA.107.511535
http://dx.doi.org/10.1161/01.STR.0000147043.29399.f6
http://dx.doi.org/10.1161/01.STR.0000160751.79241.a3
http://dx.doi.org/10.1002/1531-8249(199910)46:4 < 568::AID-ANA4 > 3.0.CO;2-R
http://dx.doi.org/10.1161/01.STR.32.5.1140
http://dx.doi.org/10.1148/radiol.2222001731
http://dx.doi.org/10.1148/radiol.2222001731
http://dx.doi.org/10.1161/01.STR.31.5.1081
http://dx.doi.org/10.1161/01.STR.31.5.1081
http://dx.doi.org/10.1161/01.STR.31.4.946
http://dx.doi.org/10.1093/brain/awh191
http://dx.doi.org/10.1002/mrm.20142
http://dx.doi.org/10.1161/01.STR.0000226980.95389.0b
http://dx.doi.org/10.1161/01.STR.0000226980.95389.0b
http://dx.doi.org/10.1161/STROKEAHA.107.481788
http://dx.doi.org/10.1161/STROKEAHA.107.481788
http://dx.doi.org/10.1111/j.1747-4949.2008.00222.x
http://dx.doi.org/10.1161/STROKEAHA.107.510818
http://dx.doi.org/10.1097/00004647-199812000-00004
http://dx.doi.org/10.1002/ana.10380
http://dx.doi.org/10.1148/radiol.2373041435
http://dx.doi.org/10.1161/STROKEAHA.110.609016
http://dx.doi.org/10.1161/01.STR.31.3.610
http://dx.doi.org/10.1161/01.CIR.103.24.2897
http://dx.doi.org/10.1002/ana.10241
http://dx.doi.org/10.1002/ana.10241
http://dx.doi.org/10.1212/01.wnl.0000317091.17339.98
http://dx.doi.org/10.1002/ana.21404
http://dx.doi.org/10.1002/ana.21404
http://dx.doi.org/10.3171/2009.3.FOCUS0958
http://dx.doi.org/10.1161/01.STR.32.8.1732
http://dx.doi.org/10.1161/01.STR.32.8.1732
http://dx.doi.org/10.1159/000067142
http://dx.doi.org/10.1097/NRL.0b013e3181627679
http://dx.doi.org/10.1212/01.wnl.0000314686.94007.d0
http://dx.doi.org/10.1136/jnnp.2007.132100
http://dx.doi.org/10.1002/ana.22354
http://dx.doi.org/10.1002/ana.410390408
http://dx.doi.org/10.1212/WNL.56.12.1677
http://dx.doi.org/10.1212/WNL.56.12.1677
http://dx.doi.org/10.1212/01.WNL.0000140468.92212.BE
http://dx.doi.org/10.1212/01.WNL.0000140468.92212.BE
http://dx.doi.org/10.1080/13554790701494964
http://dx.doi.org/10.1348/174866407X214172
http://dx.doi.org/10.1002/hbm.20617
http://dx.doi.org/10.1002/ana.24309
http://dx.doi.org/10.1093/cercor/bhn250
http://dx.doi.org/10.1093/cercor/bhn250

Seitz and Donnan

Stroke Recovery

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Pazzaglia M, Smania N, Corato E, Aglioti SM. Neural underpinnings of
gesture discrimination in patients with limb apraxia. J Neurosci (2008)
28:3030-41. doi:10.1523/JNEUROSCI.5748-07.2008

Rusconi E, Pinel P, Eger E, LeBihan D, Thirion B, Dehaene S, et al. A
disconnection account of Gerstmann syndrome: functional neuroanatomy
evidence. Ann Neurol (2009) 66:654-62. doi:10.1002/ana.21776

Hamzei F, Dettmers C, Rijntjes M, Weiller C. The effect of cortico-spi-
nal tract damage on primary sensorimotor cortex activation after
rehabilitation therapy. Exp Brain Res (2008) 190:329-36. doi:10.1007/
500221-008-1474-x

Kim YH, Kim DS, Hong JH, Park CH, Hua N, Bickart KC, et al. Corticospinal
tract location in internal capsule of human brain: diffusion tensor tractogra-
phy and functional MRI study. Neuroreport (2008) 28:817-20. doi:10.1097/
WNR.0b013e328300a086

Schiemanck SK, Kwakkel G, Post MW, Kappelle L], Prevo AJ. Impact of
internal capsule lesions on outcome of motor hand function at one year
post-stroke. J Rehabil Med (2008) 40:96-101. doi:10.2340/16501977-0130
Schaechter JD, Fricker ZP, Perdue KL, Helmer KG, Vangel MG, Greve DN,
et al. Microstructural status of ipsilesional and contralesional corticospinal
tract correlates with motor skill in chronic stroke patients. Hum Brain Mapp
(2009) 30:3461-74. doi:10.1002/hbm.20770

Vitali P, Abutalebi J, Tettamanti M, Danna M, Ansaldo AI, Perani D,
et al. Training-induced brain remapping in chronic aphasia: a pilot study.
Neurorehabil NeuralRepair(2007)21:152-60.d0i:10.1177/1545968306294735
Connell LA, Lincoln NB, Radford KA. Somatosensory impairment after
stroke: frequency of different deficits and their recovery. Clin Rehabil (2008)
22:758-67. doi:10.1177/0269215508090674

Poggel DA, Mueller I, Kasten E, Sabel BA. Multifactorial predictors and out-
come variables of vision restoration training in patients with post-geniculate
visual field loss. Restor Neurol Neurosci (2008) 26:321-39.

Brodtmann A, Puce A, Darby D, Donnan G. Serial functional imaging
poststroke reveals visual cortex reorganization. Neurorehabil Neural Repair
(2009) 23:150-9. doi:10.1177/1545968308321774

von Kummer R, Meyding-Lamadé U, Forsting M, Rosin L, Rieke K, Hacke W,
et al. Sensitivity and prognostic value of early CT in occlusion of the middle
cerebral artery trunk. AJNR Am J Neuroradiol (1994) 15:9-15.
Delgado-Mederos R, Rovira A, Alvarez-Sabin J, Rib6 M, Munuera J,
Rubiera M, et al. Speed of tPA-induced clot lysis predicts DWI lesion
evolution in acute stroke. Stroke (2007) 38:955-60. doi:10.1161/01.
STR.0000257977.32525.6¢e

Seitz R], Donnan GA. Role of neuroimaging in promoting long-term recovery
from ischemic stroke. ] Magn Reson Imaging (2010) 32:756-72. doi:10.1002/
jmri.22315

Paolucci S, Antonucci G, Grasso MG, Bragoni M, Coiro P, De Angelis D,
et al. Functional outcome of ischemic and hemorrhagic stroke patients after
inpatient rehabilitation. A matched comparison. Stroke (2003) 34:2861-5.
doi:10.1161/01.STR.0000102902.39759.D3

Bang OY, Lee PH, Heo KG, Joo US, Yoon SR, Kim SY. Stroke specific DWI
lesion patterns predict prognosis after acute ischaemic stroke within the
MCA territory. ] Neurol Neurosurg Psychiatry (2005) 76:1222-8. doi:10.1136/
jnnp.2004.059998

Wang X, Lam WW, Fan YH, Graham CA, Rainer TH, Wong KS.
Topographic patterns of small subcortical infarcts associated with MCA
stenosis: a diffusion-weighted MRI study. ] Neuroimaging (2006) 16:266-71.
doi:10.1111/j.1552-6569.2006.00027.x

Crafton KR, Mark AN, Cramer SC. Improved understanding of cortical
injury by incorporating measures of functional anatomy. Brain (2003)
126:1650-9. doi:10.1093/brain/awg159

Rey B, Frischknecht R, Maeder P, Clarke S. Patterns of recovery following
focal hemispheric lesions: relationship between lasting deficit and damage to
specialized networks. Restor Neurol Neurosci (2007) 25:285-94.

Donnan GA, Bladin PFE, Berkovic SE, Longley WA, Saling MM. The stoke
syndrome of striatocapsular infarction. Brain (1991) 114:51-70.

Seitz RJ, Sondermann V, Wittsack H-J, Siebler M. Lesion patterns in success-
ful and failed thrombolysis in middle cerebral artery stroke. Neuroradiology
(2009) 51:865-71. doi:10.1007/s00234-009-0576-x

Stoeckel MC, Meisel S, Wittsack HJ, Seitz R]. Pattern of cortex and white mat-
ter involvement in severe middle cerebral artery ischemia. J Neuroimaging
(2007) 17:131-40. doi:10.1111/.1552-6569.2007.00102.x

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Saur D, Lange R, Baumgaertner A, Schraknepper V, Willmes K, Rijntjes
M, et al. Dynamics of language reorganization after stroke. Brain (2006)
129:1371-84. doi:10.1093/brain/awl090

Fisher CM. Lacunar strokes and infarcts: a review. Neurology (1982) 32:871-6.
doi:10.1212/WNL.32.8.871

Boiten J, Lodder J. Lacunar infarcts. Pathogenesis and validity of the clinical
syndromes. Stroke (1991) 22:1374-8. doi:10.1161/01.STR.22.11.1374
Stinear CM, Barber PA, Smale PR, Coxon JP, Fleming MK, Byblow WD.
Functional potential in chronic stroke patients depends on corticospinal tract
integrity. Brain (2007) 130:170-80. doi:10.1093/brain/awl333

Lindenberg R, Zhu LL, Riber T, Schlaug G. Predicting functional motor
potential in chronic stroke patients using diffusion tensor imaging. Hum
Brain Mapp (2012) 33:1040-51. doi:10.1002/hbm.21266

Kretschmann HJ. Localisation of the corticospinal fibres in the internal
capsule in man. ] Anat (1988) 160:219-25.

Wenzelburger R, Kopper E Frenzel A, Stolze H, Klebe S, Brossmann A,
et al. Hand coordination following capsular stroke. Brain (2005) 128:64-74.
doi:10.1093/brain/awh317

Fornage M, Debette S, Bis JC, Schmidt H, Ikram MA, Dufouil C, et al.
Genome-wide association studies of cerebral white matter lesion burden: the
CHARGE consortium. Ann Neurol (2011) 69:928-39. d0i:10.1002/ana.22403
Surikova I, Meisel S, Siebler M, Wittsack H-J, Seitz R]. Significance of the
perfusion-diffusion mismatch area in chronic cerebral ischemia. | Magn
Reson Imaging (2006) 24:771-8. doi:10.1002/jmri.20686

Blondin D, Seitz R], Rusch O, Janssen H, Andersen K, Wittsack HJ, et al.
Clinical impact of MRI perfusion disturbances and normal diffusion in acute
stroke patients. Eur ] Radiol (2009) 71:1-10. doi:10.1016/j.ejrad.2008.04.003
Kurada S, Houkin K. Moyamoya disease: current concepts and future perspec-
tives. Lancet Neurol (2008) 7:1056-66. doi:10.1016/S1474-4422(08)70240-0
Lee J-I, Jander S, Oberhuber A, Schelzig H, Hanggi D, Turowski B, et al.
Stroke in patients with occlusion of the internal carotid artery: options for
treatment. Expert Rev Neurother (2014) 14(10):1153-67. doi:10.1586/14737
175.2014.955477

Taoufik E, Probert L. Ischemic neuronal damage. Curr Pharm Des (2008)
14:3565-73. d0i:10.2174/138161208786848748

Witte OW, Bidmon H-J, Schiene K, Redecker C, Hagemann G.
Functional differentiation of multiple perilesional zones after focal
cerebral ischemia. | Cereb Blood Flow Metab (2000) 20:1149-65.
doi:10.1097/00004647-200008000-00001

Redecker C, Luhmann HJ, Hagemann G, Fritschy JM, Witte OW. Differential
downregulation of GABAA receptor subunits in widespread brain regions
in the freeze-lesion model of focal cortical malformations. J Neurosci (2000)
20:5045-53.

Carmichael ST, Wei L, Rovainen CM, Woolsey TA. Growth-associated
gene expression after stroke: evidence for a growth-promoting region in
the peri-infarct cortex. Exp Neurol (2005) 193:291-311. doi:10.1016/j.
expneurol.2005.01.004

Centonze D, Rossi S, Tortiglione A, Picconi B, Prosperetti C, De Chiara
V; et al. Synaptic plasticity during recovery from permanent occlusion of
the middle cerebral artery. Neurobiol Dis (2007) 27:44-53. d0i:10.1016/j.
nbd.2007.03.012

Guadagno JV, Jones PS, Aigbirhio FI, Wang D, Fryer TD, Day D], et al.
Selective neuronal loss in rescued penumbra relates to initial hypoperfusion.
Brain (2008) 131:2666-78. d0i:10.1093/brain/awn175

Frost SB, Barbay S, Friel KM, Plautz EJ, Nudo RJ. Reorganization of remote
cortical regions after ischemic brain injury: a potential substrate for stroke
recovery. ] Neurophysiol (2003) 89:3205-14. doi:10.1152/jn.01143.2002
Dancause N, Barbay S, Frost SB, Plautz EJ, Chen D, Zoubina EV, et al.
Extensive cortical rewiring after brain injury. ] Neurosci (2005) 25:10167-79.
doi:10.1523/INEUROSCI.3256-05.2005

Nudo R, Wise B, SiFuentes F, Milliken G. Neural substrates for the effects
of rehabilitative training on motor recovery after ischemic infarct. Science
(1996) 272:1791-4. doi:10.1126/science.272.5269.1791

Biernaskie J, Corbett D. Enriched rehabilitative training promotes improved
forelimb motor function and enhanced dendritic growth after focal ischemic
injury. J Neurosci (2001) 21:5272-80.

Liew SL, Santarnecchi E, Buch ER, Cohen LG. Non-invasive brain stimula-
tion in neurorehabilitation: local and distant effects for motor recovery. Front
Hum Neurosci (2014) 27(8):378. d0i:10.3389/fnhum.2014.00378

Frontiers in Neurology | www.frontiersin.org

16

November 2015 | Volume 6 | Article 238


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1523/JNEUROSCI.5748-07.2008
http://dx.doi.org/10.1002/ana.21776
http://dx.doi.org/10.1007/s00221-008-1474-x
http://dx.doi.org/10.1007/s00221-008-1474-x
http://dx.doi.org/10.1097/WNR.0b013e328300a086
http://dx.doi.org/10.1097/WNR.0b013e328300a086
http://dx.doi.org/10.2340/16501977-0130
http://dx.doi.org/10.1002/hbm.20770
http://dx.doi.org/10.1177/1545968306294735
http://dx.doi.org/10.1177/0269215508090674
http://dx.doi.org/10.1177/1545968308321774
http://dx.doi.org/10.1161/01.STR.0000257977.32525.6e
http://dx.doi.org/10.1161/01.STR.0000257977.32525.6e
http://dx.doi.org/10.1002/jmri.22315
http://dx.doi.org/10.1002/jmri.22315
http://dx.doi.org/10.1161/01.STR.0000102902.39759.D3
http://dx.doi.org/10.1136/jnnp.2004.059998
http://dx.doi.org/10.1136/jnnp.2004.059998
http://dx.doi.org/10.1111/j.1552-6569.2006.00027.x
http://dx.doi.org/10.1093/brain/awg159
http://dx.doi.org/10.1007/s00234-009-0576-x
http://dx.doi.org/10.1111/j.1552-6569.2007.00102.x
http://dx.doi.org/10.1093/brain/awl090
http://dx.doi.org/10.1212/WNL.32.8.871
http://dx.doi.org/10.1161/01.STR.22.11.1374
http://dx.doi.org/10.1093/brain/awl333
http://dx.doi.org/10.1002/hbm.21266
http://dx.doi.org/10.1093/brain/awh317
http://dx.doi.org/10.1002/ana.22403
http://dx.doi.org/10.1002/jmri.20686
http://dx.doi.org/10.1016/j.ejrad.2008.04.003
http://dx.doi.org/10.1016/S1474-4422(08)70240-0
http://dx.doi.org/10.1586/14737175.2014.955477
http://dx.doi.org/10.1586/14737175.2014.955477
http://dx.doi.org/10.2174/138161208786848748
http://dx.doi.org/10.1097/00004647-200008000-00001
http://dx.doi.org/10.1016/j.expneurol.2005.01.004
http://dx.doi.org/10.1016/j.expneurol.2005.01.004
http://dx.doi.org/10.1016/j.nbd.2007.03.012
http://dx.doi.org/10.1016/j.nbd.2007.03.012
http://dx.doi.org/10.1093/brain/awn175
http://dx.doi.org/10.1152/jn.01143.2002
http://dx.doi.org/10.1523/JNEUROSCI.3256-05.2005
http://dx.doi.org/10.1126/science.272.5269.1791
http://dx.doi.org/10.3389/fnhum.2014.00378

Seitz and Donnan

Stroke Recovery

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Cincenelli P, Pascualetti P, Zaccagnini M, Traversa R, Oliveri M, Rossini PM.
Interhemispheric asymmetries of motor cortex excitability in the postacute
stroke stage: a paired-pulse transcranial magnetic stimulation study. Stroke
(2003) 34:2653-8. doi:10.1161/01.STR.0000092122.96722.72

Biitefisch CM, Wessling M, Netz ], Seitz R], Homberg V. Excitability and of ipsi-
and contralesional motor cortices and their relationship in stroke patients.
Neurorehabil Neural Repair (2008) 22:4-21. doi:10.1177/1545968307301769
Manganotti P, Acler M, Zanette GP, Smania N, Fiaschi A. Motor cortical
disinhibition during early and late recovery after stroke. Neurorehabil Neural
Repair (2008) 22:396-403. doi:10.1177/1545968307313505

Liepert J, Haevernick K, Weiller C, Barzel A. The surround inhibition
determines therapy-induced cortical reorganization. Neuroimage (2006)
32:1216-20. doi:10.1016/j.neuroimage.2006.05.028

Hamzei F, Knab R, Weiller C, Rother J. The influence of extra- and intracranial
artery disease on the BOLD signal in fMRI. Neuroimage (2003) 20:1393-9.
doi:10.1016/S1053-8119(03)00384-7

Jaillard A, Martin CD, Garambois K, Lebas JE, Hommel M. Vicarious func-
tion within the human primary motor cortex? A longitudinal fMRI stroke
study. Brain (2005) 128:1122-38. doi:10.1093/brain/awh456

Boake C, Noser EA, Ro T, Baraniuk S, Gaber M, Johnson R, et al. Constraint-
induced movement therapy during early stroke rehabilitation. Neurorehabil
Neural Repair (2008) 21:14-24. doi:10.1177/1545968306291858

Biitefisch CM, Netz J, Wessling M, Seitz RJ, Homberg V. Remote changes in
cortical excitability after stroke. Brain (2003) 126:470-81. doi:10.1093/brain/
awg044

Marshall RS, Zarahn E, Alon L, Minzer B, Lazar RM, Krakauer JW. Early
imaging correlates of subsequent motor recovery after stroke. Ann Neurol
(2009) 65:596-602. doi:10.1002/ana.21636

Marshall RS, Perera GM, Lazar RM, Krakauer JW, Constantine RC, DeLaPaz
RL. Evolution of cortical activation during recovery from corticospinal tract
infarction. Stroke (2000) 31:656-61. doi:10.1161/01.STR.31.3.656

Nhan H, Barquist K, Bell K, Esselman P, Odderson I, Cramer S. Brain func-
tion early after stroke in relation to subsequent recovery. ] Cereb Blood Flow
Metab (2004) 24:756-63. d0i:10.1097/01.WCB.0000122744.72175.9C
Askam T, Indredavik B, Vangberg T, Haberg A. Motor network changes
associated with successful motor skill relearning after acute ischemic stroke:
a longitudinal functional magnetic resonance imaging study. Neurorehabil
Neural Repair (2009) 23:295-304. doi:10.1177/1545968308322840

Liew SL, Santarnecchi E, Buch ER, Cohen LG. Non-invasive brain stimula-
tion in neurorehabilitation: local and distant effects for motor recovery. Front
Hum Neurosci (2014) 8:378. d0i:10.3389/fnhum.2014.00378

Reis J, Schambra HM, Cohen LG, Buch ER, Fritsch B, Zarahn E, et al.
Noninvasive cortical stimulation enhances motor skill acquisition over
multiple days through an effect on consolidation. Proc Natl Acad Sci U S A
(2009) 106:1590-5. doi:10.1073/pnas.0805413106

Nowak DA, Grefkes C, Dafotakis M, Eickhoff S, Kiist ], Karbe H, et al. Effects
of low-frequency repetitive transcranial magnetic stimulation of the contrale-
sional primary motor cortex on movement kinematics and neural activity in
subcortical stroke. Arch Neurol (2008) 65:741-7. doi:10.1001/archneur.65.6.741
Bhatt E, Nagpal A, Greer KH, Grunewald TK, Steele JL, Wiemiller JW, et al.
Effect of finger tracking combined with electrical stimulation on brain reor-
ganization and hand function in subjects with stroke. Exp Brain Res (2007)
182:435-47. doi:10.1007/s00221-007-1001-5

Winhuisen L, Thiel A, Schumacher B, Kessler J, Rudolf ], Haupt WE, et al. The
right inferior frontal gyrus and poststroke aphasia: a follow-up investigation.
Stroke (2007) 38:1286-92. doi:10.1161/01.STR.0000259632.04324.6¢
Marangolo P, Rizzi C, Peran P, Piras F, Sabatini U. Parallel recovery in a
bilingual aphasic: a neurolinguistic and fMRI study. Neuropsychology (2009)
23:405-9. doi:10.1037/a0014824

Muehlbacher W, Richards C, Ziemann U, Hallett M. Improving hand
function in chronic stroke. Arch Neurol (2002) 59:1278-82. d0i:10.1001/
archneur.59.8.1278

Floel A, Nagorsen U, Werhahn KJ, Ravindran S, Birbaumer N, Knecht S, etal.
Influence of somatosensory input on motor function in patients with chronic
stroke. Ann Neurol (2004) 56:206-12. doi:10.1002/ana.20170

Fregni E Boggio PS, Mansur CG, Wagner T, Ferreira MJ, Lima MC, et al.
Transcranial direct current stimulation of the unaffected hemisphere
in stroke patients. Neuroreport (2005) 16:1551-5. doi:10.1097/01.
wnr.0000177010.44602.5¢

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Hummel E, Celnik P, Giraux P, Floel A, Wu WH, Gerloff C, et al. Effects
of non-invasive cortical stimulation on skilled motor function in chronic
stroke. Brain (2005) 128:490-9. doi:10.1093/brain/awh369

Lindenberg R, Renga V, Zhu LL, Nair D, Schlaug G. Bihemispheric brain
stimulation facilitates motor recovery in chronic stroke patients. Neurology
(2010) 75:2176-84. d0i:10.1212/WNL.0b013e318202013a

Nair DG, Hutchinson S, Fregni F, Alexander M, Pascual-Leone A, Schlaug
G. Imaging correlates of motor recovery from cerebral infarction and their
physiological significance in well-recovered patients. Neuroimage (2007)
34:253-63. doi:10.1016/j.neuroimage.2006.09.010

Talelli P, Greenwood RJ, Rothwell JC. Exploring theta burst stimulation as an
intervention to improve motor recovery in chronic stroke. Clin Neurophysiol
(2007) 118:333-42. doi:10.1016/j.clinph.2006.10.014

Khedr EM, Abdel-Fadeil MR, Farghali A, Qaid M. Role of 1 and 3
Hz repetitive transcranial magnetic stimulation on motor function
recovery after acute ischaemic stroke. Eur ] Neurol (2009) 16:1323-30.
doi:10.1111/j.1468-1331.2009.02746.x

Celnik P, Paik NJ, Vandermeeren Y, Dimyan M, Cohen LG. Effects of com-
bined peripheral nerve stimulation and brain polarization on performance
of a motor sequence task after chronic stroke. Stroke (2009) 40:1764-71.
doi:10.1161/STROKEAHA.108.540500

Fries W, Danek A, Witt TN. Motor responses after transcranial electrical
stimulation of cerebral hemispheres with a degenerated pyramidal tract. Ann
Neurol (1991) 29:646-50. doi:10.1002/ana.410290612

Schaechter]D, Perdue KL, WangR. Structural damage to the corticospinal tract
correlates with bilateral sensorimotor cortex reorganization in stroke patients.
Neuroimage (2008) 39:1370-82. doi:10.1016/j.neuroimage.2007.09.071
Lindenberg R, Renga V, Zhu LL, Betzler F, Alsop D, Schlaug G. Structural
integrity of corticospinal motor fibres predict motor impairment in chronic
stroke. Neurology (2010) 74:280-7. doi:10.1212/WNL.0b013e3181ccc6d9
Canedo A. Primary motor cortex influences on the descending and
ascending systems. Prog Neurobiol (1997) 51:287-335. doi:10.1016/
$0301-0082(96)00058-5

Lang CE, Schieber MH. Reduced muscle selectivity during individuated fin-
ger movements in humans after damage to the motor cortex or corticospinal
tract. ] Neurophysiol (2004) 91:1722-33. doi:10.1152/jn.00805.2003
Kennedy RR. Corticospinal, rubrospinal and rubro-olivary pro-
jections: a unifying hypothesis. Trends Neurosci (1990) 13:474-9.
doi:10.1016/0166-2236(90)90079-P

Carey LM, Abbott DE, Harvey MR, Puce A, Seitz R], Donnan GA. Relationship
between touch impairment and brain activation after lesions of subcortical
and cortical somatosensory regions. Neurorehabil Neural Repair (2011)
25:443-57. doi:10.1177/1545968310395777

Liepert J, Storch P, Fritsch A, Weiller C. Motor cortex disinhibition
in acute stroke. Clin Neurophysiol (2000) 111:671-6. doi:10.1016/
$1388-2457(99)00312-0

Hummel FC, Steven B, Hoppe ], Heise K, Thomalla G, Cohen LG, etal. Deficient
intracortical inhibition (SICI) during movement preparation after chronic
stroke. Neurology (2009) 19:1766-72. doi:10.1212/WNL.0b013e3181a609¢5
Lewis GN, Perreault EJ. Side of lesion influences bilateral activation in
chronic, post-stroke hemiparesis. Clin Neurophysiol (2007) 118:2050-62.
doi:10.1016/j.clinph.2007.08.027

Misawa S, Kuwabara S, Matsuda S, Honma K, Ono J, Hattori T. The ipsilateral
cortico-spinal tract is activated after hemiparetic stroke. Eur ] Neurol (2008)
15:706-11. doi:10.1111/j.1468-1331.2008.02168.x

Schwerin S, Dewald JPA, Haztl M, Jovanovich S, Nickeas M, MacKinnon
C. Ipsilateral versus contralateral cortical motor projections to a shoulder
adductor in chronic hemiparetic stroke: implications for the expression of arm
synergies. Exp Brain Res (2008) 185:509-19. doi:10.1007/s00221-007-1169-8
Pannek K, Chalk JB, Finnigan S, Rose SE. Dynamic corticospinal white matter
connectivity changes during stroke recovery: a diffusion tensor probabilistic trac-
tography study. ] Magn Reson Imaging (2009) 29:529-36. doi:10.1002/jmri.21627
Lang CE, Dejong SL, Beebe JA. Recovery of thumb and finger extension
and its relation to grasp performance after stroke. ] Neurophysiol (2009)
102:451-9. doi:10.1152/jn.91310.2008

Foltys H, Krings T, Meister IG, Sparing R, Boroojerdi B, Thron A, et al. Motor
representation in patients rapidly recovering after stroke: a functional mag-
netic resonance imaging and transcranial magnetic stimulation study. Clin
Neurophysiol (2003) 114:2404-2015. doi:10.1016/S1388-2457(03)00263-3

Frontiers in Neurology | www.frontiersin.org

November 2015 | Volume 6 | Article 238


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1161/01.STR.0000092122.96722.72
http://dx.doi.org/10.1177/1545968307301769
http://dx.doi.org/10.1177/1545968307313505
http://dx.doi.org/10.1016/j.neuroimage.2006.05.028
http://dx.doi.org/10.1016/S1053-8119(03)00384-7
http://dx.doi.org/10.1093/brain/awh456
http://dx.doi.org/10.1177/1545968306291858
http://dx.doi.org/10.1093/brain/awg044
http://dx.doi.org/10.1093/brain/awg044
http://dx.doi.org/10.1002/ana.21636
http://dx.doi.org/10.1161/01.STR.31.3.656
http://dx.doi.org/10.1097/01.WCB.0000122744.72175.9C
http://dx.doi.org/10.1177/1545968308322840
http://dx.doi.org/10.3389/fnhum.2014.00378
http://dx.doi.org/10.1073/pnas.0805413106
http://dx.doi.org/10.1001/archneur.65.6.741
http://dx.doi.org/10.1007/s00221-007-1001-5
http://dx.doi.org/10.1161/01.STR.0000259632.04324.6c
http://dx.doi.org/10.1037/a0014824
http://dx.doi.org/10.1001/archneur.59.8.1278
http://dx.doi.org/10.1001/archneur.59.8.1278
http://dx.doi.org/10.1002/ana.20170
http://dx.doi.org/10.1097/01.wnr.0000177010.44602.5e
http://dx.doi.org/10.1097/01.wnr.0000177010.44602.5e
http://dx.doi.org/10.1093/brain/awh369
http://dx.doi.org/10.1212/WNL.0b013e318202013a
http://dx.doi.org/10.1016/j.neuroimage.2006.09.010
http://dx.doi.org/10.1016/j.clinph.2006.10.014
http://dx.doi.org/10.1111/j.1468-1331.2009.02746.x
http://dx.doi.org/10.1161/STROKEAHA.108.540500
http://dx.doi.org/10.1002/ana.410290612
http://dx.doi.org/10.1016/j.neuroimage.2007.09.071
http://dx.doi.org/10.1212/WNL.0b013e3181ccc6d9
http://dx.doi.org/10.1016/S0301-0082(96)00058-5
http://dx.doi.org/10.1016/S0301-0082(96)00058-5
http://dx.doi.org/10.1152/jn.00805.2003
http://dx.doi.org/10.1016/0166-2236(90)90079-P
http://dx.doi.org/10.1177/1545968310395777
http://dx.doi.org/10.1016/S1388-2457(99)00312-0
http://dx.doi.org/10.1016/S1388-2457(99)00312-0
http://dx.doi.org/10.1212/WNL.0b013e3181a609c5
http://dx.doi.org/10.1016/j.clinph.2007.08.027
http://dx.doi.org/10.1111/j.1468-1331.2008.02168.x
http://dx.doi.org/10.1007/s00221-007-1169-8
http://dx.doi.org/10.1002/jmri.21627
http://dx.doi.org/10.1152/jn.91310.2008
http://dx.doi.org/10.1016/S1388-2457(03)00263-3

Seitz and Donnan

Stroke Recovery

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Biitefisch CM, Kleiser R, Korber B, Miiller K, Wittsack HJ, Homberg V,
et al. Recruitment of contralesional motor cortex in stroke patients with
recovery of hand function. Neurology (2005) 64:1067-9. doi:10.1212/01.
‘WNL.0000154603.48446.36

Nelles G, Cramer S, Schaechter J, Kaplan ], Finklestein S. Quantitative
assessment of mirror movements after stroke. Stroke (1998) 29:1182-7.
doi:10.1161/01.STR.29.6.1182

Seitz R], Knorr U, Azari NP, Herzog H, Freund H-]. Recruitment of a visuo-
motor network in stroke recovery. Restor Neurol Neurosci (1999) 14:25-33.
Grefkes C, Nowak DA, Eickhoft SB, Dafotakis M, Kiist ], Karbe H, et al. Cortical
connectivity after subcortical stroke assessed with functional magnetic reso-
nance imaging. Ann Neurol (2008) 63:236-46. doi:10.1002/ana.21228
Kimberley TJ, Lewis SM, Strand C, Rice BD, Hall S, Slivnik P. Neural sub-
strates of cognitive load changes during a motor task in subjects with stroke.
J Neurol Phys Ther (2008) 32:110-7. doi:10.1097/NPT.0b013e318183d716
Sharma N, Baron JC, Rowe JB. Motor imagery after stroke: relating outcome
to motor network connectivity. Ann Neurol (2009) 66:604-16. doi:10.1002/
ana.21810

Ebrahim S, Nouri F, Barer D. Cognitive impairment after stroke. Age Ageing
(1985) 14:345-8. doi:10.1093/ageing/14.6.345

Robinson RG, Starr LB, Lipsey JR, Rao K, Price TR. A two-year longitu-
dinal study of poststroke mood disorders. In-hospital prognostic factors
associated with six-month outcome. | Nerv Ment Dis (1985) 173:221-6.
d0i:10.1097/00005053-198504000-00003

Karlinski M, Kobayashi A, Czlonkowska A, Mikulik R, Vaclavik D, Brozman
M, et al. Role of preexisting disability in patients treated with intravenous
thrombolysis for ischemic stroke. Stroke (2014) 45:770-5. doi:10.1161/
STROKEAHA.113.003744

Seitz RJ, Sukiennik J, Siebler M. Outcome after systemic thrombolysis is
predicted by age and stroke severity — an open label experience with rtPA
and tirofiban. Neurol Int (2012) 4:€9,35-39. d0i:10.4081/ni.2012.€9

Aron AW, Staff I, Fortunato G, McCullough LD. Prestroke living sit-
uation and depression contribute to initial stroke severity and stroke
recovery. ] Stroke Cerebrovasc Dis (2015) 24(2):492-9. doi:10.1016/j.
jstrokecerebrovasdis.2014.09.024

Guidetti D, Rota E, Morelli N, Immovilli P. Migraine and stroke: “vascular”
comorbidity. Front Neurol (2014) 5:193. doi:10.3389/fneur.2014.00193
Sacco S, Ornello R, Ripa P, Pistoia F, Carolei A. Migraine and hemor-
rhagic stroke. A meta-analysis. Stroke (2013) 44:3032-8. doi:10.1161/
STROKEAHA.113.002465

Brookes RL, Herbert V, Andrew J, Lawrence AJ, Morris RG, Markus HS.
Depression in small-vessel disease relates to white matter ultrastructural
damage, not disability. Neurology (2014) 83:1417-23. doi:10.1212/
'WNL.0000000000000882

Pendlebury ST, Rothwell PM. Risk of recurrent stroke, other vascular events
and dementia after transient ischaemic attack and stroke. Cerebrovasc Dis
(2009) 27(Suppl 3):1-11. doi:10.1159/000209260

Oksala NK, Jokinen H, Melkas S, Oksala A, Pohjasvaara T, Hietanen M, et al.
Cognitive impairment predicts poststroke death in long-term follow-up. J
Neurol Neurosurg Psychiatry (2009) 80:1230-5. d0i:10.1136/jnnp.2009.174573
Patel M, Coutinho C, Emsley HCA. Prevalence of radiological and clinical
cerebrovascular disease in idiopathic Parkinson’s disease. Clin Neurol
Neurosurg (2011) 113:830-4. doi:10.1016/j.clineuro.2011.05.014

de Laat KF, van Norden AG, Gons RA, van Uden IW, Zwiers MP, Bloem BR,
et al. Cerebral white matter lesions and lacunar infarcts contribute to the
presence of mild Parkinsonian signs. Stroke (2012) 43:2574-9. doi:10.1161/
STROKEAHA.112.657130

Huang Y-P, Chen L-S, Ming-Fang Yen M-E Fann C-Y, Chiu Y-H, Chen H-H,
et al. Parkinson’s disease is related to an increased risk of ischemic stroke - a
population-based propensity score-matched follow-up study. PLoS One
(2013) 8:e68314. doi:10.1371/journal.pone.0068314

Buchman AS, Leurgans SE, Nag S, Bennett DA, Schneider JA. Cerebrovascular
disease pathology and Parkinsonian signs in old age. Stroke (2011) 42:3183-9.
doi:10.1161/STROKEAHA.111.623462

Chang C-S, Liao C-H, Lin C-C, Lane H-Y, Sung F-C, Kao C-H. Patients with
epilepsy are at an increased risk of subsequent stroke: a population-based
cohort study. Seizure (2014) 23:377-81. doi:10.1016/j.seizure.2014.02.007
Broomfield NM, Terence J, Quinn TJ, Abdul-Rahim AH, Walters MR, Evans
JJ. Depression and anxiety symptoms post-stroke/TIA: prevalence and

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

associations in cross-sectional data from a regional stroke registry. BMC
Neurol (2014) 2014(14):198. doi:10.1186/s12883-014-0198-8

Hornsten C, Lovheim H, Gustafson Y. The association between stroke,
depression, and 5-year mortality among very old people. Stroke (2013)
44:2587-9. doi:10.1161/STROKEAHA.113.002202

Wu H-C, Chou FH-C, Tsai K-Y, Su C-Y, Shen S-P, Chung T-C. The inci-
dence and relative risk of stroke among patients with bipolar disorder: a
seven-year follow-up study. PLoS One (2013) 8:¢73037. doi:10.1371/journal.
pone.0073037

Seitz RJ, Hildebold T, Simeria K. Spontaneous arm movement activity
assessed with accelerometry is a marker for early recovery after stroke.
J Neurol (2011) 258:457-63. doi:10.1007/s00415-010-5778-y

Ruan J, Seitz R]. Impaired sleep and reduced spontaneous movement activity
in acute stroke: an exploratory study. ] Neuro Clsci (2014) 1:8.

Bassetti CL, Aldrich MS. Sleep electroencephalogram changes in
acute hemispheric stroke. Sleep Med (2001) 2:185-94. doi:10.1016/
$1389-9457(00)00071-X

LuuP, Tucker DM, Englander R, Lockfeld A, Lutsep H, Oken B. Localizingacute
stroke-related EEG changes: assessing the effects of spatial undersampling. J
ClinNeurophysiol(2001)18:302-17.d0i:10.1097/00004691-200107000-00002
Vock J, Achermann P, Bischof M, Milanova M, Miiller C, Nirkko A, et al.
Evolution of sleep and sleep EEG after hemispheric stroke. ] Sleep Res (2002)
11:331-8. doi:10.1046/.1365-2869.2002.00316.x

Cyril C, Urbain MT, Calvet P, Martinez VL. The clinical significance of
periodic lateralized epileptiform discharges in acute ischemic stroke. J Stroke
Cerebrovasc Dis (2000) 9:298-302. doi:10.1053/jscd.2000.18734

Hensel S, Rockstroh B, Berg P, Elbert T, Schénle PW. Left-hemispheric abnor-
mal EEG activity in relation to impairment and recovery in aphasic patients.
Psychophysiology (2004) 41:394-400. doi:10.1111/j.1469-8986.2004.00164x
Burghaus L, Hilker R, Dohmen C, Bosche B, Winhuisen L, Galldiks N,
et al. Early electroencephalography in acute ischemic stroke: prediction of
a malignant course? Clin Neurol Neurosurg (2007) 109:45-9. doi:10.1016/j.
clineuro.2006.06.003

Airboix A, Comes E, Garcia-Eroles L, Massons JB, Oliveres M,
Balcells M. Prognostic value of very early seizures for in-hospital
mortality in atherothrombotic infarction. Eur Neurol (2003) 50:78-84.
d0i:10.1159/000072503

Reith ], Jorgensen HS, Nakayama H, Raaschou HO, Olsen TS. Seizures in
acute stroke: predictors and prognostic significance. The Copenhagen Stroke
Study. Stroke (1997) 28:1585-9. d0i:10.1161/01.STR.28.8.1585

Jordan KG. Emergency EEG and continuous EEG monitoring in acute
ischemic stroke. J Clin Neurophysiol (2004) 21:341-52.

Binkofski E Seitz RJ, Hacklinder T, Pawelec D, Mau J, Freund H-J.
The recovery of motor functions following hemiparetic stroke: a clin-
ical and MR-morphometric study. Cerebrovasc Dis (2001) 11:273-81.
doi:10.1159/000047650

Meinzer M, Ebert T, Wienbruch C, Djundja D, Barthel B, Rockstroh B.
Intensive language training enhances brain plasticity in chronic aphasia.
BMC Biol (2004) 2:20. d0i:10.1186/1741-7007-2-20

Cheung VH, Gray L, Karunanithi M. Review of accelerometry for deter-
mining daily activity among elderly patients. Arch Phys Med Rehabil (2011)
92:998-1014. doi:10.1016/j.apmr.2010.12.040

Duncan PW, Lai SM, Keighley J. Defining post-stroke recovery: implications
for design and interpretation of drug trials. Neuropharmacology (2000)
39:835-41. doi:10.1016/S0028-3908(00)00003-4

Kwakkel G, Kollen BJ, van der Grond J, Prevo AJ. Probability of regaining
dexterity in the flaccid upper limb: impact of severity of paresis and time
since onset in acute stroke. Stroke (2003) 34:2181-6. doi:10.1161/01.
STR.0000087172.16305.CD

Beebe JA, Lang CE. Active range of motion predicts upper extremity
function 3 months after stroke. Stroke (2009) 40:1772-92. doi:10.1161/
STROKEAHA.108.536763

Krebs HI, Volpe B, Hogan N. A working model of stroke recovery from
rehabilition robotics practitioners. ] Neuroeng Rehabil (2009) 2009(25):6.
doi:10.1186/1743-0003-6-6

Sprigg N, Gray L], Bath PM, Lindenstrom E, Boysen G, De Deyn PP, et al.
Early recovery and functional outcome are related with causal stroke subtype:
data from the tinzaparin in acute ischemic stroke trial. J Stroke Cerebrovasc
Dis (2004) 16:180-4. doi:10.1016/j.jstrokecerebrovasdis.2007.02.003

Frontiers in Neurology | www.frontiersin.org

November 2015 | Volume 6 | Article 238


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1212/01.WNL.0000154603.48446.36
http://dx.doi.org/10.1212/01.WNL.0000154603.48446.36
http://dx.doi.org/10.1161/01.STR.29.6.1182
http://dx.doi.org/10.1002/ana.21228
http://dx.doi.org/10.1097/NPT.0b013e318183d716
http://dx.doi.org/10.1002/ana.21810
http://dx.doi.org/10.1002/ana.21810
http://dx.doi.org/10.1093/ageing/14.6.345
http://dx.doi.org/10.1097/00005053-198504000-00003
http://dx.doi.org/10.1161/STROKEAHA.113.003744
http://dx.doi.org/10.1161/STROKEAHA.113.003744
http://dx.doi.org/10.4081/ni.2012.e9
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2014.09.024
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2014.09.024
http://dx.doi.org/10.3389/fneur.2014.00193
http://dx.doi.org/10.1161/STROKEAHA.113.002465
http://dx.doi.org/10.1161/STROKEAHA.113.002465
http://dx.doi.org/10.1212/WNL.0000000000000882
http://dx.doi.org/10.1212/WNL.0000000000000882
http://dx.doi.org/10.1159/000209260
http://dx.doi.org/10.1136/jnnp.2009.174573
http://dx.doi.org/10.1016/j.clineuro.2011.05.014
http://dx.doi.org/10.1161/STROKEAHA.112.657130
http://dx.doi.org/10.1161/STROKEAHA.112.657130
http://dx.doi.org/10.1371/journal.pone.0068314
http://dx.doi.org/10.1161/STROKEAHA.111.623462
http://dx.doi.org/10.1016/j.seizure.2014.02.007
http://dx.doi.org/10.1186/s12883-014-0198-8
http://dx.doi.org/10.1161/STROKEAHA.113.002202
http://dx.doi.org/10.1371/journal.pone.0073037
http://dx.doi.org/10.1371/journal.pone.0073037
http://dx.doi.org/10.1007/s00415-010-5778-y
http://dx.doi.org/10.1016/S1389-9457(00)00071-X
http://dx.doi.org/10.1016/S1389-9457(00)00071-X
http://dx.doi.org/10.1097/00004691-200107000-00002
http://dx.doi.org/10.1046/j.1365-2869.2002.00316.x
http://dx.doi.org/10.1053/jscd.2000.18734
http://dx.doi.org/10.1111/j.1469-8986.2004.00164x
http://dx.doi.org/10.1016/j.clineuro.2006.06.003
http://dx.doi.org/10.1016/j.clineuro.2006.06.003
http://dx.doi.org/10.1159/000072503
http://dx.doi.org/10.1161/01.STR.28.8.1585
http://dx.doi.org/10.1159/000047650
http://dx.doi.org/10.1186/1741-7007-2-20
http://dx.doi.org/10.1016/j.apmr.2010.12.040
http://dx.doi.org/10.1016/S0028-3908(00)00003-4
http://dx.doi.org/10.1161/01.STR.0000087172.16305.CD
http://dx.doi.org/10.1161/01.STR.0000087172.16305.CD
http://dx.doi.org/10.1161/STROKEAHA.108.536763
http://dx.doi.org/10.1161/STROKEAHA.108.536763
http://dx.doi.org/10.1186/1743-0003-6-6
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2007.02.003

Seitz and Donnan

Stroke Recovery

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Schepers P, Ketelaar M, Visser-Meily AJ, de Groot V, Twisk JW, Lindeman
E. Functional recovery differs between ischaemic and haemorrhagic stroke
patients. ] Rehabil Med (2008) 40:487-9. doi:10.2340/16501977-0198
Welmer AK, Holmgqvist LW, Sommerfeld DK. Limited fine hand use after
stroke and its association with other disabilities. J Rehabil Med (2008)
40:603-8. doi:10.2340/16501977-0218

Baztan JJ, Galvez CP, Soccoro A. Reocvery of functional impairment after
acute illness and mortality: one-year follow-up study. Gerontology (2009)
55:269-74. doi:10.1159/000193068

Gosselin S, Desrosiers J, Corriveau H, Hébert R, Rochette A, Provencher
V, et al. Outcomes during and after inpatient rehabilitation: compar-
ison between adults and older adults. J Rehabil Med (2008) 40:55-60.
doi:10.2340/16501977-0144

Kwalkkel G, Wagenaar RC, Twisk JW, Lankhorst GJ, Koetsier JC. Intensity ofleg
and arm training after primary middle-cerebral-artery stroke: a randomised
trial. Lancet (1999) 354:191-6. doi:10.1016/S0140-6736(98)09477-X
Takahashi CD, Der-Yeghiaian L, Le V, Motiwala RR, Cramer SC. Robot-based
hand motor therapy after stroke. Brain (2008) 131:425-37. doi:10.1093/
brain/awm311

Luft AR, Macko RE Forrester LW, Villagra F, Ivey E, Sorkin JD, et al. Treadmill
exercise activates subcortical neural networks and improves walking after
stroke: a randomized controlled trial. Stroke (2008) 39:3341-50. doi:10.1161/
STROKEAHA.108.527531

Lindberg PG, Schmitz C, Engardt M, Forssberg H, Borg J. Use-dependent
up- and down-regulation of sensorimotor brain circuits in stroke patients.
NeurorehabilNeuralRepair(2007)21:315-26.d0i:10.1177/1545968306296965
Dong Y, Winstein CJ, Albestegui-DuBois R, Dobkin BH. Evolution of fMRI
activation in the perilesional primary motor cortex and cerebellum with reha-
bilitation training-related motor gains after stroke: a pilot study. Neurorehabil
Neural Repair (2007) 21:412-28. doi:10.1177/1545968306298598
Mintzopoulos D, Khanicheh A, Konstas AA, Astrakas LG, Singhal AB,
Moskowitz MA, et al. Functional MRI of rehabilitation in chronic stroke
patients using novel MR-compatible hand robotics. Open Neuroimag J (2008)
2:94-101. doi:10.2174/1874440000802010094

Yavuzer G, Selles R, Sezer N, Siitbeyaz S, Bussmann JB, Koseoglu F, et al.
Mirror therapy improves hand function in subacute stroke: a randomized
controlled trial. Arch Phys Med Rehabil (2008) 89:393-8. doi:10.1016/j.
apmr.2007.08.162

DohleC,PiillenJ,Nakaten A, KiistJ, Rietz C, Karbe H. Mirror therapy promotes
recovery from severe hemiparesis: arandomized controlled trial. Neurorehabil
Neural Repair (2009) 23:209-17. doi:10.1177/1545968308324786

Mudie MH, Matyas TA. Responses of the densely hemiplegic upper
extremity to bilateral training. Neurorehabil Neural Repair (2001) 15:129-40.
doi:10.1177/154596830101500206

. Perez MA, Cohen LG. Mechanisms underlying functional changes in

the primary motor cortex ipsilateral to an active hand. J Neurosci (2008)
28:5631-40. doi:10.1523/J]NEUROSCI.0093-08.2008

206.

207.

208.

209.

210.

211.

212.

213.

214.

Wolf SL, LeCraw DE, Barton LA, Jann BB. Forced use of hemiplegic upper
extremities to reverse the effect of learned nonuse among chronic stroke
and head-injured patients. Exp Neurol (1989) 104:125-32. doi:10.1016/
$0014-4886(89)80005-6

Taub E, Uswatte G, Pidikiti R. Constraint-induced movement therapy: a new
family of techniques with broad application to physical rehabilitation - a
clinical review. ] Rehabil Res Dev (1999) 36:237-51.

Liepert J, Miltner WH, Bauder H, Sommer M, Dettmers C, Taub E,
et al. Motor cortex plasticity during constraint-induced movement
therapy in stroke patients. Neurosci Lett (1998) 250:5-8. doi:10.1016/
$0304-3940(98)00386-3

Sawaki L, Butler AJ, Leng X, Wassenaar PA, Mohammad YM, Blanton S,
et al. Constraint-induced movement therapy results in increased motor map
area in subjects 3 to 9 months after stroke. Neurorehabil Neural Repair (2008)
22:505-13. doi:10.1177/1545968308317531

Gauthier LV, Taub E, Perkins C, Ortmann M, Mark UW, Uswatte G.
Remodelling the brain: plastic structural brain changes produced by dif-
ferent motor therapies after stroke. Stroke (2008) 39:1520-5. doi:10.1161/
STROKEAHA.107.502229

Cameirao MS, Bermudez IBS, Duarte E, Verschure PE Virtual reality based
rehabilitation speeds up functional recovery of the upper extremities after
stroke: a randomized controlled pilot study in the acute phase of stroke using
the rehabilitation gaming system. Restor Neurol Neurosci (2011) 29:287-98.
doi:10.3233/RNN-2011-0599

Prochnow D, Bermudez i Badia S, Schmidt J, Duff A, Brunheim S, Kleiser
R, et al. An fMRI study of visuomotor processing in a virtual reality based
paradigm: rehabilitation gaming system. Eur ] Neurosci (2013) 37:1441-7.
doi:10.1111/ejn.12157

Seitz R], Kammerzell A, Samartzi M. Monitoring of visuomotor coordination
in healthy subjects and patients with stroke and Parkinson’s disease: an
application study using the PABLO-device. Int ] Neurorehab (2014) 1:113.
doi:10.4172/ijn.1000113

Ertelt D, Small S, Solodkin A, Dettmers C, McNamara A, Binkofski F,
et al. Action observation has a positive impact on rehabilitation of motor
deficits after stroke. Neuroimage (2007) 36(Suppl 2):T164-73. doi:10.1016/j.
neuroimage.2007.03.043

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Seitz and Donnan. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribu-
tion or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

19

November 2015 | Volume 6 | Article 238


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.2340/16501977-0198
http://dx.doi.org/10.2340/16501977-0218
http://dx.doi.org/10.1159/000193068
http://dx.doi.org/10.2340/16501977-0144
http://dx.doi.org/10.1016/S0140-6736(98)09477-X
http://dx.doi.org/10.1093/brain/awm311
http://dx.doi.org/10.1093/brain/awm311
http://dx.doi.org/10.1161/STROKEAHA.108.527531
http://dx.doi.org/10.1161/STROKEAHA.108.527531
http://dx.doi.org/10.1177/1545968306296965
http://dx.doi.org/10.1177/1545968306298598
http://dx.doi.org/10.2174/1874440000802010094
http://dx.doi.org/10.1016/j.apmr.2007.08.162
http://dx.doi.org/10.1016/j.apmr.2007.08.162
http://dx.doi.org/10.1177/1545968308324786
http://dx.doi.org/10.1177/154596830101500206
http://dx.doi.org/10.1523/JNEUROSCI.0093-08.2008
http://dx.doi.org/10.1016/S0014-4886(89)80005-6
http://dx.doi.org/10.1016/S0014-4886(89)80005-6
http://dx.doi.org/10.1016/S0304-3940(98)00386-3
http://dx.doi.org/10.1016/S0304-3940(98)00386-3
http://dx.doi.org/10.1177/1545968308317531
http://dx.doi.org/10.1161/STROKEAHA.107.502229
http://dx.doi.org/10.1161/STROKEAHA.107.502229
http://dx.doi.org/10.3233/RNN-2011-0599
http://dx.doi.org/10.1111/ejn.12157
http://dx.doi.org/10.4172/ijn.1000113
http://dx.doi.org/10.1016/j.neuroimage.2007.03.043
http://dx.doi.org/10.1016/j.neuroimage.2007.03.043
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Neurology

REVIEW
published: 29 October 2015
doi: 10.3389/fneur.2015.00226

OPEN ACCESS

Edited by:
Roland Wiest,
University of Bern, Switzerland

Reviewed by:

Bin Jiang,

Beijing Neurosurgical Institute, China
Gian Marco De Marchis,

University Hospital Basel, Switzerland
Roland Beisteiner,

Medical University of Vienna, Austria

*Correspondence:
Lara A. Boyd
lara.boyd@ubc.ca

Specialty section:

This article was submitted to Stroke,
a section of the journal

Frontiers in Neurology

Received: 071 June 2015
Accepted: 12 October 2015
Published: 29 October 2015

Citation:

Auriat AM, Neva JL, Peters S,
Ferris JK and Boyd LA (2015)

A review of transcranial magnetic
stimulation and multimodal
neuroimaging to characterize
post-stroke neuroplasticity.

Front. Neurol. 6:226.

doi: 10.3389/fneur.2015.00226

CrossMark

A review of transcranial magnetic
stimulation and multimodal
neuroimaging to characterize
post-stroke neuroplasticity

Angela M. Auriat’, Jason L. Neva', Sue Peters’, Jennifer K. Ferris? and
Lara A. Boyd"?*

' Department of Physical Therapy, Faculty of Medicine, University of British Columbia, Vancouver, BC, Canada, ? Graduate
Program in Neuroscience, Faculty of Medicine, University of British Columbia, Vancouver, BC, Canada

Following stroke, the brain undergoes various stages of recovery where the central
nervous system can reorganize neural circuitry (neuroplasticity) both spontaneously
and with the aid of behavioral rehabilitation and non-invasive brain stimulation. Multiple
neuroimaging techniques can characterize common structural and functional stroke-re-
lated deficits, and importantly, help predict recovery of function. Diffusion tensor imaging
(DTI) typically reveals increased overall diffusivity throughout the brain following stroke,
and is capable of indexing the extent of white matter damage. Magnetic resonance
spectroscopy (MRS) provides an index of metabolic changes in surviving neural tissue
after stroke, serving as a marker of brain function. The neural correlates of altered brain
activity after stroke have been demonstrated by abnormal activation of sensorimotor
cortices during task performance, and at rest, using functional magnetic resonance
imaging (fMRI). Electroencephalography (EEG) has been used to characterize motor
dysfunction in terms of increased cortical amplitude in the sensorimotor regions when
performing upper limb movement, indicating abnormally increased cognitive effort and
planning in individuals with stroke. Transcranial magnetic stimulation (TMS) work reveals
changes in ipsilesional and contralesional cortical excitability in the sensorimotor corti-
ces. The severity of motor deficits indexed using TMS has been linked to the magnitude
of activity imbalance between the sensorimotor cortices. In this paper, we will provide a
narrative review of data from studies utilizing DTI, MRS, fMRI, EEG, and brain stimulation
techniques focusing on TMS and its combination with uni- and multimodal neuroimaging
methods to assess recovery after stroke. Approaches that delineate the best measures
with which to predict or positively alter outcomes will be highlighted.

Keywords: multimodal neuroimaging, stroke, sensorimotor recovery, diffusion tensor imaging, magnetic
resonance spectroscopy, functional MRI, electroencephalography, transcranial magnetic stimulation
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Multimodal neuroimaging of stroke

INTRODUCTION

Recent advances in stroke treatment have stressed early interven-
tion, greatly reducing the risk of mortality after stroke (1). Yet,
development of treatments aimed at improving function after
stroke has failed to keep pace, in part because rehabilitation spe-
cialists do not yet understand how to best help the brain recover
from stroke. The importance of this issue is underscored by work
from the Boyd Lab showing a clinically meaningful decline in
population-based quality of life for Canadians with stroke from
1998 to 2005 (2). In this work, declines in health-related quality
of life in the Canadian population were associated with increases
in the proportion of individuals with impaired motor function
post-stroke. Together the high incidence, increased survival
rates, and decreased quality of life following stroke demonstrate
a critical need for improved understanding of brain recovery
after stroke.

Many have attempted to define the neural mechanisms of post-
stroke impairment and recovery in the hope that understanding
these processes will improve rehabilitation interventions and
enhance function (Figure 1, Part I). Since the development of
neuroimaging techniques, such as magnetic resonance imaging
(MRI) and functional MRI (fMRI), it is possible to identify both
structural and functional brain changes, termed neuroplasticity,
as individuals with stroke re-learn motor skills. In addition, the
use of transcranial magnetic stimulation (TMS) allows cortical
excitability to be temporarily enhanced or reduced, which ena-
bles researchers to experimentally test the influence of specific
brain regions on motor learning and recovery from stroke. To
date, numerous studies show neuroplastic change after stroke by
documenting recovery of function that is independent of sponta-
neous change associated with acute recovery (3, 4). Our work (3,
5-9) and that of others (10-12) clearly shows that motor learning
and capacity for neuroplastic change (13, 14) are preserved, even
during the chronic stage after stroke. Experience-dependent
neuroplasticity likely explains a portion of the change associated
with motor learning after stroke in this work (15), yet despite
these advances in knowledge, no clear pattern of motor-related
brain activation has emerged that fully explains how the brain
compensates for stroke-related damage during motor learning.

In part, our failure to grasp how the damaged brain learns
stems from an incomplete understanding of the relationships
between behavior and brain function. Key toimproving functional
recovery after stroke is more fully understanding and mapping
experience-dependent neuroplasticity (17), which demonstrates
that the functional organization of the motor system can be
modified by use. Technological advances have enabled detailed
structural assessment of the brain with volumetric analysis of
white and gray matter, the indexing of white matter connectivity
using diffusion imaging, quantifying metabolic changes with
magnetic resonance spectroscopy (MRS), mapping of brain activ-
ity with fMRI and electroencephalography (EEG), and assessing
experience-dependent neuroplasticity through the manipulation
of cortical excitability using repetitive TMS (rTMS). In this review,
we highlight the use of these neuroimaging techniques to map
the neuroplasticity of motor learning and sensorimotor recovery,
as well as the advances in knowledge that have been stimulated

from their use. In combination, the knowledge gained from these
approaches is contributing significantly to the genesis of novel,
evidence-based interventions designed to promote functional
recovery after stroke.

NEUROIMAGING

Structural Imaging

Volumetric Analysis

It has long been recognized that lesion location rather than size
explains the bulk of neurological deficits after stroke (18). For
instance, the degree damage to the cortical spinal tract (CST)
rather than lesion volume correlates with motor ability after
stroke (19). However, stroke-related damage also has effects
on regions remote from the site of injury (20). The time point
of assessment is important because of delayed atrophy in areas
remote from the stroke (21). Advances in volumetric analysis
of MRI have allowed for the automated quantification of brain
volumes after segmentation into gray and white matter (22, 23)
often using only an anatomical T1 scan (Figure 1, Section IIA).
The quality of the scan influences the precision of segmentation
and having additional scans, such as fluid-attenuated inversion
recovery (FLAIR), T2, or proton density (PD), can improve
accuracy and identification of subtle lesions (23). Unfortunately,
difficulties arise when using these methods to quantify brains
with a neurological pathology (24, 25). Caution must be taken
to ensure programs designed to use anatomical landmarks to
segment and quantify brain volumes are functioning as expected
with analysis of chronic post-stroke brains, where landmarks may
shift or be non-existent due to direct damage or atrophy. Recently,
our group has utilized the FreeSurfer-based image analysis pack-
age (26, 27) for volumetric segmentation in chronic stroke and
found that segmentation was unaffected by small subcortical
lesions (24). However, participants with more extensive damage
had to be excluded from the analysis due to segmentation errors.
Alternative segmentation programs or using more extensive
manual edits will allow for the inclusion of participants with
larger lesions.

Volumetric analysis may be a valuable predictor of responders
to post-stroke interventions (23, 28). Future use of volumetric
analysis in rehabilitation studies will likely provide more useful
information on the influence of structural integrity on post-
stroke recovery. However, extreme caution and manual review/
intervention of computerized assessments must be used to ensure
accurate quantification of post-stroke brains (24, 25).

Diffusion-Weighted Imaging

Diffusion-weighted magnetic resonance imaging (DW-MRI)
non-invasively provides information on white matter pathways
in the human brain. Based on its ability to determine water
diffusion characteristics, DW-MRI has been extensively used to
identify the orientation and integrity of white matter after stroke,
and to relate these measures to motor function [see Ref. (28)
for review]. Brain regions, such as the corpus callosum (CC)
(29, 30) and the corticospinal tract (CST) (29, 31-33), have
been repeatedly studied and related to both motor function and
functional potential (30, 31, 33). DW-MRI has been touted as a
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FIGURE 1 | A summary of our current understanding of factors that contribute to post-stroke impairment (I) and the assessment tools available for
quantifying these changes (ll). Loss of white matter projections is illustrated as a decreased number of CST projections (IA). Diaschisis, a remote functional
depression, can impact intra- and interhemispheric areas (IB). A focal lesion can disrupt the mutual balanced inhibition between hemispheres. Damage from stroke
disrupts the balance by decreasing the inhibition of the contralesional hemisphere, which results in increased inhibition of the injured hemisphere (IC). FreeSurfer-
based volumetric analysis, using structural T1s, can be manually modified to correct for errors in the automated segmentation of injured brains (IIA). Identification of
CST and CC in an individual with chronic stroke utilizing tractography of diffusion-weighted images (IIB). The axial brain image identifies the voxel placement in the
hand knob of an individual with chronic stroke, the resulting spectra quantifies multiple neurotransmitters (IIC). BOLD signal during movements of the unaffected and
affected hand in individuals with left-sided subcortical stroke; modified, with permission, from Grefkes et al. (16) (IID). EEG trace from an electrode located at Cz
(over primary motor cortex) in an individual with chronic stroke and a healthy control as they take a step (time 0) (/IE). Transcallosal inhibition evoked from stimulation
over ipsilesional and contralesional primary motor cortex (IIF). Ipsilesional stimulation failed to produce an observable iSP in the ipsilateral (to the TMS pulse) limb,
whereas contralesional stimulation evoked a quantifiable iSP in the ipsilateral (to the TMS pulse) limb. iSP occurs in the time between the green (onset) and red
(offset) lines. CST, cortical spinal tract; CC, corpus callosum; fMRI, functional MRI; BOLD, blood oxygen level dependent; iSP, ipsilateral silent period; TMS,

promising tool for rehabilitation planning and prognosis after
stroke (31), and may predict neural changes after motor learn-
ing. Importantly, preliminary studies have demonstrated that the
integrity of CST (24, 34) and CC (35) influences the efficacy of
rTMS, suggesting that DW-MRI can provide valuable informa-
tion when selecting rTMS protocols and predicting the efficacy
of an intervention.

The motion of water molecules is restricted based on its loca-
tion and in white matter movement of water is restricted across
the tracts, with a relatively greater freedom of movement parallel
to the white matter fibers. It is this basic principle, which allows
for DW-MRI to identify the diffusion characteristics of white
matter and predict specific white matter pathways. Several diffu-
sion-based measures have been related to post-stroke outcome,
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primarily, fractional anisotropy (FA), apparent diffusion coeffi-
cient (ADC), axial diffusivity (AD), radial diffusivity (RD), num-
ber of tracts, and tract volume. FA is the most commonly reported
DW-MRI measure, and indicates the degree of directionality
within the tissue microstructure, which is determined by tissue
features, such as axons, myelin, and microtubules. FA ranges from
0 (completely isotropic) to 1 (completely anisotropic); therefore,
higher FA indicates greater directionality (36, 37). ADC, AD,
and RD are all based on the eigenvalues of the apparent diffusion
tensor [A1, Ay, and As (38)]. AD is an indicator of water diffusion
along the parallel, principal, direction of axonal water diffusion
[AD =2, (38)]. RD is an index of water diffusion perpendicular
to the principal direction of water [RD = A, + A5/2 (38)]. ADC
is the mean value of eigenvalues of the apparent diffusion tensor
[ADC = A + A + As/3 (38)]. Tractography methods allow for the
visualization of fiber architecture and also allow for the identifica-
tion of fiber number and volume in pathways of interest to stroke
recovery (Figure 1, Section IIB).

Although the reproducibility of tractography has been
established in a stroke population (39, 40), different analysis
methods can affect the interpretation of results (41). At present,
no “gold standard” method for fiber tractography exists for
in vivo application (42-44). For example, our group has recently
found that diffusion tensor imaging (DTI) and constrained
spherical deconvolution (CSD) methods produce significantly
different results when applied to individuals with chronic stroke
(41). Although DTI is the most commonly applied method of
tractography analysis in stroke research, CSD analysis provided
a stronger relationship between CST and CC white matter char-
acteristics, and post-stroke outcome. Additionally, DTI-based
tractography often fails to reconstruct fibers projecting to the
lateral aspect of the cortex (41, 42). Lateral projections of the
CST play a significant role in motor recovery after stroke (45),
specifically fine motor control of the hand (46). The failure of
DTT to detect these lateral projections likely hinders correlations
between CST and CC diffusion measures and motor function. If
DW-MRI tractography is to become a feasible tool for assessing
prognosis, functional potential, or rehabilitation strategies, it
is important that this technique be as sensitive and specific to
actual white matter fiber architecture as possible. Inability to
detect an intact CST or an under-estimation of the projection
of fiber populations may undermine patients’ expected poten-
tial for recovery resulting in minimized rehabilitation efforts.
Additional studies are needed to identify optimized tractogra-
phy strategies for identifying the fiber projections important for
stroke recovery.

In addition to tractography, several strategies are utilized to
interpret the microstructural white matter information provided
from DW-MRI. Many studies use a FA map to place a region
of interest (ROI) over a section of white matter (29), or use
tract-based spatial statistics (TBSS) to isolate specific regions of
change (47). Each of these methods has been able to correlate FA
and/or diffusion measures of the CST with sensorimotor func-
tion and impairment following stroke (29, 32, 48). Lindenberg
et al. found a correlation between fiber number asymmetry
(ipsilesional — contralesional/ipsilesional + contralesional)
and motor outcome in chronic stroke (32). Cho et al. used DTI

tractography to classify CST integrity after corona radiata infarct
(49) and intra-cerebral hemorrhage (50), and found a relation-
ship between tract involvement and functional outcome. ADC of
the CST appears to be elevated in the chronic stage of stroke (51,
52), and has been related to functional outcomes (28, 52). AD and
RD have been less frequently reported after stroke. Nonetheless,
studies in individuals with acute stroke found AD of the CST to
be related to motor outcomes (53, 54). One study found increased
RD in several regions, including the posterior CC, in acute stroke
patients compared to controls; however, increased AD occurred
only in the corona radiata (55). These results are consistent with
the work by Lindenberg et al., who assessed individuals with
chronic stroke in comparison to controls (30). Recent work has
shown that ADC, AD, and RD are elevated in the ipsilesional CST
and are related to motor outcome in individuals with chronic
stroke (41).

Several studies have assessed the relationship between
DW-MRI-based diffusion measures of the CC and post-stroke
outcome. Recently, Takenobu et al. used a combination of voxel-
based statistical tractography and a deterministic ROI-based
approach to determine callosal FA in acute ischemic stroke
patients (47). A significant positive correlation between FA
values within a ROI placed in the callosal midbody and motor
impairment was reported. Lindenberg and colleagues employed
a probabilistic tractography method, identifying white matter
tracts passing through contralesional primary motor cortex, and
found that several DTI-based outcomes were related to baseline
motor function and improvements in motor function after a
5-day intervention combining non-invasive brain stimulation
and motor practice (30). Specifically, transcallosal FA was nega-
tively correlated with baseline motor function, and both AD and
RD were positively correlated with change in function between
pre- and post-intervention assessments.

Together these findings indicate multiple measures of white
matter microstructure of the CST and CC correlate with stroke
outcome. It remains to be seen which diffusion measure(s) and
method(s) will provide the most reliable indication of CST and
CC function. Populations with stroke tend to have heterogene-
ous characteristics, such as, varied time since stroke onset, wide
range of functional and cognitive impairments, and differences
in lesion size and location. The contribution of these factors to
white matter microstructure have not been comprehensively
explored, and should be evaluated in future work to enhance the
use of DW-MRI to predict stroke outcome and the response to
interventions.

Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy allows for the non-invasive
measurement of metabolites in vivo, within a defined region of
tissue. H'MRS uses resonance signals from hydrogen protons to
quantify cerebral metabolites, which have different identifiable
resonance signals (or peaks) in a static magnetic field, measured
in parts per million (ppm). Thus, the magnitude of the peak
resonance at the chemical shift point for each metabolite can be
measured and a spectral map computed, providing information
on the presence and concentration of metabolites within the
target tissue [see Ref. (56) for review] (Figure 1, Section IIC).
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The process of acquiring MRS data (shimming, water suppres-
sion, and phasing curve fitting) has now been automated and is
available in programs, such as linear combination (LC) model
(57) or magnetic resonance user interface (MRUI) (58).

The number of metabolites that can be differentiated in the
MRS spectrum depends on the field strength of the MRI scanner
(59, 60). With a 3T MR, it is normally possible to obtain reliable
peaks for six different metabolites: N-acetylaspartate (NAA),
myo-inositol (mlI), choline, creatine, glutamate, and lactate.
Signals from the different peaks overlap making detection of
less-abundant metabolites, such as gamma-aminobutyric acid
(GABA), difficult without specific optimization of the MRS pro-
cedure that involves editing the spectra to obtain the GABA peak
at the cost of losing information from other observable peaks
(61). The physiological roles of the five identifiable metabolites
are still under examination. The physiological role of NAA in
the CNS is unclear; however, it is considered a marker of viable
neurons. Lowered levels of NAA may indicate neural loss or death
(62). ml is a cerebral osmolyte and occurs in astrocytes. It is con-
sidered a marker of glial cells and elevated mI is often considered
a sign of gliosis or cytotoxic edema (63). ml is elevated in spared
neural tissue in chronic stroke (64, 65). Choline represents the
sum of four choline-containing compounds in the CNS, all of
which are contained in cellular membranes; choline is considered
a marker of cell membrane integrity. Elevated choline levels may
indicate increased cell membrane turnover or demyelination
(62, 66). Creatine also represents the sum of creatine-containing
compounds, creatine and phosphocreatine, both of which are cel-
lular energy reserves and are markers of energy metabolism in the
brain (62). Creatine and choline levels are commonly believed to
be stable across the brain and are often used to normalize levels of
other cerebral metabolites; however, this may not be an appropri-
ate approach in neuropathological conditions, such as stroke, as
choline and creatine levels may be unstable after cerebral infarct
(67). Glutamate represents the sum of glutamate and its precursor
glutamine; it is not possible to differentiate these two compounds
at 3T field strength (59). Glutamate is the principle excitatory
neurotransmitter in the CNS and levels of glutamate may be
of particular interest in indexing changes related to N-methyl-
D-aspartate receptor (NMDAR)-mediated neuroplasticity, or
glutamate excitotoxicity post-stroke.

Magnetic resonance spectroscopy has significant potential to
act as an index of metabolic changes in surviving neural tissue
after stroke (68). Thus, MRS has primarily been useful as a marker
of neuronal loss or to indicate altered metabolic processes in
penumbral tissue following infarction. NAA levels are reduced
in areas of cerebral infarct (69), consistent with neural death, and
appear to reduce further from acute to chronic stroke, perhaps
indicating neuronal loss by diaschisis (70). Combining lactate
peaks with NAA data provides useful predictive information
about the viability of peri-infarct tissue in acute stroke (71-73).
MRS has been less utilized in evaluating sensorimotor outcomes
in chronic stroke, though analyses of spared ipsilesional tissue
have provided interesting insights into neural adaptations in
motor networks following distal infarct. In individuals with
subcortical stroke, there is lower NAA and higher ml in spared
ipsilesional primary motor cortex (M1) (65, 74); this is consistent

with neuronal stress or atrophy as result of an infarct to the motor
network. Lower NAA and higher mI have also been reported in the
ipsilesional supplementary motor area (SMA) and premotor cor-
tex, respectively (64). NAA levels in M1 and non-primary motor
areas positively correlate to motor function in several reports (64,
74-76) suggesting motor outcomes after stroke rely in part on the
integrity of surviving neural tissue. There have been fewer reports
on neurotransmitter levels and functional outcomes after stroke.
Cirstea et al. report levels of glutamate in ipsilesional M1 correlate
with motor impairment, with higher levels of glutamate relating
to better motor function, though glutamate was not significantly
reduced in ipsilesional M1 compared to contralesional M1 (65).
A recent study from Blicher et al., using optimized MRS protocols
for detection of GABA, reveals GABA is reduced in ipsilesional
M1 after stroke (77). Further, Blicher et al. report improvements in
motor function in response to constraint-induced therapy (CIT)
related to individual differences in GABA levels, with higher
baseline GABA in ipsilesional M1 relating to greater improve-
ments in motor function after CIT (77). Future studies linking
MRS measures to functional outcomes are needed, particularly
in relation to glutamate’s potential role in motor adaptation after
stroke. MRS provides significant potential benefit as a modality
to link observations of changes in neural activity post-stroke from
fMRI or TMS imaging with changes in metabolic function.

Magnetic resonance spectroscopy could also be a valuable
tool to advance our understanding of the neurochemical effects
of rTMS, and may be used as a predictive measure to identify
responders from non-responders. It is thought that rTMS does
not change NAA levels, instead it shifts neuronal metabolism
and neurotransmitter levels (78). Studies examining the effects
of 'TMS on MRS measures have, thus far, largely been conducted
on high-frequency rTMS over the dorsolateral prefrontal cortex
(DLPEC) in the treatment of depression. These studies have begun
to examine individual variability in pre-stimulation metabolite
levels and how these relate to treatment response. Participants
who responded to high-frequency rTMS over DLPFC for treat-
ment of depression showed lower baseline levels of glutamate
prior to rTMS stimulation, and greater increases in cortical
glutamate in response to rTMS (79, 80), while non-responders
showed a decrease in glutamate levels in response to stimulation
(80). Therefore, response to rTMS appears to rely in part on base-
line levels of glutamate in target brain regions. These studies were
conducted on rTMS for depression, with different stimulation
targets and network effects than rTMS for sensorimotor recovery.
However, they highlight the potential value of MRS as an index of
treatment response to stimulation for stroke patients.

There is scant research to date on MRS response to rTMS
over sensorimotor regions as it relates to stroke recovery. To our
knowledge, only one such study has been conducted, by Stagg
etal., using GABA-optimized MRS in examination of the effects of
continuous theta burst stimulation (¢TBS) to M1 (81). The authors
report cTBS, which has inhibitory effects on cortical circuitry,
increases GABA levels without affecting glutamate levels in M1
(81). Individual baselines in GABA levels relate to improvement
gains on upper limb motor function (77), and a study in healthy
adults demonstrated that individuals with greater reductions in
GABA levels after transcranial direct-current stimulation (tDCS)
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showed improved motor learning and greater M1 activation in
fMRI (82). It remains to be seen whether individuals with dif-
fering levels of baseline GABA following stroke show differing
responses to r'TMS protocols, this is an avenue that should be
examined in future research. Not only would future MRS work
expand our understanding of the neurobiological actions of
rTMS, but it also could allow for improved understanding of
baseline neurochemical characteristics that predict response to
r'TMS protocols, and thus more targeted individualized treatment
approaches in stroke rehabilitation.

Functional Imaging

Functional MRI

Functional MRI measures changes in blood movement in the
brain over time. This signal is the blood oxygen level dependent
(BOLD) signal. The BOLD signal is an indirect measure of neural
activity and reflects the amount of deoxyhemoglobin in a tissue.
The amount of deoxyhemoglobin depends on the local rate of
metabolism of oxygen, the volume of blood in the region, and the
amount of blood flow in a region (83). As neural activity increases
in a brain region, local oxygen metabolism, blood volume, and
blood flow all increase together (83). When MRI measures the
BOLD signal, there is a time delay between the neural event and
the signal measurement. The “fast response” occurs 2-3 s after
an event with the main BOLD signal recorded ~5 s later. In the
literature, the BOLD signal is sometimes described as a “hemo-
dynamic response.”

Measurement of BOLD signal can occur as the study par-
ticipant is performing a task (Figure 1, Section IID), or while
“resting” — the participant is typically asked to think of nothing
in particular but to remain awake (84). After collecting the study
data, it can be processed and analyzed in very similar ways. The
difference is that some analysis techniques are designed for use
with certain experiment types (i.e., for resting state). Resting-state
fMRI is defined as the spontaneous low-frequency (<0.1 Hz)
BOLD fluctuations with spatio-temporal correlations in networks
(85). What the BOLD signal fluctuations mean is not yet clear, but
increasing evidence suggests it does have a neural basis (85).

In the past, stroke rehabilitative research using neuroimaging
focused on the analysis of local lesion-specific activity and sub-
sequent impairments (86, 87). Limitations in computation and
mathematical modeling restricted study to isolated brain regions,
though clinically the effects of an isolated stroke can demonstrate
large sensorimotor and cognitive effects in remote areas (88).
Recent advancements in technological and scientific knowledge
have allowed for broader study of brain activity upstream and
downstream from the stroke lesion, namely network analysis.
Network analysis allows for the study of potential widespread
changes in neural activity after a focal lesion. Analyzing patterns
of network activity can inform researchers and clinicians of
the effect a lesion has on the output of brain activity and may
indicate whether certain “compensatory” network patterns are
better than others for producing functional motor performance.
A recent review of network analysis demonstrated altered activity
both adjacent to and distant from a stroke lesion, affecting both
hemispheres, and a pattern of change in network activity linked

with motor impairments and recovery (89). Reorganization in the
lesioned hemisphere includes interactions between the fronto-
parietal regions and the primary motor cortex, which may suggest
greater cortical control is needed for motor performance of the
paretic upper extremity (89). These studies underline the ability
of network analysis to determine connectivity patterns after a
stroke, and its potential for determining the effectiveness of cur-
rent rehabilitative therapies. If network analysis can link certain
patterns of early post-stroke activity with better prognosis, it may
have a role in informing the direction of future therapies.

Brain network activity after a stroke is commonly studied with
task-based fMRI. The challenges with using fMRI in individuals
after a stroke, is that the post-stroke motor impairments can
make motor performance difficult often resulting in movement
synergies (90), mirror movements (91), and head motion during
an fMRI scan (92). If during an fMRI study, participants produce
head movement beyond a few millimeters, move in synergies or
produce mirror movements, the scan may be rendered useless.
People who have sustained a severe stroke with resulting severe
motor impairments are often not studied with task-based fMRI,
as motor performance of even simple tasks are frequently not
possible without assistance, though some studies attempt to
overcome this limitation by studying passive movements (93,
94). Even those who have sustained a mild or moderate stroke
may have difficulty performing common functional tasks, such
as individuated finger movements, so researchers are limited to
studying basic and simple motor tasks, limiting generalizability
to other motor tasks. Imaging the brain during rest allows for
the study of individuals with a wide range of post-stroke motor
impairments, and permits the examination of network activity
without the need for task performance. For these reasons, resting-
state imaging is an attractive method for studying stroke network
activity.

Resting-State fMRI

Resting-state fMRI can characterize functional deficits after
a stroke and provide important predictive evidence that links
brain behavior with functional sensorimotor recovery of the
upper limb. After a cortical stroke, participants demonstrate
increased network activity in the ipsilesional fronto-parietal
cortex, bilateral thalamus and cerebellum, while contralesional
M1 and occipital cortical activity are decreased compared with
healthy controls (95). Furthermore, the functional connectivity
of the ipsilesional M1 with the contralesional thalamus, SMA,
and middle frontal gyrus during the acute stroke phase positively
correlate with motor recovery after 6 months (95), suggesting that
changes in upper extremity motor impairment can be predicted
by alterations in resting-state activity. Recently, participants
with impaired upper extremity function received 12 weeks of
training with shoulder and elbow robotic rehabilitation (96).
Resting-state fMRI and upper extremity motor impairment was
assessed before and after training. Decreased impairment could
be predicted from functional connectivity changes measured
by resting-state fMRI. Resting-state fMRI can reveal disrupted
functional connections within hours of stroke as well as during
recovery. Individuals with ischemic stroke were scanned within
24 h, 1 week, and 3 months post-stroke (97). Within hours after
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stroke, lower connectivity was found in individuals with motor
deficits. Interestingly, connectivity was restored 1 week later in
those with recovered hand function. However, residual decreased
subcortical connectivity remained 3 months later, even in those
individuals without remaining hand motor impairment. These
findings indicate that though motor function improves for some
individuals after stroke, resting-state fMRI may remain altered.
Resting-state fMRI also allows for the analysis of multiple net-
works simultaneously. Recent work has proposed that disrupted
whole brain connectivity in both the sensorimotor and dorsal
attention network is closely linked with functional impairment
more than the intra-hemispheric connectivity (98).

Task-Based fMRI

Task-based fMRI can inform the capacity of individuals to
recover after stroke, specifically with regard to motor function
and learning. fMRI studies have found that paretic hand move-
ment early after stroke is linked to widespread bilateral activity
within the motor system, with greater bilateral activity found
in individuals with greater motor impairment (99). Research
directed at understanding the function of this bilateral pattern
of activity suggests that the surviving brain regions influence
distant regions during movement (99). It is now known that
brain regions that survive the initial stroke influence one another
during movement, and that multiple brain regions and pathways
participate in reorganization and functional recovery, such as the
CST, brainstem pathways, interhemispheric connections (100).
The contralesional hemisphere also provides support for paretic
hand movements (100). Task-specific practice in individuals
with chronic stroke facilitated motor learning and reduced the
volume of contralesional cortical activity while using the paretic
arm (101). Performing the learned task altered cortical activa-
tion by producing a more normalized contralateral pattern of
brain activation, which suggests task-specific motor learning
may be an important stimulant for neuroplastic change and can
remediate maladaptive patterns of brain activity after stroke.
Our group has found motor learning and overall improvements
in motor control are associated with increased response in the
prefrontal-based attentional network in individuals with chronic
stroke (14). Additionally, evidence of plasticity is also noted for
movement of the non-paretic arm; this activity is related to altera-
tions in neural activation in areas anatomically and functionally
connected to the lesion, implying an extensive bilateral network
is involved (102).

Electroencephalography

Electroencephalography uses surface electrodes placed on the
scalp to detect fluctuating electrical voltages, which result from
the small electrical currents generated by active neurons (103).
EEG recordings are mainly generated by pyramidal neurons in
cortical layers III, V, and VI, with summation of cortical activity
producing a voltage field that can be recorded on the scalp (103).
EEG is used for diagnosis, prognosis, treatment monitoring, and
clinical management in acute ischemic stroke (104). Additionally,
in chronic stroke, the EEG signal can identify subtle changes in
the brain that cannot be detected by clinical measures; further,
quantification of the EEG signal before and after rehabilitation

interventions can assess neuroplasticity both locally surrounding
the lesion and within whole brain networks (105).

For EEG, resting-state activity can provide valuable predictive
information regarding network activity after a stroke, but has limi-
tations with regard to spatially localizing the sources, or regions
of interest, within the network. Stroke can affect the synchrony
of electrical oscillations in neural networks and these changes in
network coherence can be associated with neurological deficits.
In individuals with sub-acute stroke, functional connectivity of
resting-state EEG correlated with motor performance. Individuals
with stroke presented with disrupted alpha band connectivity
where the spatial distribution of alpha activity reflected the pattern
of motor and cognitive deficits of the individual participant (106).
Even 1 month after stroke, measures of delta and alpha power
were correlated with stroke severity scores (107). Focal brain
lesions affect functional brain networks. In individuals 3 months
after ischemic stroke, the synchrony of alpha band oscillations
decreased between affected brain regions with the rest of the brain
and this decrease was related to cognitive and motor deficits (108).
Resting-state EEG can measure the synchronization of neuronal
firing, and this can occur in the form of phase coupling or
amplitude correlation. Behavioral performance after a stroke can
be predicted by two distinct resting-state EEG coupling patterns:
(1) amplitude of beta activity between homologous regions and
(2) the lagged phase synchronization in EEG alpha activity from
one brain region to rest of the cortex (109). A disruption of these
coupling patterns is found to be associated with neurological defi-
cits in individuals with stroke (109). Robot-aided rehabilitation
programs are a relatively new and promising therapy, promoting
brain plasticity and supporting improvements in upper extremity
motor control. In a pilot study of seven individuals with stroke,
12 weeks of robotic rehabilitation decreased upper limb impair-
ment and changed brain connectivity as indicated by altered
coherence in the high beta band (24-33 Hz) (110). These studies
demonstrate the ability of EEG to provide information about the
patterns of impairment and recovery after stroke.

Transcranial Magnetic Stimulation

Transcranial magnetic stimulation is a useful way to non-inva-
sively measure and modulate cortical excitability. TMS activates
neurons in the cortex under the coil, which at high enough
intensities transsynaptically depolarizes corticospinal output
neurons. The corticospinal volleys activated by TMS reach the
target muscle and can be recorded by surface electromyography
(EMG) (111). Multiple single and paired-pulse techniques can be
used to index neuroplasticity, providing useful information about
how stroke and subsequent interventions modify brain function
(see Figure 2 for overview).

Single Pulse

Motor Thresholds In order to account for individual responses to
TMS across individuals, a standardized motor threshold value is
determined. Resting motor threshold is most commonly defined
as the lowest percent of stimulator output that is required to
produce a motor-evoked potential (MEP) with a peak-to-peak
amplitude of 50 pV on five out of 10 trials while the individual
is at rest (112). Similarly, active motor threshold is defined as the

Frontiers in Neurology | www.frontiersin.org

26

October 2015 | Volume 6 | Article 226


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org

Auriat et al.

Multimodal neuroimaging of stroke

Intracortical
interneurons
(layers 11-111)

Pyramidal
neuron

Amplifier

(layer V)
el

Corticospinal axon

Pyramidal
decussation

Synapse in
spinal gray mater

Surface EMG

stimulation; EMG, electromyography.

FIGURE 2 | A schematic of TMS-evoked measures of single and paired-pulse corticospinal excitability. Examples of TMS-evoked measures of
corticospinal excitability recorded by surface electrodes over the extensor carpi radialis (ECR) muscle. Displayed are examples of motor-evoked potential (MEP),
short-interval intracortical inhibition (SICI), intracortical facilitation (ICF), transcallosal inhibition (TCI), and cortical silent period (CSP). TMS, transcranial magnetic
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lowest percent of stimulator output that is required to produce
an MEP with a peak-to-peak amplitude of 200 uV on five out of
10 trials while the individual maintains a light background con-
traction (113). Threshold values are often used to determine the
stimulation intensity to use in the assessment and modulation of
cortical excitability with TMS techniques.

MEP  Input-Output Curves Motor-evoked potential input-
output (IO) curves utilize single-pulse TMS over a range of
intensities to measure the increase in excitability within the
corticospinal system in response to increased stimulus inten-
sity, as indexed by MEP amplitude (114, 115). The linear slope
of the curve (115) or area under the curve (116) produced by
increasing stimulator intensity is quantified as a representation
of the ability of the excitability of the M1 representation to be
up-regulated, and the strength of the corticospinal connections.
MEP IO curves can be measured while the participant is at
rest, or during a sustained contraction. Resting MEP IO curves
activate lower threshold neurons, while active MEP IO curves
utilize the voluntary contraction to activate higher threshold
neurons, thus stimulating unique neuronal pools, which may
have different functional significance (117).

M1 Cortical Mapping Single-pulse TMS can also be utilized to
probe the excitability of M1 in terms of quantifying the distribu-
tion and amplitudes of MEPs in the target muscle(s). TMS map-
ping of M1 follows the principles of motor homunculus (118)
where stimulation of different motor regions produces system-
atic responses in the corresponding peripheral musculature. The
amplitudes and distribution of MEPs when different scalp sites
are systematically stimulated can be analyzed and displayed as

topographical maps showing the greatest activity produced from
a corresponding scalp location over M1. Mapping the M1 repre-
sentation of particular muscles is used to understand the healthy
and pathological cortex, as well as to map change in neuronal
representation of muscle groups over time or following an inter-
vention (119-129).

Silent Period When single-pulse TMS is applied while holding
a slight contraction in the contralateral limb, a cortical silent
period (CSP) is produced, which presents a prolonged reduction
in EMG activity following the MEP (130-132). The CSP orig-
inates largely from activation of inhibitory cortical and spinal
interneurons, and there is evidence that the latter half of the CSP
is associated with GABAj-like activity at the cortical level (133).
Therefore, single-pulse TMS can be indicative not only of motor
cortical excitability, or increases in corticospinal tract excitability
in response to increasing stimulator output, but also inhibitory
circuit activity within the corticospinal system.

Transcallosal inhibition (TCI), important in interhemispheric
communication, can be quantified via an ipsilateral silent period
(iSP) derived from single-pulse TMS (134, 135). Specifically, dur-
ing a sustained unilateral muscle contraction, a single TMS pulse
over the ipsilateral M1 is delivered to evoke a reduction in the
background EMG activity in the ipsilateral muscle, known as the
iSP. Since the iSP is diminished or absent in patients with lesions
of the corpus callosum (135, 136), it is likely a result of inhibition
via transcallosal projections.

Paired Pulse
Intracortical Inhibition and Facilitation The excitation of M1
pyramidal neurons that ultimately translates into corticospinal
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output to target muscles is also influenced by intracortical cir-
cuitry within the motor cortex. Inhibitory intracortical circuitry
within M1 influences corticospinal output, and can be quantified
using TMS. Specifically, short-interval intracortical inhibition
(SICI) and long-interval intracortical inhibition (LICI), quantify
inhibitory circuitry. SICI is produced when two TMS pulses (a
subthreshold conditioning stimulus followed by a suprathreshold
test stimulus) are administered over M1 with an interstimulus
interval (ISI) of 1-6 ms and results in a decreased MEP amplitude
than that elicited by a single TMS pulse alone (137). Intracortical
facilitation (ICF), from 10 to 15 ms after the stimulation, meas-
ures the facilitatory circuits in M1. The protocol for measuring
ICF is identical to that with SICI (subthreshold conditioning
stimulus and suprathreshold test stimulus), with only the ISI dif-
fering. At longer ISIs of 50-200 ms, there is again a period were
inhibition is produced due to paired-pulse TMS called LICI (138,
139). Unlike SICI, LICI is evoked with two identical suprathresh-
old pulses. SICI is likely mediated by GABA-A (140) and LICI by
GABA-B (133, 141-143) receptor-mediated circuitry, due to the
differences in the time course of activation of the respective cir-
cuitry (Figure 1, Section IIF). ICF appears to be mediated by dif-
ferent neural circuitry than SICI (144), and glutamate may play a
role in mediating ICF (145). Assessing these inhibitory and facili-
tatory circuits is an important component of understanding how
neuroplastic change may be mediated and underlies associated
behavioral changes, functional improvement, and assessment of
neurological injury (i.e., stroke).

Short-Afferent Inhibition and Long-Afferent Inhibition Measures
of short (SAI) and long-afferent inhibition (LAI) use single-pulse
TMS in conjunction with peripheral nerve stimulation to exam-
ine the integration of sensory information into the motor output
system. Specifically, an electrical stimulation is delivered at the
contralateral median nerve prior to a TMS pulse delivered over
M1 while the participant is at rest, which results in a reduced MEP
relative to a single pulse alone. SAI applies this technique with an
ISI of 20 ms and LAI utilizes an ISI of 200 ms (130, 146-150). SAI
provides only enough time for activation of the primary soma-
tosensory cortex and secondary somatosensory cortex, whereas
LAI is long enough to ensure activation of primary somatosen-
sory cortex, bilateral secondary somatosensory cortex, and con-
tralateral posterior parietal cortex (130). While the mechanisms
underlying both SAT and LAI have not been described, they pro-
vide information on the impact of peripheral nerve stimulation
on M1 excitability, which is an important component to consider
when studying sensorimotor integration in regards to neuroplas-
ticity and neurological injury.

TMS Assessment of Cortical Excitability and Connectivity in
Stroke Several methods of TMS assessment have shown that
there is altered brain excitability and connectivity during all
phases post-stroke (acute, sub-acute, and chronic). In approxi-
mately the first week after stroke, the ability to elicit MEPs in the
paretic limb after single-pulse stimulation over the ipsilesional
hemisphere predicts good recovery (151-156). A lack of elicited
MEDPs in the paretic limb along with increased MEP amplitudes
in the non-paretic limb after contralesional stimulation predicts

poor motor recovery (31, 157), although this is not always the
case (151, 158, 159). The appearance of MEPs where there were
none before and improvement of TMS measures of corticospi-
nal integrity during the first few months of recovery (160-162),
both correlate with better functional outcome. An imbalance of
motor cortex excitability (decrease lesioned cortex excitability
and overly increased excitability of contralesional cortex) occurs
following severe stroke and a restoration of balance is associated
with functional recovery (151, 157, 162, 163). Several studies uti-
lizing motor cortical mapping have show that there are a decreased
number of excitable scalp sites over the ipsilesional compared to
contralesional cortex (160, 164-168), which has been suggested
to indicate a hemispheric imbalance between the cortices that
accompanies motor impairment of the more affected limb.

After stroke, measures of intracortical inhibition and excitation
within the ipsilesional hemisphere are altered. There is increased
inhibition as measured by a prolonged CSP after subcortical
stroke (169). Conversely, SICI and LICI are suppressed (158, 170,
171), and ICF remains within normal ranges (172-174). Recent
reports have shown that SAI is reduced in the acute phase of
stroke, where increased suppression of SAI has been correlated
with better motor function 6 months after stroke (175). In the
contralesional hemisphere, motor thresholds and MEP ampli-
tudes remain generally normal (151, 162, 173, 176-181), but SICI
is suppressed in some (158, 172, 173, 177).

The connectivity between hemispheres is also altered fol-
lowing stroke, showing asymmetric transcallosal interactions.
Several studies show that ipsilesional M1 generates less TCI than
usual (177, 182), and contralesional M1 continues to demonstrate
normal, or even increased, levels of interhemispheric inhibition
(THI) (183, 184). The net result is increased inhibition acting on
ipsilesional M1 (183) that can depress ipsilesional M1 excitability.
These changes may interfere with neuroplasticity in ipsilesional
cortex (4, 185, 186), as increased IHI from contralesional M1
onto ipsilesional M1 reduces excitability in neurons that survived
the stroke (177, 187) and is associated with more severe func-
tional deficits (183, 184). Additionally, work from our group with
chronic stroke participants has found increased TCI from the
ipsilesional to contralesional M1 while maintaining a contraction,
suggesting greater inhibitory signals sent from the ipsilesional to
contralesional M1 (188). Further, we have recently shown that
contralesional TCI was negatively correlated with hemipareticarm
function and impairment, demonstrating decreased inhibition
from the contralesional to ipsilesional hemisphere is associated
with greater impairment (189). Therefore, bilateral alterations in
cortical excitability and circuitry are associated with the degree
of motor impairment and post-stroke recovery.

Modulation of Cortical Excitability

with Repetitive TMS

Repetitive TMS can be applied in specific patterns to uniquely
modulate cortical excitability; the effects of rTMS may last for
periods of time exceeding that of stimulus application, from
minutes to an hour beyond stimulation (190-192). Therefore,
r'TMS can be used to index neuroplasticity or enhance cortical
excitability before a behavioral intervention, such as skilled
motor practice (193, 194).
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Repetitive TMS, when applied in specific patterns, can excite
or inhibit a local cortical region for a short duration. rTMS can
be applied at low frequencies of under 1 Hz that suppresses excit-
ability in the targeted area, or at high frequencies over 1 Hz, which
transiently excites the targeted area for ~15 min (195). Similarly,
theta burst stimulation (TBS) uses a 5-Hz stimulation pattern,
with triplets of 20 Hz stimulation, to inhibit or facilitate cortical
excitability if the TBS is applied continuously (inhibitory cTBS),
or intermittently (facilitatory iTBS), respectively (190). The effects
of cTBS and iTBS can last up to 60 min post-stimulation (190,
191). Importantly, the specific effects of cTBS and iTBS show sub-
stantial inter-individual variability, which likely depends upon
which interneuron populations are activated by the TMS pulse
(196). rTMS protocols, like TBS, have been shown to modulate
cortical excitability, and at times behavior, when applied over
motor-related areas, such as M1 (190), contralateral M1 (197,
198), the SMA (199), the dorsal premotor cortex (PMd) (200),
the primary somatosensory cortex (S1) (194), area 5 (201), as well
as non-motor areas, such as the cerebellum (202) and the DLPFC
(203). Not only does rTMS modulate cortical activity directly
below the magnetic coil, but activity in remote cortical and
subcortical regions can be modified by application of rTMS over
a single cortical target (204). Specifically, changes in MRI activity
can be detected in M1/S1, SMA, PMd, cingulate motor area, the
putamen, and thalamus after rTMS over left hemisphere M1 or
S1 (204). These methods for modulating cortical excitability are
thought to mimic early stages of long-term potentiation (LTP) or
long-term depression (LTD)-like mechanisms, and are proposed
to be dependent upon NMDA receptors (205). Due to the ability
to modulate cortical excitability in motor and non-motor-related
cortical areas beyond the time of stimulation itself (206), rTMS
has been utilized by researchers to developed protocols to test
whether the application of stimulation alone, or in conjunction
with other behavior and therapy can further rehabilitation from
neurological impairment, such as stroke.

Repetitive Brain Stimulation as an Intervention After Stroke

Since rTMS is known to modulate cortical excitability in local
and remote regions to the areas stimulated, it has been sug-
gested to be a viable therapeutic approach to aid in the recovery
of motor function after stroke (207), yet there is accumulating
evidence that the response to rTMS is inconsistent and variable
(34, 193, 194). When targeting stimulation over M1, rTMS has
been delivered in isolation (34, 208-210) and in combination
with rehabilitation training (193, 194, 211, 212) in individuals
with stroke. Since the effects of rTMS can outlast the period of
stimulation itself (190, 206), the prevailing thought is that the
aftereffects may be capitalized on by pairing it with skilled motor
practice and/or rehabilitation training to promote neuroplastic
change (193, 194, 213).

Theoretically, rTMS can be used to increase cortical excit-
ability in the ipsilesional cortex by directly applying excitatory
r'TMS over the ipsilesional hemisphere (Figure 3) or by applying
inhibitory rTMS over the contralesional to potentially decrease
abnormally increased inhibition to the lesioned M1 (Figure 4).
This manipulation of cortical excitability is supported by obser-
vations of imbalanced IHI after stroke (214). Impaired motor

performance following stroke is often attributed to a disruption
in THI where an overactive contralesional area suppresses the
activity of the lesioned hemisphere.

Repetitive Brain Stimulation as an Intervention After Stroke:
Ipsilesional Stimulation

Studies have shown promising preliminary findings using
high-frequency excitatory (>1 Hz) rTMS applied over the
ipsilesional hemisphere. One study showed that 3-Hz rTMS
over the ipsilesional hemisphere for 10 days combined with
passive limb manipulation, which gradually increased to active
manipulation of the paretic limb, resulted in improvements
in function and recovery of MEPs in certain individuals, with
no relationships between improvements in function and MEP
increases (215). Another study demonstrated increases in MEPs
and improvements in a sequential finger motor task when 10-Hz
rTMS was applied over the ipsilesional M1, and that cortical
excitability was associated with improvements in motor learning
(216). Similarly, improvements in motor skill learning have been
shown when 5-Hz rTMS is applied over ipsilesional S1 (193)
and this improvement is dependent on the white matter volume
in the somatosensory cortex in the lesioned hemisphere (24).
Although variable depending on stroke location, individuals with
subcortical stroke only showed improved movement kinematics
after 10-Hz rTMS over ipsilesional M1, whereas hand dexterity
actually deteriorated in the majority of those with cortical stroke
(217). This study also found that rTMS reduced activation of
contralesional cortex for those with subcortical stroke, and
caused bilateral activation of primary motor and sensory areas
in those with cortical stroke (217). The authors concluded that
it is likely that the extent and location of stroke may determine
the beneficial response to ipsilesional excitatory rTMS. Studies
have also reported little effects of applying excitatory rTMS
over the ipsilesional cortex. Talelli and colleagues used iTBS
over ipsilesional M1 followed by intensive physiotherapy of the
paretic upper limb for 10 days that did not show any significant
improvements (212). Another study combined 20-Hz rTMS over
ipsilesional M1 with CIMT in chronic stroke for 2 weeks, finding
that no additional improvements beyond that of CIMT alone
were observed except slightly lower motor thresholds (218).
However, it could be that the pairing of excitatory rTMS over the
index finger muscle representation in M1 followed by reaching,
grasping and other gross arm movements contributed the lack of
positive effects in the above two studies. A recent study suggested
that 10-Hz rTMS applied over ipsilesional M1 delivered 5 days
per week for 2 weeks enhanced motor function of the paretic limb
only in those with subcortical stroke and those who presented
with MEPs immediately after the intervention and at a 2-week
follow-up (219).

Repetitive Brain Stimulation as an Intervention After Stroke:
Contralesional Stimulation

An alternative to directly enhance ipsilesional M1 excitability
by applying excitatory rTMS over the lesioned hemisphere
is to deliver inhibitory rTMS over contralesional M1. This
approach potentially releases contralesional THI and indi-
rectly enhances ipsilesional M1 excitability. Some studies
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FIGURE 3 | A schematic of the theoretical effects of excitatory rTMS over the ipsilesional cortex. Decreased ipsilesional cortical excitability may contribute
to decreased corticospinal transmission resulting in diminished motor function of the paretic upper limb. Ipsilesional excitatory rTMS may increase the excitability of
the damaged cortex, thereby contributing to enhanced corticospinal transmission potentially leading to better motor function of the paretic upper limb. rTMS,
repetitive transcranial magnetic stimulation.
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FIGURE 4 | A schematic of the theoretical effects of inhibitory rTMS over the contralesional cortex. Increased interhemispheric inhibition (IHI) from the
contralesional to ipsilesional cortex via the corpus callosum may contribute to decreased ipsilesional corticospinal excitability and diminished motor function of the
paretic upper limb. Contralesional inhibitory rTMS may suppress contralesional to ipsilesional IHI and assist in improving ipsilesional corticospinal transmission,
potentially leading to better motor function of the paretic upper limb. rTMS, repetitive transcranial magnetic stimulation.

demonstrate that low-frequency inhibitory (<1 Hz) rTMS or
cTBS applied over the contralesional hemisphere improves
hand function (209, 210), reach-to-grasp movements (220),
motor learning (194), and brief improvements in hand dexterity,
which was associated with a reduction in TCI to the ipsilesional
M1 (221).

Other studies have investigated functional brain activa-
tion changes following rTMS in stroke. One study showed a
significant increase in the peri-infarct fMRI-related activity in
the ipsilesional M1 after 6-Hz low-frequency rTMS over the
contralesional M1 (208). Another study demonstrated improved
motor performance of the paretic hand following 1-Hz rTMS
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over the contralesional M1 that was associated with a decrease
in over-activation of contralesional M1 activation during paretic
hand movements (222). Additionally, connectivity between SMA
and M1 within the ipsilesional hemisphere was enhanced after
inhibitory rTMS over contralesional M1 (222). Recently, it was
shown that 10 sessions of 1-Hz rTMS over contralesional M1
showed a change in contralesional plasticity (35), and that mild
improvements in motor ability was associated with more normal
transcallosal white matter. These data suggest that the condition of
callosal white matter may influence the impact of contralesional
rTMS on recovery of motor function after stroke (35).

Variability in Response and Application of rTMS in Stroke
Opverall, the reported effects of rTMS in individuals with stroke
are moderate (223) but inconsistent (24, 34, 193, 194, 224). Varied
effects are noted regardless of what type of 'TMS is employed (34,
193, 194) and irrespective of the targeted brain region (34, 193,
194, 216, 225). Further, research to date has suggested that varied
responses to r'TMS are not explained by simple demographic fac-
tors, such as age, sex, or stroke severity (24, 34). There are several
potential reasons for this variability, such as stroke location and
extent (217, 226), post-stroke duration (219, 225), presence of
MEPs (31, 219, 227), hemispheric dominance pre-stroke (228),
callosal (33, 189, 229) and corticospinal structural integrity (24,
34, 189), cortical target location for rTMS (193, 219, 224), brain-
derived neurotrophic factor genotype (230), different interneu-
ron populations activated by TMS (196), and combination with
a well-controlled motor learning task or individualized physical
therapy. Despite its broad use, a comprehensive understanding of
the physiologic effects of rTMS on the brain is lacking. Further,
there is no consensus on which brain region to stimulate, whether
it is somatosensory (193) or motor execution (194, 216) or prepa-
ration (231) areas, and if stimulation should be applied over the
ipsilesional or contralesional hemisphere (194).

Although rTMS demonstrates great potential to enhance
post-stroke recovery future work is needed to address the issue
of response variability. With a greater understanding of the fac-
tors driving response variability, we will be better able to target
rehabilitation to the individual.

MULTIMODAL ASSESSMENTS

Multimodal Neuroimaging: Combined
TMS, MRI, and EEG Assessment After
Stroke

Few studies have utilized multiple methods of neuroimaging in
order to predict motor function and impairment due to stroke
(188, 189, 229, 232, 233). Studies have shown that those with
decreased MEP amplitudes also have a weaker paretic hand, with
greater activation in the ipsilesional M1 as recorded by task-
based fMRI (234). A study using TMS to assess corticospinal
integrity via single-pulse assessment of MEPs and fMRI during
isometric hand gripping determined that in patients with less
corticospinal excitability, there was an associated increase in
activation of contralesional premotor and cerebellar areas (232).
The suggestion from these combined methods is that other

non-primary motor cortical areas may be playing a functionally
relevant role in controlling force production in more severely
affected individuals with stroke. A combined paired-pulse dual
coil TMS and fMRI study showed that both TMS and fMRI neu-
rophysiological function in the contralesional PMd was associ-
ated with the degree of impairment (233). Specifically, a lack of
inhibition from contralesional PMd to ipsilesional M1 measured
by paired-pulse TMS and greater activation of PMd during hand-
grip was correlated with the level of clinical impairment. The
authors suggested that contralesional PMd may support recovery
in ipsilesional M1 (233).

Stinear and colleagues have demonstrated through DTT and
TMS that weak or absent MEPs evoked ipsilesionally and greater
asymmetry in FA of the posterior limb of the internal capsule
are predictive of poor motor recovery (227). Recent work from
our lab has demonstrated the utility of combined TMS and MRI
measures to predict motor function (188). Specifically, bilateral
hand dexterity was found to correlate with resting motor threshold
and precentral gyral thickness. Those with higher resting motor
thresholds and decreased precentral gyral thickness presented
with decreased bilateral hand dexterity. Furthermore, increased
levels of TCI were associated with greater midcallosal white mat-
ter volume (188). In another study, we demonstrated that altered
microstructure of transcallosal fiber tracts in anterior sub-regions
were associated with TCI and upper extremity impairment in
chronic stroke (189). Specifically, anterior transcallosal tract
FA and TCI from the non-lesioned to lesioned M1 predicted a
unique amount of variance in upper limb impairment. Those with
less FA in anterior sub-regions of the corpus callosum and less
TCI were those presenting with greater upper limb impairment
(189). Another recent study combined fMRI, DTI, and TMS in
the assessment of hemispheric balance between ipsilesional and
contralesional cortices (229). Task-based fMRI lateralization to
the ipsilesional hemisphere was associated with better TCI and
stronger ipsilesional motor-related area output via DWI tractog-
raphy. These studies demonstrate the usefulness of combining
multiple methods of neuroimaging along with measures of TMS
in order to more comprehensively assess and predict motor
function and impairment. Utilizing multimodal neuroimaging
can be used in future investigations to aid in identifying optimal
biomarkers of stroke recovery and to predict response to rehabili-
tation in order to maximize treatment outcomes.

A novel multimodel neuroimaging approach combines TMS
with EEG. TMS and EEG may be used in combination in real-
time in order to directly characterize local and distributed corti-
cal activity, providing a rich source of temporally specific data to
determine causal mechanisms of cortical responses to TMS in
humans in vivo (235-238). Another advantage of this approach is
the ability to stimulate any cortical regions and record the evoked
activity using EEG, subverting the need to record peripheral
responses via surface EMG, which can prove difficult in the ipsile-
sional hemisphere. Although this has not been utilized in stroke,
the combined technique of TMS-EEG may provide new insights
into cortico-cortical connectivity in sensorimotor recovery after
stroke due to spontaneous recovery and with interventions
(behavioral, stimulation, pharmacological, etc.) not able to be
captured before.
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Multimodal Neuroimaging: TMS and MRI
Assessment of rTMS-Based Interventions
After Stroke

Very few studies have utilized multimodal neuroimaging with
TMS to identify the underlying neurobiology of sensorimo-
tor recovery from stroke (31, 188, 189, 227, 229, 233), and
research is scarce in the investigation of an intervention using
multimodal imaging with rTMS (24, 35). These studies have
demonstrated the usefulness of combining imaging of corti-
cal and subcortical structures with neurophysiological data
acquired from TMS in order to better predict aspects of upper
limb motor recovery and the potential response to rTMS (24, 34,
35). Carey et al. demonstrated that those with greater structural
integrity of the posterior limb internal capsule of the ipsilesional
hemisphere demonstrate greater response to contralesional
rTMS and the behavioral improvements associated with rTMS
(34). Transcallosal FA was shown to correlate with the degree of
behavioral improvements due to contralesional rTMS, indicat-
ing the DTI-derived measures may aid in individually tailored
interventions when considering using contralesional rTMS to
potentially induce transcallosal neuroplasticity (35). Recently,
we have shown that increased ipsilesional S1 white matter
volume was associated with the degree of skill learning improve-
ment when 5-Hz rTMS was applied over S1 before motor skill
practice (24). These studies suggest that data acquired from
structural and functional imaging may be used to categorize
those who respond to rTMS in order to personalize application
in a rehabilitation setting.

THE FUTURE OF MULTIMODAL
NEUROIMAGING FOR PERSONALIZED
THERAPY

Recently, there have been several models proposed to cat-
egorize individuals for personalized treatment based on
multi-neuroimaging methods (227, 239). The “predicting
recovery potential (PREP) algorithm” has been introduced and
suggested that patients who present with an ipsilesional MEP
have the best prognosis for recovery, and intensive unilateral
therapy of the paretic limb is recommended. However, those
who do not present with an ipsilesional MEP are divided into
two categories: (1) low asymmetry in FA of the corticospinal
tract (greater integrity of the ipsilesional corticospinal tract),
with a prognosis of limited functional improvement and (2)
high asymmetry in FA of the corticospinal tract (less integrity of
the ipsilesional corticospinal tract) with the poorest prognosis
for functional improvement. Those with low corticospinal tract
asymmetry are recommended to receive “primed” ipsilesional
brain stimulation and augmented training of the paretic upper
limb. However, if there is an absence of an MEP after stimulating
the ipsilesional M1 with a relatively high hemispheric asymme-
try of FA, the recommendation of therapeutic intervention is
modified to include stimulation of the contralesional M1 along
with augmented bilateral therapy to engage the contralesional
and ipsilesional cortices (31, 227). Di Pino and colleagues (239)
similarly have suggested a bimodal balance-recovery model that

proposes a personalized application of rTMS (or other types
of non-invasive brain stimulation) depending on structural
reserve of the central nervous system, along with clinical and
neurophysiological data from multiple imaging sources. This
bimodal balance-recovery model attempts to account for the
possibility of interhemispheric competition and the fact that
the contralesional hemisphere may serve to support recovery of
function after stroke (239).

These studies suggest that a combination of neuroimaging
methods will likely benefit in the assessment of stroke-related
damage and personalized treatment strategies, particularly when
using r'TMS (or other types of non-invasive brain stimulation) for
individuals following stroke. However, there will always be a risk of
mislabeling participants, resulting in a substandard care. For this
reason, we must continue to utilize new technologies to broaden
our understanding of stroke recovery, improving both diagnostic
abilities and interventions. For instance, in an individual who
does not present with an ipsilesional MEP perhaps simultaneous
TMS-EEG could be used to test if cortical activity is evoked by
ipsilesional TMS, making it possible to narrow down the site of
impairment. This could be very useful information, giving a more
accurate prognosis and identifying the ideal pathway to target for
recovery. As advancements in neuroimaging continue to impact
research in stroke recovery, personalized therapy will become
more reliable and utilized, and new interventions will become
possible.

TABLE 1 | Cost/availability are ranked relative to the other imaging
methods.

Method Benefits Limitations Cost/
availability
Volumetric ~ Quantification of brain Limited accuracy in SE/+++
analysis volumes from basic (T1) individuals with lesions
structural scans
DW-MRI Assesses microstructural  Tractography results $8S/++
characteristics of white are variable across
matter methods and sensitive
to movement
MRS Quantification of Requires technical $8S/+
neurotransmitter levels in - expertise and expensive
defined area coil for acquisition
fMRI Identifies patterns of brain  Poor temporal resolution  $$$/++
activation at high spatial ~ and is limited to
resolution participants who can
complete task
Resting- Not dependent on task Sensitive to movement  $$$/+
state fMRI  completion
™S Assessment and Requires specialized $/+
modulation of cortical equipment and trained
excitability and plasticity ~ personnel
EEG Provides information Poor spatial resolution $/+++

and is limited to cortical
activity

on functional integrity
of cortex and has high
temporal resolution

Increasing price is associated with more $ signs, and greater availability is indicated by
more + signs.

DW-MRI, diffusion-weighted MRI; MRS, magnetic resonance spectroscopy; fMRI,
functional MRI; EEG, electroencephalography; TMS, transcranial magnetic stimulation.
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CONCLUSION

The information provided above strongly suggests the potential
for multimodal imaging in future neuroplasticity and rehabili-
tation studies after stroke. Structural and functional imaging
and physiological assessments have all provided important
insights into both the pathology of stroke and mechanisms
underlying neurological recovery. Table 1 lists the major
benefits/limitations of each imaging method covered in this
review. Additionally, we have also highlighted the potential
of non-invasive brain stimulation as an important therapeutic
approach. Although many studies have found rTMS improves
recovery an increasing number are failing to find benefit.
Numerous technical factors affect rTMS interventions, includ-
ing the site targeted, type of stimulation, and number of stimu-
lation sessions. However, the variability in response to rTMS
also highlights the importance of understanding individual
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There currently remains considerable variability in stroke survivor recovery. To address
this, developing individualized treatment has become an important goal in stroke treat-
ment. As a first step, it is necessary to determine brain dynamics associated with stroke
and recovery. While recent methods have made strides in this direction, we still lack
physiological biomarkers. The Virtual Brain (TVB) is a novel application for modeling brain
dynamics that simulates an individual’s brain activity by integrating their own neuroim-
aging data with local biophysical models. Here, we give a detailed description of the
TVB modeling process and explore model parameters associated with stroke. In order
to establish a parallel between this new type of modeling and those currently in use, in
this work we establish an association between a specific TVB parameter (long-range
coupling) that increases after stroke with metrics derived from graph analysis. We used
TVB to simulate the individual BOLD signals for 20 patients with stroke and 10 healthy
controls. We performed graph analysis on their structural connectivity matrices calculating
degree centrality, betweenness centrality, and global efficiency. Linear regression analysis
demonstrated that long-range coupling is negatively correlated with global efficiency
(P = 0.038), but is not correlated with degree centrality or betweenness centrality. Our
results suggest that the larger influence of local dynamics seen through the long-range
coupling parameter is closely associated with a decreased efficiency of the system. We
thus propose that the increase in the long-range parameter in TVB (indicating a bias
toward local over global dynamics) is deleterious because it reduces communication as
suggested by the decrease in efficiency. The new model platform TVB hence provides a
novel perspective to understanding biophysical parameters responsible for global brain
dynamics after stroke, allowing the design of focused therapeutic interventions.

Keywords: stroke, brain dynamics, graph theory, computational biophysical modeling, connectome, brain
networks, imaging, MRI
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The Virtual Brain

INTRODUCTION

Heterogeneity of functional outcomes following stroke remains
a major limitation to stroke rehabilitation. While the majority of
stroke survivors suffer from motor impairment, particularly in
the upper extremities (1), the degree and type of this impairment
and the level of recovery following rehabilitation are highly vari-
able (2). The functional basis for variation in patient deficits is
still poorly understood, and there is no consensus on a theoretical
or empirical framework for linking brain injury to functional
deficits (3). In order to address this issue, recent approaches in
stroke rehabilitation have aimed at the development and the opti-
mization of individualized treatments that maximize long-term
functional gains (4, 5).

To this end, different theoretical approaches have been used.
The most general method has probed stratification measures
based on patient demographics, behavioral outcomes, affective
states, brain function, and lesion characteristics (4-6). None have
been shown as a reliable biomarker. Particularly noticeably has
been the presence of an inconsistent relationship between brain
lesion and the resulting functional deficits (6), likely due to the
inherent complexity of damage in a highly interconnected brain.

Researchers have thus turned to network analysis to under-
stand stroke (7-9). In this approach, one of the goals is to
explain the observed variations after stroke and predict recovery.
Interestingly, the initial efforts with network analysis focused on
alterations to specific pathways as the key links to understand
behavior (8, 10). For example, while some functional connectiv-
ity studies showed that lesions within the motor areas can cause
dysfunction of remote brain regions (11-13), others showed a
relationship between improved motor function and strengthening
interhemispheric and intrahemispheric connectivity involving
the primary motor cortex (14). An important issue in interpret-
ing such relationships is that the changes may reflect either the
abnormal functioning of a damaged network or the formation of
a different network that results in new behavioral patterns.

Furthermore, while these initial studies have been an impor-
tant development, their main limitation is that they assume
stable, localized changes within specific sub-networks, obliterat-
ing global changes, with the consequence that these potential
biomarkers have been very adequate as descriptors at the group
level but not in individual patients (15).

Recently, the neuroimaging community has begun to focus on
connectomics, or the mapping of all connections at the whole-
brain level. These connectomes, derived from structural [dif-
fusion tensor imaging (DTI)] or functional outputs (fMRI and
EEG), have recently been termed “big data,” referring to datasets
that require the generation of large amounts of multimodal imag-
ing data, (including raw, preprocessed, and intermediate data),
for a high number of subjects (16). These initiatives span normal
function [Human Connectome Project (17), CONNECT (18),
Brainnetome (19), development [National Institutes of Health
(NIH) Pediatric Database] and brain disorders such as Alzheimer’s
disease (Alzheimer’s Disease Neuroimaging Initiative)].

In order to help interpret such large datasets, graph theory
is increasingly used to distinguish inherent patterns that likely
correlate with brain networks at the whole-brain level. Using

connectomics and graph theory, specific brain regions can be
understood as nodes (20), and lesions can be understood as
damage to nodes and/or the connections among them. With
these methods, stroke has been shown to produce changes in
both structural and functional network connectivity, particu-
larly related to the organization of “hubs,” or highly intercon-
nected nodes (21, 22). Graph theory provides an assessment of
the changes at an organizational level. However, this approach
still suffers from some limitations, mainly the inability to deter-
mine dynamical changes in a constantly changing brain and
the lack of concrete biophysical substrates for understanding
those dynamics. Consequently, according to Smith et al., one
of the major challenges in the field of functional connectom-
ics “will be to enable application of biologically interpretable
models using large numbers of nodes in a robust and practical
way” (9).

In other words, although tackling questions about brain net-
work dynamics in both healthy and stroke populations requires
a great deal of data, simply collecting more data is not itself an
answer. While these efforts provide the necessary empirical foun-
dation, they lack a computational and theoretical framework with
quantitative tools to link these multiple datasets to “reconstruct”
the brain and provide the link between these data and the brain
function of individuals.

In this context, novel theoretical perspectives have been pro-
posed based upon the nature of the brain as a large-scale network
(3, 23-25). The implementation of the framework has been sig-
nificantly accelerated by The Virtual Brain (TVB), a novel large-
scale neural modeling platform (26-28). TVB uses neuroimaging
data to parameterize a model and because individual data is used,
the individual person’s brain can become a “virtual brain”

The Virtual Brain (thevirtualbrain.org) was developed as a plat-
form for modeling the dynamics of large-scale neural systems (3,
29). TVB integrates structural long-range connectivity generated
from empirical DTT data with mesoscopic, or local level models
[at each node or region of interest (ROI)]. By combining these
two scales (global connectivity with local dynamics), TVB is able
to predict and simulate an individual’s brain activity, essentially
modeling a virtual representation of their brain. TVB thus lies at
the intersection of experimental and theoretical neurosciences,
making it well positioned to provide a link between population
and individual datasets.

The models available in TVB integrate the anatomical con-
nectivity between parts of the brain (provided by DTI) and the
dynamics of local neural populations (embedded in the plat-
form). Using these models, TVB has the flexibility to generate
simulated data ranging from local field potentials to EEG and
fMRI BOLD signals, allowing for a multimodal link between
simulated and empirical data. The scalable architecture of TVB
allows us to include neurophysiological information (e.g.,
receptor distributions and ion channels) adding another level of
detail and bringing the model’s behavior closer to the real brain.
Spatiotemporal motifs as present in empirical EEG/fMRI data
can be reproduced to a large degree (29, 30). Because biophysical
parameters are invisible to brain-imaging devices, TVB acts as a
“computational microscope” that allows the inference of internal
states and processes of the large-scale model.
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The Virtual Brain therefore serves as a powerful research
tool that has the potential to utilize big data and to develop and
test advanced theories of brain dynamics. The individualiza-
tion of TVB allows the creation of one model per person and
systematically assesses the modeled biophysical parameters
related to individual differences. The natural extension of
this approach goes further into clinical applications, deriving
parameters that both relate to biophysics and predict clinical
outcome, making TVB an ideal tool for addressing limitations
in stroke research.

The objective of this manuscript is twofold:

(1) To give a thorough overview of the modeling method
employed using TVB as it pertains to stroke, with the goal
of providing details for those interested in using it in the
context of stroke.

(2) To provide a link between one of the TVB parameters
(long-range coupling) to current whole-brain analytical
approaches based on graph analysis.

MATERIALS AND METHODS
Subjects

Twenty individuals with ischemic stroke in the middle cerebral
artery territory (41.13 + 23.78 months postonset) and 10 age-
matched controls were recruited for the study. Demographics for
all stroke subjects are shown in Table 1.

Imaging Acquisitions

Magnetic resonance images were collected using a 3-T Philips
scanner and an eight-channel SENSE head coil for signal recep-
tion and body coil transmitter for signal excitation. The following
sequences were used:

1. High-resolution anatomical images (T1-w): three-
dimensional (3D) Magnetization Prepared Rapid
Gradient Echo sequence, FOV = 250 X 250, resolu-
tion=1mm X 1 mm X 1 mm, SENSE reduction factor=1.5,
TR/TE =7.4/3.4 ms, flip angle = 8, sagittal orientation, and
number of slices = 301 covering the whole brain.

2. Diffusion Tensor Imaging (DTI): FOV = 224 x 224, TR/
TE = 13,030/55, 72 slices, slice thickness = 2 mm, resolu-
tion = 0.875 X 0.875 X 2, b = 1,000 s/mm? (and b = 0), 32
diffusion directions.

3. Functional imaging acquisition at rest (rstMRI): whole
brain (37 slices), single-shot echo-planar MR (EPI),
slice thickness = 4.0 mm, FOV = 230 X 230, voxel
size = 2.8 mm X 2.8 mm, TR/TE = 2,000/20 ms, and
duration = 5 min.

Resting State fMRI Preprocessing

Resting state fMRI (rsfMRI) preprocessing analysis was per-
formed using AFNI functions (31) and included the following
steps:

1. Motion correction using a six-parameter 3D registration of
functional and anatomical data sets (32).

2. Three-dimensional spatial registration to a reference acqui-

sition from the first fMRI run.

Registration of functional images to the anatomical volume.

Despiking of the time series.

Mean normalization of the time series.

Inspection and censoring of time points occurring during

excessive motion (>1 mm) (33).

7.  Regression of cerebrospinal fluid and white matter signals to
remove slow drifts in the fMRI signal.

SV kW

TABLE 1 | Demographics and stroke characteristics of the stroke cohort.

Subject Age Sex Handedness Affected Affected Stroke location Stroke volume
hemisphere hand (mm?3)
1 4 F Right Right ND Cort 22,495.0
2 54 F Right Left D Cort/subcort 49,078.0
3 57 M Right Left D Cort/subcort 17,411.0
4 57 M Right Left D Cort/subcort 38,703.0
5 54 F Right Left D Subcort 27,677.0
6 50 M Right Right ND Subcort 3,570.0
7 23 M Right Left D Subcort 560.0
8 55 F Right Right ND Cort 6,781.0
9 68 M Right Left D Subcort 1,988.3
10 56 F Right Left D Subcort 6,239.7
11 46 M Right Left D Subcort 325.0
12 56 F Left Right D Cort/subcort 60,669.0
13 37 M Right Left D Cort/subcort 83,406.2
14 62 M Right Left D Subcort 22,154.8
15 57 M Right Right ND Cort/subcort 25,392.0
16 66 M Right Left ND Cort/subcort 19,927.0
17 61 M Right Left D Subcort 978.0
18 74 M Right Left D Cort/subcort 63,642.0
19 67 F Right Right ND Subcort 588.0
20 74 F Right Left D Cort/subcort 44,892.0

D, dominant hemisphere; ND, non-dominant; Cort, cortical; subcort, subcortical.
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Preprocessing: Structural Connectivity
Brain Parcelation

Parcellating image data that contain lesions with the use of
semiautomated schemes produce inaccurate results due to the
absence of tissue and consequent mechanical deformation. We
therefore developed The Virtual Brain transplant (VBT). This
method effectively replaces the lesion produced by the cortical
stroke with T1-w images of brain tissue from the contralesional
hemisphere from the same subject (34). This method allows us
to use a semiautomated parcelation scheme subsequent to the
transplant. The VBT process consisted of the following steps
(Figure 1):

1.  Lesion segmentation by hand.

2. 'The high-resolution anatomical T1-w brain images and
lesion masks were uploaded to a transplantation pipeline,
which dissected the MRI brain tissue from the non-lesioned
hemisphere homologous to the lesion, and transplanted it
into the lesioned hemisphere at the site of the lesion, filling
in the missing portions of the brain.

3. After the initial transplant was done, manual corrections
in the interface between the native and transplanted T1-w
images were performed.

4.  The brain was segmented into 83 cortical and subcortical
regions using the Lausanne 2008 (Freesurfer) parcelation
scheme within the Connectome Mapper Toolkit (35, 36).

T1-w to DTI Alignment

The T1-w anatomical image was then aligned to a reference
b = 0 s/mm? DTT image, using a six degrees of freedom linear
transformation with FSLs FLIRT function (37). This transforma-
tion was also applied to the Freesurfer parcellations.

DTI Tractography
We performed the following steps:

1. DWI was aligned to the same reference b = 0 s/mm? image
used to align the corrected T1-wvia VBT to DTI. Distortions
caused by eddy currents and head motion were corrected
using the FSL eddy current correction (12 degrees of
freedom linear transformation), and the diffusion gradient
vectors rotated accordingly (38). That is, the T1-w images
with the “transplanted masks” are used to supply the region
of interest landmarks for tractography but do not directly
impact the tractography algorithm as the transplant is not
performed in the DWT space.

2. 'The diffusion-weighted images were resampled to 2mm
isotropic resolution (39).

3. White matter deterministic tractography of DTI data was
performed in Trackvis software (39) using the FACT algo-
rithm (40). Threshold values of a maximum of 60° turning
angleand a minimum of 0.20 fractional anisotropy (FA) were
used as stopping criteria for the tracking algorithm. These
thresholds take into account the decrease in signal in regions
with the lesion. The FA threshold is particularly useful in

terminating tracks before they enter regions containing the
lesion. These regions, filled with CSE, have FA values close to
zero. Therefore white matter pathways ordinarily connect-
ing two ROIs will not be tracked if the ROI is completely
lesioned, despite appearing intact in the transplanted T1-w
image from which the parcelation is made. If a parcelation
is partially compromised by the lesion then white matter
pathways will also be partially tracked as reflected by a lesser
number of streamlines.

Generation of Structural Connectivity Matrices

Using the Connectome Mapper Toolkit, two connectivity metrics
were extracted for each pathway in order to generate two struc-
tural connectivity matrices that quantify connectivity between all
pairs of the cortical regions for each subject:

1.  Weights, defined as FA X number of streamlines in the
pathway (note that per the white matter deterministic
tractography of DTI data, pathways connecting regions
impacted by the lesion will show a decreased number of
streamlines and potentially altered FA). This metric reflects
the maximum rate of transmission of information through
edges (41). The number of streamlines in the pathway was
assessed using the deterministic FACT algorithm.

2. Lengths of the individual tracts, defined in millimeters, were
derived after smoothing the tractography with a B-Spline
filter (39).

These matrices are symmetrical, as connections using DTT are
considered unidirectional (30).

Modeling with TVB

Modeling with TVB involves three initial steps, namely the
import of individual structural connectivity matrices (obtained
as described earlier), the selection of a biophysical local model,
and the choice of relevant biophysical parameter values. TVB
has several types of local models available, each one taking into
account different biophysical parameters. Hence, whereas some
are focused on field potentials [Stefanescu-Jirsa two dimensional
(2D) and Stefanescu-Jirsa 3D (SJ3D)], others are focused on
firing rates (Wilson-Cowan, Brunel-Wang, and Jansen-Rit) or
are phenomenological (Generic 2D, Kuramoto, and Epileptor). In
our previous efforts, since we simulated the BOLD response, the
mesoscopic model used was the SJ3D, one of the more complex
and refined models in the repertoire of TVB.

The reasoning behind this choice was not only the obvious
relationship between the BOLD response and local field poten-
tials (42-44) but the additional fact that the BOLD signal has
poor time resolution and the model does not rely heavily on
synaptic delays. Concretely, the SJ3D model is a reduced form
of the Hindmarsh—-Rose model (43), which forecasts individual
neuronal behavior. The SJ3D model predicts local dynamics
using six differential equations that include variables represent-
ing physiological properties such as neuron membrane potentials,
transport of ions across the membrane through fast and slow ion
channels, and the dynamic coupling of excitatory and inhibitory
neuronal populations.
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A T1 with stroke lesion B Left hemisphere with stroke mask

C Non-lesioned right hemisphere flipped with lesion mask applied

D T1 with left hemisphere stroke lesion filled in

FIGURE 1 | Virtual brain transplant method. Virtual brain transplant is done in stroke cases with cortical damage with the goal of being able to parcellate the
brain. This graphic representation summarizes the process of replacing the damaged portion of the brain with the homologous non-stroke tissue. (A) T1-w image
showing the lesion (left hemisphere) of one subject. (B) Close-up of the left hemisphere, demarcating the lesion mask in red. (C) Segregation of the right and left
hemispheres (left) and after the right hemisphere has been flipped having the lesion mask applied (right). (D) Depiction of the tissue from the right hemisphere
applied to the lesion in the left hemisphere (left) and the resulting transplanted brain volume (right).
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The sequential steps for modeling in TVB are as follows
(graphical depiction can be found in Figure 2):

1. Importing the two metrics derived from individualized SC
matrices [weights (FA X number of fibers) and lengths]
representing connections between regions, along with the
T1-w structural data providing individual brain topology.

2. Parameter space exploration: the goal of this process is
the optimization of the model parameters. When applying
TVB methodology to stroke, one can classify the numerous
parameters included in the modeling into two categories:
global parameters that will model brain dynamics between
nodes, and local parameters that will describe brain
dynamics within nodes. In the first category, the two main
parameters to optimize are conduction velocity and long-
range coupling. Likewise the biophysical parameters within
the SJ3D model to be used are those providing the coupling
between excitatory and inhibitory populations within the
local regions: Ki; (excitatory on excitatory), K, (excitatory
on inhibitory), and K (inhibitory on excitatory). This
exploration systematically explores the entire range of avail-
able values for each parameter and identifies the value with
the highest overall distribution of variance (Figure 3) as the
optimal parameter value to be used on each individual for
the actual signal simulation. The order of optimization can
be done as follows:

a.

Long-range coupling and conduction velocity: starting
ranges are 0.001-0.1 global coupling and 1-100 conduction
velocity.

K and K@ starting ranges are 0-1.0 for both. Ki, is
optimized first, and the identified value is then used when
optimizing Kji.

Ki: starting range is 0-1.0.

Simulating the BOLD response: based on the values obtained
in the parameter exploration, simulation of the BOLD time
series should reflect the same duration (4 min) and sampling
rate (TR = 2 s) of the empirical MRI acquisition. Noise is
added to each node. The noise to be used is white with
Gaussian amplitude (mean = 0, standard deviation = 1).
Numerical integration of the system is performed using
stochastic Heun’s method (45), with an integration step size
of 0.0122 ms.

Validating the simulated brain signals: this is done by com-
paring the simulated and empirical time series in terms of
their amplitude, frequency, and phase.

Amplitude: the range is calculated by identifying the highest
and lowest peaks present in the time series across all regions.
The overall mean is calculated by averaging the mean ampli-
tude per region across all regions. Mean amplitudes should
be similar. An example is shown in Figure 4A.

Frequency is computed via fast Fourier transforms of the
time series with Matlabs “fft” function with an fs of 0.5 Hz

FIGURE 2 | Flowchart of TVB modeling. Graphic representation depicting the elements involved in TVB modeling. Components shown in green boxes represent
empirically collected data. Elements shown in blue boxes represent modeling components within the TVB platform. Empirical input to the TVB consists of two
structural connectivity matrices (weights and lengths) derived from DTl and a brain parcelation derived from T1-w acquisition. Modeling within TVB includes both global
and local parameters resulting in the simulation of biological signals including BOLD. Finally, the reliability of the simulation is then compared to the empirical signals.
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A PSE Heat Maps
1.0

B Single Parameter PSEs

Control
k21

0.
0.1 k21 1.0

0.26 k12 0.34 0.1 k21 1.0

FIGURE 3 | Example global parameter space explorations in healthy and stroke cases. This figure represents the two viewing options for multiple parameter
or single parameter explorations. (A) Parameter explorations of the Ki. and K+ variables (coupling between inhibitory and excitatory populations) in one healthy
control (top) and one stroke case (bottom). Heat maps depict the distribution of system variance, with hotter colors indicating values of parameters that yield higher
variance. High resolution of heat maps allows for identification of precise parameter values related to high variance. (B) Parameter exploration of the K>, variable
alone, after optimization has been completed. Colored circles depict degree of variance at each value of K.
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FIGURE 4 | Comparisons of simulated and empirical signals: amplitude and frequency. (A) BOLD time series: example of a simulated (top) and empirical
(bottom) time series. Note the similarity of amplitudes as indicated by the maxima and minima. (B) Frequency: example frequency distribution graphs for primary
motor cortex (M1) of the simulated (top) and empirical (bottom) time series where both signals have similar profiles and peaks.

to determine the range, profile, and peak frequencies. The c. Phase can be done by calculating the pair-wise covariance
maximum frequency for simulated signals should be around of the time series for each region for each subject (30) using
0.25 Hz that coincides with the empirical BOLD responses. the “corr” function in Matlab, which results in a functional
An example is shown in Figure 4B. connectivity matrix for each subject. In order to smooth the
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data, one can average all matrices from groups of interest to
obtain a group control matrix and then calculate the pair-
wise linear correlation coeflicient between the simulated
functional connectivity matrix for each individual to the
group (Figure 5). Results from this analysis should reveal
similar phases between empirical and simulated signals.
Significance of the correlation can be achieved via Fisher
Z-transformation.

Comparison Between Healthy Controls
and Stroke

We found an increase in long-range coupling in the stroke
group compared to healthy controls. The meaning of long-
range coupling is not intuitive, especially when compared to
other parameters more closely linked to biophysical features,
such as conduction velocity, channel dynamics, and the cou-
pling between excitatory and inhibitory neuronal populations.
The long-range coupling function is applied to the activity
propagated between brain region regions by the structural
pathways before it enters the local dynamic equations of the
model. Its primary purpose is to rescale the incoming activity
to a level appropriate to model. At a more intuitive level this
parameter describes the balance between the global and the
local dynamics. In other words, an increase in long-range
coupling suggests a preponderance of local over long-range
brain dynamics.

In order to put this parameter in the context of current
network analytical approaches, in this study we determined
the relationship between the modeled long-range coupling in
stroke cases with structural network metrics derived from graph
analysis including degree centrality, betweenness centrality, and
global efficiency.

Graph Analysis

Graph Analysis Metrics

Based on the deterministic tractography performed for each
individual subject, a binary adjacency matrix A; was generated

whose elements represent the connections (edges) between nodes
iandj (46-48). From these matrices, three measures of functional
integration were obtained: average degree centrality, average
betweenness centrality, and global efficiency as others have done
(49-51), using the NetworkX software (52) [mathematical nota-
tion adapted from (20)]:

1.  Average degree centrality is the number of nodes adjacent to
node i, averaged across all nodes in the graph (53):

= S k=—Ya,

NieN NijeN
where 7 is the number of nodes in the graph, and N is the
set of those nodes; k; is the degree centrality for node 7, and
a; equals 1 when nodes i and j are the nearest neighbors and
zero otherwise. This is the simplest measure of centrality and
is commonly used to discriminate between well-connected
nodes (hubs) and less well-connected nodes (51).

2. Average betweenness centrality refers to the fraction of

shortest paths between any pair of nodes in the network that
travel through a given node averaged across all nodes (54):
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where b; is the betweenness centrality for node i; py; is the
number of shortest paths between nodes h and j, and py;(i)
is the number of shortest paths between / and j that pass
through node i. This is the oldest and most commonly used
measure of centrality (51) where “shortest” refers to the
path between two nodes that contains the least number of
intermediate nodes.

3. Global efficiency is the average of the inverse of the shortest
path length between all nodes (minimum number of edges
traversed to connect one node to another) (21, 53):
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FIGURE 5 | Comparison of simulated and empirical signals: phase. (A) Functional connectivity matrix from simulated data modeled from one subject.
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where d;l is the inverse of the shortest path length between nodes
i and j. For binary matrices, a network where each node has a
direct connection to all other nodes in the graph has maximal
global efficiency, equal to 1, while a partially disconnected net-
work has lower global efficiency (49).

Comparison of Graph Analysis Metrics Between
Groups

To test for differences in degree centrality, betweenness central-
ity, and global efficiency between healthy and stroke cases, we
used the Wilcoxon-rank sum test. Significance threshold was
set to P = 0.017 (Bonferroni correction). A simple linear regres-
sion analysis was used to correlate TVB long-range coupling
(independent variable) with graph analysis metrics (dependent
variables).

RESULTS

Comparison of Graph Analysis Metrics
Between Stroke Cases and Healthy
Controls

Results from the Wilcoxon-rank sum test showed no significant
differences between healthy controls and stroke cases in degree
centrality (P = 0.11), betweenness centrality (P = 0.86), or global
efficiency (P = 0.0822). However, the distributions of each graph
analysis metric between the two groups showed differences
(Figure 6). Specifically, global efficiency showed a trend toward
lower values in stroke cases compared to controls (P=0.04) but not
degree centrality (P = 0.22) nor betweeness centrality (P = 0.95).
While there was not a statistical difference in distribution of

degree centrality between healthy and stroke populations, a large
amount of subjects showed lower values of degree centrality.

Correlation Between Long-Range
Coupling and Graph Analysis Metrics

Linear regression analysis showed that the only graph analysis
metric associated with the TVB long-range coupling parameter
was global efficiency (Figure 7). That is, higher values of global
coupling were correlated with lower values of global efficiency
(t = —2.19, P = 0.038). There was no significant correlation
between global coupling and degree centrality (P = 0.7) or
betweenness centrality (P = 0.6).

DISCUSSION

We have demonstrated that TVB can be a novel tool for iden-
tifying biophysical biomarkers of stroke recovery, showing that
(1) the parameters associated with TVB modeling directly link
structural imaging data to biophysical processes associated with
brain dynamics; (2) the models are individualized, as they are
based on the specific structural connectome from each person;
and (3) TVB parameters can be correlated with other metrics
not currently associated with biological parameters (i.e., graph
analysis metrics). Importantly, this study harnessed the relation-
ship between TVB and graph analysis, wherein the latter supplies
an additional description of changes in relationships between
different brain regions, while TVB supplies the neurobiological
mechanisms responsible for them. The outlined steps using TVB
offer a unique method, providing a new dimension to the study
of stroke.
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FIGURE 6 | Distributions of graph analysis metrics in control and stroke cases. Distribution graphs comparing the control (black) and stroke (green) cases
for (A) Degree centrality, (B) Betweenness centrality, and (C) Global efficiency. Note that distributions in stroke shift to the left for global efficiency but not for degree
centrality nor for betweenness centrality.
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FIGURE 7 | Correlation between global coupling and graph analysis metrics. Correlation graphs between global coupling (x-axes) and graph analysis metrics
(v-axes): (A) Global efficiency, (B) Degree centrality, and (C) Betweenness centrality. Only global efficiency correlated significantly with long-range coupling
(P = 0.038) but not degree centrality (P = 0.7) or betweenness centrality (P = 0.6).

Global Coupling

TVB Integrates Macroscopic and
Mesoscopic Levels to Predict Brain
Dynamics

There is currently no way to directly measure the local parameters
modeled in TVB in humans, whereas global measures derived
from imaging data have been used as potential biomarkers of
stroke recovery (6, 55), the parameters considered within TVB
at the local level represent a dimension reduction derived from
processes at the cellular or even molecular levels. That is, the
mesocopic level represents the transitional state between the
macro- and microscales (56). Thus, these parameters better inform
us of underlying brain mechanism responsible for brain dynamics
that current imaging analyses are unable to access, such as dynam-
ics between excitatory and inhibitory neuronal populations and
ion channel properties. In this way, TVB can assist to generate
hypotheses associated with basic mechanisms that are responsible
for the changes in brain dynamics associated with stroke.

In this context, it is important to mention that TVB can
have wide applicability in the clinical setting because the input
required for its operation can be minimal. In ideal circumstances,
the experimental data needed are T1-w, fMRI (EEG or MEG),
and DTI. However, some of these categories may not be necessary
when only physiological data are available (e.g., EEG) without
anatomical or connectivity data. In these cases, TVB platform
includes normalized anatomical data (a parcellated cortical
surface based on the MNI atlas) and a theoretical structural con-
nectome based on the CocoMac database (3, 57). For stroke cases,
while it is preferable to have anatomical data, it is still possible to
run accurate simulations by manually modifying this provided
structural connectome to exemplify the individual lesions.

The Resulting TVB Models are
Individualized

There is large consensus on the importance of individualized
medicine as one of the means to improve medical care. In this

sense, a central feature of TVB is its direct focus on individual
subjects’ brain dynamics. The structural connectivity matrix of
each individual drives the modeling producing the individual-
ized simulated brain activity, whereas the applicability of previous
studies has been at the group level (15). By generating reliable
simulations, the system provides a window into the state of bio-
physical parameters associated with it in each person and hence
enables the development of customized, individualized therapies
and treatments.

There are a myriad of stroke therapies currently under
investigation, including constraint-induced motor therapy
(58-60), action observation therapy (61, 62), neurostimulation
(e.g., transcranial magnetic stimulation and transcranial direct-
current stimulation) (63, 64), robotic therapy (65, 66), and
cellular-based (e.g., stem cell) therapies (67), that have shown
limited degrees of effectiveness, due perhaps to the fact that
they are not specifically targeting brain mechanisms responsible
for individual dysfunction. This is a reflection of the paucity in
our understanding of basic mechanisms generating individual
brain dynamics. Having new hypotheses applicable to each
patient will enable us to generate new therapeutic interventions
that specifically target the elements producing particular brain
states. Furthermore, the more we learn about basic processes
based on animal studies for instance, the more we can modify
current TVB local models and hence, obtain more sophisticated
simulations.

TVB Parameters can be Related to Other
Network Metrics

An additional feature of parameters derived from TVB is that
they can be contrasted with other measures. Our results showed
atrend toward decreased global efficiency in stroke that measures
the network’s capacity for communication, with greater efficiency
indicating better overall communication (20, 49). In other words,
network communication is impaired after stroke. Interestingly,
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degree centrality and betweeness centrality after stroke were not
different from healthy controls probably due to the large variance
of stroke size.

The negative correlation between global efficiency and the
modeled long-range coupling provides unique insight into the
network structure of the brain following stroke. We have previ-
ously observed increased long-range coupling after stroke, intui-
tively indicating a higher influence of local dynamics on brain
activity than long-range dynamics. In this context, it is important
to remember that the global model is derived from the structural
connections between nodes, and hence, one would expect that
shorter (direct) paths that originate from damaged nodes should
be compromised. The graph analysis results suggest that the post-
stroke connectivity between nodes is done through less efficient,
longer paths (20). Therefore, decreased global efficiency and
increased long-range coupling after stroke suggest a breakdown
in the ability to transfer information between regions, weighting
the activity toward local dynamics. Our findings thus highlight
the global impact of stroke, despite its relatively focal damage.
This novel finding in stroke is consistent with studies in other
neurological diseases, such as schizophrenia, where imbalances
between local and global dynamics, specifically a breakdown
of local structure and a shift toward global dynamics have been
suggested (68).

Limitations
The Virtual Brain as any modeling approach is laden with limita-
tions. Among them:

1. The fact that TVB simulations depend on structural con-
nectivity assumes the structural matrices having reasonable
reliability. This is very relevant in stroke because the damage
can produce mechanical distortions of tissue. In our case,
we have used TVB transplant to minimize these issues.
Additionally, there are many definitions of “weights” of
connections (69, 70) although novel approaches promise at
least high intraindividual reliability in the reconstruction
(71). In our case, we used a surrogate measure reflecting the
“number of fibers per pathway” This is the reason why we
normalized the number of streamlines between nodes by the
FA of the particular pathway.

2. The weights of connections are currently based on the
size (number of streamlines) of the pathways, yet the
particular features of the synaptic connections are not
taken into consideration. For example, the penetrance of
a smaller pathway could be larger than a bigger pathway
if the former establishes the synaptic contact with more
proximal versus distal dendrites. This type of informa-
tion is available for other species but is not yet known in
humans.

Future Directions and Clinical Impact
The ability of generating a virtual brain from any individual opens
up an interesting venue for therapeutics. Once a hypothesis is

derived from the biophysical parameters affected by the stroke,
the effects on brain dynamics can be tested within the TVB
platform by modifying the parameters for an individual case.
In this way, TVB can be used as a test for potential therapeutic
interventions before they are tested in animal models or indi-
vidual patients.

The Virtual Brain thus has the potential to revolutionize stroke
treatment in the future, by allowing for:

1.  Theapplication to “big data” While the current study used a
smaller sample size, once we have parameter changes, future
studies can more readily utilize TVB in a large number of
patients.

2. The ability to study longitudinal brain changes in stroke,
from acute and sub-acute to chronic stroke. Because of the
predictive potential of TVB, the inclusion of patients at early
stages can provide the identification of powerful biomarkers
for recovery.

3. The individualization of treatment with minimal input: one
single MRI scan including the anatomical scan, DTI, and
resting state fMRIL

4. The ability to perform whole-brain modeling, integrating
the particular intercommunication between nodes (DTI
derived) to local biophysical models associated with con-
crete basic functional parameters.

5. The opportunity to identify tangible targets for treatment
that are testable within the application itself.

6. An open source platform: it is possible to add new, more
sophisticated mesoscopic and microscopic models via the
open source nature of TVB. Therefore, new developments
on basic physiological knowledge can be easily integrated in
the future.

7. Allowing the simulation of resting state brain activity, as was
done in this study, but also of evoked responses through a
built-in feature that allows for the stimulation of brain areas,
with features determined by the modeler.

AUTHOR CONTRIBUTIONS

All authors had full access to all data in the study and take
responsibility for the integrity of the data and the accuracy
of the data analysis. Study concept and design: AS, V], and
MF. Analysis and interpretation of data: AS, MF, JR, V], EC,
ADS, and AM. Drafting of the manuscript: MF, AS, V], and
ADS. Critical revision of the manuscript for important intel-
lectual content: AS, VJ, JR, and AM Statistical analysis: EC.
Obtained funding: AS, VJ, and AM. Study supervision: AS
and V7.

ACKNOWLEDGMENTS

This work was supported by the James McDonnell Foundation
(NRG Group) and the NIH (NIH RO1-NS-54942).

Frontiers in Neurology | www.frontiersin.org

November 2015 | Volume 6 | Article 228


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org

Falcon et al.

The Virtual Brain

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Nichols-Larsen DS, Clark PC, Zeringue A, Greenspan A, Blanton S. Factors
influencing stroke survivors’ quality of life during subacute recovery. Stroke
(2005) 36(7):1480-4. doi:10.1161/01.STR.0000170706.13595.4f
Reinkensmeyer DJ, Guigon E, Maier MA. A computational model of
use-dependent motor recovery following a stroke: optimizing corticospinal
activations via reinforcement learning can explain residual capacity and other
strength recovery dynamics. Neural Netw (2012) 29-30:60-9. doi:10.1016/j.
neunet.2012.02.002

Jirsa VK, Sporns O, Breakspear M, Deco G, Mcintosh AR. Towards The Virtual
Brain: network modeling of the intact and the damaged brain. Arch Ital Biol
(2010) 148:189-205.

Cramer SC. Stratifying patients with stroke in trials that target brain repair.
Stroke (2010) 41(10 Suppl):S114-6. doi:10.1161/STROKEAHA.110.595165
Munshi A, Sharma V. Genetic signatures in the treatment of stroke. Curr
Pharm Des (2015) 21(3):343-54. d0i:10.2174/1381612820666140826113502
Burke E, Cramer SC. Biomarkers and predictors of restorative therapy
effects after stroke. Curr Neurol Neurosci Rep (2013) 13(2):329. doi:10.1007/
§11910-012-0329-9

Baldassarre A, Ramsey L, Hacker CL, Callejas A, Astafiev SV, Metcalf NV, et al.
Large-scale changes in network interactions as a physiological signature of
spatial neglect. Brain (2014) 137(Pt 12):3267-83. doi:10.1093/brain/awu297
Carter AR, Shulman GL, Corbetta M. Why use a connectivity-based approach
to study stroke and recovery of function? Neuroimage (2012) 62(4):2271-80.
doi:10.1016/j.neuroimage.2012.02.070

Smith SM, Vidaurre D, Beckmann CF, Glasser MF, Jenkinson M, Miller KL,
et al. Functional connectomics from resting-state fMRI. Trends Cogn Sci
(2013) 17(12):666-82. d0i:10.1016/j.tics.2013.09.016

Ward NS. Neural correlates of outcome after stroke: a cross-sectional fMRI
study. Brain (2003) 126(6):1430-48. doi:10.1093/brain/awg145

Carter AR, Astafiev SV, Lang CE, Connor LT, Rengachary J, Strube MJ, et al.
Resting interhemispheric functional magnetic resonance imaging connec-
tivity predicts performance after stroke. Ann Neurol (2010) 67(3):365-75.
doi:10.1002/ana.21905

Rehme AK, Grefkes C. Cerebral network disorders after stroke: evidence
from imaging-based connectivity analyses of active and resting brain states in
humans. J Physiol (2013) 591(Pt 1):17-31. doi:10.1113/jphysiol.2012.243469
Wang L, Yu C, Chen H, Qin W, He Y, Fan E et al. Dynamic functional reor-
ganization of the motor execution network after stroke. Brain (2010) 133(Pt
4):1224-38. doi:10.1093/brain/awq043

Grefkes C, Ward NS. Cortical reorganization after stroke: how much and how
functional? Neuroscientist(2013)20(1):56-70.doi:10.1177/1073858413491147
Mueller S, Keeser D, Samson AC, Kirsch V, Blautzik J, Grothe M, et al.
Convergent findings of altered functional and structural brain connectivity in
individuals with high functioning autism: a multimodal MRI study. PLoS One
(2013) 8(6):€67329. doi:10.1371/journal.pone.0067329

Poldrack RA, Gorgolewski KJ. Making big data open: data sharing in neuroim-
aging. Nat Neurosci (2014) 17(11):1510-7. doi:10.1038/nn.3818

Sotiropoulos SN, Jbabdi S, Xu J, Andersson JL, Moeller S, Auerbach
EJ, et al. Advances in diffusion MRI acquisition and processing in the
human connectome project. Neuroimage (2013) 80:125-43. doi:10.1016/j.
neuroimage.2013.05.057

Assaf Y, Alexander DC, Jones DK, Bizzi A, Behrens TE]J, Clark CA, et al. The
CONNECT project: combining macro- and micro-structure. Neuroimage
(2013) 80:273-82. doi:10.1016/j.neuroimage.2013.05.055

Jiang T. Brainnetome: a new -ome to understand the brain and its disorders.
Neuroimage (2013) 80:263-72. doi:10.1016/j.neuroimage.2013.04.002
Rubinov M, Sporns O. Complex network measures of brain connectivity:
uses and interpretations. Neuroimage (2010) 52(3):1059-69. doi:10.1016/j.
neuroimage.2009.10.003

Crossley NA, Mechelli A, Scott ], Carletti E, Fox PT, McGuire P, et al. The hubs
of the human connectome are generally implicated in the anatomy of brain
disorders. Brain (2014) 137(Pt 8):2382-95. doi:10.1093/brain/awu132
Sporns O. Towards network substrates of brain disorders. Brain (2014)
137:2117-8. doi:10.1093/brain/awul32

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ghosh A, Rho Y, McIntosh AR, Kétter R, Jirsa VK. Cortical network dynamics
with time delays reveals functional connectivity in the resting brain. Cogn
Neurodyn (2008) 2:115-20. doi:10.1007/s11571-008-9044-2

Deco G, Jirsa VK, McIntosh AR. Emerging concepts for the dynamical organi-
zation of resting-state activity in the brain. Nat Rev Neurosci (2011) 12:43-56.
doi:10.1038/nrn2961

Deco G, Jirsa VK, McIntosh AR. Resting brains never rest: computational
insights into potential cognitive architectures. Trends Neurosci (2013)
36:268-74. doi:10.1016/j.tins.2013.03.001

Sanz Leon P, Knock SA, Woodman MM, Domide L, Mersmann J, McIntosh
AR, et al. The Virtual Brain: a simulator of primate brain network dynamics.
Front Neuroinform (2013) 7:10. doi:10.3389/fninf.2013.00010

Sanz-Leon P, Knock SA, Spiegler A, Jirsa VK. Mathematical framework for
large-scale brain network modeling in The Virtual Brain. Neuroimage (2015)
111:385-430. doi:10.1016/j.neuroimage.2015.01.002

Woodman MM, Pezard L, Domide L, Knock SA, Sanz-Leon P, Mersmann
J, et al. Integrating neuroinformatics tools in The Virtual Brain. Front
Neuroinform (2014) 8:36. doi:10.3389/fninf.2014.00036

Ritter P, Schirner M, McIntosh AR, Jirsa V. The Virtual Brain integrates com-
putational modelling and multimodal neuroimaging. Brain Connect (2013)
49:1-65. doi:10.1089/brain.2012.0120

Ritter P, Schirner M, McIntosh AR, Jirsa VK. The Virtual Brain integrates
computational modeling and multimodal neuroimaging. Brain Connect
(2013) 3(2):121-45. doi:10.1089/brain.2012.0120

Cox RW. AFNI: software for analysis and visualization of functional mag-
netic resonance neuroimages. Comput Biomed Res (1996) 29(3):162-73.
doi:10.1006/cbmr.1996.0014

Cox RW, Jesmanowicz A. Real-time 3D image registration for func-
tional MRI. Magn Reson Med (1999) 42(6):1014-8. doi:10.1002/
(SICI)1522-2594(199912)42:6<1014::AID-MRM4>3.0.CO;2-F

Johnstone T, Ores Walsh KS, Greischar LL, Alexander AL, Fox AS, Davidson
RJ, et al. Motion correction and the use of motion covariates in multiple-sub-
ject fMRI analysis. Hum Brain Mapp (2006) 27(10):779-88. doi:10.1002/
hbm.20219

Solodkin A, Hasson U, Siugzdaite R, Schiel M, Chen EE, Kotter R, et al. Virtual
brain transplantation (VBT): a method for accurate image registration and
parcellation in large cortical stroke. Arch Ital Biol (2010) 148(3):219-41.
doi:10.4449/aib.v148i3.1221

Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II: inflation,
flattening, and a surface-based coordinate system. Neuroimage (1999)
9(2):195-207. doi:10.1006/nimg.1998.0396

Gerhard S, Daducci A, Lemkaddem A, Meuli R, Thiran J-P, Hagmann P. The
connectome viewer toolkit: an open source framework to manage, analyze,
and visualize connectomes. Front Neuroinformatics (2011) 5:3. doi:10.3389/
fninf.2011.00003

Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the
robust and accurate linear registration and motion correction of brain images.
Neuroimage (2002) 17(2):825-41. doi:10.1006/nimg.2002.1132

Leemans A, Jones DK. The B-matrix must be rotated when correcting for sub-
ject motion in DTI data. Magn Reson Med (2009) 61(6):1336-49. doi:10.1002/
mrm.21890

Wedeen V], Wang RP, Schmahmann JD, Benner T, Tseng WYI, Dai G,
et al. Diffusion spectrum magnetic resonance imaging (DSI) tractogra-
phy of crossing fibers. Neuroimage (2008) 41(4):1267-77. doi:10.1016/j.
neuroimage.2008.03.036

Mori S, van Zijl PCM. Fiber tracking: principles and strategies — a technical
review. NMR Biomed (2002) 15(7-8):468-80. doi:10.1002/nbm.781

Zalesky A, Fornito A. A DTI-derived measure of cortico-cortical con-
nectivity. IEEE Trans Med Imaging (2009) 28(7):1023-36. doi:10.1109/
TMI.2008.2012113

Sotero RC, Trujillo-Barreto NJ. Biophysical model for integrating neuronal
activity, EEG, fMRI and metabolism. Neuroimage (2008) 39(1):290-309.
doi:10.1016/j.neuroimage.2007.08.001

Stefanescu RA, Jirsa VK. A low dimensional description of globally coupled
heterogeneous neural networks of excitatory and inhibitory neurons. PLoS
Comput Biol (2008) 4(11):€1000219. doi:10.1371/journal.pcbi.1000219

Frontiers in Neurology | www.frontiersin.org

November 2015 | Volume 6 | Article 228


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1161/01.STR.0000170706.13595.4f
http://dx.doi.org/10.1016/j.neunet.2012.02.002
http://dx.doi.org/10.1016/j.neunet.2012.02.002
http://dx.doi.org/10.1161/STROKEAHA.110.595165
http://dx.doi.org/10.2174/1381612820666140826113502
http://dx.doi.org/10.1007/s11910-012-0329-9
http://dx.doi.org/10.1007/s11910-012-0329-9
http://dx.doi.org/10.1093/brain/awu297
http://dx.doi.org/10.1016/j.neuroimage.2012.02.070
http://dx.doi.org/10.1016/j.tics.2013.09.016
http://dx.doi.org/10.1093/brain/awg145
http://dx.doi.org/10.1002/ana.21905
http://dx.doi.org/10.1113/jphysiol.2012.243469
http://dx.doi.org/10.1093/brain/awq043
http://dx.doi.org/10.1177/1073858413491147
http://dx.doi.org/10.1371/journal.pone.0067329
http://dx.doi.org/10.1038/nn.3818
http://dx.doi.org/10.1016/j.neuroimage.2013.05.057
http://dx.doi.org/10.1016/j.neuroimage.2013.05.057
http://dx.doi.org/10.1016/j.neuroimage.2013.05.055
http://dx.doi.org/10.1016/j.neuroimage.2013.04.002
http://dx.doi.org/10.1016/j.neuroimage.2009.10.003
http://dx.doi.org/10.1016/j.neuroimage.2009.10.003
http://dx.doi.org/10.1093/brain/awu132
http://dx.doi.org/10.1093/brain/awu132
http://dx.doi.org/10.1007/s11571-008-9044-2
http://dx.doi.org/10.1038/nrn2961
http://dx.doi.org/10.1016/j.tins.2013.03.001
http://dx.doi.org/10.3389/fninf.2013.00010
http://dx.doi.org/10.1016/j.neuroimage.2015.01.002
http://dx.doi.org/10.3389/fninf.2014.00036
http://dx.doi.org/10.1089/brain.2012.0120
http://dx.doi.org/10.1089/brain.2012.0120
http://dx.doi.org/10.1006/cbmr.1996.0014
http://dx.doi.org/10.1002/(SICI)1522-2594(199912)42:6 < 1014::AID-MRM4 > 3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1522-2594(199912)42:6 < 1014::AID-MRM4 > 3.0.CO;2-F
http://dx.doi.org/10.1002/hbm.20219
http://dx.doi.org/10.1002/hbm.20219
http://dx.doi.org/10.4449/aib.v148i3.1221
http://dx.doi.org/10.1006/nimg.1998.0396
http://dx.doi.org/10.3389/fninf.2011.00003
http://dx.doi.org/10.3389/fninf.2011.00003
http://dx.doi.org/10.1006/nimg.2002.1132
http://dx.doi.org/10.1002/mrm.21890
http://dx.doi.org/10.1002/mrm.21890
http://dx.doi.org/10.1016/j.neuroimage.2008.03.036
http://dx.doi.org/10.1016/j.neuroimage.2008.03.036
http://dx.doi.org/10.1002/nbm.781
http://dx.doi.org/10.1109/TMI.2008.2012113
http://dx.doi.org/10.1109/TMI.2008.2012113
http://dx.doi.org/10.1016/j.neuroimage.2007.08.001
http://dx.doi.org/10.1371/journal.pcbi.1000219

Falcon et al.

The Virtual Brain

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Turner R. Techniques for imaging neuroscience. Br Med Bull (2003)
65(1):3-20. doi:10.1093/bmb/65.1.3

Manella R. Quasisymplectic integrators for stochastic differential equations.
Phys Rev E (2004) 69(4):041107.d0i:10.1103/PhysRevE.69.041107
Drakesmith M, Caeyenberghs K, Dutt A, Zammit S, Evans CJ, Reichenberg A,
et al. Schizophrenia-like topological changes in the structural connectome of
individuals with subclinical psychotic experiences. Hum Brain Mapp (2015)
36(7):2629-43. d0i:10.1002/hbm.22796

Shu N, Liu Y, Li K, Duan Y, Wang ], Yu C, et al. Diffusion tensor tractography
reveals disrupted topological efficiency in white matter structural networks in
multiple sclerosis. Cereb Cortex (2011) 21(11):2565-77. doi:10.1093/cercor/
bhr039

Zhang R, Wei Q, Kang Z, Zalesky A, Li M, Xu Y, et al. Disrupted brain
anatomical connectivity in medication-naive patients with first-episode
schizophrenia. Brain Struct Funct (2015) 220(2):1145-59. doi:10.1007/
$00429-014-0706-z

Achard S, Bullmore E. Efficiency and cost of economical brain functional
networks. PLoS Comput Biol (2007) 3(2):el7. doi:10.1371/journal.
pcbi.0030017

Betzel RE, Byrge L, He Y, Goii ], Zuo X-N, Sporns O. Changes in struc-
tural and functional connectivity among resting-state networks across
the human lifespan. Neuroimage (2014) 102(Pt 2):345-57. doi:10.1016/j.
neuroimage.2014.07.067

Bullmore ET, Bassett DS. Brain graphs: graphical models of the human
brain connectome. Annu Rev Clin Psychol (2011) 7:113-40. doi:10.1146/
annurev-clinpsy-040510-143934

Schult D, Swart P. Exploring network structure, dynamics, and function
using NetworkX. Proceedings of the 7th Python in Science (2008). Available
from http://permalink.]anl.gov/object/tr?what=info:lanl-repo/lareport/
LA-UR-08-05495

Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis
of structural and functional systems. Nat Rev Neurosci (2009) 10(3):186-98.
doi:10.1038/nrn2575

Sporns O, Honey CJ, Kotter R. Identification and classification of hubs in brain
networks. PLoS One (2007) 2(10):e1049. doi:10.1371/journal.pone.0001049
Milot M-H, Cramer SC. Biomarkers of recovery after stroke. Curr Opin Neurol
(2008) 21(6):654-9. doi:10.1097/WCO.0b013e3283186f96.Biomarkers

Mitra PP. The circuit architecture of whole brains at the mesoscopic scale.
Neuron (2014) 83(6):1273-83. doi:10.1016/j.neuron.2014.08.055

Kotter R. Online retrieval, processing, and visualization of primate connectiv-
ity data from the CoCoMac database. Neuroinformatics (2004) 2(2):127-44.
doi:10.1385/N1:2:2:127

Kitago T, Liang J, Huang VS, Hayes S, Simon P, Tenteromano L, et al.
Improvement after constraint-induced movement therapy: recovery of nor-
mal motor control or task-specific compensation? Neurorehabil Neural Repair
(2013) 27(2):99-109. doi:10.1177/1545968312452631

Wolf SL, Winstein CJ, Miller JP, Taub E, Uswatte G, Morris D, et al. Effect
of constraint-induced movement therapy on upper extremity function 3 to
9 months after stroke: the EXCITE randomized clinical trial. JAMA (2006)
296(17):2095-104. doi:10.1001/jama.296.17.2095

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wolf SL, Winstein CJ, Miller JP, Thompson PA, Taub E, Uswatte G,
et al. NIH public access. Lancet Neurol (2008) 7(1):33-40. doi:10.1016/
S1474-4422(07)70294-6

Ertelt D, Small S, Solodkin A, Dettmers C, McNamara A, Binkofski F
et al. Action observation has a positive impact on rehabilitation of motor
deficits after stroke. Neuroimage (2007) 36(Suppl 2):T164-73. doi:10.1016/j.
neuroimage.2007.03.043

Small SL, Buccino G, Solodkin A. Brain repair after stroke-a novel neurological
model. Nat Rev Neurol (2013) 9(12):698-707. doi:10.1038/nrneurol.2013.222
Agosta S, Herpich F, Miceli G, Ferraro E Battelli L. Contralesional rTMS
relieves visual extinction in chronic stroke. Neuropsychologia (2014)
62:269-76. doi:10.1016/j.neuropsychologia.2014.07.026

De Aguiar V, Paolazzi CL, Miceli G. tDCS in post-stroke aphasia: the role
of stimulation parameters, behavioral treatment and patient characteristics.
Cortex (2014) 63C:296-316. doi:10.1016/j.cortex.2014.08.015

Rosati G, Oscari E, Reinkensmeyer DJ, Secoli R, Avanzini E, Spagnol S, et al.
Improving robotics for neurorehabilitation: enhancing engagement, perfor-
mance, and learning with auditory feedback. IEEE. International Conference
on Rehabilitation Robotics: [Proceedings]. Zurich (2011).

Taheri H, Rowe J, Gardner D. Robot-assisted guitar hero for finger rehabil-
itation after stroke. Conf Proc IEEE Eng Med Biol Soc (2012) 2012:3911-7.
doi:10.1109/EMBC.2012.6346822

Tang Y-H, Ma Y-Y, Zhang Z-J, Wang Y-T, Yang G-Y. Opportunities and
challenges: stem cell-based therapy for the treatment of ischemic stroke. CNS
Neurosci Ther (2015) 21(4):337-47. doi:10.1111/cns.12386

Van den Berg D, Gong P, Breakspear M, van Leeuwen C. Fragmentation: loss
of global coherence or breakdown of modularity in functional brain architec-
ture? Front Syst Neurosci (2012) 6:20. doi:10.3389/fnsys.2012.00020
Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey CJ, Wedeen V], et al.
Mapping the structural core of human cerebral cortex. PLoS Biol (2008)
6(7):e159. doi:10.1371/journal.pbio.0060159

Lohse C, Bassett DS, Lim KO, Carlson JM. Resolving anatomical and functional
structure in human brain organization: identifying mesoscale organization in
weighted network representations. PLoS Comput Biol (2014) 10(10):e1003712.
doi:10.1371/journal.pcbi.1003712

Besson P, Lopes R, Leclerc X, Derambure P, Tyvaert L. Intra-subject reliability
of the high-resolution whole-brain structural connectome. Neuroimage (2014)
102(Pt 2):283-93. doi:10.1016/j.neuroimage.2014.07.064

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Falcon, Riley, Jirsa, McIntosh, Shereen, Chen and Solodkin. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neurology | www.frontiersin.org

52

November 2015 | Volume 6 | Article 228


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1093/bmb/65.1.3
http://dx.doi.org/10.1103/PhysRevE.69.041107
http://dx.doi.org/10.1002/hbm.22796
http://dx.doi.org/10.1093/cercor/bhr039
http://dx.doi.org/10.1093/cercor/bhr039
http://dx.doi.org/10.1007/s00429-014-0706-z
http://dx.doi.org/10.1007/s00429-014-0706-z
http://dx.doi.org/10.1371/journal.pcbi.0030017
http://dx.doi.org/10.1371/journal.pcbi.0030017
http://dx.doi.org/10.1016/j.neuroimage.2014.07.067
http://dx.doi.org/10.1016/j.neuroimage.2014.07.067
http://dx.doi.org/10.1146/annurev-clinpsy-040510-143934
http://dx.doi.org/10.1146/annurev-clinpsy-040510-143934
http://permalink.lanl.gov/object/tr?what = info:lanl-repo/lareport/LA-UR-08-05495
http://permalink.lanl.gov/object/tr?what = info:lanl-repo/lareport/LA-UR-08-05495
http://dx.doi.org/10.1038/nrn2575
http://dx.doi.org/10.1371/journal.pone.0001049 
http://dx.doi.org/10.1097/WCO.0b013e3283186f96.Biomarkers
http://dx.doi.org/10.1016/j.neuron.2014.08.055
http://dx.doi.org/10.1385/NI:2:2:127
http://dx.doi.org/10.1177/1545968312452631
http://dx.doi.org/10.1001/jama.296.17.2095
http://dx.doi.org/10.1016/S1474-4422(07)70294-6
http://dx.doi.org/10.1016/S1474-4422(07)70294-6
http://dx.doi.org/10.1016/j.neuroimage.2007.03.043
http://dx.doi.org/10.1016/j.neuroimage.2007.03.043
http://dx.doi.org/10.1038/nrneurol.2013.222
http://dx.doi.org/10.1016/j.neuropsychologia.2014.07.026
http://dx.doi.org/10.1016/j.cortex.2014.08.015
http://dx.doi.org/10.1109/EMBC.2012.6346822
http://dx.doi.org/10.1111/cns.12386
http://dx.doi.org/10.3389/fnsys.2012.00020
http://dx.doi.org/10.1371/journal.pbio.0060159
http://dx.doi.org/10.1371/journal.pcbi.1003712
http://dx.doi.org/10.1016/j.neuroimage.2014.07.064
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Neurology

REVIEW
published: 16 October 2015
doi: 10.3389/fneur.2015.00214

OPEN ACCESS

Edited by:

Rddiger Jirgen Seitz,

LVR-Klinikum Ddsseldorf University,
Germany

Reviewed by:

Mustapha Ezzeddine,
University of Minnesota, USA
Qing Hao,

Johns Hopkins University, USA

*Correspondence:
Cathrin M. Buetefisch
cathrin.m.buetefisch@emory.edu

Specialty section:

This article was submitted to Stroke,
a section of the journal

Frontiers in Neurology

Received: 16 May 2015
Accepted: 22 September 2015
Published: 16 October 2015

Citation:

Buetefisch CM (2015) Role of the
contralesional hemisphere in
post-stroke recovery of upper
extremity motor function.

Front. Neurol. 6:214.

doi: 10.3389/fneur.2015.00214

®

CrossMark

Role of the contralesional
hemisphere in post-stroke recovery
of upper extremity motor function

Cathrin M. Buetefisch’?*

'Emory University, Atlanta, GA, USA, 2Georgia Institute of Technology, Atlanta, GA, USA

Identification of optimal treatment strategies to improve recovery is limited by the incom-
plete understanding of the neurobiological principles of recovery. Motor cortex (M1) reor-
ganization of the lesioned hemisphere (ipsilesional M1) plays a major role in post-stroke
motor recovery and is a primary target for rehabilitation therapy. Reorganization of M1 in
the hemisphere contralateral to the stroke (contralesional M1) may, however, serve as an
additional source of cortical reorganization and related recovery. The extent and outcome
of such reorganization depends on many factors, including lesion size and time since
stroke. In the chronic phase post-stroke, contralesional M1 seems to interfere with motor
function of the paretic limb in a subset of patients, possibly through abnormally increased
inhibition of lesioned M1 by the contralesional M1. In such patients, decreasing contrale-
sional M1 excitability by cortical stimulation results in improved performance of the paretic
limb. However, emerging evidence suggests a potentially supportive role of contralesional
M1. After infarction of M1 or its corticospinal projections, there is abnormally increased
excitatory neural activity and activation in contralesional M1 that correlates with favorable
motor recovery. Decreasing contralesional M1 excitability in these patients may result
in deterioration of paretic limb performance. In animal stroke models, reorganizational
changes in contralesional M1 depend on the lesion size and rehabilitation treatment and
include long-term changes in neurotransmitter systems, dendritic growth, and synapse
formation. While there is, therefore, some evidence that activity in contralesional M1 will
impact the extent of motor function of the paretic limb in the subacute and chronic phase
post-stroke and may serve as a new target for rehabilitation treatment strategies, the pre-
cise factors that specifically influence its role in the recovery process remain to be defined.

Keywords: transcranial magnetic stimulation, motor cortex reorganization, neurorehabilitation of motor function,
motor stroke recovery, functional magnetic resonance image

Introduction

With the introduction of relatively sophisticated neuroimaging techniques, such as positron emission
tomography (PET) and functional and structural magnetic resonance imaging (MRI), and novel
electrophysiological techniques, such as transcranial magnetic stimulation (TMS), studying the
underlying mechanisms of motor recovery after stroke in humans have become increasingly feasible.
In 1991, Chollet et al. (1) reported for the first time the activation of bilateral sensorimotor cortices in
stroke patients moving their affected hand and suggested that ipsilateral motor projection may play
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Contralesional hemisphere in post-stroke recovery

arole in recovery. This claim was further substantiated in 1993 by
Carr et al. (2) who used TMS of the primary motor cortex (M1)
to probe the functional integrity of the corticospinal tract (CST)
after stroke. He reported that, in patients with poor motor out-
come, TMS applied to the motor cortex of the hemisphere affected
by stroke (ipsilesional M1) did not produce detectable motor-
evoked potentials (MEPs), indicating disrupted function of the
CST. However, when TMS was applied to the motor cortex of the
hemisphere spared by the stroke (contralesional M1), MEPs were
detected in both the hands. These findings suggested abnormal
corticospinal projections from the contralesional M1 to muscles
of the affected hand (see below for more detailed discussion).

In the following years, the role of the contralesional M1 in
motor recovery after stroke and its potential as new target for
rehabilitation efforts have been a topic of intense research efforts
in humans and animal stroke models (3-5). As this field moved
forward, it became apparent that several factors may impact the
role of contralesional M1 in the control of the paretic hand move-
ments and that even in healthy intact brain the ipsilateral M1
(corresponding to the contralesional M1 in paretic hand move-
ments) is active in the control of strictly unilateral hand move-
ment (6-11). In the context of the incomplete understanding of
the ipsilateral M1 in motor control, the interpretation of findings
pertaining to the role of contralesional M1 (corresponding to the
ipsilateral M1 in intact human) in motor recovery after stroke
remains problematic.

In this review, the evidence for contralesional M1 activity in
recovery of hand function after stroke will be discussed. In the
first part of this review, I will summarize the advances in our
understanding of motor control of hand movements as they per-
tain to a better understanding of contralesional M1 function in
motor recovery of hand movements. There is emerging evidence
that ipsilateral M1 (corresponding to contralesional M1 in stroke
patients) is active even in healthy subjects, depending on age and
motor task demands (11-14). Motor task-dependent activity of
ipsilateral M1 and the interaction between M1s may contribute
to the contradicting data in contralesional M1 in stroke patients,
where stroke-related motor impairment impacts the demand of a
given motor task. In the second part of the review, I will discuss
data available from animal stroke models and humans after
stroke pertaining to the role of contralesional M1 reorganiza-
tion in post-stroke recovery. Finally, I will discuss in which way
neurorehabilitation science can leverage on the knowledge of
contralesional M1 reorganization to develop new and effective
rehabilitation treatment strategies.

Ipsilateral M1 and Interhemispheric
Interaction in the Control of Hand
Movements in Intact Man

The Contribution of Ipsilateral M1 and its
Corticospinal Connections in the Control of
Hand Movements

In fMRI studies of unilateral hand motor performance in intact
man, strictly contralateral M1 activation was demonstrated by
some investigators (15, 16) while bilateral M1 activation was

observed by others (6, 11, 17-19). Increased ipsilateral M1
was demonstrated in tasks with higher accuracy or complexity
demands (6-8, 11, 17, 20). However, the interpretation of these
neuroimaging data was limited by measuring qualitatively dif-
ferent movements where the tasks were not being matched for
their kinematics (e.g., force, amplitude, and frequency) and by
lacking the verification of a strictly unilateral execution of the
motor task during the acquisition of imaging data. Measuring
unilateral performance is important as without it, the presence
of bilateral upper extremity activity with increasing difficulty of
the task referred to as “mirror movements” cannot be ruled out
and may contribute to observed bilateral M1 activation. In our
recent study of healthy middle-aged people (n = 13, 10 females,
age 55.4 + 10.9 years), subjects performed a pointing task with
a joy stick. By decreasing the size of the target, the demand
on accuracy was parametrically increased while participating
muscle groups and movement kinematic were kept the same.
Unilateral performance was verified with electromyographic
(EMG) recording from upper extremity muscles. As illustrated
in Figure 1, performance of the pointing task (collapsed across
different target sizes) resulted in extensive activation of bilateral
sensorimotor cortex in the precentral and postcentral gyri/
sulci (Figure 1, red). This contrasts with activation arising from
the qualitatively different finger tapping task (Figure 1, green/
yellow), which resulted in activation restricted to contralateral
sensorimotor areas and the corresponding ipsilateral cerebellum.
Of note is that ipsilateral M1 activation in the pointing task is
largely anterior to the activation arising from the tapping task
executed by the contralateral hand.

While there is evidence for ipsilateral corticospinal projec-
tions in humans, evidence for the control of the hand move-
ments via ipsilateral corticospinal connections is weak. In intact
humans, stimulation of M1 using TMS elicits MEPs in ipsilateral
hand muscles but these are difficult to obtain and require
high stimulation intensity and pre-innervations of the target
muscle (21). In non-human primates, recording of ipsilateral
M1 neurons during upper limb movements demonstrate that
cells in iM1 are modulated by the task but that the timing of
this activity is best correlated with weak muscle activity in the
contralateral non-moving arm (22). Alternatively, task-related
effects in the ipsilateral M1 could be mediated by corticoreticu-
lospinal connections. In contrast to corticospinal connection,
corticoreticulospinal projections are bilateral and are thought to
be involved in the execution of selective finger movements (23).
The involvement of this pathway is supported by TMS-derived
evidence of longer latencies of MEPs elicited in the ipsilateral
hand muscles (21). One could also argue that this M1 area may
be concerned with the integration of afferent input from other
motor areas. Recent evidence of bilateral M1 projections from
posterior parietal (24, 25) and dorsal premotor areas, likely con-
veying some task-related information such as visuospatial and
motor planning information, support a more indirect effect and
the notion that M1 functions at a higher level in motor control by
integrating afferent information and then generating a descend-
ing motor command that defines the spatiotemporal form of the
movement (26). A higher level role for M1 in motor control is
also supported by the results of a recent repetitive TMS (rTMS)
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FIGURE 1 | Motor demand-dependent activation of motor cortices using a pointing task: pointing and finger tapping tasks related brain activation:
Activity related to the pointing task (collapsed across XL, L, and M targets) is indicated in red. Activation related to right- and left-handed finger tapping is
indicated in green, with overlap between finger tapping and pointing task performance shown in yellow. Note that while there was extensive bilateral activation for
the pointing task, M1 activation in the finger tapping tasks was only seen contralateral to the performing hand, so that the left hemisphere is solely due to

Targeting > Rest
0.9 Tapping > Rest 1.2
09 Mtarg > Ltarg 12

right-handed finger tapping (with left hemisphere yellow areas show overlap between right-handed finger tapping and right-handed pointing task performance) and
the right hemisphere activity is solely due to left-handed finger tapping (yellow colors in the right hemisphere show overlap between activity due to the right-handed
targeting task and left-handed finger tapping task, outlined with a yellow border for ease of visualization). Significant activation related to increasing motor demand
(M targets > L targets) is indicated in blue (overlap between this region and left-handed finger tapping shown in cyan, outlined for clarity). All activations are shown
overlaid on the Colin27 template in standard space, thresholded at a corrected p < 0.05 (uncorrected threshold p < 0.005 and cluster size >2360 mm?®). Increased
color intensity corresponds to higher estimates of percent signal change. Cuts in the three-dimensional rendering are shown at x = 0, y = =15, and z = 35. The right
hemisphere is depicted in the upper panel. The right (R) and left (L) side of the brain are indicated in the lower panel. Numerical labels above each slice show slice
coordinates in the x dimension (sagittal sections) or z dimension (axial sections) (11).

study where low-frequency rTMS applied to left M1 improved
performance in both hands for the task with the highest demand
on precision while performance remained unchanged for the
tasks with lower demands (14).

Interhemispheric Interaction in the Control of
Hand Movements in Intact Humans
In addition to the corticospinal projections and ipsilateral
corticocortico connections, motor areas of the two hemispheres
are interconnected to each other and interact in the execution of
motor tasks. Improved performance after transiently inhibiting
the ipsilateral M1 by means of low-frequency rTMS (14, 27, 28)
could indicate that there may be a need for suppression of task
performance related ipsilateral M1 excitatory activity. Because the
relationship between the two primary motor cortices is impacted
by stroke (4, 5, 29) and topic of great interest in neuromodulation
treatment approaches targeting the contralesional M1 (3), this
topic will be reviewed for the intact brain.

The main structure connecting the motor areas is the corpus
callosum. Connections between primary motor areas are less

abundant than premotor areas and primarily excitatory [for
detailed review, see Ref. (5)]. Interhemispheric inhibition (IHI)
can be demonstrated with TMS by applying a conditioning
stimulus (CS) to one M1 and a test stimulus (TS) to the homo-
topic area of the other M1 (30) (Figure 2). The CS inhibits the
size of the MEP produced by the TS. The amount of inhibition is
expressed as a percentage of the mean MEP amplitude evoked by
asingle TS. While resting IHI is measured with the subject at rest,
active THI is measured during movement preparation. In healthy
subjects executing a hand motor task, the inhibitory effect of one
M1 on the other M1 decreases (31) depending on the movement
kinematics (32, 33). In a study by Talelli et al. (20), a relationship
between resting IHI and task-related ipsilateral M1 activity as
measured by fMRI was demonstrated. Specifically, peak forces for
a hand grip were positively correlated with increases in ipsilateral
M1-blood oxygenation level-dependent (BOLD) response when
IHI between motor cortices was weak. This positive correlation
changed to a negative correlation when IHI was strong. This
would indicate that activity in ipsilateral M1 is controlled to some
extent by the inhibitory effect of the contralateral M1.
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FIGURE 2 | Resting and active interhemispheric inhibition (IHI): (A) IHI can be demonstrated by applying a conditioning stimulus to M1, which inhibits the size
of the motor-evoked potential (VEP) produced by the test stimulus applied to the homotopic area of the opposite M1. These measures are obtained during rest
(resting IHI, riHI) or in the pre-movement period during preparation of a movement (active IHI). (B) During rest, there is significant riHI (round symbol) from one M1 on
the other M1. Active IHI (rectangular symbol) decreases immediately prior to the movement onset depending on kinematics of the movement (B,C). (B,C) Pointing to
a large target with less demand on accuracy (square) results in less reduction of active IHI compared to pointing at a small target (diamond) with high demand on
accuracy (33).

Contralesional M1 Reorganization in
Post-Stroke Recovery

Reorganization of Contralesional M1 in the
Post-Stroke Recovery Period (fMRI Evidence)

In task-related functional imaging studies of stroke patients, the
activation of contralesional motor areas (corresponding to ipsi-
lateral motor areas in healthy subjects) have been consistently
reported (34). Cross-sectional studies of stroke patients moving
the affected hand revealed a shift from an initially (abnormal)
bilateral activation of motor areas in the subacute stroke patients
(1, 9, 16, 35-40) toward a more normal unilateral activation
pattern of ipsilesional motor areas in chronic stroke patients
(40). Importantly, in a longitudinal study of stroke patients, this
activation shift to the ipsilesional hemisphere was associated
with good recovery, whereas persistence of the bilateral activa-
tion pattern was associated with poor outcome (40). On the
basis of these studies, it was concluded that greater involvement
of contralesional M1 predicted poorer motor outcome. (34,
40). However, in several studies, mirror movements of the non-
affected hand were reported during the performance with the
affected hand during imaging (34). This raised the possibility

that some contralesional M1 activity is, in fact, related to mir-
ror movements of the non-affected hand (41, 42). As mirror
movements and coactivation of the non-affected hand are seen
more frequently in patients with poor motor outcome (41, 43),
the presence of these movements may have confounded the
findings of increased contralesional M1 activation in patients
with poor outcome.

In our own fMRI study of subacute stroke patients with excel-
lent recovery, strictly unilateral performance resulted in activation
of bilateral motor cortices (16). In this study, eight stroke patients
underwent fMRI of the brain to test M1 activity related to the
performance of a non-sequential finger opposition task with their
paretic hand. EMG activity of bilateral arm muscles was recorded
during the scanning. All patients showed excellent recovery.
Their results were compared to age-matched normal volunteers.
While overt mirror movements were absent in all patients, three
patients showed substantial EMG activity of the non-affected arm
when performing the task with the affected hand. Their data were
excluded from further analysis. As demonstrated in Figure 3, in
the remaining five patients with strictly unilateral performance,
bilateral activation of premotor and primary motor cortices was
evident. In contrast, the age-matched controls showed a strictly

Frontiers in Neurology | www.frontiersin.org

October 2015 | Volume 6 | Article 214


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org

Buetefisch

Contralesional hemisphere in post-stroke recovery

unilateral activation of the corresponding contralateral M1. These
results support the notion that activation in contralesional M1
most likely reflects a reorganizational process in these patients.
However, based on the findings in healthy subjects, where
ipsilateral M1 is activated as the task becomes more demanding,
increased activity could also be explained by a relatively higher
demand on motor skill in stroke patients when compared to
healthy controls (i.e., because of the compromised hand function
due to stroke, the execution of the task is more challenging for
the patient compared to the controls). Schaechter and Perdue
(44) studied chronic stroke patients with good recovery of hand
function and demonstrated that cortical activation during per-
formance of the unskilled and skilled movement was increased
in the patients relative to controls in the contralesional primary
sensorimotor cortex. These findings suggest that in the chronic
phase after stroke the neuronal substrate supporting affected hand
function includes contralesional M1. The question whether this
abnormal contralesional M1 activity is related to recovery-related
regenerative responses as demonstrated for the subacute stroke
patients or whether these changes reflect degenerative responses
to the stroke remains to be determined as both processes are
to some extent activity dependent, interact and impact similar
circuitries (4).

Mechanisms Underlying Reorganization

of Contralesional M1 in the Post-Stroke
Recovery Period

The interpretation of task-related fMRI results is limited by the
fact that changes in inhibitory and excitatory activity cannot be
distinguished and the functional relevance of these changes in M1
activity is unclear. Specifically, task-related increases in BOLD in

contralesional M1 could result from increases of inhibitory or
excitatory activity or any combination of these.

In rodent stroke models, functional and structural reorgani-
zational changes in contralesional M1 have been reported [for
detailed review, see Ref. (4, 5)]. Briefly, in these models, small
focal cortical lesions led to long-lasting changes in contralesional
M1, such as down-regulation of GABA-receptor function (45,
46) and up-regulation of NMDA-receptor function (47, 48),
both mechanisms operating in increases of synaptic efficacy such
as long-term potentiation (LTP). In contrast to human studies
(see below), excitability in contralesional M1 was transiently
increased but returned to the original values within hours.
Similarly, representation of the rodent forelimb expanded in
the contralesional M1 but returned to normal dimensions over
the following days [for review, see Ref. (5)]. From a structural
perspective, increase in neuropil volume (49), use-dependent
dendritic growth followed by dendritic pruning, synapse forma-
tion, and changes in the specific structure of synaptic connections
have been described (49-51).

In humans, increased intracortical excitability of contrale-
sional M1 has been demonstrated in subacute and chronic stroke
patients (29, 52-54) when explored with the paired pulse TMS
technique. In this paradigm, a suprathreshold TS is preceded by
a subthreshold CS at an interstimulus interval (ISI) of 2 ms. In the
M1 of healthy subjects, CS inhibits the MEP produced by the sub-
sequent TS, referred to as short interval intracortical inhibition
(55). This effect is mediated by GABA4-receptors (56) and arises
in close proximity to the stimulated area (57). By varying the
intensity of CS, the effects mediated by inhibitory and excitatory
networks can be separated in more detail (29, 54) (Figures 4A,B).
In a study of subacute stroke patients, the inhibitory effect of CS at

lower right panel) (16).

FIGURE 3 | Mean fMRI activation map of the performance of a finger sequence with the affected hand in patients (n = 5) (A) and with either hand in
the age-matched control group (n = 9) (B). For both groups, the activation map is superimposed on the T1-weighted MRI of the same healthy control subject.
(A) In patients, right in the axial slice of brain (z = 56) corresponds to the lesioned hemisphere and left to the contralesional hemisphere. Activation of contralesional
precentral gyrus is evident (corrected p < 0.05). (B) For the control group performing the finger sequence with the left (lower left image, corrected p = 0.05) or right
(lower right image, uncorrected p < 5.8e—12) hand, there was activation in the precentral gyrus of the hemisphere that is contralateral to the performing hand.
Initially, the significance level was set as low as corrected p = 0.05 to pick up any activity in the motor cortex ipsilateral to the moving hand (shown for left hand
movement, lower left image). At this significance level, massive activation was seen in the pre- and postcentral gyrus contralaterally when moving the right hand. To
separate clusters of activity in pre- and postcentral gyrus, the significance level was increased until the two clusters became distinct (uncorrected p < 5.8e—12,
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low intensity was similar to values found in healthy age-matched
controls while the inhibitory effect was abnormally reduced at
higher intensities. This may indicate that the balance of excitatory
and inhibitory activity in neuronal circuits was shifted toward
excitatory activity (29, 54). Alternatively, abnormal function
of the high threshold GABAergic inhibitory interneurons may
result in a decreased inhibitory effect of CS at higher intensities.
These findings suggest that regulation of excitatory and inhibitory
neurotransmitter systems may play a role early in the reorganiza-
tion process in contralesional M1 (48, 58) and may support func-
tional recovery early after stroke. This notion is supported by the
finding in patients in the subacute phase of stroke involving M1
or its corticospinal projections where a close association between
increased excitability of contralesional M1 and good recovery of
hand function was demonstrated (54). However, whether these
findings hold up and can be applied to patients with other lesion
locations has to be determined in larger longitudinal studies.

Relationship Between Contralesional M1

and Ipsilesional M1 (Interhemispheric Inhibition)
in the Post-Stroke Recovery Period

As described for the intact brain, the two motor cortices inhibit
each other through connections via the corpus callosum (5). In
addition to the discussed mechanisms underlying contralesional
M1 reorganization, stroke-related changes in the inhibitory drive
between motor cortices could play an important role in reorgani-
zational changes of contralesional M1. While increased contral-
esional M1 excitability was demonstrated in multiple studies (29,
31, 53, 54, 59), very few studies have examined the relationship
between increased contralesional M1 excitability and resting THI.
It was concluded that loss of inhibitory drive of the lesioned M1
on the contralesional M1 through interhemispheric connections
may contribute to the reorganizational processes observed for
this motor cortex. Increases in contralesional M1 excitability
may result in an excessive inhibitory effect on the ipsilesional M1,
which may interfere with its reorganization and related recovery
(31, 53, 59). In our study of 23 subacute stroke patients with
documented ongoing recovery of motor function, contralesional
M1 excitability was increased as demonstrated by paired pulse
TMS technique (29) (see above for detailed description of the
methods). Resting IHI from ipsilesional M1 on contralesional M1
was reduced in both cortical and subcortical location of the stroke
while IHI from contralesional M1 on ipsilesional M1 was normal
(Figures 4C,D). In patients with cortical stroke, there was an
inverse correlation between inhibitory effect from contralesional
on ipsilesional M1 and contralesional M1 excitability. This rela-
tionship was not seen in patients with subcortical stroke. This
would indicate that in subacute patients recovering from stroke,
the demonstrated increased contralesional M1 excitability is not
causally related to abnormally reduced IHI from ipsilesional M1
on contralesional M1. Further, because IHI of the contralesional
on ipsilesional M1 was normal and measures of contralesional
M1 excitability were increased, there was no evidence in this
study to support the hypothesis that an abnormally increased
contralesional M1 excitability results in abnormally increased IHI
of contralesional on ipsilesional M1 with subsequently decreased
activity or excitability of ipsilesional M1 in this patient population.

However, when IHI was measured in the pre-movement interval
(active THI, see above for details of the methods) contralesional
on the ipsilesional M1 was abnormally increased in chronic stroke
patients when compared to healthy age-matched controls (31).
The role of abnormally increased active IHI and the relationship
between abnormal active IHI, measures of M1 excitability, and
recovery of hand function in stroke needs to be determined in
more detail and is currently a topic of active investigations.

There is some evidence regarding the relationship between the
ipsi- and contralesional M1 in rodent stroke models. Specifically,
an ischemic lesion of M1 leads to partial denervation of the
contralesional M1, which has a tendency to sprout into the per-
ilesional neuronal tissue of ipsilesional M1 (60, 61). Moreover,
learning a new motor skill with the non-affected limb reduces
spontaneous recovery and limits rehabilitation-related functional
improvements of the affected limb (62-64). These findings under-
score the importance of interhemispheric connections between
and ipsi- and contralesional M1 and their potential involvement
in mediating reorganizational effects on the ipsilesional M1.

Factors that Determine the Role of
Contralesional M1 in the Post-Stroke

Recovery Period

The factors that determine involvement of contralesional M1 are
currently not known. In non-human primate stroke models, pro-
gressively larger M1 hand lesions were associated with a propor-
tional expansion of ipsilesional ventral premotor (PMv) (65, 66)
and supplementary motor area (SMA) (67) hand representation.

In rodent stroke models, reorganizational changes in con-
tralesional M1 depend on the lesion size (68) and rehabilitation
treatment (64, 69) and include long-term changes in neurotrans-
mitter systems, dendritic growth, and synapse formation (45,
46, 50, 51, 70, 71). Inhibiting the contralesional hemisphere in
rats that recovered from large ischemic infarcts generates more
behavioral deficits of the impaired forelimb in comparison to
control animals (72).

In humans, Schaechter and Perdue (44) demonstrated in
chronic stroke patients a linear relationship between abnormally
increased affected hand movement-related contralesional M1
activity and extend of CST damage. Further, the observed differ-
ential effect on contralesional M1 excitability and the relationship
between contralesional M1 excitability and IHI (Figure 4) (29)
supports the notion that location of the stroke seems to impact
reorganizational processes. These differential remote effects of
the lesion are also consistent with the findings that contralesional
M1 seems to support function in a subset of patients after stroke
(18) but may interfere with recovery or affected hand function in
others (73, 74).

Interventions in Stroke Rehabilitation
Treatment Targeting Contralesional M1

Several reports have demonstrated that non-invasive cortical
stimulation can enhance functional reorganization, motor
cortical excitability, and the beneficial effects of motor train-
ing on performance (75-80). Either ipsi- or contralesional
M1 are target of these interventional approaches (3). In this
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FIGURE 4 | M1 excitability and IHI in patients with subacute stroke (n = 23) and healthy age-matched controls (n = 20): EMG was recorded from the
first dorsal interosseus muscle (FDI). (A,B) Effect of lesion location on SICI in patients. Control (square) and contralesional M1 of patients with cortical [open
triangle (A)] and subcortical location of infarction [open inverted triangle (C)]. IHI of the lesioned M1 on the contralesional M1 is reduced in patients with cortical
(open triangle) or subcortical infarction (open inverted triangle) when compared to healthy controls (square). (D) IHI from contralesional M1 on the lesioned M1 was
intact for cortical infarction (black triangle) and subcortical infarction (black inverted triangle). The conditioned MEP amplitude is expressed as percentage of the
mean test-MEP. (E,F) Relationship between M1 excitability, SICI (CS at 80% MT), and IHI in patients with cortical infarction (triangle) and subcortical infarction
(inverted triangle). For each patient (each point represents one subject), SICI of the contralesional M1 was plotted against IHI from lesioned on the contralesional M1
(open symbols). Regression was calculated. For cortical location of the infarction, there was an inverse linear relationship between SICE of the contralesional M1 and
IHI from lesioned on the contralesional M1 [(E) r* = 0.972, p = 0.002]. Although there is a similar trend in the subcortical group (F), the relationship was more
variable [(F)r? = 0.105, p = ns]. The insert indicates the position of the coil for application of CS (dotted lines) and the TS (solid lines). The location of the lesion is
indicated by the bullet. CS = intensity of conditioning stimulus, MT = motor threshold. The scattered lines indicate the cutoff between facilitation (>100) and
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review, I will focus on non-invasive cortical stimulation targeting
the contralesional M1.

Down-regulation of excitability in one motor cortex influ-
ences corticomotor excitability in the opposite motor cortex.
Several reports of studies in healthy subjects have now demon-
strated that 1 Hz rTMS applied to M1 of one hemisphere results
in increased corticomotor excitability in the opposite M1 (81,
82) and improved performance in the corresponding hand (14,
83) depending on the level of motor demand (14). As discussed

in the previous sections, although the extent to which the
contralesional M1 contributes to motor recovery is not known,
many currently employed rTMS protocols are designed with the
assumption that following stroke, ipsilesional M1 is hypoactive
while contralesional M1 is hyperactive and should be inhibited
(3, 80). Accordingly, stimulation of contralesional M1 has been
used to inhibit its hyperactivity (3, 74, 78, 84-86). Meta- analyses
on the effectiveness of repetitive transcranial magnetic stimula-
tion (rTMS) or transcranial direct current stimulation (tDCS)
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in stroke rehabilitation therapy do not agree on the available
evidence to either support or reject it (87-90).

Summary

Taken together, there is evidence from human and animal studies
that activity in contralesional M1 will impact motor function of
the paretic limb differently in different patients. However, cur-
rently employed treatment strategies are geared toward inhibiting
its function. There is a great need to identify the precise factors
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Introduction: Stroke is the leading cause of long-term disability. Functional imaging
studies report widespread changes in movement-related cortical networks after stroke.
Whether these are a result of stroke-specific cognitive processes or reflect modulation of
existing movement-related networks is unknown. Understanding this distinction is critical
in establishing more effective restorative therapies after stroke. Using multivariate analysis
(tensor-independent component analysis — TICA), we map the neural networks involved
during motor imagery (Ml) and executed movement (EM) in subcortical stroke patients
and age-matched controls.

Methods: Twenty subcortical stroke patients and 17 age-matched controls were
recruited. They were screened for their ability to carry out Ml (Chaotic Ml Assessment). The
fMRI task was a right-hand finger-thumb opposition sequence (auditory-paced 1 Hz; 2, 3,
4,5, 2...). Two separate runs were acquired (Ml and rest and EM and rest; block design).
There was no distinction between groups or tasks until the last stage of analysis, which
allowed TICA to identify independent components (ICs) that were common or distinct to
each group or task with no prior assumptions.

Results: TICA defined 28 ICs. ICs representing artifacts were excluded. ICs were only
included if the subject scores were significant (for either EM or MI). Seven ICs remained
that involved the primary and secondary motor networks. All ICs were shared between
the stroke and age-matched controls. Five ICs were common to both tasks and three
were exclusive to EM. Two ICs were related to motor recovery and one with time since
stroke onset, but all were shared with age-matched controls. No IC was exclusive to
stroke patients.

Conclusion: We report that the cortical networks in stroke patients that relate to recovery
of motor function represent modulation of existing cortical networks present in age-
matched controls. The absence of cortical networks specific to stroke patients suggests
that motor adaptation and other potential confounders (e.g., effort and additional muscle
use) are not responsible for the changes in the cortical networks reported after stroke.
This highlights that recovery of motor function after subcortical stroke involves preexisting
cortical networks that could help identify more effective restorative therapies.

Keywords: motor imagery, functional imaging, fMRI, mental imagery, brain mapping
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INTRODUCTION

Stroke remains a leading cause of long-term disability and
carries a significant social and economic cost (1, 2). After stroke,
functional imaging studies of movement report widespread
changes in activation of the cortical networks (3-8). The
precise cognitive processes that determine these changes
remain unclear. In this study, we used a data-led method
to explore if the changes in movement-related networks are
a result of processes specific to stroke patients (i.e., use of
additional muscles) or whether they represent modulation
of extent movement-related networks. Understanding this
distinction in neuroplasticity is likely to help establish
the driver of fMRI changes reported after stroke and help
establish the most effective restorative therapies for patients
(9-11).

Using a variety of tasks, numerous groups have reported
changes in movement-related networks - importantly these
remote changes relate to the recovery of motor performance.
Movement-related fMRI activation in the ipsilesional primary
motor cortex is associated with better recovery (4, 7, 8, 12, 13).
Indeed it is on this model that many restorative intervention
studies are based (14) changes in movement-related networks are
being used to predict response to therapies (15). Yet it is possible
that the changes in movement-related networks may represent an
epiphenomenon of the increased difficulty involved in carrying
out the task after a stroke (6).

There are several caveats when considering comparisons of
patients with healthy volunteers (6). For instance, the kinematics
of movements, EMG patterns, motor strategies (adaptation versus
relearning), and whether movement involved different body parts
in different subjects have not been monitored consistently in the
MRI. In other words, it is possible that the differences reported
represent a composite of cognitive processes specific to stroke
patients that may not be directly related to the recovery process
as such.

Understanding whether there are networks specific to stroke
patients will greatly aid the understanding of the recovery process
after stroke. It may allow a more targeted approach to rehabilita-
tion as it could identify the most appropriate training programs.
We explored the extent to which the widely described changes
in motor networks after stroke are a result of specific processes
(i.e., motor adaptation or use of different muscle) or whether they
represent modulation of extant motor performance. There are two
key aspects to our study.

First, to remove any biases produced by subtle differences in
motor performance, we studied both motor imagery (MI) and
executed movement (EM). MI is intrinsically linked to the motor
system and can be used to study the motor system without actual
movement (16-19). In stroke patients with normal activations
during EM, we have reported abnormal hemispheric lateralization
during MI that related to recovery of motor function. In other
words, by studying MI as well as EM, we are able to identify aspects
of task-dependent activation that relate to motor execution and
those more “upstream” (20).

Second, we use a data-led approach using tensor-independent
component analysis (TICA) (21). Using TICA, we examine

the cortical networks that are common to stroke patients and
aged-matched controls or exclusive to either. Unlike the con-
ventional mass univariate approach, TICA is a powerful data-
led approach that explores similarities as well as differences in
cortical networks. Importantly, both tasks (MI and EM) from
both groups (stroke and aged-matched controls) are consid-
ered the same. We are able to use a “blinded task” during the
production of the independent components (ICs) as they have
the same temporal profile. In other words, we make no prior
assumptions as to the extent of overlap, if any, between the
task-related networks in stroke patients and controls or between
the MI and EM. If the widely reported changes in movement-
dependent networks are related to a stroke-specific cognitive pro-
cess, then this analytic approach will likely produce separate com-
ponents.

We hypothesize that in recovered subcortical stroke patients,
the task-related motor networks identified for both EM and MI are
shared with the age-matched controls. In keeping with our reports
from healthy volunteers, we expect to find networks related exclu-
sively to EM and others that are shared with MI. Finally, we expect
that in stroke patients, the task-related networks would correlate
with measures of motor recovery.

MATERIALS AND METHODS
Subjects

Twenty subcortical stroke patients were recruited (six females;
mean age, 66 & 8.8 years). Inclusion criteria were the following:
(i) first-ever ischemic or hemorrhagic stroke with initial motor
deficit lasting at least 2 weeks; (ii) ability to perform the motor
activation task; and (iii) right-handedness. They had no past
medical history of any neurological, psychiatric, or musculoskele-
tal disorders and were not taking regular medication. Seventeen
age-matched control subjects (nine males) aged 40 years (mean,
57.6 + 8.5 years) were recruited through local advertisement. Sub-
jects had no history of medical disorders and were not taking
regular medication. All subjects were right handed as assessed by
the Edinburgh scale (22) and gave written consent in accordance
with the Declaration of Helsinki, and the protocol was approved
by the Cambridge Regional Ethics Committee.

All subjects underwent assessment with the Chaotic Motor
Imagery Assessment (CMIA). They were excluded if unable to
perform MI adequately. Chaotic Motor Imagery is defined as
an inability to perform MI accurately or, if having preserved
accuracy, the demonstration of temporal uncoupling (23). The
full-assessment is described in detail in Ref. (24). Briefly, the
assessment has three components performed in order. Where
appropriate, subjects were given specific instructions to perform
first-person kinesthetic MI. They were instructed not to view the
scene from the third person and not to count or assign numbers
or tones to each finger.

The stroke patients were assessed with the NIH Stroke Scale
(NIHSS), the Action Research Arm Test (ARAT), Stroke Impact
Score (SIS), and the Motricity Index. Thumb to index finger
tapping over 15s (TIT ratio) (25) and mirror synkinesia were
measured. Transcranial Doppler was used to assess vasomotor
reactivity and was preserved in all.
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Functional MRI

Motor (Imagery) Paradigm

The fMRI tasks was a block design (20, 26) of a right-hand finger-
thumb opposition sequence (paced at 1 Hz; sequence 2, 3, 4, 5,
2...) and rest. There were two separate runs acquired (MI and
rest and EM and rest). Subjects were instructed to keep their eyes
closed throughout the session. We used bilateral fiber-optic gloves
(Fifth Dimension Technologies, SA) to monitor finger movements
and exclude inappropriate movement. The gloves were also used
to confirm the performance of MI - after each MI block (24).
Post MR subjects rated the vividness of MI performance on a
seven-point scale.

Data Acquisition

A 3-T Brucker MRI scanner was used to acquire both T2-
weighted and proton density anatomical images and T2*-weighted
MRI transverse echo-planar images sensitive to the BOLD sig-
nal for fMRI (64 x 64 x 23; FOV 20 x 20 x 115; 23 slices 4 mm,
TR =1.5s, TE 30 ms, voxel size 4 x 4 x 4).

Image Analysis

Analysis was carried out using TICA (21) as implemented
in MELODIC (Multivariate Exploratory Linear Decomposi-
tion into Independent Components) Version 3.09, part of FSL
(FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). Only the
affected hand in stroke patients was assessed. Where necessary
images were flipped, the hand studied was always contralateral
to the left hemisphere matching the right-hand tasks of the
age-matched controls. Contralateral is therefore ipsilesional in
stroke patients.

The first 12 volumes were discarded to allow for T1 equi-
libration effects. Preprocessing involved masking of non-brain
voxels, voxel-wise de-meaning of the data, and normaliza-
tion of the voxel-wise variance. Subject movement was less
than 2 mm.

The preprocessed data were whitened and projected into a mul-
tidimensional subspace using probabilistic principal component
analysis where the number of dimensions was estimated using
the Laplace approximation to the Bayesian evidence of the model
order (27). The whitened observations were decomposed into sets
of vectors which describe signal variation across the temporal
domain (time courses), the session/subject domain, and the spatial
domain (maps) by optimizing for non-Gaussian spatial source dis-
tributions using a fixed-point iteration technique (28). Estimated
component maps were divided by the standard deviation of the
residual noise and thresholded by fitting a mixture model to the
histogram of intensity values. The time course of each IC was then
entered into a general linear model of the convolved block design
of Task versus Rest.

An IC was considered to be involved in MI or EM if a one-way
t-test found the subject scores to be significantly different from
zero across subjects. When an IC was significantly involved in
both tasks, then a paired t-test (p < 0.05 corrected for multiple
comparisons) was performed on the subject score for each task.
In the stroke group, the subject scores of each remaining compo-
nent were correlated (Spearman p < 0.05 corrected for multiple
comparisons) with the impairment scores.

RESULTS

Behavioral Results
Four control subjects and eight stroke patients were excluded
because of chaotic motor imagery. Twelve stroke patients
remained [eight left hemisphere; four females; for full demo-
graphic details see Sharma et al. (24)]. There was no difference
in score between the stroke group and control subjects.

All subjects suppressed movement and all were compliant dur-
ing the fMRI task. Median post-MRI MI vividness score was 6
(range, 4-7).

fMRI Data

No distinction was made between tasks until the final stage of
processing. As 25 subjects performed two tasks, MI and EM,
50 “blinded” tasks were processed. As no distinction was made
between imagery and EM during the generation of the ICs, we use
the term “blinded”

A subject score for each IC is produced that includes the effect
size for the 50 blinded tasks (13 controls subjects, EM and MI, 12
stroke patients) for the associated spatiotemporal process shown
in the spatial map.

Twenty-eight ICs were defined by TICA. ICs that identified
artifact recognized by previously published patterns and high fre-
quency were excluded by visual inspection. ICs driven by outliers
or were not significant across either task were also excluded.
Therefore, only components in which the subject scores were
significantly different from zero (for either the stroke or control
group for either task) were included.

Seven ICs remained. Each component was significantly
involved in both the stroke group and the control group. As
hypothesized, some ICs were shared between EM and MI (subject
scores significantly greater than zero for both tasks in both groups)
and some were exclusive to EM (subject score greater than zero for
EM only in both groups).

Figures 1 and 2 show the whole brain activations and deactiva-
tions, the time course (BOLD), subject scores, and percentage of
total variance explained. Table 1 summarizes the areas involved
[labeled using the Jiilich Atlas (29)].

Independent Components (IC 1, 2, 4, 5, 8)
Shared by Executed Movement and Motor
Imagery

Five components (IC 1, 2, 4, 5, 8; Figures 1 and 2) were sig-
nificantly involved in both age-matched controls and stroke
patients and were common to both EM and MI (subject
scores >0 for both tasks in both groups). Together these five
ICs explained 33% of the total explained variance. All of the
components significantly correlated with the active blocks of
the task.

In three of the components (IC1, 2, 5), the subjects score was
greater during EM than during MI in the age-matched controls
only - no such difference was found in the stroke group. IC1
involved activation of the contralateral motor areas and bilateral
involvement of premotor and parietal areas. More specifically,
there was contralateral activation of BA4a, SMA, BA3b, and
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parietal areas [IPC(PFo)]. There was bilateral activation of PMd,
both SI and SII, and parietal areas (hIP2,3 and 7PC). There was
ipsilateral activation of the parietal areas [hIP1, IPC (Pft)] and
cerebellum.

Similarly IC 2 predominantly showed contralateral activation
of BA4, parietal lobe [IPC (Pfo)], and bilateral activation
of PMd, SI, SII, parietal lobe (hIP2), and contralateral
cerebellum. However, in a different topographical location

(more dorsal), there was a small degree of deactivation
of the contralateral BA4a and ipsilateral parietal lobe
[IPC (Pfm)].

Independent component 4 was exclusively contralateral. While
sensory motor areas (BA4, SMA, PMd, SI, SII, BA3a,3b) and
parietal areas [both SPL(7PC) & IPC(Pfop)] were involved, it was
the only IC to involve BA44. Notably there was no cerebellar
activation.
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TABLE 1 | Regions activated or deactivated in each independent component.

Activated in both executed movement and motor imagery

Executed movement only

IC1 IC2 IC4

IC5 IC8 IC3 IC7

Left Right Left Right Left Right

Left Right Left Right Left Right Left Right

BA44

BA4 0
Pre-SMA
SMA
PMd
Area 1
Area 2
3a

3b 1T
hiP1 T+

hiP2 T 0 ) 0

hiP3 1T 1+

SPL(7A)

SPL(7PC) T T T T
IPC(PFop) T T T
IPC(PFt) T T

IPC(PFm) 1

IPC(Pga)

IPC(PF)

Thal_premotor

Thal_motor

Thal_Somatosensory

Caudate

TE

cB 0 0

—

18 +

—

- = = =
- =

e T T
-

e T T

R T T T
N
—

—
—
—

aSmall area of deactivation in a more dorsal area.

Independent component 5 shared many features of IC1 and
IC2, with involvement of primary and secondary motor areas
as well as parietal areas. More specifically, there was contralat-
eral activation of BA4, BA3b, parietal areas [SPL(7PC)], bilat-
eral activation of SI, SII, and cerebellum, and ipsilateral parietal
areas [IPC(PFt)]. Notably, it was the only component with only
ipsilateral involvement of PMd and parietal area (hIP3).

Independent component 8 was similar to IC4 with predomi-
nantly contralateral activation (except for SMA). This involved
BA4a, BA3a. In contrast, it was the only component with con-
tralateral PMd, SII activation.

Independent Components Involved During
Executed Movement Only (IC 3, 7)

Two components, IC 3 and 7, were involved during EM only
explaining 6.77 and 7.22% of total variance, respectively. IC3
involved activation of the contralateral BA4, BA3a, and IPC,
with bilateral activation of SMA, PMd, S1&2, BA3b, parietal area
(SPL), and cerebellum. There was ipsilateral activation of parietal
area (hIP2). IC7 activated the contralateral BA4, PMd, S1, BA3a,
and parietal areas [HIP3 SPL (7A)], with bilateral involvement
of BA3Db, parietal area [IPC (PFop)], and cerebellum. There was
ipsilateral activation of SII, hIP2, and parietal area [IPC (Pft)].

Relationship of Motor Imagery and
Executed Movement ICs in Stroke Patients
to Motor Performance and Time Since
Stroke (IC 1, 3, 7)

In the stroke group, there were two ICs (1 and 3) that related to
motor performance. While IC 3 was exclusive to EM, it is notable
that IC1 - a component common to both EM and MI - is also
related to motor performance.

As there was no significant difference between the IC1 subject
scores for each task, both tasks were explored together. There
was a significant positive correlation between this combined IC1
subject score and the Motricity (Arm) scores (p = 0.581; p < 0.05),
i.e., the greater the activity within this network the better the
recovery. The same overall pattern of correlation was mirrored
with SIS (p =0.501; p < 0.05) and Motor Activity Log (p = 0.540;
p<0.05).

Independent component 3 (EM only) was positively correlated
with SIS (p =0.648; p < 0.05). In other words, greater activation
of IC3 was associated with better recovery.

Finally, IC7 was negatively correlated with time since stroke
(p=0.592; p<0.05), ie., this activation within this network
reduced with time since stroke.

Figure 3 summarizes these findings.
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DISCUSSION

We report that the cortical networks that relate to recovery of
function are not specific to stroke but instead represent modu-
lation of existing networks. As expected, most cortical networks
were shared between EM and MI (accounting 33.13% of the total
explained variance), with only two networks that were exclusively
found during EM (accounting for 13.99% of the explained vari-
ance). The absence of any cortical networks specific to stroke
patients suggests that the changes in cortical networks reported
after stroke are not a result of a subtle biases exclusive to stroke
patients — this may have included a motor behavior like adaptation
(adjusting movement to new demands) or other potential con-
founders such as effort or attention. This work emphasizes that
recovery of motor function involves preexisting cortical networks
that may help identify more effective restorative therapies for
stroke patients.

This study further extends the close similarities between MI
and EM. We report that the first IC (IC1 accounting for 7.22% of
the total explained variance) was involved in both groups and in
both tasks (EM and MI). It involved activation of the contralateral
motor areas and bilateral involvement of premotor and parietal
areas. The involvement of the motor cortex - an area pivotal
to motor learning (30) - strengthens the rationale for using MI
training after stroke. We found that greater involvement of IC1 was
associated with better recovery of motor performance after stroke.
As this IC is shared between tasks, it suggests that a key aspect
of the recovery process occurs “upstream” from motor execution.
Importantly, this network is shared with age-matched controls,
implying that it is not exclusive to stroke.

Consistent with our previous findings in healthy volunteers
(31), we report two networks that are exclusive to motor execution
(IC 3 and 7 explaining 6.77 and 7.22% of total variance, respec-
tively). The areas common to both are the contralateral primary
and secondary motor areas (although IC7 was largely bilateral
with marked cerebellar involvement). This is likely explained by
the differences between EM and imagery. First, EM involves dis-
charge via the corticospinal tract (CST) that we have previously
suggested dominates the movement-related activation (6). Sec-
ond, the resultant movement produces afferent sensory feedback
to the motor system.

We postulate that the IC3 is responsible for the discharge
via the CST, given the near exclusive activation of the pri-
mary motor cortex. In support of this view, greater subject
score of this network is associated with better recovery of
motor performance (as assessed with the SIS). This is consis-
tent with the findings from transcranial magnetic stimulation
(TMS) studies that suggest that preservation of the CST is asso-
ciated with a better recovery of motor performance after stroke
(32-34).

It is likely that IC7 is related to the sensory feedback during
motor execution, given the significant bilateral cerebellar activa-
tion. We found that this network reduces with time since stroke,
similar to other reports that use network analysis of resting-
state fMRI (35). Remarkably, both of these movement-related
networks are shared with age-matched controls, again consistent

with the idea that recovery of motor performance after subcortical
stroke involves modulation of extant networks rather than stroke-
specific networks.

The interactions between the primary motor cortices are the
foundation for numerous interventions after stroke (4, 14, 15,
25). These interventions can include but are not limited to
TMS [see Cramer et al. (7) for an overview]. Overall, there
is growing support for this model (13, 36). In addition to
the contralateral motor cortex activation, we identify an area
of deactivation within the more dorsal aspect of the ipsilat-
eral/contralateral motor cortex (IC2). While there are complex
interactions between the motor cortices during movement, the
topographical distributions of these areas, i.e., away from the
“hand area” make interpretation difficult. Of course, the model
previously suggested (4, 14, 15, 25) is an oversimplification and
fails to capture the existence of multiple cortical networks that
are involved in the recovery process. It may also apply to cer-
tain stages and degrees of recovery only. Importantly, future
work needs to address the effect of interventions like TMS and
tDCS on multiple cortical networks (37, 38) as their effects
may be more nuanced that simply increases or decreases acti-
vation. This highlights the importance of selecting the most
appropriate training that should be combined with TMS or
tDCS (39).

This study has a number of limitations. The patients included
were relatively well recovered and whether similar results would
be found in a more severely affected group is unknown. We
studied only subcortical stroke. It is feasible that our findings
may not apply to cortical strokes. We studied both right- and
left-hemisphere strokes in right handers and flipped the MR
images to one side in order to carry out the TICA on a mean-
ingful sample size. Again, we cannot rule out that findings for
dominant and non-dominant hemisphere stroke may differ. We
excluded stroke patients who were performing chaotic motor
imagery, and it is therefore possible that these patients may
have used alternative cognitive processes that could have been
interpreted as being stroke specific - though one would not
expect these networks to relate to the recovery of motor per-
formance as such. Although TICA can examine cortical net-
works that are shared between tasks, it has limitations (40).
By considering EM and MI together in TICA analysis, we
must assume that the tasks have the same temporal profile.
It is entirely possible that this approach has overlooked corti-
cal networks that have different temporal profiles - this limits
the use of TICA-based fMRI as a biomarker for patient selec-
tion. However, if that was the case, then one would expect
those areas to have been highlighted by earlier mass univariate
fMRI studies.

CONCLUSION

In summary, we find that in our sample of well-recovered sub-
cortical stroke patients, cortical networks associated with recov-
ery of motor performance include some cognitive processes
upstream from actual movement while others are exclusively
dependent on execution. Importantly, all of these networks were
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present in age-matched controls, suggesting that recovery of
motor performance after stroke requires existing cortical motor
networks rather than recruiting additional areas. These results
also imply that the models of motor recovery after stroke [sug-
gested by Ward and Cohen (14)] should be updated to consider
movement as a combination of distinct cortical networks, each of
which may have a separate contribution to recovery. Finally, we
need to explore how each of these networks is affected by non-
invasive stimulation to fully exploit their therapeutic potential.
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Aim: To describe structural covariance networks of gray matter volume (GMV) change in
28 patients with first-ever stroke to the primary sensorimotor cortices, and to investigate

their relationship to hand function recovery and local GMV change.

Methods: Tensor-based morphometry maps derived from high-resolution structural
images were subject to principal component analyses to identify the networks. We cal-
culated correlations between network expression and local GMV change, sensorimotor
hand function and lesion volume. To verify which of the structural covariance networks of
GMV change have a significant relationship to hand function, we performed an additional
multivariate regression approach.

Results: Expression of the second network, explaining 9.1% of variance, correlated with
GMV increase in the medio-dorsal (md) thalamus and hand motor skill. Patients with
positive expression coefficients were distinguished by significantly higher GMV increase
of this structure during stroke recovery. Significant nodes of this network were located
in md thalamus, dorsolateral prefrontal cortex, and higher order sensorimotor cortices.
Parameter of hand function had a unique relationship to the network and depended
on an interaction between network expression and lesion volume. Inversely, network
expression is limited in patients with large lesion volumes.

Conclusion: Chronic phase of sensorimotor cortical stroke has been characterized by
a large scale co-varying structural network in the ipsilesional hemisphere associated
specifically with sensorimotor hand skill. Its expression is related to GMV increase of md
thalamus, one constituent of the network, and correlated with the cortico-striato-thalamic
loop involved in control of motor execution and higher order sensorimotor cortices. A
close relation between expression of this network with degree of recovery might indicate
reduced compensatory resources in the impaired subgroup.

Keywords: stroke recovery, structural covariance network, fronto-parietal network, thalamocortical loop,
tensor-based morphometry
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Structural covariance networks and stroke recovery

Introduction

Asboth cross-sectional and a few longitudinal observational stud-
ieshave demonstrated, behavioral recovery from hemiparesis after
ischemic stroke shows marked between-subject variability (1, 2).
This variability is thought to be determined not only by general
demographic or clinical factors - such as age, gender or medical
comorbidities — but also by neurobiological processes prompted
by damage to critical nodes of functional and structural brain
networks (3, 4). Activation studies using functional MRI (fMRI)
have contributed considerably in the past to current knowledge of
these processes (5-7); moreover, resting state fMRI and structural
MRI have provided complementary insights in recent years (8).
The improved understanding of stroke provided by neuroimag-
ing could impact neurorehabilitative therapies (9-11).

Activation studies performed with fMRI have shown that
successfully recovered subjects show almost normal cerebral pat-
terns, exhibiting change during recovery from attention demand-
ing controlled processing of motor performance in the subacute
stage to more fluent and automatic processing in the late chronic
stage (12). This suggests recovery at the synaptic and/or neuronal
level in the perilesional zone. In contrast, individuals presenting
impaired recovery retain ineffective motor patterns and may not
regain fully the specific motor function (13, 14); they, thus, possi-
bly require cognitive control and concentrated effort to maintain
motor execution (15). Accordingly, volitional and emotional
effort are means to enhance output in a diseased, low-efficient
motor system, as indicated by the enhanced activation of motor
networks observed in fMRI-studies of patients with chronic
motor impairment (12). An additional aspect of the recovery
process evidenced by studies at varying stages post-stroke is the
influence of the contralesional hemisphere, functionally rather
supporting motor activity in the early acute phase and mainly
inhibiting it in the chronic stage (16, 17).

In the following, we utilize structural MRI to study stroke
recovery in a patient cohort of 28 patients selected for first cortical
sensorimotor stroke and associated initial hand paresis or plegia.
The analysis employs a relatively new method, tensor-based
morphometry (TBM), to quantify gray matter volume (GMV)
changes during recovery (18, 19). While indicating structural
neuronal plasticity, the changes cannot be assigned in vivo to a
specific mechanism, e.g., axon sprouting, dendritic branching or
synaptogenesis (20). Requiring high-resolution MRI [3D modi-
fied driven equilibrium Fourier transform (3D-MDEFT)] imag-
ing, TBM evaluates the transformations relating one acquisition
to a second in a single subject. In our longitudinal study, the first
acquisition was performed after 3 months in the subacute phase
and the second after 9 months in the chronic phase. In all patients,
initial diffusion-weighted MR images (21) delineated impacted
critical brain lesions. High-resolution T1 (3D-MDEFT)-MRIs
were acquired in 28 patients 3 and 9 months after stroke (22).
An example of multimodal imaging in a wider sense (23), the
acquisition protocols provided two non-redundant data sets from
the same MR instrument in the same study population: bright
tissue contrast for lesion delineation in the acute phase and GMV
changes derived from the high-resolution T1 images by TBM
analysis.

Accompanying the imaging was an array of clinical, motor and
sensory assessments performed regularly during the 9-month
study. Of the behavioral assessments, picking small objects (PSO),
a lateralized motor skill requiring a particular precision grip,
showed the greatest variance over the 9-month trial period (21).
Response feature analysis (RFA) using Akaike’s information crite-
rion applied to the 9-month recovery trajectories of the individual
patient tests partitioned the patient cohort into three subgroups
showing fast linear, slow exponential or impaired recovery (24). A
multivariate analysis, principal component analysis (PCA), of the
PSO task confirmed the partitioning among the 28 patients and
characterized each patient’s expression of the principal recovery
trajectory by a single coeflicient (22). This expression coefficient
served as correlate to identify the neural pattern, represented as
a principal component image of a PCA of the 28 TBM images,
most closely associated with recovery. We have shown previously
in the context of PET regional cerebral blood flow (CBF) images
that PCA provides a powerful tool for elucidating disease-related
abnormalities and post-lesional reorganization of neural net-
works in the human brain (25).

A previous mass-univariate analysis of these TBM images
yielded three findings: (i) most striking, impaired patients with
chronic disturbed hand motor skills showed the most prominent
GMYV increase in the ipsilesional medio-dorsal (md) thalamus,
including also the head of the caudate nucleus; (ii) all patients
evidenced GMV decreases within the contralesional anterior
cerebellum at a location typical of cerebellar diaschisis after sen-
sorimotor cortical stroke; and (iii) patients showing fast recovery
exhibited a slight GMV increase in the perilesional premotor
cortex (PMC). These results stimulated several questions: Does
the significant GMV increase of md thalamus in these patients
represent an isolated, local effect or does it implicate an extended
gray matter network involved in recovery after a sensorimotor
cortical stroke? Does the extended network show a structural
covariance pattern that discriminates among classes of recovery
process? How does the network relate to the initial lesion pattern?

These questions led to the hypotheses examined in the current
study: the prominent GMV changes in the md thalamus relate
to the dorsolateral prefrontal circuit of Alexander et al. (26)
as proposed in our previous paper and may have access to the
dysfunctional sensorimotor network post-stroke (22). A posited
distributed neuronal network including the md thalamusis specifi-
cally related to sensorimotor hand skill. This network manifests a
structural covariance pattern that may distinguish among patient
subgroups according to recovery class. The structural covariance
pattern shows a correlation with the initial lesion pattern.

Participants and Methods

Patients and Healthy Controls

We prospectively recruited patients at two comprehensive stroke
centers (Departments of Neurology, University Hospital Bern
and Kantonsspital St. Gallen, Switzerland) from January 01,
2008 through July 31, 2010. Inclusion criteria were (1) first-ever
stroke, (2) clinically significant contralesional sensorimotor
hand function impairment as leading symptom, and (3) inclu-
sion of the pre- and/or post-central gyri within the ischemic
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lesion confirmed on acute diffusion-weighted (DWI) and fluid
attenuated inversion recovery (FLAIR) MRI scans. Patients were
excluded if they presented (1) aphasia or cognitive deficits that
precluded understanding the study purposes or task instructions,
(2) prior cerebrovascular events, (3) occlusion or stenosis >70%
of the carotid arteries in MR-angiography, (4) purely subcortical
stroke, and (5) other medical conditions interfering with task per-
formance. We recruited 36 patients, seven of which dropped out
(three withdrew consent, two were too frail for repeated testing,
one was shown to have no cortical stroke after enrollment, one
was lost to follow-up). The final sample consisted of 29 patients
(five female). As a control group for the analyses of behavioral and
clinical data, we recruited 22 healthy older adults (11 female) from
the local community. Groups were matched for age (unpaired
two-tailed ¢-test: £(49) = 3.4, p < 0.12) and handedness accord-
ing to the Edinburgh Handedness Questionnaire (unpaired
two-tailed t-test: #(49) = 0.36, p < 0.30). The study received
ethical approval from both research centers [Ethikkommission
des Kantons St. Gallen (EKSG), Kantonsspital St. Gallen, 9007 St.
Gallen and Kantonale Ethikkommission Bern (KEK), 3010 Bern,
Switzerland]. All participants gave written informed consent
before enrollment according to the Declaration of Helsinki. The
same cohort was used for our previous publications (21, 22, 27).

Data Acquisition

Study Timeline

We performed a baseline examination within the first 2 weeks after
stroke (median 5 days, range 1-18 days) with extended measure-
ments of clinical and behavioral data (see below). The same
measurements were taken 3 months (91 days, 80-121 days) and
9 months (277 days, 154-303 days) after stroke. During each of these
two visits, we acquired high-resolution anatomical imaging data.
Patients were additionally seen at monthly intervals in-between
these examinations to evaluate recovery of dexterous hand function.

Clinical and Behavioral Data

Clinical stroke severity was assessed using the National Institutes
of Health Stroke Scale (NIHSS) (28). Hand motor function was
assessed with two outcome variables, grip force and dexterity. Grip
force was measured by hand dynamometry (HD) with a Jamar
Dynamometer (29, 30). Dexterous hand function was measured
using the modified Jebsen Taylor Test (JTT), a standardized
quantitative assessment that consists of five timed subtests that
simulate everyday activities (31). For our current analysis, we
relied on data from the JTT subtest “PSO”, which consists of
picking six common objects (two paper clips, two bottle caps,
two coins) and dropping them into an empty can as fast as pos-
sible. As previously shown by our group, PSO explains by far most
of the longitudinal variance in JTT scores and allows accurate
classification of patient subgroups (see Supplementary Material
for details) (21). The two motor tasks measure complementary
aspects of hand motor function. Behaviorally, HD is performed
with a simple power grip using the whole hand, whereas PSO
necessitates precision grip characterized by opposition of the
thumb against one or two fingers (32); and furthermore a proper
coupling of grasping and lifting phases of objects performing this
task which has been shown to be specifically vulnerable in the case

of lesioned dorsolateral PMC (33). Neuroanatomically, each grip
form is controlled by different components of the sensorimotor
network: power grips are mainly controlled by the primary sen-
sorimotor cortices, whereas precision grip control includes the
premotor and posterior parietal cortices (34, 35). As a measure
of sensorimotor integration, we included a tactile object recogni-
tion (TOR) task, which consisted in discriminating 30 everyday
objects with either hand (36). This task was administered at the
same time as the NIH evaluation. Further details on measure-
ment procedures can be found in the Supplementary Material.

Imaging Data

All patients underwent acute phase imaging at admission accord-
ing to local stroke imaging protocols. This included a diffusion-
weighted imaging (DWI) scanand T1-weighted (T1w) anatomical
image. At 3 and 9 months after stroke, each patient underwent
high-resolution T1w imaging using a 3D-MDEFT with following
imaging parameters (37): repetition time TR =7.92 ms, echo time
TE = 2.48 ms, flip angle = 16°, inversion with symmetric timing
(inversion time 910 ms), 256 X 224 X 176 matrix points with a
non-cubic field of view (FOV) of 256 mm X 224 mm X 176 mm,
yielding a nominal isotropic resolution of 1 mm’ (ie.,
I mm X 1 mm X 1 mm), fat saturation, 12 min total acquisition
time. Identical prescription of MR images was achieved by use
of the Siemens auto-align sequence that automatically sets up
consistent slice orientation based on a standard MRI atlas.

Data Analysis

Synopsis

Longitudinal clinical and behavioral data were analyzed with
a variant of RFA (24). This is a technique that uses summary
measures to simplify analysis of serial measurements [cf. Ref. (24)
for clinical examples]. As described below and in Ref. (21), we
proceed in two levels: at the single-subject level, we summarize
each patient’s z-transformed longitudinal data using linear and
non-linear curve fitting. At the group level, we then calculate a
PCA of these curves to derive a number that summarizes each
patient’s recovery relative to the whole cohort. The analysis of
structural high-resolution imaging data was performed similarly.
At the single-subject level, we calculated TBM maps that encode
(longitudinal) local GMV change between 3 and 9 months
after stroke, as previously described (22). At the group level,
we again calculated a PCA to identify regions with co-varying
GMV change across time. In analogy to previous work analyzing
structural covariance in the human brain, we refer to these maps
as longitudinal structural covariance networks (38, 39).

Response Feature Analysis of Clinical and

Behavioral Data

First, each patients PSO task data were transformed to z-scores
using the mean and SD of a healthy control group of 22 age-matched
subjects; normal performance was defined as z < 0 + 2.5 units. Then,
each patient’s recovery trajectory was identified by fitting a set of lin-
ear and exponential models to the z-scores, and the best fitting model
was selected using Akaike’s information criterion. Patients were
classified in three recovery subgroups according to their recovery
model: fast (linear recovery trajectory), slow (exponential recovery
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trajectory converging to z > —2.5) and impaired recovery (expo-
nential recovery trajectory converging to z < —2.5). The principal
component analyses of the PSO and TOR task, and NTH evaluation
were performed with Matlab program, princomp (The Mathworks,
Inc., Natick, MA, USA). The PSO task yielded ten principal compo-
nent time courses and variances (one per visit); the TOR task and
NIH evaluation, three time courses and variances. Each produced 36
patient expression coefficients (or “scores”). The Kaiser-Guttmann
criterion was used to select salient principal components (40).
Missing data, arising when patient did not show or could not per-
form task, were replaced by means over all patients at the time point
of the missing data; 10 out of 280 planned visits yielded missing data.
The present study uses the expression coefficients of the subset of 28
patients for which TBM images were acquired.

Lesion Mapping

Lesions were manually traced on DWI images using MRIcron,'
as described in Ref. (21). Lesion volumes were calculated by
summing all voxels within the resultant binary lesion masks. The
latter were used to exclude lesioned voxels during normalization
of all images into the stereotaxic Montreal Neurological Institute
(MNI) space (see below). Additionally, we built summary lesion
maps for each recovery subgroup, which we thresholded at >20%
lesion density for comparison with structural data (see below).

Tensor-Based Morphometry

Tensor-based morphometry maps were calculated as described
in Ref. (22) using SPM8 (version 4667?) running on MATLAB
(R2009a, MathWorks, Natick, MA, USA). Briefly, we first rea-
ligned 3D-MDEFT images from both acquisition time points
to correct for position differences. We next used segmentation
with cost-function masking to derive gray matter tissue parti-
tions (41, 42). We then calculated in each subject the Jacobian
determinants (first derivatives) of high-dimensional deformation
fields that transform voxel-by-voxel the T1w image from month
3 onto the T1w image from month 9. Multiplication of the first
derivatives with the matter segmentation from month 3 results
in a map that encodes matter volume expansion or contraction
per voxel across time. These maps were transformed into the
stereotaxic MNI space using normalization parameters derived
from segmentation. Normalized GMV change maps were finally
smoothed witha 12 mm X 12 mm X 12 mm isotropic 3D Gaussian
kernel, motivated by previous studies that show a reduction of
false positives for this kernel size in voxel-based morphometry
studies (43). These smoothed maps were entered in the covari-
ance analysis as described below. Based on our previous study, we
used an unbiased region of interest analysis to extract local GMV
changes from ipsilesional thalamus, ipsilesional dorsal PMC and
contralesional cerebellum (22).

Structural Covariance Using Principal

Component Analysis

The PCA of the TBM images was performed on a subset of 28
patients representing the volume changes between months 3 and

'https://www.nitrc.org/projects/mricron
*http://www.fil.ion.ucl.ac.uk/spm/software/spm8/

9 (of the 29 patients retained for the study 1 had to be excluded
because of MR motion artifacts). PCA was executed on the
images data using in house software written in MATLAB based
on the algorithm described by Alexander et al. and Moeller et al.
(44, 45). Extracerebral voxels were excluded from the analysis
using a mask derived from the gray matter component yielded by
segmentation of the anatomical image volume into gray matter,
white matter and cerebrospinal fluid followed by the calculation
of residual matrices for each of the 28 scans. From matrices whose
rows corresponded to the 28 scans and columns to the 132407
relevant voxels in a single image volume were subtracted from
each element (i) the mean of voxel values of its column and (ii)
the mean of voxel values of its row, and (iii) added to each element
the grand mean of all voxel values in the original matrices. The
row, column, and grand means of the resulting residual matrices
vanish. Using the singular value decomposition implemented
in Matlab, each residual matrix was then decomposed into 28
components. Each component consisted of an image volume, i.e.,
eigenimage, a temporal expression coefficient, i.e., eigenvariate,
and an eigenvalue. The squared eigenvalue is proportional to the
fraction of variance described by each component; the subject
expression coefficients describe the amount that each scan con-
tributes to the component; and the component image displays
the degree to which the voxels co-vary in the component in the
course from months 3 to 9. The subject expression coeflicients and
voxel values of a principal component are orthonormal and range
between —1 and 1; the orthogonality reflects the lack of statistical
correlation among the principal components. Significant clusters
were delineated by applying a height threshold at the first and
ninety-ninth percentile of voxel values and an extent threshold
of 32 voxels (corresponding to the minimal resolution element
of the TBM maps). These clusters were localized using the Jiilich
cytoarchitectonic probabilistic atlas (SPM Anatomy toolbox,
Version 1.8, made available through the Human Brain Mapping
division at the Forschungszentrum Jiilich athttp://www.fz-juelich.
de/inm/inm-1/DE/Forschung/_docs/SPMAnatomyToolbox/
SPMAnatomyToolbox_node.html). Furthermore, we calculated
the overlap between each network cluster and subgroup lesion
density maps.

Statistical Analysis

We used median and range for descriptive statistics. We first
assessed the relationship of structural covariance component
expression, clinical and structural variables, e.g., lesion volume
and regional GMV change, using Pearson’s correlation coefficient
in order to identify the network related to hand function recov-
ery. Next, we assessed differences with respect to subgroups in
network expression and behavioral variables. To do so, we first
applied the Shapiro-Wilk test and inspected Q-Q plots for each
variable to assess deviations from normality. We used then non-
parametric tests to compare scalar variables where appropriate,
i.e., the Kruskal-Wallis one-way analysis of variance by ranks to
assess differences in the central tendency among any of the three
subgroups, and the Mann-Whitney U test to compare pairs of
subgroups against each other. Finally, we used robust (multiple)
regression within the framework of the general linear model to
test the relationship of network expression, clinical and structural
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variables to hand function recovery and their interaction across
the whole patient cohort. The criterion for significance was set at
P < 0.05, Bonferroni corrected for multiple comparisons.

Results

Clinical and Behavioral Data

Clinical characteristics of the patient cohort are summarized in
Table 1. Representative sections of each subjects’ ischemic lesion
can be found in Figure S1 in Supplementary Material. The behav-
ioral data was incorporated in two principal component analyses.
The first principal components of PSO and NIH assessments were
chosen for further analysis because they explained the greatest
fractions of variance, 70 and 90%, respectively, of the correspond-
ing PCAs. RFA of the PSO task indicated that eight patients
showed normal motor performance at baseline (subgroup “fast
recovery”), ten patients exponential recovery that converged to
normal motor performance (“slow recovery”) and eight whose
recovery trajectories followed exponential recovery curves that
did not reach normal performance (“impaired recovery”) (21).

Selection of Longitudinal Structural Covariance
Networks

Table 2 characterizes three principal components of the TBM
images (structural covariance networks) that correlated with
clinical and behavioral variables across the whole patient cohort.
The first component (PClrpy) correlated with GMV reduction
in the cerebellum contralateral to the affected hemisphere.
The second component (PC2rpym) correlated with lesion size,
GMYV volume increase in the md thalamus, clinical (PClyuss
expression) and hand function specific recovery (PCleso expres-
sion). The fourth principal component correlated exclusively
with PClymss expression. None of the other PCs surviving the
Kaiser-Guttmann criterion correlated with any of the external
variables.

Thalamocortical Network Related To Hand
Function Recovery

Effects Across the Patient Cohort

Since the second structural covariance network PC2rpy cor-
related with our specific measure of hand function recovery,
we focused further analysis on its critical clusters (or nodes,
Figure 1A). Clusters that co-varied with the thalamus fell within
the first percentile of voxel values, and were labeled as “positive”
clusters since the thalamus showed gray matter increase. These
clusters (ordered by size) included insular and peri-insular
cortex, dorsolateral prefrontal and ventral premotor cortices,
thalamus, posterior parietal cortices and two smaller clusters
in the temporal and occipital cortex. A single cluster fell within
the ninety-ninth percentile and included pre- and post-central
cortex. Table 3 summarizes localization, statistics and functional
correlates of all clusters that survived thresholding (PClysy and
PC41py, are summarized in Tables S1 and S2 in Supplementary
Material, respectively). Functional interpretation was done in the
context of motor hand function, based on current literature. The
expression of this network had a strong correlation with thalamic
GMV change across the whole cohort (Figure 2A).

Effects Within Patient Subgroups

Having identified a structural network related to hand function
recovery (Table 4), we next analyzed its relationship to lesion
topography within recovery subgroups. Lesion analyses are
summarized in Figure 1B. Projection of subgroup lesion density
maps onto PC21py clusters showed that the thalamic cluster was
spared across all subgroups, but that the other clusters showed
varied involvement. A detailed volumetric analysis (Table 5)
showed that only a small fraction of each lesion density map
affected network clusters (median and range 0.95%, 0-6.7%),
indicating that GMV density changes occurred either in perile-
sional or more distant areas. When analyzing the percentage of
each cluster affected by the lesion, there were notable differences:
lesions in the fast recovery subgroup affected mostly the parietal-
opercular and insular cluster (Cluster 1+), whereas lesions in
the impaired subgroup affected mostly the ventral premotor
cortex and intraparietal sulcus (IPS) (Cluster 3+ and 4+). The
slow recovery subgroup showed no clear lesion profile. Affection
of the pre/post-central cluster (Cluster 1—) increased across
subgroups.

We further compared the patients subgroups presenting nor-
mal motor performance after 9 months (fast and slow recovery)
with the subgroup that did not achieve normal performance
(impaired recovery). As expected from the RFA, the latter group
yielded the highest expression coeflicients in PClymss (p < 0.01)
and specifically in PClpso (p < 0.0001). This group had also the
largest GMV expansion in the medio-dorsal thalamus and the
highest lesion volumes (both p < 0.05). Figure 2 shows the rela-
tionship between PC21gy expression and thalamic GMV change
(panel A) and hand skill recovery as reflected by PSO (panel B),
respectively. Considering all individuals, GMV change correlated
with expression coefficients of the structural covariance network
of PC2rpy (R = 0.72 and p < 0.5 after correction for multiple
comparisons). PC2py expression could also distinguish between
subgroups: When dividing patients into subgroups with positive
versus negative network expression coeflicients (without regard
to recovery subgroup assignments), we found that the positive
subgroup has significantly higher thalamus GMV change (median
1.35% with range 0.83-1.79%), whereas the negative subgroup
shows no significant change (median 0% with range 0.04-0.04%,
Mann-Whitney U test p < 0.001).

However, only the impaired recovery subgroup showed a lin-
ear relationship between the expression of structural covariance
network of PC2rgy and recovery (Figure 2B): the slope estimate
(and SE) was 53.1 & 22.7; adjusted R = 0.74 with p < 0.05. Note
that one patient of this subgroup showed a negative PClpso
expression score. Inspection of the raw data indicated that this
particular subject showed a secondary deterioration of skilled
hand function during the last 2 months of the study, after an
initially favorable course. Removal of this outlier did not change
results. A few individuals of the recovered subgroups exhibited
high GMV changes in the medio-dorsal thalamus, representing
exceptions to the group trend.

Multivariate Linear Regression
To further test the specificity of the association between PC2rpy
and hand function recovery, we calculated a multivariate linear
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TABLE 1 | Descriptive statistics of clinical and demographic data of stroke patients at baseline, month 3 and month 9.

No. Id Age Gender Side Etiology NIHB NIHM3 NIHM9 mRSB mRS mRS HD HD HD PSO PSO PSO TOR TOR TOR
M3 M9 B M3 M9 B M3 M9 B M3 M9

1 pO1 77 M L UN 4 2 1 2 1 1 31 40 41 9.7 7.9 57 30 30 30
2 p02 50 M R 0oC 7 1 0 4 1 0 6 54 63 0.0 6.0 6.2 25 28 30
3 p03 78 M R LAD 5 5 3 3 2 2 15 17 42 13.5 111 9.1 28 29 27
4 p05 80 M L LAD 2 3 1 2 1 1 42 42 37 10.6 6.5 8.4 30 30 30
5 P06 53 F R LAD 6 3 3 3 2 1 11 9 19 29.9 10.1 14.9 0 0 0
6 p07 78 F R CE 4 2 2 2 1 1 18 21 21 14.0 75 7.1 0 12 24
7 p09 70 F R CE 3 2 0 2 1 0 21 31 34 9.1 8.5 6.0 29 30 30
8 p1 41 F L LAD 3 2 0 1 0 0 32 37 39 5.6 4.0 5.11 24 30 30
9 pi12 54 M R UN 4 2 1 3 1 0 14 33 38 8.5 55 5.2 30 30 30
10 p15 54 M L LAD 6 4 1 3 1 1 10 24 33 38.8 13.1 11.1 0 6 10
11 p16 73 M R 0oC 4 2 0 2 1 0 51 55 55 7.3 49 5.3 26 29 30
12 pl17 58 M L CE 4 2 0 3 0 0 20 39 48 115 43 47 30 29 30
13 p20 70 M L CE 6 4 2 3 1 1 24 35 42 12.9 9.7 9.3 0 6 10
14 p24 74 M R CE 4 1 0 1 0 0 34 49 50 14.3 6.9 5.1 28 30 30
15 p25 49 M R CE 3 2 1 2 1 0 49 59 67 12.3 5.3 5.9 0 6 10
16 P26 44 M L CE 3 1 0 1 0 0 9 33 50 11.5 6.0 5.1 30 30 30
17 p30 63 M L CE 4 1 1 3 0 0 43 41 45 10.6 6.3 6.3 30 30 30
18 p31 63 M L UN 5 0 0 2 0 0 30 48 44 5.3 4.2 47 30 30 30
19 p33 75 M R LAD 3 2 2 2 1 1 3 14 22 0.0 18.8 11.5 12 28 30
20 p35 78 M L LAD 5 3 2 3 1 1 23 48 40 10.1 6.8 6.1 30 30 30
21 p36 60 M L CE 4 1 1 3 1 1 31 40 41 18.2 8.0 6.6 30 30 30
22 p37 75 M R oC 4 2 1 2 1 1 0 27 32 0.0 8.6 10.4 4 23 25
23 p38 77 M L LAD 5 2 2 3 1 1 10 21 23 26.9 10.9 8.3 29 30 30
24 p41 51 M R CE 2 1 0 2 1 1 36 41 52 7.1 5.1 4.8 30 30 30
25 p42 64 M R LAD 1 0 0 2 0 0 14 33 35 18.9 7.1 7.4 29 30 30
26 p43 82 M L LAD 3 3 2 2 2 1 17 10 18 16.8 21.4 13.9 20 22 25
27 p44 67 M R UN 11 10 9 4 3 3 15 15 41 52.3 451 12.3 3 4 2
28 p45 53 M R LAD 11 9 4 5 3 2 0 10 17 0.0 455 19.9 0 1 3
Median 65.5 24 M 13L 11 LAD, 4 2 1 2 1 1 20 35 41 11.0 7.3 6.5 28 29 30

Range 41, 82 4F 15R 10CE, 4 1141 0,10 0,9 1,4 0,3 0,3 0, 51 9,59 17,67 0.0,52.3 4.0,45.5 4.7,19.9 0,30 0,30 0,30

UN, 30C

Median () -1.3 -0.2 0.4 -5.0 -1.2 -0.4 0.6 0.6 0.6

Range (2) -28, -23, 16,26 =389, =332, -11.7, =75 = -65 = -45,
1.3 1.9 05 1.6 1.0 0.6 0.6 0.6

M, male; F, female. Etiology is classified according to the Trial of ORG 10172 in acute stroke treatment (TOAST): LAD, large artery disease; CE, cardioembolism; OC, other determined cause; UN, undetermined cause. NIH, National
Institutes of Health Stroke Scale; mRS, modified Rankin Scale; HD, hand dynamometry (in kilograms); PSO, picking small objects task (in seconds); TOR, tactile object recognition (in numbers of recognized objects); z, z-scores using
mean and standard deviation of healthy controls for each task.
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TABLE 2 | Correlation of longitudinal structural covariance networks across all patients (n = 28).

Component Variance (%) Parameters with significant correlations? Values of parameters® Correlation
coefficient (r)

PCraum 19.9 GMV change ant. cerebellum -0.2(-1.3,0.6) % -0.57
PC2em 9.1 Lesion volume 9.0 (0.6, 141.7) cc 0.61
PC1iss expression -3.65t011.9 0.61
PC1pso expression —20.99 to 64.26 0.51
GMV change md Thalamus 0.4 (-0.6, 4.0) cc 0.72
PCru 8.1 PC1rss expression 0(-3.65, 11.9) 0.54
Cumulative Variance 37.1

NIHSS score, National Institute of Health Stroke Scale-score; PSO, picking small objects, Ml primary motor cortex, Sl primary sensory cortex.
aSignificant correlations after correction for eight multiple comparisons: 0.05/8 = 0.006 yields significant entries. This probability corresponds to a correlation coefficient of 0.466.
bValues of parameters are indicated as median, including range, expression coefficients are indicated as range due to normalization (median of 0).

M Fast
Slow
Impaired

FIGURE 1 | Spatial topography of longitudinal structural covariance network correlating with hand function recovery. (A) shows the six largest clusters
of supra-threshold voxels for the second principal component (PC21ev) projected onto a standard three dimensional brain and onto a cytoarchitectonic atlas (cluster
3+) in MNI space. Clusters are labeled according to their (positive or negative) correlation with gray matter volume expansion in the medio-dorsal thalamus. The
threshold for positive clusters corresponds to the first percentile of voxel values (absolute value 0.0064), the threshold for the negative cluster to the ninety-ninth
percentile (absolute value 0.0095). (B) shows the spatial relationship between the covariance network clusters and lesion maps of patient subgroups. Color-coded
contours define areas with >20% lesion probability in each subgroup. Size, localization, cytoarchitectonic assignment, and functional correlates of the individual
clusters are summarized in Table 3.
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TABLE 3 | Clusters of the longitudinal structural covariance network (PC2rzsv) related to hand function recovery: size, localization, cytoarchitectonic

assignment, and functional correlates.

Cluster  Size (n vox.) MNI (max.) Anatomical area

Cytoarchitectonic area Functional correlate (references in brackets)

First-percentile voxels (height threshold: 0.0064, extension threshold: 32 voxels)

1+ 1362 38/-28/16  R. parietal operculum
R. insula
54/-26/28  R. inferior parietal lobule
2+ 653 43/26/26 R. DLPFC (dorsal-posterior part)
40/10/34 R. ventral premotor cortex
3+ 502 10/-20/6 R. thalamus
4+ 408 42/-38/42  R. intraparietal sulcus
R. post-central gyrus
R. inferior parietal lobule
5+ 271 52/-48/2 R. superior (and middle
temporal) gyrus
6+ 1568 30/-62/36  R. middle occipital gyrus

Ninety-ninth-percentile voxels (height threshold: 0.0095, extension thresh

OP1, OP2, OP3 Tactile working memory, stimulus discrimination and
perceptual learning (41-44)
Ig1, Ig2 Multisensory processing (36, 50-53)

PFcm, PFop, PFt Action observation and imitation (47-49)

n.a.
n.a.

Action execution and working memory (34, 35)
Motor hand skill related to intrinsic objects properties (83)

Thal: prefontal
Thal: temporal

MD nucleus to prefrontal cortex (33-35)
MD nucleus to temporal lobe (33-35)

Thal: parietal LP/Pu complex to parietal lobe (33-35)

hlp1, hip2, hip3 Spatial attention, visuomotor transformation (57, 66-68)
BA2 Primary somatosensory information processing (56)
PFt, PFm For PFt see above; for PFm non-spatial attention (49)
n.a. Spatial awareness (69)

n.a. Spatial processing of tactile stimuli (70)

old: 32 voxels)

1- 179 54/-14/38  Pre- and post-central gyrus BA 4p, 3b, 1, 2 Voluntary and passive finger motion (BA 4p) (71)
Somatosensory information perception (3b) and
processing (1, 2, 73)
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FIGURE 2 | Correlation between PC2rgy, thalamic GMV change, and longitudinal hand function recovery. (A) shows the relationship between thalamic
gray matter volume (GMV) change and expression of the structural covariance network PC2rgy: thalamus GMV change = 0.0325 x PC2meu + 0.0053; R = 0.72,
p < 0.001. Dashed transversal lines indicate the interval of reliable GMV change (+ 0.75%), as determined in previous studies. (B) shows the correlation between
expression of the structural covariance network PC2rew and the first component of longitudinal behavioral recovery of skilled hand function, PC1eso. Only impaired
patients show a strong correlation between network expression and hand function recovery; PClpso = 51.9 x PC2meu + 19.76; adjusted R = 0.74, p < 0.05. The
recovered subgroups are characterized by a constant of differing magnitude. One patient with negative expression coefficients of PC1pso (marked by an asterisk) has
been identified as outlier (see text).

regression of PClpso onto covariance network expression, age,
volume, and thalamic GMV change: it showed significant effects
of the model intercept (p = 0.036), PC21py expression (p = 0.048)
and lesion volume (p = 0.037). The significant intercept indicated

residual variance not modeled by our predictors. We, therefore,
investigated a reduced model that included PClpso as dependent
variable, and only the significant predictors from the first model,
i.e., PC2py expression, lesion volume and their interaction
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TABLE 4 | Clinical and structural variables across recovery subgroups.

Fast recoveryn =8 Slow recovery n = 12 Impaired recovery n = 8 Kruskal- Mann-Whitney,
Wallis, p impaired versus
recovered p (2-tailed)

Network of gmv change between months 3 and 9
PC21sv expression coeff. -0.079 (-0.117, 0.025) —0.04 (-0.28, 0.52) 0.06 (-0.22, 0.51) 0.55 n.a.
Parameters tested for correlation
Age 63 (41, 73) 75 (49, 80) 68.5 (53, 82) 0.31 n.a.
Lesion size (co)? 7.80 (0.76, 75.52) 3.48 (0.57, 70.39) 42.84 (2.72,141.71) 0.08 <0.05
PC1 (NIH) expression coeff.? -2.18(-3.07, 0.61) —1.31(-3.65, 2.12) 1.33 (-1.40, 11.90) <0.01 <0.01
PC1 (PSO) expression coeff.? -15.3(-21.0,6.7) -10.8 (-16.8, 3.1) 16.5 (-5.6, 64.3) <0.0001 <0.0001
PC1 (TOR) expression coeff. 13.9 (-0.45, 14.3) 13.9 (11.0, 14.9) —29.3 (-34.3, 13.7) <0.001 <0.001
GMV premotor area 0.0043 (-0.0010, 0.0092) 0.0017 (-0.0013, 0.0078) 0.0011 (-0.0020, 0.0083) 0.69 n.a.
GMV thalamus® 0.0017 (-0.0043, 0.0143) 0.0023 (—0.0061, 0.0292) 0.0083 (—-0.0002, 0.0179) 0.06 <0.05
GMV cerebellum —0.0019 (-0.0130, 0.0031)  —0.0029 (—0.0089, 0.0060) —0.0012 (-0.0121, 0.0051) 0.43 n.a.

All values are given as median (range).

NIH, National Institutes of Health Stroke Scale; PSO, picking small objects; PC1, first principal component of longitudinal data of corresponding clinical or behavioral variable;
PC21su, second principal component of tensor-based morphometry data; GMV, gray matter volume.
aSignificant correlations after correction for multiple comparisons: at a nominal alpha level of 0.05 and eight correlations, a p-value of 0.05/8 = 0.006 yields significant entries. This

probability corresponds to a correlation coefficient of 0.466.

TABLE 5 | Overlap between subgroup lesion density maps and longitudinal structural covariance network related to hand function recovery.

Cluster 1+ Cluster 2+ Cluster 3+ Cluster 4+ Cluster 5+ Cluster 6+ Cluster 1—

pOP vPMC Thal IPS STG MOG PCG
Raw volume (cc) 10.9 5.2 4.0 3.3 2.2 1.3 1.4
Fast 105.7 7.10 0.3 0 1.0 0.3 0 0.3
Slow 113.9 1.82 0.5 0 1.0 1.0 0.2 0.6
Impaired 239.7 8.7 3.3 0 3.3 1.1 0.9 1.4
Percent of lesion on cluster
Fast 6.7 0.3 0 0.9 0.3 0 0.3
Slow 1.6 0.4 0 0.9 0.9 0.2 0.5
Impaired 3.6 1.4 0 1.4 0.5 0.4 0.6
Percent of cluster affected
Fast 61.5 5.8 0 30.3 13.6 0 21.4
Slow 14.7 9.4 0 29.7 46.4 17.7 44.3
Impaired 33.0 62.7 0 98.8 51.4 69.2 100.0

Cluster labels correspond to Table 3, additionally including main anatomical region within each cluster. Volumes are calculated for subgroup density maps in Figure 1B and each

cluster separately.

POR parietal operculum; vPMC, ventral premotor cortex; Thal, thalamus; IPS, inferior parietal sulcus; STG, superior temporal gyrus;, MOG, middle occipital gyrus; PCG, pre- and

post-central gyri.

(PC2rpm expression X lesion volume) as independent vari-
ables. The interaction term significantly predicted PClpso scores
(B =1.1, t(24) = 3.83, p < 0.001) over and above the other vari-
ables (both p > 0.1). The interaction term explained a significant
portion of variance in hand function recovery (R* = 0.639, F(3,
24) = 14.18, p < 1.6e—5). Full model parameters are summarized
in the Table S3 in Supplementary Material.

Discussion

In this study, we have identified structural covariance networks
deduced from GMV changes during the recovery of patients
suffering from hand paresis after ischemic sensorimotor stroke.
These networks correspond to the first, second, and fourth

principal components determined from a PCA of TBM images
and explained 19.9, 9.1, and 8.1% of the variance, respectively.
Implied by the correlation of its expression coeflicients with
GMV-decrease in the anterior cerebellum contralateral to pre-
and post-central infarction in all patients, the first component
PCl sy appears to reflect a neuronal network caused by diaschisis
from sensorimotor cortex (46). The second component PC21gy,
associated with a specific manual skill, i.e., precision grip, as
implied by its correlation with PClpso represents a neuronal net-
work involving GMV- increase in the md thalamus. Finally, the
correlation of the fourth component expression coeflicients with
the NIHSS scores summarized in PClxuss suggests that the cor-
responding network reflects general neurological deficit. A third
behavioral parameter of sensory information processing, TOR,
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showed no significant correlation with a principal component,
although a deficit persisted in the impaired subgroup.

Finally, a multivariate linear regression approach verified (i)
the unique relationship of PCleso to the structural covariance
network of PC2rpy; and furthermore, that this relationship is
related specifically to the network expression but not to a single
constituent, e.g., md thalamus. Since PC21py relates directly to
hand function recovery and thus to our study aim, we will discuss
this network in more detail in the following.

Associations of the Structural Covariance
Network With External Variables
This study represents important progress following our recent
paper on “Gray matter volumetric changes related to recovery
from hand paresis after cortical sensorimotor stroke” (9) as it
relates the most prominent finding of gray matter increase in
the md thalamus in patients after a first-ever stroke to a large
distributed structural covariance network including a cortico-
striato-thalamic loop and diverse sensorimotor cortices.
Irrespective of the clinical and behavioral course, this PC2ray
network distinguishes clearly within the study cohort since the
subgroup with positive expression coeflicients is associated with
large GMV increases in the md thalamus between months 3 and
9, while the subgroup with negative expression coefficients did
not exhibit a recognizable GMV change. The GMV increases in
the former subgroup exceed the measurement uncertainty and
are consistent with the few comparable studies, e.g., in the paper
of Gauthier et al. (32). As Table 2 shows, the neural network
represented by PC2rpy is significantly related to the recovery of
motor hand skill in the patient cohort; however, only the impaired
recovery subgroup shows a strong linear regression, while the
fast and slow recovery groups show little correlation with PClpso
(Figure 2B). A multivariate linear regression positing the depend-
ence of PClpso on the three salient principal components as well as
on age, lesion volume, and GMV change in the thalamus showed
significant effects only in PC21py and lesion volume. A refined
analysis showed a significant interaction between these two vari-
ables, and revealed that the interaction was the only significant
explanatory variable. The fast and slow recovery groups indicated
an inverse relationship between PC2rpy and lesion volume; the
greater lesion volumes were accompanied by smaller component
expression coefficients, and vice versa. In contrast, the members
of the impaired group exhibiting the largest interaction expressed
most strongly PClpso.

Network Topography and Suggested Functions

The salient regions of the second principal component PC21py are
summarized in Table 3; the regions characterized by voxel inten-
sities of the first percentile contain the thalamic cluster. Using a
probabilistic atlas of white matter connections, we found that this
thalamic cluster was located on regions of the md thalamus that
are preferentially connected to prefrontal, temporal and parietal
cortex (33, 34). These three cortical regions were also found in the
set of regions belonging to the first percentile, underscoring the
importance of the thalamic gray matter increase. The implicated
md thalamus and dorsolateral prefrontal cortex are constituents

of the subcortico-cortical, dorsolateral prefrontal loop (35). The
involvement of this dorsolateral prefrontal-striato-thalamic loop
suggests a compensatory mechanism to maintain motor execu-
tion by cognitive control once the primary (more automatic) sen-
sorimotor network of hand motor skill is dysfunctional (47).

Both parts of posterior medial thalamus and dorsal-posterior
subarea of the dorsolateral prefrontal cortex are interconnected
with the posterior parietal cortex (PPC) (48), which our previ-
ous VLSM studies (8) have shown to be seriously affected in the
impaired subgroup.

Densely interconnected structures of ventral PMC, PPC, SII
and posterior insula are represented in the component image of
PC2rsy, representing possible sub-networks engaged in higher
order sensorimotor information processing and spatial awareness
(see below). In the PPC locally functional processed information,
e.g., space and action perception, is transmitted via feedback
loops to ventral PMC (34, 49, 50). The areas co-varying posi-
tively with the thalamus represent a complex neuronal network
consisting of functional and dysfunctional nodes. The functional
nodes outside of the lesions comprise the dorsolateral prefrontal
loop for motor execution (26), whereas the dysfunctional nodes
include various higher order sensorimotor cortices within the
lesions. Performance of sensorimotor hand skill, especially in the
impaired recovery group, is related to lesion size and extension
into network nodes in ventral PMC, PPC, SII, and posterior
insula.

A remarkable feature of the structural covariance pattern is
the appearance of the parietal operculum subarea OP1 in the
absence of OP4. OP4 plays a role mainly in basal sensorimotor
integration processes, e.g., incorporating sensory feedback into
motor actions which are the basis for information processing
during tactile exploration (51, 52). The involved OP1 seems to
support more complex information processing demanded during
tactile working memory, stimulus discrimination, and perceptual
learning (53-56). These differing functional roles are reflected by
the distinct connectivity profiles of the areas: OP4 is connected
to fronto-parietal areas, while OP1 is connected predominantly
to the inferior parietal cortex (IPC) (57). In a three-region model
in humans, the rostral IPC, including PFcm, PFop, PFt, has been
shown to be involved in reaching and grasping (58). The very
rostral part (PFop) seems to be activated specifically during
observation of tool use. Moreover, meta-analyses indicated the
participation of PFt in action observation and imitation networks
(59-61). In humans somatosensory activation of the posterior
insula has been observed during simple stimulation paradigms,
e.g., estimation of the roughness of gratings and TOR, suggesting
a role in somatosensory processing (62-65). Multisensory pro-
cessing in the posterior insula has also been observed in primate
experiments with responses also to auditory, baroreceptive and
painful stimuli (66, 67).

As has been shown in primates, while area 2 is activated by
fine grained proprioceptive sensory information obtained by
transitive finger movements (68), specific neuron populations
within anterior IPS (AIP) are activated by grasping and manipu-
lation of 3-D objects as well as by visual fixation of objects (69).
Analogously, in humans area 2 is involved in the perception
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of geometrical and texture characteristics like edge length and
roughness. This function contrasts to the putative human homo-
logue of the IPS, which responds to shape perception, including
somatosensory discrimination, visuo-tactile matching, and,
together with premotor cortices, skilled motor manipulation of
3-D objects (50, 70-73). The human IPS has been characterized
using cytoarchitectonical techniques (74, 75). Functional con-
nectivity analyses have shown these sub-areas along the IPS to be
distinguished by distinct connections (76). The AIP ROIs (hIP1
and hIP2) connect mainly to frontal attentional regions, whereas
posterior IPS (hIP3) connects mainly to posterior occipital
regions. Analog connections have been shown in macaque
anatomical studies, e.g., the strong connections between the AIP
and ventral PMC and the posterior IPS (CIP) to visual cortices
(77). This explains also visuomotor coordination via the AIP
and the implication of the posterior IPS in peripersonal visual
representations (78-80). Karnath et al. found that in patients free
of lesions in visual as well as subcortical structures, the critical
site for spatial awareness was located in the superior temporal
gyrus (BA 22 and 42) (81). Using fMRI it could be shown that the
right middle occipital gyrus processes spatial rather than non-
spatial auditory and tactile stimuli (82). In a review, Rizzolatti
et al. conclude that the ventral PMC executes both motor and
cognitive functions: motor functions comprise hand actions
related to intrinsic object properties and head and arm actions
related to spatial locations, whereas cognitive functions include
space perception, action understanding and imitation (83).
In the context of our study the observation of Ehrsson et al. is
of importance as they found that precision grip showed more
extending activations compared to power grip, involving ventral
PMC in both hemispheres (35).

Of the salient regions of the second principal component
PC213y, a single cortical cluster contains voxels belonging to the
ninety-ninth percentile, which presumably characterizes fast
and slow recovered individuals. It includes a sub-network within
pre- and post-central gyrus, ventral to the center of gravity of
the lesion in the slowly recovering subjects as described in our
previous paper (21). The isolated involvement of 4p, but not of
4a, substantiates the double representation of the motor system
in the precentral gyrus, the former activated in simple motor
tasks, whereas the latter responds to more complex and self-
initiated tasks (84). In activation studies of healthy individuals,
voluntary and passive finger motion stimulated areas 4p and 3a,
simple sensory stimulation areas 3b, 1 and 2 and complex sensory
stimulation area 4a (85).

Limitations

This study comprises a detailed evaluation and discussion of
structural covariance networks associated with hand motor skill.
At the outset, the number and composition of recovery subgroups
in the patient cohort was unknown. Thus, the number of patients
in each subgroup is relatively small. Larger cohorts would be
desirable to assign subjects reliably to subgroups characterized
by distinct patterns of structural reorganization associated with
varying degrees of recovery. Besides subgroup specific patterns,

especially in the subgroup with slow but complete recovery,
the assessment of idiosyncratic aspects, e.g., exceptions to the
involvement of the dorsolateral prefrontal-striato-thalamic loop,
is another challenge. Meeting it would necessitate detailed pro-
tocols, including a comprehensive neuro-rehabilitation program,
reporting of targeting interventions and physiological measures
of movement efforts versus efficiency of motor activity. As the
existence of the subgroup with fast complete recovery indicates,
an earlier begins after stroke of the study might help to assess
structural plasticity in the first 3 months when most recovery
occurs. The incomplete gender matching must also been taken
into consideration, because women have been shown to perform
dexterity tasks (nine-hole peg test) faster than men depending
on age, and upper limb kinesthetic asymmetries in contralateral
reproduction of elbow movements, elicited by tendon vibration,
were prevalent in males (86, 87).

Conclusion

As posited in Section “Introduction’, our study confirms that the
md thalamus, distinguished by significant gray matter increase
after first-ever stroke, is a constituent of an extensive structural
covariance network encompassing (i) a cortico-striato-thalamic
loop involved in motor execution and (ii) higher order sensori-
motor cortices affected to varying degrees in the study cohort.
Positive expression coefficients of the network are associated
with significant GMV increases in the md thalamus in contrast to
negative expression coeflicients. This brain structural covariance
pattern reflects a specific structural covariance network related to
recovery of motor hand skill and may distinguish among patient
subgroups according to recovery class. The surrogate marker
for motor hand skill, PSO, depends on an interaction between
the expression of the network and lesion volume. Related to this
condition, the impaired group exhibiting the largest interaction
expressed most strong PClpso and inversely were limited in the
expression of the structural covariance network of PC2gy. To
conclude, our application of tensor-based morphology has shown
it to be a powerful method for studying gray matter changes
after stroke; it is capable of revealing both local changes and in
associated extensive neural networks. Regarding its future use
application, TBM will be potentially of interest in the study of
targeted treatment effects in the long-term.
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Background: Distributed brain networks are known to be involved in facilitating behavioral
improvement after stroke, yet few, if any, studies have investigated the relationship between
improved touch sensation after stroke and changes in functional brain connectivity.

Objective: We aimed to identify how recovery of somatosensory function in the first
6 months after stroke was associated with functional network changes as measured using
resting-state connectivity analysis of functional magnetic resonance imaging (fMRI) data.

Methods: Ten stroke survivors underwent clinical testing and resting-state fMRI scans
at 1 and 6 months post-stroke. Ten age-matched healthy participants were included as
controls.

Results: Patients demonstrated a wide range of severity of touch impairment 1 month
post-stroke, followed by variable improvement over time. In the stroke group, significantly
stronger interhemispheric functional correlations between regions of the somatosensory
system, and with visual and frontal areas, were found at 6 months than at 1 month
post-stroke. Clinical improvement in touch discrimination was associated with stronger
correlations at 6 months between contralesional secondary somatosensory cortex (Sll)
and inferior parietal cortex and middle temporal gyrus, and between contralesional
thalamus and cerebellum.

Conclusion: The strength of connectivity between somatosensory regions and distrib-
uted brain networks, including vision and attention networks, may change over time in
stroke survivors with impaired touch discrimination. Connectivity changes from contral-
esional Sl and contralesional thalamus are associated with improved touch sensation
at 6 months post-stroke. These functional connectivity changes could represent future
targets for therapy.

Keywords: stroke recovery, somatosensory disorders, neuronal plasticity, magnetic resonance imaging, tactile,
intrinsic functional connectivity
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Introduction

Somatosensory impairment is common after stroke, occurring
in 50-80% of stroke survivors (1, 2). However, investigations of
the neural correlates of clinical somatosensory improvement after
stroke are scarce (3). In particular, knowledge of how brain net-
works are interrupted is limited, but is critical to better understand
the nature of the clinical deficit and post-stroke recovery (4).

Stroke impacts not only the focal lesion site but also on remote
brain regions (5, 6). Lesions have important remote effects on
the function of connected neural networks that are structurally
intact, i.e., physiological changes in distant but functionally related
brain areas (4, 7, 8). These remote effects contribute significantly
to the observed behavioral deficits and recovery potential (4, 8).
Further, changes in brain networks (across both hemispheres and
function-specific networks) have been shown to be important in
recovery of motor and attention functions (4, 6). A significant
challenge is to identify the brain networks and processes that
mediate functional improvement so that rehabilitation strategies
can be aimed at the appropriate targets (9).

Only a few studies have investigated changes in the brain over
time in association with somatosensory recovery (3, 10-13). These
studies have primarily involved identification of brain regions
associated with task-related brain activation. A few studies have
reported that somatosensory recovery is associated with patterns
of activation in primary somatosensory (SI) cortex that resembles
those seen in healthy controls. For example, return of ipsilesional
SI activation has been shown to be associated with improved
somatosensory perception (10-12). Staines et al. (12) found
that enhanced primary somatosensory cortex activation using
functional MRI in the stroke-affected hemisphere occurred in
conjunction with improved touch detection in four patients with
thalamocortical strokes. Likewise, Wikstrom et al. (10) reported
that increased amplitude of early somatosensory evoked fields in
the ipsilesional SI in response to median nerve simulation was
associated with recovery of two-point discrimination (the ability
to discern that two nearby objects touching the skin are truly two
distinct points, not one) in stroke patients.

While relative “normalization” of brain activity in primary
and secondary (SII) somatosensory regions in both hemispheres
seems to underlie good clinical recovery, patients with more
severe impairments have been shown to recruit attention and
multisensory brain regions to a greater degree than that seen in
healthy controls, in order to accomplish successful task perfor-
mance (3, 11, 14-17). In an early positron emission tomography
(PET) study of five patients after subcortical stroke, Weder et al.
(14) reported activation across bilateral sensorimotor cortex and
distributed regions, such as premotor cortex and cerebellum,
with worse performance on a tactile shape discrimination task
found to correlate with bilateral sensorimotor cortex activation.
Tecchio et al. (16) used magnetoencephalography (MEG) to
study 18 patients at the acute (5 days) and post-acute (6 months)
stages after stroke. They reported that excessive interhemispheric
asymmetry correlated with a greater degree of clinical improve-
ment over time in those patients who showed partial recovery.
Taskin et al. (15) reported reduced activation of ipsilesional SI
with preserved responsiveness of SII in six patients who had

suffered thalamic strokes. More recently, in 19 patients, a study
into the relationship between touch impairment and interrup-
tion to cortical and subcortical somatosensory areas revealed
that the neural correlates of touch impairment in patients with
interruption to subcortical somatosensory areas (e.g., thalamus),
involved a distributed network of ipsilesional SI and SII, con-
tralesional thalamus, and attention-related frontal and occipital
regions (3).

Use of task-based brain activation paradigms can be chal-
lenging for stroke patients who may have difficulty performing
a given task, and inability to perform the task may impact on the
validity of the results (18). Resting-state functional connectivity
analysis of functional magnetic resonance imaging (fMRI) data
has more recently been employed as a way of assessing activity in
the brain over time and across different networks of the brain (19,
20). Resting-state functional connectivity reveals intrinsic, spon-
taneous networks that elucidate the functional architecture of the
human brain at rest (task-independent). Functional connectivity
is defined as the statistical association (or temporal correlation)
among two or more anatomically distinct regions (21). Data are
analyzed for coherence across the whole brain and/or in relation
to particular regions of interest (ROIs). Evidence suggests that
this measure is indicative of behaviorally relevant brain networks
without requiring task performance (22). Consistent resting-state
networks, with sharp transitions in correlation patterns, are reli-
ably detected in individual and group data (23, 24).

In stroke patients, use of this technique has revealed disrup-
tion of functional connectivity of brain networks, even within
structurally intact brain regions (6, 25, 26). Changes in functional
connectivity have been described in motor recovery under
resting-state and task-related conditions (27). Further, changes
in functional connectivity over time have been found to occur in
conjunction with behavioral change, both in healthy individuals
(22) and in stroke patients (7, 25). For example, He and col-
leagues (25) reported that in patients with spatial neglect, dorsal
attention network connectivity was disrupted early after stroke,
but appeared to have improved to similar levels as controls by
9 months post-stroke, in conjunction with behavioral improve-
ment. This supports the interpretation that different networks or
areas of the brain may dynamically change and assume different
roles to allow behavior to occur.

The aim of the current study was to identify longitudinal
changes in functional connections of the somatosensory network
in stroke patients with somatosensory impairment, and to estab-
lish if and how these correlations are associated with improve-
ment in touch discrimination.

The importance of interhemispheric functional connectivity
in behavioral performance and recovery has been highlighted
from studies using resting-state fMRI (rstMRI) with animal
and human stroke populations (7, 25, 28). The most consistent
finding is of changes in interhemispheric functional connectivity
between homotopic areas, such as ipsilesional and contralesional
primary motor cortex (7). Longitudinal changes have also been
reported. Decreased interhemispheric functional connectivity of
the ipsilesional sensorimotor cortex has been reported early after
stroke, with return to more normal levels during the recovery
process (7, 29, 30). These findings are not surprising given that
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interhemispheric connections are implicated in sensory (31) and
cognitive processing (32) and in models of motor and somatosen-
sory recovery (33-37). Thus, changes in interhemispheric func-
tional connectivity in stroke patients and associations between
these changes and behavioral improvement are expected. We
hypothesized that over time, stroke patients would exhibit return
to a more “typical” pattern of interhemispheric functional con-
nectivity between homologous cortical somatosensory regions,
and that stronger interhemispheric resting-state functional
correlations between homologous SI and SII regions at 6 months
than at 1 month post-stroke would be associated with clinical
improvement.

Increased connectivity with distributed networks has also
been reported in recovery after stroke. First, the visual system
drives human attention and planning (38, 39), and a rich his-
tory of evidence for cross-modal plasticity between the visual
and somatosensory systems exists (40). Recruitment of visual
areas has been reported in previous studies of motor recovery
after stroke (30, 41) as well as in patients with somatosensory
impairment after stroke (3). Second, greater recruitment of
attention systems is known to be necessary (42) to compensate
for the impairment of function-specific brain areas due to aging
or injury (43, 44). In stroke patients, increased attention has
been shown to be required to accomplish previously simple
tasks, such as walking, and attention skills have been shown to
predict outcome after stroke (42, 45). Increased activation of
frontoparietal attention areas, such as inferior parietal cortex
(IPC), has been reported to occur in recovering stroke patients
with motor problems (46-48). Thus, greater functional connec-
tions with frontoparietal attention networks could be expected
in stroke patients with somatosensory impairment. As such, we
predicted that stronger thalamocortical and cortico-cortical
functional correlations with frontoparietal visual attention net-
works at 6 months post-stroke would be associated with clinical
improvement.

Materials and Methods

Participants

Ten stroke patients with impaired touch discrimination of
the upper limb were assessed at 1 and 6 months post-stroke.
Inclusion criteria were as follows: first episode infarct, medical
stability, ability to give informed consent and comprehend sim-
ple instructions, and right-hand dominance. Exclusion criteria
included the following: brain-stem infarct or hemorrhagic stroke,
previous neurological dysfunction, medical history impairing
hand function or precluding MRI, or evidence of neglect based
on standard neuropsychological tests. We also studied 10 age-
matched, right-hand dominant healthy controls (4 male, mean
age 60.60 years, range 23-79 years) without any history of neu-
rological or somatosensory impairment. The relevant university
and hospital human ethics committees approved the study and
written informed consent was obtained from each participant.

Demographic and Clinical Profile
Background information included age, gender, and premorbid
hand dominance (49). For the stroke patients, a clinical profile

obtained within 48 h of the MRI study included the following:
severity of neurological impairment, using the National Institute
of Health Stroke Scale (NIHSS) (50); severity of global disability,
using the Barthel Index (51); and upper limb function, using the
action research arm test (ARAT) (52). Severity of somatosensory
impairment was quantified across several modalities, including
touch (see below); limb position sense, using the wrist position
sense test (WPST) (53); tactile object recognition, using the
functional tactile object recognition test (54); and temperature
discrimination, using the Rolyan® hot and cold discrimination
kit. Age-matched healthy controls were also assessed on measures
of somatosensentation.

Quantification of Touch Impairment

The primary somatosensory outcome measure was the tactile dis-
crimination test (TDT) (55), a psychophysical measure of touch
discrimination of plastic gratings using the fingertip. Participants
discriminate differences in finely graded plastic texture surfaces
using the method of constant stimuli and a three-alternative
forced-choice design. Five surface sets, which span the Weber
function of texture differences, are each presented 10 times. The
test score is the probability of correct discrimination response
across all stimuli presented (n = 50) and represents the area
that subtends the psychometric function after accounting for
chance. The TDT has high test-retest reliability, age-appropriate
normative standards, and excellent discriminative properties
(55). Touch detection of the fingertips was assessed using the
Weinstein enhanced sensory test (WEST) hand monofilaments
and the rapid threshold procedure (56).

Image Acquisition

Functional Imaging Sequences

Whole-brain fMRI studies were performed using a 3-T GE
Horizon LX Sigma MRI scanner with quadrature head coil (GE
Medical Systems, WN, USA). Five minutes of resting-state data
(100 volumes) were acquired for all participants. Images were
acquired in 25 axial slices spanning cerebellum to the apex of
the cerebrum using a gradient-echo, echoplanar (EPI) sequence
[repetition time (TR) = 3000 ms; echo time (TE) = 40 ms; flip
angle = 75°; field of view (FOV) = 240 mm; 128 X 128 matrix;
slice thickness = 4 mm; interslice gap = 1 mm; in-plane voxel
size = 1.95 mm X 1.95 mm; bandwidth = 100]. The participants
were instructed to close their eyes and perform no particular
task. Participants’ arms rested comfortably on their chest, but
not touching each other or anything else. The data were collected
immediately after performing an in-scanner somatosensory
task involving perception of a plastic texture grating, the results
of which have been reported elsewhere (3). The participants
were monitored during the scanning session to ensure that they
were awake and alert. They were debriefed after resting-state
data collection and none of them reported falling asleep.

Structural Imaging Sequences

Whole-brain anatomic and angiographic images were acquired
at the same session and included the following: a high-resolution
3D anatomical image, 2D T1-weighted and axial 2D T2-weighted
images in the same plane as EPI, and 2D angiographic images.
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Data Analysis

Pre-Processing of fMRI Data

Pre-processing for each participant’s data included image
conversion, slice timing correction, determination of optimum
realignment target (median center-of-within-brain intensity),
motion detection and realignment (rigid body with six degrees
of freedom), normalization to a customized EPI brain template
(see below), Gaussian smoothing (8 mm full width at half
maximum), and automated creation of within-brain mask of
normalized images, using Statistical Parametric Mapping, SPM2
(www.fil.ion.ucl.ac.uk) and iBrain™ software (57). Motion cor-
rection parameters were included as covariates of no interest.
Data from each imaging run were scaled to a grand mean of
100. The statistical analysis of the resting-state data employed an
Autoregressive AR (1) model to account for temporal autocor-
relation in the data.

For group analyses, fMRI data were brought into standard
space. The spatial normalization target used was a custom tem-
plate, approximating the EPI template in Montreal Neurological
Institute (MNI) space supplied with SPM2. The custom template
was created in an iterative fashion from a larger group of partici-
pants (N = 33) involved in the overall study. Images of patients
with right hemisphere lesions were flipped such that all infarcts
were in the left hemisphere.

Pre-Processing for Connectivity Analysis

Several processing steps were used to optimally prepare the
functional data for analysis of voxel-based correlations. Data
were high-pass filtered (using SPM8) (www.fil.ion.ucl.ac.uk) with
a high-pass cut-off of 0.01 Hz and low-pass filtered in iBrain™
(57) using a finite impulse response filter to remove the effect of
high-frequency noise (f < 0.08 Hz) (58).

Construction of Seed Regions of Interest

To measure interregional functional connectivity of the soma-
tosensory system, we identified functionally and anatomically
defined regions of interest (ROIs) representing nodes in the
somatosensory system. These ROIs for functional connectivity
analysis were determined by identifying regions of maximal
activation from somatosensory fMRI task-related brain activa-
tion data in healthy controls (59). Significant activation clusters
wererestricted to the a prioridetermined cortical ROIs, the hand
regions of SI, and bilateral SIT, using cytoarchitectonic maps (60).
The thalamic clusters were restricted to regions of the thalamus
previously reported to show high probability of connectivity
to somatosensory cortex, based on a thalamic connectivity
atlas (61).

Six seeds were selected, and comprised clusters in the left and
right primary and secondary somatosensory cortices and left
and right somatosensory ventroposterior lateral thalami. Each
cortical seed ROI was approximately 100 voxels in size (voxels
were 1.95 mm X 1.95 mm X 4 mm in size). The cortical seed
regions were constructed to make the ROIs relatively uniform in
size and were anatomically verified. As the thalamic seeds were
based on the thalamic atlas (61), the size was determined by that
template (141 and 168 voxels). Seeds were placed on the normal-
ized images for each individual.

rsfMRI Correlation Analysis

The first step in all rsfMRI analyses was to extract BOLD signal
time courses from each of the six ROIs by averaging timecourses
over voxels within each region for each individual at each time
point. For each individual, to compute functional connectivity
maps corresponding to a selected seed ROI, the average BOLD
signal timecourse of the voxels within the ROI was correlated
against all other voxels within the brain, as originally described
by Biswal et al. (62). Several potential sources of spurious vari-
ance along with their temporal derivatives were included in the
design matrix as confounds: (1) six parameters obtained by rigid
body correction of head motion; (2) the average whole-brain
signal; (3) signal from a ventricular cerebrospinal fluid (CSF)
ROI and (4) signal from a region centered in the white matter
(63). Regions in the CSF and white matter were identified manu-
ally using MRIcro software (64). The regression of these factors
as variables of no interest was aimed at removing fluctuations
unlikely to be involved in specific regional correlations (63). The
analysis was performed using Statistical Parametric Mapping,
SPM8 (www.fil.ion.ucl.ac.uk), with the individual functional
connectivity maps thresholded at p-value <0.001 (uncorrected)
at the voxel level.

Second Level Imaging Analysis

In the group analysis, the contrast (con*.img) images from
the individual analyses of each individual participant were
combined in a second level, random-effects model. To test for
differences in patterns of functional connectivity between the
healthy and stroke groups, between-group differences were evalu-
ated using two-sample ¢ tests. To test for differences in patterns
of functional connectivity within the stroke group between the
1-month and 6-month time points, within-group differences were
evaluated using paired f tests. In order to identify how differences
in functional connectivity over time might be associated with
changes on clinical test scores, individual changes in TDT scores
over time were included as a regressor in subsequent correlation
analyses in the group-level random-effects analysis of change in
functional connectivity for the stroke group. Only clusters with
p-values <0.05 (false discovery rate, FDR, corrected) are reported
as significant. Anatomical localization of significant clusters was
defined using the anatomy toolbox in SPM8, which is based on
probabilistic cytoarchitectonic maps (60).

Lesion locations were outlined on axial slices of the 3D ana-
tomical images obtained at 6 months post-stroke, plotted into
stereotactic space, as described previously (65), and displayed on
a template. The percentage overlap between lesion location and
the seed regions was defined for each participant.

Results

Demographic, Lesion, and Clinical Data

Ten stroke survivors (4 male, mean age 58.96 years, range
18-79 years) were studied at approximately 1 month (M = 4.56,
SD = 1.58 weeks) and 6 months (M = 26.99, SD = 1.69 weeks)
post-stroke (Table 1). All were right-hand dominant with a
median hand laterality quotient of 100 (49). The left hemisphere
was infarcted in six patients (Figure 1). Five patients had lesions
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TABLE 1 | Background and clinical characteristics and lesion details of stroke patients (N = 10).

ID Age Gender Side of Site of lesion Lesion Overlap Weeks since stroke NIHSS
lesion volume with seed
(voxels) regions (%) 1month 6 months 1 month 6 months
S10 71 M L Lateral thalamus (vpl, vpm) 345 0 7.57 25.29 1 0
S13 71 F L Lateral thalamus (vpl, vpm) 253 5-LTh 3.29 28.57 2 1
S14 56 M L Multiple lesions in hemispheric 22,761 2-LTh 6.14 25.86 6 6
white matter
S16 76 M R Posterior insula, inferior parietal 14,728 19-R Sl 6.00 30.86 1 1
lobule, adjacent hemispheric
white matter
S17 40 F R Posterior insula, inferior parietal 3998 19 -R Sl 3.71 26.86 3 1
lobule, postcentral gyrus
S18 79 M L Putamen/caudate nucleus, 21,939 87 -LSll 3.86 26.00 4 1
parietal/cortical
S19 18 F R Thalamus (Ip), hippocampus, 12,465 0 2.43 25.29 4 3
fusiform gyrus
S20 55 F L Supramarginal gyrus, parietal 6593 0 3.57 27.14 4 1
operculum, superior parietal
lobule, postcentral gyrus
S21 63 F L Thalamus (vpl), occipital 10,107 10-LTh 5.00 27.29 3 2
periventricular white matter,
lacunar lesion in head of right
caudate nucleus
S22 59 F R Postcentral gyrus, superior 8990 10-R Sl 4.00 26.71 2 2
parietal lobule, anterior portion
Median 59.00 4M; 6F  6L; 4R 8990 3.93 26.77 3.00 1.00
(IQR) (65.00-71.00) (2435-13,597) (3.61-5.75) (25.89-27.25) (2.00-4.00) (1.00-2.00)
25th-75th

ID, stroke identification number; NIHSS, National Institute of Health Stroke Scale, 1-4 = minor stroke, 5—-15 = moderate stroke, 16-20 = moderate/severe stroke, and
21-42 = severe stroke (50); M, male; F, female; R, right; L, left; voxel size = 1.95 mm x 1.95 mm x 4mm; vpl, ventral posterolateral nucleus; vpm, ventral posteromedial nucleus;
Ip, lateral posterior nucleus; Th, thalamus; SlI, secondary somatosensory cortex; IQR, interquartile range.

primarily involving subcortical somatosensory structures, in
particular the thalamus, and five had lesions predominantly
involving cortical SI and/or SII. The percentage overlap between
lesion location and our pre-defined seed regions is provided in
Table 1. All with subcortical lesions had involvement of thalamus,
often including ventral posterolateral nucleus, a region known
to project somatosensory information to SI. Only three had
2-10% overlap with the thalamic seed used in analysis. Those
with cortical lesions primarily had involvement of postcentral
gyrus (n = 3) and/or secondary somatosensory regions (n = 5)
including parietal operculum and nearby regions of the insula
and supramarginal gyrus. Across patients there was no overlap
between lesion site and the SI seed. Four patients had lesion
locations that overlapped with the SII seed; three had 10-19%
overlap and a further patient with a very large lesion had 87%
overlap.

Patients presented with wide variation in severity of touch
discrimination (Table 2), ranging from —11.58 (very severe
impairment) to 79.31 (just within the normal range) on the TDT
(55) at the 1-month study. Several patients performed within
normal limits on the TDT at 6 months post-stroke, and in three
cases at the 1-month time point. Somatosensory impairment was
indicated in these patients on the basis that the TDT score for
the affected hand was lower than for the “unaffected” hand, they
demonstrated impairment on other clinical somatosensory tests,
and/or they reported a “hyper-sensitivity” profile of heightened
sensitivity to somatosensory stimuli.

For the stroke group, mean affected-hand score on the TDT at
the 1-month time point was 35.98 & 33.13 SD (median 35.47 per-
centage correct area under the curve), compared to 79.85 + 8.11
SD (median 77.09) for healthy controls in the matched hand.
TDT scores were significantly higher in the healthy control group
than in the patient group (Mann-Whitney U = 11.00, p = 0.002).
The stroke group demonstrated significant improvement in TDT
scores with the affected hand between the 1- and 6-month time
points (Z = —2.293, p = 0.022). Clinical scores and demographic
and clinical information for the stroke patients are presented in
Table 1.

Functional Connectivity During the Resting State
Functional Connectivity of Stroke Patients

Compared to Healthy Controls

Within the healthy control group, the SI seeds for both hemi-
spheres showed significant functional connectivity with bilateral
SI and motor (Brodmann Area, BA 4a, 6) regions (Figure 2). In
contrast, at 1 month post-stroke the stroke group exhibited a lack
of interhemispheric connectivity for both of the SI seeds, with
each SI seed functionally connected only with surrounding SI
and motor areas. At 6 months post-stroke, there appeared to be
some return of interhemispheric SI connectivity for the stroke
group (Figure 2). For example, the ipsilesional SI seed showed
significant functional connectivity not only with surrounding SI
and motor areas but also with contralesional SI, contralesional
visual and motor areas, and with ipsilesional SII. Similarly, the
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S16

S17

S18

S20

- BB

FIGURE 1 | Infarct locations for individual stroke participants. Lesions
were predominantly located in cortical somatosensory regions (Sl and/or SlI)
(images in left column), and in somatosensory areas of the thalamus (images in

S10

S13

S21

right column). Infarct locations for each individual are plotted in stereotactic
space. Images are displayed in neurological convention (subject’s left is
displayed on image left).

contralesional SI seed remained functionally connected with
surrounding SI and motor regions, and showed connections not
present at the 1-month time point with ipsilesional SI and SII,
and contralesional middle occipital gyrus. At the 1-month time
point, the healthy group exhibited significantly greater functional
connectivity than the stroke group between the contralesional SI
seed and a cluster in the contralesional occipital lobe and contral-
esional cerebellum (MNI = 30/—56/16; k = 99 voxels; z = 4.76).

In the healthy control group, SII seeds of each hemisphere
exhibited significant functional connectivity with bilateral SII
and SI, as well as with medial supplementary motor area (SMA,
BA 6). The stroke group demonstrated a similar pattern of con-
nectivity for the ipsilesional SII seed at 1 month post-stroke.
For the contralesional SII seed, significantly connected clusters
also extended into bilateral SI. At 6 months post-stroke, the
ipsilesional SII seed showed functional connectivity only with
surrounding SII and SI. The contralesional SII seed was again
functionally connected with bilateral SII and contralesional SI,
with additional small clusters in contralesional SMA (BA 6) and
medial visual areas (BA 17, 18, commonly referred to as human
V4 and V2).

In the healthy control group, thalamus seeds of each hemi-
sphere were functionally connected to a statistically significant
extent with bilateral thalami (thalamus surrounding the seed
region in the same hemisphere, as well as contralateral thalamus)
and SlII/insula in the same hemisphere (Figure 2). At 1 month
post-stroke, the patient group showed significant functional
connectivity from both thalamus seeds with bilateral thalami,

although to a less extent than that seen in the healthy control
group. In addition, the contralesional thalamus was functionally
connected with small clusters in contralesional inferior and supe-
rior frontal gyri, and contralesional cerebellum. At 6 months,
ipsilesional thalamus in stroke patients still showed significant
functional connectivity with thalami in both hemispheres,
whereas the contralesional thalamus was only functionally con-
nected with surrounding contralesional thalamus and with a
small cluster in the left putamen.

Longitudinal Functional Connectivity

Changes in the Stroke Group

To test for differences in patterns of functional connectivity
within the stroke group between the 1- and 6-month time points,
within-group differences were evaluated using paired ¢ tests
(Table 3). For the contralesional SI seed, there was significantly
greater functional connectivity at 1-month than at 6-month
post-stroke between contralesional SI and a cluster falling in
the contralesional cerebellum and hippocampus. At 6 months,
there was significantly greater functional connectivity between
contralesional thalamus and a cluster in ipsilesional middle
cingulate cortex.

Functional Connectivity Changes Associated

with Somatosensory Improvement

In subsequent correlation analyses, changes over time in clinical
scores, as measured using the TDT, were included as a regressor
in the group-level random-effects analysis of change in functional
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FIGURE 2 | Functional connectivity maps for the healthy control group and Images are displayed in neurological convention (subject’s left is displayed on

for the stroke group at the 1- and 6-month time points. Left three columns: image left). The left hemisphere represents the ipsilesional hemisphere — images of
group-level functional connectivity maps. Right-hand column: overlaps of binarized patients with right hemisphere lesions were flipped such that all infarcts are
group-level functional connectivity maps for the stroke group at the two time represented in the left hemisphere. Healthy controls were individually matched and
points. Blue = 1-month time point; Red = 6-month time point; Yellow = overlap. images flipped accordingly. Slice numbers represent axial slice position in Montreal
The stroke group appears to show disrupted interhemispheric functional Neurological Institute (MNI) space. Color scale represents Z-values of group
connectivity for the Sl seeds at 1 month post-stroke, relative to healthy controls. functional connectivity maps. Sl, primary somatosensory cortex; Sll, secondary
Some return of interhemispheric functional connectivity can be seen at 6 months. somatosensory cortex. Analyses are based on contrast maps with an individual

In contrast, interhemispheric Sl connectivity in the stroke group appeared greater voxel height threshold level of p < 0.001. Results are displayed for significant

at 1 month than at 6 months post-stroke. The seed region is indicated in green. clusters with p < 0.05 (false discovery rate, FDR, corrected).
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TABLE 3 | Functional connectivity changes in the stroke group between the 1- and 6-month time points, and changes associated with improvement in
TDT scores.

Seed region Cluster size (voxels) Z-value MNI maxima coordinates (x,y,z) Cluster anatomical location of significantly

correlated regions

Regions showing greater functional connectivity at 1 month

Contralesional Sl 60 414 14, =32, -18 Contralesional cerebellum lobules -V, hippocampus
12, -28, -6
6, =34, -20

Regions showing greater functional connectivity at 6 months

Contralesional thalamus 49 4.44 -16, —22, 38 Ipsilesional middle cingulate

Regions showing greater functional connectivity at 6 months than 1 month post-stroke in association with improvement in touch discrimination

Contralesional SlI 53 4.55 52, -58, 26 Contralesional IPC
30 5.02 58, -26, —10 Contralesional middle temporal gyrus
Contralesional thalamus 35 4.27 12, —42, -40 Contralesional cerebellum lobule IX
20, —44, —34

Regions showing greater functional connectivity at 1 month than 6 months post-stroke in association with improvement in touch discrimination
Contralesional Sl 42 3.89 28, —44, 24 Contralesional cerebellum lobules V, VI

Anatomical definitions are based on the anatomy toolbox in SPM8, which is based on probabilistic cytoarchitectonic maps (60).
MNI, Montreal Neurological Institute; Sl, primary somatosensory cortex; Sli, secondary somatosensory cortex; IPC, inferior parietal cortex.

found that reorganization of motor networks encompasses a
restoration of interhemispheric functional coherence in the
resting state, particularly between the primary motor cortices
(27). While we do not report a significant longitudinal change
in connectivity between contralesional and ipsilesional SI,
we did observe significant interhemispheric connectivity for
both SI seeds at 6 months that was not present at 1 month.
Together, our findings resonate with studies illustrating
the role of inhibitory influences from intact hemisphere in
stroke recovery (33) and highlight the need to re-establish
a balance of activity across hemispheres in association with
improvement (35).

Disruption and Resolution of Functional
Connectivity with Occipital Visual Areas

Another key finding was the role of functional connectivity with
primary visual occipital regions. At the 1-month time point, func-
tional connectivity between contralesional SI and the occipital
lobe was significantly less in the stroke group compared to the
matched healthy control group. At the 6-month time point, the
stroke group demonstrated functional connections with visual
occipital areas that were not present at 1 month post-stroke,
including between ipsilesional SI and contralesional visual areas
(BA 17, 18), between contralesional SI and contralesional mid-
dle occipital gyrus, and between contralesional SII and bilateral
visual areas (BA 17, 18). Together, these findings suggest a pattern
of disruption of functional connections between somatosensory
and visual areas at 1 month post-stroke, which showed some
return after 6 months.

Supporting the suggestion of less connectivity with visual
occipital regions early post-stroke is Park et al’s (30) finding
that one month after stroke, patients with motor impairment
demonstrated decreased functional connectivity between pri-
mary motor regions and occipital cortex. Similarly, Carey et al.
(3) reported that in a group of stroke patients with thalamic
lesions studied at 1 month post-stroke, touch discrimination
correlated negatively with task-related activation in occipital

regions. Connectivity with occipital regions at 6-month are
also consistent with Seitz et al’s (41) study of the functional
networks related to motor recovery, which found that improved
motor function after stroke was associated with involvement
of distributed areas including extrastriate visual areas. Thus,
there seems to be a pattern of disrupted interactions between
sensorimotor and visual occipital systems around 1 month
after stroke, with some resolution over time that may be clini-
cally relevant.

Functional Connections to Frontoparietal
Attention Regions

In stroke patients, functional connections to frontoparietal
attention regions (69), involving middle cingulate and IPC,
were significantly greater at 6 months than at 1 month post-
stroke, and these differences between time points were in part
associated with changes in behavioral performance. Functional
connectivity between contralesional thalamus and ipsilesional
middle cingulate cortex was significantly greater at 6 months than
at 1 month post-stroke. Furthermore, behavioral improvement
on the TDT was associated with greater functional connectivity
6 months post-stroke between contralesional SII and a cluster
in contralesional IPC. In addition, the individuals who showed
thalamocortical functional connectivity with frontal regions at
the 1-month time point also had relatively low TDT scores, while
those who showed this connectivity pattern at 6 months had
better TDT scores.

Activation of distributed attention networks has been observed
in previous task-based studies of stroke recovery, including in
relation to somatosensory recovery (3, 36). Involvement of fron-
toparietal attention networks in association with behavioral out-
come has been a common finding in stroke patients in the motor
domain (46-48). Further, longitudinal changes in rsfMRI include
changes in frontal and parietal cortices during motor recovery
(30). Here, we extend this finding of functional connectivity to
somatosensory recovery post-stroke. Baseline brain activity in
the medial thalamus and the frontoparietal network is important
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FIGURE 3 | Continued

Scatter plots illustrate change in TDT score plotted against the difference
between the two time points in connectivity strength between the seed and
the cluster (shown in images on the right), for each individual. Improvement in
TDT scores was associated with (A) greater functional connectivity at

6 months between the contralesional Sll seed and clusters in the
contralesional inferior parietal cortex and contralesional middle temporal gyrus;
(B) greater functional connectivity at 6 months between the contralesional
thalamus seed and a cluster in contralesional cerebellum; and (C) less
functional connectivity at 6 months between the contralesional Sl seed and
contralesional cerebellum. Images are displayed in neurological convention

(subject’s left is displayed on image left). The left hemisphere represents the
ipsilesional hemisphere — images of patients with right hemisphere lesions
were flipped such that all infarcts are represented in the left hemisphere. Slice
numbers represent axial slice position in Montreal Neurological Institute (MNI)
space. Color scale represents Z-values of functionally connected clusters
associated with TDT score change. SI, primary somatosensory cortex; SlI,
secondary somatosensory cortex; IPC, inferior parietal cortex. Analyses are
based on contrast maps with an individual voxel height threshold level of

p < 0.001. Only clusters with p-values <0.05 (false discovery rate, FDR,
corrected) are reported as significant and displayed.

in perception (70) and may affect information processing follow-
ing sensory impairment. In addition, focal attention involved in
perception of pain, processing of reward, and error detection, has
been associated with activity in medial frontal/anterior cingulate
(69). Attention is essential to any perception or learning (69, 71),
and has been identified as a key element of recovery from brain
injury (25, 42, 45). It could be speculated that our findings reflect
stroke patients’ use of higher-level attention and behavioral pro-
cesses to supplement previously more automatic somatosensory
perceptual functions.

Involvement of Contralesional Hemisphere
Changes in functional connectivity between the 1- and 6-month
time points and in association with improvement in TDT over
time were all seeded within the contralesional hemisphere, i.e.,
contralesional SI at 1 month and contralesional thalamus and
SII at 6 months. We did not find significant changes over time
in connectivity from our ipsilesional seeds. Further, the regions
showing relatively increased correlation were also primarily in
the contralesional hemisphere, with the exception of ipsilesional
middle gyrus at 6-month >1-month post-stroke. These findings
highlight a role for change in connectivity of the “intact” con-
tralesional hemisphere, in particular somatosensory SI, SII and
thalamus regions, in individuals with impaired touch sensation
post-stroke. Further, the observation that increased connectivity
from these contralesional somatosensory seeds was associated
with improvement in touch discrimination scores over time
suggests a role for the contralesional somatosensory network
in facilitating touch discrimination perception. While previous
task-based fMRI studies typically show an initial increase in
activation of contralesional sensorimotor cortex early followed
by restoration of activation in the ipsilesional cortex, our finding
suggests that disruption of the initial interhemispheric con-
nectivity at resting state may lead to ongoing alterations in the
activity (functional connectivity) of contralesional hemisphere.
These relative increases in connectivity, observed both early and
late, may help in achieving a more balanced interhemispheric
connectivity in association with greater improvement in patients
with partial recovery.

At 1-month, increased connectivity between contralesional
SI and contralesional cerebellum was associated with greater
improvement in touch sensation over time. In comparison, at
6 months, the relatively greater connectivity associated with better
touch discrimination was between contralesional SIT and IPC and
contralesional thalamus and cerebellum. Interestingly, contral-
esional cerebellum had changed connectivity to somatosensory

seeds associated with improvement at both times, but via different
nodes of the network. A role for increased connectivity between
contralesional SI and cerebellum, at 1-month associated with
improvement, is consistent with our observation of greater con-
nectivity between these regions in the healthy group, compared
to stroke patients, at 1-month. Longitudinal changes in rsfMRI
during motor recovery have also involved bilateral thalamus
and cerebellum, with involvement of cerebellum persisting
over the 6-month period post onset (30). A large proportion
of cerebellum maps to association areas (72). In addition, the
cerebellum has connections with SI, although preferentially
with the contralateral cerebrum (72). Afferent projections first
synapse in the deep cerebellar nuclei and then project to a second
synapse in the contralateral thalamus that in turn serves as a relay
to the cerebral cortex, consistent with involvement of thalamus
at 6 months. Co-observation of greater functional connectivity
of contralesional thalamus with ipsilesional middle cingulate at
6 months, suggests an increased interhemispheric connectivity.
Involvement of contralesional thalamus has been reported in
association with touch impairment in a sample of 19 stroke sur-
vivors at 1-month post-stroke (3). Contralesional thalamus has
potential to be accessed irrespective of lesion location (3), has an
influence on bilateral SI via its prefrontal connections (73), and
may have a role in gating of sensory information and in large-
scale reorganization in the somatosensory cortex and thalamus
after sensory loss (74, 75).

Limitations
The major limitation of this study was the small and heterogeneous
sample of stroke patients. Replication of these preliminary findings
inlarger samplesisrequired. Use ofalarger sample would also allow
investigation of these changes without the need to flip individual
brain maps into common space. This would permit inferences
about the role of lateralized frontoparietal attention networks in
facilitating post-stroke behavioral improvement (8). While it is
recognized that functional connectivity may be influenced by the
participants recent experience (76), the sequence of acquisition
was common for all participants, i.e., it was immediately preceded
by a touch discrimination task. Further, our stroke findings may
be interpreted with reference to healthy controls who underwent
the same protocol sequence, and our longitudinal findings with
reference to connectivity studies in the same individual over time.
Application of rsfMRI analyses in stroke patients presents
issues that need to be considered in the interpretation of our find-
ings. The potential impact of lesion location on pre-defined seed
ROIs is an unavoidable issue. This was in part minimized through
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application of individual lesion masks during the normalization
phase. In addition, we quantified the percentage overlap between
the lesion and seed region for each participant to monitor the
presence of this potential limitation. All but one participant had
<20% overlap. There was no overlap with the ipsilesional SI seed
and only 10% or less overlap with the thalamic seed. The seed
with most overlap was the SII seed, with 4 of 10 patients hav-
ing overlap. Our major findings of change in connectivity were
evident for contralesional seeds, and thus, can be interpreted with
confidence. Further, lack of evidence of significant change for
ipsilesional SI'and thalamic seeds is unlikely explained by analysis
method and seed overlap, as this was minimal. Interpretation of
functional connectivity from ipsilesional SII may be impacted
by overlap between lesion and seed. Although we did not find
a significant change over time, we did observe significant con-
nectivity from ipsilesional SIT at 1 and 6 months, suggesting pres-
ence of lesion overlap with this seed is an unlikely explanation. A
recent investigation of overlap between lesion location and seeds
between stroke and healthy groups suggests that the percent of
infarct-related overlap to any ROI was not related to connectivity
strength in connections that included those damaged seeds (77).
While this finding is based on a larger sample (n = 32) and mul-
tiple correlations, it does provide some support for interpretation
of seed-based connectivity data in stroke patients. Finally, even
if the differences in connectivity observed between stroke and
healthy controls is due to impaired anatomic connections from
these regions, our findings still inform us of the key functional
connections involved in somatosensory impairment, the impact
oflesion on the function, and the changes in functional connectiv-
ity associated with clinical improvement in touch discrimination.

Use of the BOLD signal in fMRI studies of stroke patients has
been a highly debated issue given the potential impact of vascular
compromise. The BOLD signal provides an indirect indication of
neural activity, and changes in resting-state activity can reflect a
complex combination of neural, vascular, and metabolic factors
(78). Connectivity analysis methods have the advantage that
they do not rely on BOLD signal stability, nor assume a com-
mon hemodynamic response function (79). However, they are
not immune to issues associated with abnormal neurovascular
coupling in stroke patients. Indeed, it is unclear how potential
vascular latency differences between brain regions impact inter-
pretation following stroke. For example, changes in peri-infarct
regions, such as hypoperfusion and potential decoupling of the
neurovascular response (80), may impact the signal. It has been
suggested that differences across regions may confound studies
of whole-brain connectivity (81). A few studies have therefore
adjusted for non-neural vascular latency differences prior to
resting-state connectivity analyses in healthy controls with only a
minor impact on their findings (81). However, we should exercise
caution when interpreting findings in stroke patients, particularly
in locations close to the lesion border. Further, it is important
to recognize that changes observed with rsfMRI may reflect an
interaction between neural activity and vascular changes over
1-6 months. It should also be noted that we did not exclude
patients with conditions that may impact the BOLD signal, such
as leukoencephalopathy and/or carotid artery disease, and thus
the impact of these conditions if present is unknown.

Implications and Future Directions

In summary, stroke patients showed changes in functional con-
nectivity over a period of recovery under non-specific rehabilita-
tion conditions. Further, most changes in functional connections
from 1 to 6 months post-stroke were shown to relate to improve-
ment in touch discrimination scores over time, in patients with
partial recovery. There appeared to be some return of functional
connections over time in patients between homologous SI
regions, and between somatosensory and visual occipital areas,
although not to the levels seen in age-matched controls. Change
in connectivity over time and/or in association with improve-
ment was observed in relation to contralesional somatosensory
seeds, and primarily involved frontoparietal attention regions
and cerebellum. Change in contralesional SI connectivity was
important at 1-month in relation to improvement over time,
while changes in connectivity of contralesional SII and thalamus
become important at 6 months.

These changes in connectivity could represent future targets
for therapy. In particular, increase in strength in connections
between somatosensory regions and attention and vision
regions is consistent with pre-existing connections with these
networks and suggest targets for neuroscience-based rehabilita-
tion approaches designed to access viable brain networks (36).
While our findings indicate that some individuals spontaneously
access these regions in association with improved performance,
the potential exists for knowledge of these individual differences
to guide access in other stroke survivors through therapy. For
example, the effective sensory discrimination training approach
described by us to achieve stimulus specific improvements in
touch discrimination (82) employs training strategies to achieve
cross-modal calibration of perceived texture roughness across
touch and vision, as well as use of attentive exploration of tex-
tured stimuli and deliberate use of anticipation trials (36, 82).
These strategies may be helpful in accessing vision and atten-
tion networks in survivors who may not otherwise make these
connections.

Targeting of contralesional and distributed networks via
secondary somatosensory cortex and thalamus is also sug-
gested. Our findings first highlight the role of the contralesional
hemisphere in post-stroke performance and recovery. The
seed-based change in contralesional functional connectivity is
consistent with structural and functional connectivity studies
of sensorimotor training that suggest global network efficiency
is influenced by long-range connections across hemispheres, in
addition to ipsilesional integrity (83). Changes in connectivity
of contralesional SIT and thalamus at 6 months suggest a role for
nodes that have connections within the somatosensory network
and beyond. SII has strong connections with SI, thalamus, and
homologous SII, as well as with frontal and parietal networks
(84). SIT has more dense bilateral connectivity than SI (85), is
involved in tactile working memory, discrimination, and percep-
tual learning (86-88), and is regarded as an integration node of
the somatosensory network. Enhanced SII connections with IPC
and middle temporal gyrus at 6 months highlight connectivity
with distributed networks. The potential exists to influence this
highly connected node of the somatosensory network through
rehabilitation designed to access discriminative and tactile
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learning functions. The thalamus is also implicated. It has an
important role in gating somatosensory input and deactivation
of contralesional thalamus is associated with touch discrimina-
tion performance in stroke survivors at 1 month post-stroke
(3). Involvement of thalamus is consistent with evidence from
animal studies (74, 75) that gating of sensory inputs, rather
than cortical representation alone, is important in recovery. In
addition, increased connectivity between thalamus and cerebel-
lum suggests short-range functional connectivity of subcortical
networks (89). Thalamus and cerebellum are two of three major
subcortical network hubs identified (89). Involvement of both
long-range and short-range functional connectivity changes
may reflect not only the individual variation in recovery and
underlying mechanisms but also the potential to drive one or
other through appropriately targeted therapy. While connectiv-
ity-based research is still in its infancy post-stroke, it has great
potential to guide the development of scientifically informed
rehabilitation interventions.
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Despite intensive research on mechanisms of recovery of function after stroke, surpris-
ingly little is known about determinants of concurrent recovery of language and motor
functions in single patients. The alternative hypotheses are that the two functions might
either “fight for resources” or use the same mechanisms in the recovery process. Here,
we present follow-up data of four exemplary patients with different base levels of motor
and language abilities. We assessed functional scales and performed exact lesion anal-
ysis to examine the connection between lesion parameters and recovery potential in
each domain. Results confirm that preservation of the corticospinal tracts (CSTs) is a
neural predictor for good motor recovery while preservation of the arcuate fasciculus (AF)
is important for a good language recovery. However, results further indicate that even
patients with large lesions in CST, AF, and superior longitudinal fasciculus, respectively,
are able to recover their motor/language abilities during intensive therapy. We further
found some indicators of a facilitating interaction between motor and language recovery.
Patients with positive improvement of motor skills after therapy also improved in lan-
guage skills, while the patients with no motor improvements were not able to gain any
language recovery.

Keywords: stroke, motor, language, hemiplegia, hemiparesis, aphasia, recovery

Introduction

It is a common clinical observation that in patients with both initial hemiparesis and aphasia after
stroke, motor and language recovery may take different courses. Interestingly, scientific research has
primarily focused on the examination of the course of recovery regarding either motor or language
abilities, but only few studies addressed both. Aphasia has even been a criterion for exclusion in
several studies of motor recovery (1, 2).

To our knowledge, there is only one multiple single-case study that addressed the issue of language
recovery going parallel to a therapy of motor functions of the upper limb. Harnish et al. (3) examined
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five stroke patients during the course of 6 weeks of motor therapy.
They assessed not only the recovery of motor functions of the
upper limbs and functional motor reorganization but also changes
in their language abilities. The authors report that in the three
subjects showing the largest motor improvements they could also
observe significant language improvements. In the individual
fMRI measurements, where the patients had to tap the fingers
of the paretic hand within the scope of their capacities, a shift of
activation to the right hemisphere during the course of motor
treatment could be observed in these three patients. Harnish et al.
concluded that language changes seem to co-occur with motor
changes after motor therapy. Anatomical analyses of the patients’
lesions were not carried out.

The finding of Harnish et al. that motor recovery can foster
language recovery is very interesting for the current state of
discussion about common mechanisms in motor and language
processing. Especially the theory of cognitive embodiment has
gained broad attention and kindled a whole line of research. In
the light of embodiment theory, cognitive functions like language
are grounded in the sensorimotor experiences and to the under-
lying systems (4, 5). For example, Hauk et al. (6) were able to show
that language processing and comprehension activate motor
regions, while Glenberg et al. (7) found that first- and second-
grade children who manipulate images of toys on a computer
screen develop improved comprehension skills in reading - a
comprehension benefit was evoked by the conduction of motor
tasks. There are numerous imaging studies demonstrating activa-
tion of the sensorimotor systems by listening to language with
motor content [for example, see Ref. (8, 9)]. Recently anatomic
correlates for common motor speech and motor (10) as well as
language and motor processing (11) have been postulated on the
basis of imaging data.

With the theoretical and experimental background that
motor and language activity are not functionally independent,
interdependencies regarding the course of recovery of these two
domains can be assumed as well. These relations might result in
two possible interactions between motor and language recovery
processes: either competitive or additive effects may occur.
Competitive rehabilitative interactions might be characterized by
a “fight” for resources between the language and motor recovery
capacities. In this case, a good motor recovery may limit or even
prevent the course of language recovery and vice versa. The inverse
assumption of an additive interaction between both domains
during recovery implies that a positive course of motor recovery
would influence language recovery positively, and vice versa. The
results of Harnish et al. (3), which are in line with the findings
concerning embodiment, seem to support the second hypothesis.

The identification of determinants of motor and language
recovery after stroke is within the main stream of research on
neurorehabilitation. There are several studies evaluating the role
of lesion parameters as well as brain activation for complete or
poor recovery for language and motor domain separately. We will
briefly highlight the most relevant results in order to establish the
backdrop for our study.

As to the motor domain, the lesion location is an important
predictor for motor rehabilitation (12), whereas the size of the
brain lesion seems to be no predictor for motor function recovery

after stroke (12-14). Shelton and Reding (15) found that the
probability of recovery of the upper limbs after stroke seems to
diminish in dependence of the lesion location in the following
order: cortex, corona radiata, and internal capsule. The dimen-
sion of impairment of the corticospinal tract (CST) is another
indicator for good rehabilitation of hand motor function after
stroke; severe damage of the CST has mainly been assessed in
more severely affected patients (12-15).

Similarly, in the language domain, lesion location may play
an important role in sufficient language recovery. Meinzer et al.
(16) found that language rehabilitation after intensive language
therapy was correlated with the integrity of the left hippocampus
and the surrounding white matter. Marchina et al. (17) were able
to show that the extent of impairment of the left arcuate fasciculus
(AF) is a predictor for language recovery. The global lesion size
does not have an influence on language rehabilitation after stroke
[e.g., see Ref. (16, 18)].

Functional imaging has resulted in inconsistent results for
both recovery of motor [e.g., see Ref. (19-23)] and language
abilities [e.g., see Ref. (24-29)]. The heterogeneity of the results in
the language and motor domain can possibly be attributed to dif-
ferent methods and objectives that were used in previous studies
as well as different types of strokes (e.g., subcortical vs. cortical).
Therefore, it is hardly possible to combine the mentioned results
of the two different domains for predicting recovery patterns in
patients with concurrent impairments in both domains.

Therefore, neural correlates for simultaneous recovery in the
language and motor domain after stroke remain unclear. The
results of Harnish et al. (3), which were investigated through
fMRI and behavioral measurements, give a first hint for an
additive interaction between both domains during the course of
rehabilitation. To our knowledge, there are no studies with the
aim to explore lesion characteristics of different ways of concur-
rent motor and language recovery. Therefore, it remains unclear
if an additive interaction between motor and language recovery
processes through therapy can be linked to specific structural
lesions in the brain.

The aim of the present study was to investigate systemati-
cally the determinants of language and motor recovery in four
exemplary patients with different base levels of motor and lan-
guage abilities. Alongside the clinical assessment of motor and
language abilities, we focused on (1) the examination of lesion
characteristics at pre-test and (2) possible interactions of motor
and language recovery processes following the 7-week language
and motor therapy phase (i.e., outcome at the post-test).

Apraxia of speech is a clinically known influence factor to
the possibilities of improving language skills in aphasic patients.
Furthermore, since anatomic correlates for common motor
speech and motor processing have been described (10), motor
speech could be considered a “link” between motor and language
processing functions. Therefore, in addition to motor and lan-
guage processing functions, we considered the phenomenon of
apraxia of speech independently for the patients in our patient
group. Since we aimed to discuss motor speech functions on a
purely exploratory level, no precise hypotheses were formulated.

Over all, four hypotheses were formulated concerning both
lesion characteristics and possible therapy-induced interactions:
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Regarding (1), lesion characteristics, the following hypotheses
were addressed:

(i) Inline with current research (12-14, 16, 18), we assume that
global lesion size is not a correlate for sufficient concurrent
motor and language recovery.

(ii) We expect that patients with smaller lesions in function-
specific white matter tracts for motor (CST) and language
processing [AF, superior longitudinal fasciculus (SLF)]
show good recovery potential in the particular domains as
opposed to patients with extensive lesions to these tracts.

Regarding (2), possible interactions of motor and language
recovery processes, our hypotheses are as follows:

(iii) In line with Harnish et al. (3), we assume that patients
with an increase in motor abilities after therapy phase
will also show positive language recovery (i.e., an increase
in language abilities at the post-test) and vice versa. This
would indicate an additive interaction between motor and
language domains during simultaneous motor and language
therapy.

(iv) Complementarily, we anticipate that patients who do not
profit from motor therapy do not show an increase in
language abilities at the post-test after therapy phase and
vice versa.

Materials and Methods

Patients

Four patients suffering from subacute to chronic stroke with differ-
ent base levels of motor and language skills at the beginning of the
study (see Figure 1) were selected. The selection of patients with
opposing base levels in motor and language skills was conducted
in order to include previous individual recovery processes into
the evaluation of the current recovery process. Clinical records
documented that at the acute stage of the stroke, all patients were
described as non-fluent to globally aphasic and had paresis of vary-
ing degrees, ranging from mild hemiparesis (4/5) to full hemiple-
gia. The different base levels resulted from the patients’ individual
recovery processes prior to the participation in the study.

At the beginning of the study, language skills were classi-
fied as “good” (Base: L+) or “poor” (Base: L—) according to
the patients’ individual profile height in the language assess-
ment of the Aachener Aphasie Test [AAT; (30) (see Table 1)].
Correspondingly, the classification of “good” vs. “poor” motor
skills (M+ vs. M—) was based on the raw score of the Wolf Motor
Function Test [WMFT (31), see Table 2]. This resulted in four
possible baseline profiles: Base: M+/L+, M—/L+, M+/L—, and
M-—/L—, denoting good functions in both motor and language
domains, the dissociations between the domains, and finally the
combination of both severely impaired motor and language func-
tion at the pre-test of the study.

Apart from different performance patterns in the language
and motor domain, the patients had to meet the following
criteria for inclusion into the study: (1) general MRI compat-
ibility, (2) native German speakers, (3) right-handed according

to the Edinburgh Inventory of Handedness [Laterality coef-
ficient >80; (32)], (4) normal or corrected-to-normal vision,
(5) no hearing loss, (6) no pregnancy, (7) single stroke in the
left hemisphere, (8) subacute or chronic stage of stroke (at least
6 weeks post onset), (9) clinically diagnosed aphasia or residual
symptoms of aphasia and clinically diagnosed hemiparesis,
and (10) no history of dementia or other CNS or psychiatric
diseases.

The patients were recruited from the Aphasia Rehabilitation
Ward of the Neurological Clinic, Uniklinik RWTH Aachen.
Informed written consent for participating in the study was
obtained from each patient prior to the participation in the
study. The study was approved by the local ethics committee
and conducted according to the Declaration of Helsinki. Patient
characteristics are displayed in Figure 1.

Research Design

All patients were recruited during their 7-week stay at the Aphasia
Rehabilitation Ward of the Department of Neurology, Uniklinik
RWTH Aachen. A pre—post test design was used to assess both
motor and language abilities prior and after the 7-week therapy
phase. The pre-test took place during the first week of the treat-
ment. Deficits were quantified using standardized assessment
tests and applied by trained personnel (speech and language
therapists, physiotherapists, and neurologists). Structural MRI
scans were conducted in the first week of the patients’ stay at
the hospital. The post-test took place during the seventh (i.e.,
last) week of the stay at the Aphasia Rehabilitation Ward. Again,
the functional language and motor scales were used to evalu-
ate patients’ development during the intensive treatment. MRI
measurements were not repeated. Between pre- and post-test, the
patients participated in 7 weeks of motor and language therapy
(for an overview of the research design, see Figure 2).

Clinical Examinations
The following tests were applied:

Functional Language Scales

The “Aachener Aphasie Test” [AAT (30)], a robust and highly
validated test of language in multiple domains, was conducted
to assess the patients’ overall linguistic abilities. Additionally,
five subtests of the standard neurolinguistic test battery “Lexikon
Modellorientiert” [LEMO (33)] were employed: subtest 5 - “lexi-
cal decision making,” subtest 25 - “finding synonyms,” subtest
30 - “oral naming,” and subtest 32 - “finding rhymes.”

Functional Motor Scales

The Wolf Motor Function Test [WMFT (31)] was applied to
evaluate the quality and duration of the patients’ arm and hand
movements. In addition, the Dynamic Gait Index [DGI (34)] was
conducted in order to assess gait and balance.

Additional Scale

Three subtests from the “Aachener Materialien zur Diagnostik
Neurogener Sprechstérungen” [AMDNS (35)] were used in
order to screen for neurogenic speech disorders: “duration of

phonation,” “variability of speech intensity;” and “articulatory dia-
dochokinesis” These subtests were used to control the influence
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Base Language + Language -
Levels

Patient 1 (M+/L+; 53 y/o, m) Patient 3 (M+/L-; 55 y/o, m)

— ischemic stroke, left MCA territory, 17 months —  cardioembolic stroke, left MCA territory, 10
RO Y. i o months p.o.

- Base ]_'CVCI abllmes:_amn_cstlc aphasia, mild — Base Level abilities: global aphasia, apraxia of
apraxia of speech, mild disorder of fine motor speech, mild residual symptoms of hemiparesis

Motor + Kills gt s s

SR8 . . —  Lesion characteristics: lesion included the frontal

—  Lesion characteristics: lesion mostly covered and parietal lobe
frontal, temporal and parietal regions, the insular
cortex and putamen

Patient 2 (M-/L+; 43 y/o, m) Patient 4 (M-/L-; 47 y/o, f)

— ischemic stroke, left MCA and ACA, 7 months — ischemic stroke, left MCA; 31 months p.o.
p.o. — Base Level abilities: global aphasia, apraxia of

— Base Level abilities: mild residual symptoms of speech, severe hemiparesis

Motor - aphasia, hemiparesis — Lesion characteristics: spacious lesion with

—  Lesion characteristics: frontoparietotemporal, also subsequent hemicraniectomy including nearly the
including insular cortex, putamen, thalamus and whole left hemisphere
caudate nucleus

anterior cerebral artery.

FIGURE 1 | Overview of the four patients’ base levels upon inclusion into the study, including T1-weighted images of the patients’ lesions, optimized
for displaying the position of the lesion. Abbreviations: “+” = good; “~" = poor motor/language skills; p.o., post onset; MCA, middle cerebral artery; ACA,

TABLE 1 | Results of the patients in the AAT and LEMO.

Pat. (base) AAT LEMO
Profile height LD FS FR ON
Pre Post Pre Post Pre Post Pre Post Pre Post
1 (M+/L+) 57.9 58.7 78 79 38 39 11 7° 19 20
2 (M=/L+) 72.5 73.3 80 80 40 40 20 20 18 18
3 (M+/L-) 41.9 43* 45 61" 34 36 10 6 - -
4 (M—/L-) 40.9 41.3 70 74 35 37 - - 9 9

AAT, Aachener Aphasie Test; LEMO, Lexikon Modellorientiert; Pat., patient; pre, pre-test; post, post-test; LD, Lexical Decision; FS, Finding Synonyms; FR, Finding Rhyms; ON, Oral
Naming; *significant improvement [AAT: calculated with AATP; LEMO: McNemar Test, p < 0.05; (*)];°, significant deterioration (McNemar Test, p < 0.05).

of the patients’ motor speech function on motor and language
ability and recovery.

In addition, subtest “Articulation” (spontaneous speech) of
the AAT was considered separately, since it is specially related to
motor speech functions.

Analysis of Behavioral Data

The single-case characteristics of our study put some restraints
on the statistical tests that are available. For the AAT, significant
improvements and deteriorations were differentiated. To test for
significant changes in the patient’s performance between pre- and
post-test, the computer program “AATP” (36) was employed. This
program automatically calculates significant changes using the
psychometric single-case diagnosis (37) with p < 0.1, an alpha-
level that is common for single cases. In reference to LEMO,
significant changes between pre- and post-test were calculated

TABLE 2 | Results of the patients in WMFT and DGl.

Pat. (base) WMFT DGI

Pre Post Pre Post
1 (M+/L+) 70 73 24 24
2 (M—=/L+) 34 40* 20 24
3 (M+/L-) 69 4% 21 23
4 M-/L-) 5 5 11 13

Pat., patient; pre, pre-test; post, post-test; WMFT, Wolf Motor Function Test; DGI,
Dynamic Gait Index; **significant improvement (Wilcoxon signed rank test, p < 0.05);
*significant improvement (Wilcoxon signed rank test, p < 0.1).

for each subtest conducting the McNemar test (p < 0.1 or
p < 0.05). Concerning the WMFT and DG]I, significant changes
were calculated with the Wilcoxon signed rank test (p < 0.1 or
p < 0.05). In the additional scale AMDNS, only notable changes
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FIGURE 2 | Research design.

pre-test post-test
week 1 therapy week 7
motor motor
language  function language  function
tests tests tests tests

were evaluated. They were defined as a positive or negative change
of severity comparing the degrees of severity on a 4-point scale
(3 = severe impairment, 0 = no impairment).

Imaging Acquisition

Structural MRI measurements (T1, FLAIR) were conducted for
lesion analyses using a Philips 3T scanner at the Brain Imaging
Facility at University Hospital, RWTH Aachen. All images
were made using SENSE (Sensitivity Encoding) technology
conducting an eight-channel phase array head coil. A three-
dimensional isotropic T1-weighted sequence (MPRAGE) was
performed in the sagittal plane. Acquisition parameters were:
repetition time/echo time = 9.9/4.6 ms; flip angle = 8; field of
view = 256 mm; matrix = 256 X 256; slice thickness = 1 mm; voxel
size=1mmX 1 mm X 1 mm. Acquisition parameters for the FLAIR
measurement were: repetition time/echo time = 11,000/125 ms;
field of view = 224 mm; matrix = 312 X 157; slice thick-
ness = 3 mm; voxel size = 0.72 mm X 1.13 mm X 3 mm.

Analysis of Imaging Data

All data were analyzed on an individual subject basis. For the
analysis of lesions, all lesions were marked within the FLAIR
image using MRIcron (38). Afterwards, the lesion maps were
normalized via FLIRT (39) and transformed into standard MNI
space. Anatomical masks of interest from the atlases supplied
with FSL [MNI Structural Atlas (40) and JHU White-Matter
Tractography Atlas (41)] were extracted. The right hemisphere
in the MNI Structural Atlas was masked out by zeroing all voxels
with x-coordinates 0-45; anatomical structures of interest were
already lateralized in the JHU White-Matter Tractography
Atlas. No thresholding was applied. The size of each structure
was determined by counting the number of non-zero voxels in
each map. Then, an intersection of the patient-specific lesions (in
standard space) with the respective anatomical maps was created
by multiplying them with each other using FSL command line
tools (fslmaths). This yielded a map representing the damage to
the particular map inflicted by the patient’s lesion. The size of this
map was determined by counting the non-zero voxels inside this
map. Afterwards, the calculation of the percentage of the entire
anatomical structure affected by the lesion followed by dividing

the voxel count of the intersection by the voxel count of the
anatomical map.

Lesions of the patients were analyzed according to their
localization in the following cortical and subcortical structures:
frontal lobe, parietal lobe, temporal lobe, occipital lobe, insula,
putamen, thalamus, and caudate. Concerning white matter
tracts, the lesion analysis procedure previously described
was conducted for the CSTs, SLF and AF. All fiber tracts were
included due to their previously described role in motor and
language processing.

Results

Behavioral Data

The patients’ overall behavioral outcome (changes of performance
after the 7-week therapy phase) in the functional scales showed
heterogeneous results both for motor and language assessments
(see Tables 1 and 2; Tables S1-S3 in Supplementary Material).

Additional Scale

Motor speech abilities (AMDNS) showed heterogeneous results
with both notable improvements and deteriorations across all
patients’ performances. However, none of the measured changes
occurred on a significant level. An overview of the results in these
tests is given in Table 3. As described above, subtest “Articulation”
of the AAT was considered separately and showed heterogeneous
results with notable improvements in Patient 1 (Base: M+/L+)
and Patient 3 (Base: M+/L—), one notable deterioration [Patient
2 (Base: M—/L+)] and one stable result [Patient 4 (Base: M—/L—;
see Table 4)].

Synoptical Analysis of Behavioral and
Lesion-Related Data

As shown in Tables 5 and 6, all patients had lesions in the frontal
and parietal lobe, as well as white matter tract injury in the SLF
and AF (see also Figures 3 and 4). Concerning further cortical
and subcortical structures, patients did not show a homogeneous
pattern of their lesions. In the following tables, we demonstrate an
overview of the patients’ recovery outcome following the 7-week
therapy phase together with the patients’ lesion characteristics in
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cortical and subcortical (Table 5) as well as white matter tract
areas (Table 6).

Discussion

The present study explored if there are determinants for concur-
rent motor and language recovery during intensive therapy in
four exemplary chronic stroke patients with different base levels
of language and motor abilities. In particular, we examined if
(1) concerning lesion characteristics (i) the global lesion size is
a correlate of sufficient concurrent motor and language recovery

TABLE 3 | Results of the patients in the AMDNS (degree of impairment).

Pat. (base) AMDNS
DIA DU INT
Pre Post Pre Post Pre Post
1 (M+/L+) 18 15 9 5 0 3
2 (M=/L+) 18 18 3 3 3 0
3 (M+/L-) 6 6 6 6 0 2
4 (M-/L-) 9 9 16 17 3 3

Cumulative dysarthria score: degree of impairment: O = no impairment; 3 = severe
impairment. Pat., patient; pre, pre-test; post, post-test; DIA, diadochokinesis; DU,
duration of phonation; INT, variability of speech intensity.

TABLE 4 | Results of the patients in the subtest “Articulation”
(AAT; degree of impairment).

Pat. (base) Articulation (AAT)

Pre Post
1 (M+/L+) 3 4
2 (M—=/L+) 5 4
3 (M+/L-) 2 3
4 (M-/L-) 3 3

Degree of impairment: 5 = no impairment; 1 = severe impairment (i.e., cannot be
evaluated due to lack of intelligibility).

and if (ii) the extent of damage of the function-specific white mat-
ter tracts for motor and language is predictive for the recovery
potential in the respective domains.

In the further analysis of (2) possible interactions of motor and
language recovery processes, we investigated if (iii) an additive
interaction between motor and language domains during simul-
taneous motor and language therapy occurs and if (iv) there will
be a lack of interaction between both domains when there is no
recovery progress in at least one domain.

The four patients had different motor and language base levels
and were systematically examined in this study to evaluate the
relation of their therapy outcome in both domains (i.e., recovery
process that was measured from pre- to post-test) and lesion
parameters. To explore predictors for (iii) concurrent motor and
language recovery, various functional scales in the motor and
language domain and also in the motor speech domain were
applied. Concerning the lesion analysis, cortical and subcortical
lesion characteristics as well as white matter tract damage were
explored.

One major finding of this study is that we could detect some
indicators for an additive behavior of motor and language
recovery. It seems that motor and language recovery co-occur in
a sense that motor recovery facilitates the possibility of a positive
therapy-induced language recovery. In addition, lesion size per se
is not determining a sufficient motor and language recovery.
However, the specific lesion areas play an important role for a
sufficient recovery. Another main finding was that large damage
in important fiber structures for motor or language processing
allows no prediction about the recovery of the fiber-induced
function at a single subject level.

Lesion Characteristics

Global Lesion Size

Considering the global lesion size in our four patients, Patient 3
(Base: M+/L—) was the only participant who was able to improve
significantly in both motor and language functions at the post-test.
In addition, this patient had the second largest overall lesion size.
In comparison, Patient 2 (Base: M—/L+), the patient showing the

TABLE 5 | Overview of the patients’ functional recovery (post-test) in both domains, lesion volume, and percentage of damaged tissue in defined

cortical and subcortical brain areas.

Pat. (base) Lesion volume to specific areas
Outcome after 7-week therapy phase Total lesion volume Cortical (Lobar) Subcortical

Motor recovery Language recovery Fro Par Tem Occ Ins Put Tha Cau

1 (M+/L+) Non-responder Non-responder 10,325 2,403 6,368 2,409 335 1,903 437 - -
WMFT (o), DGI (0) AAT (o), LEMO—

2 (M=/L+) Strong responder Non-responder 6,852 5,815 3,193 - - - - - -
WMFT+, DGI+ AAT (o), LEMO (o)

3 (M+/L-) Partial responder Strong Responder 14,406 8,422 4171 1,255 - 2,764 732 23 25
WMFT+, DGl (o) AAT+, LEMO+

4 (M—/L-) Non-responder Non-responder 50,472 18,747 16,884 9,692 7,556 3,340 1,237 87 12
WMFT (o), DGI (0) AAT (o), LEMO (o)

+, Significant improvement; (o), no change; —, significant deterioration. Non-responder, patient showed no positive response to motor or language therapy; partial responder, partial
positive response, i.e., significant improvement in one of the applied tests; strong responder, strong positive response, i.e., significant improvement in both applied tests; —, no lesion
measured, Fro, frontal lobe; Par, parietal lobe; Tem, temporal lobe; Occ, occipital lobe; Ins, insula; Put, putamen; Tha, thalamus; Cau, nucleus caudate.

Lesion volume was calculated within the FLAIR data (voxels).

Frontiers in Neurology | www.frontiersin.org

October 2015 | Volume 6 | Article 215


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org

PrimaBin et al.

Motor and language stroke recovery

TABLE 6 | Overview of the patients’ functional recovery (post-test) in both domains, lesion volume, and percentage of damaged tissue in particular

white matter tracts.

Pat. (base) Outcome after 7-week therapy phase Lesion volume to specific white matter tracts
Motor recovery Language recovery CST SLF AF

1 (M+/L+) Non-responder Non-responder - 5115 1,196
WMFT (o), DGl (o) AAT (0), LEMO—-

2 (M=/L+) Strong responder Non-responder 1,057 1,916 736
WMFT+, DGl+ AAT (0), LEMO (o)

3 (M+/L-) Partial responder Strong responder 568 7,188 3,944
WMFT+, DG (o) AAT+, LEMO+

4 (M—/L-) Non-responder Non-responder 1,643 16,462 7,458

WMFT (o), DGI (o) AAT (o), LEMO (o)

+, Significant improvement; (o), no change; —, significant deterioration. Non-responder, patient showed no positive response to motor or language therapy; partial responder, partial
positive response, i.e., significant improvement in one of the applied tests; strong responder, strong positive response, i.e., significant improvement in both applied tests; —, no lesion
measured; CST, corticospinal tract; SLF, superior longitudinal fasciculus; AF, arcuate fasciculus.

Lesion volume was calculated within the FLAIR data (voxels).

FIGURE 3 | Structural MRI (FLAIR sequence). Overlay of normalized
lesion maps of the patients in the standard brain. Red, Patient 1 (Base: M+/
L+); yellow, Patient 2 (Base: M—/L+); blue, Patient 3 (Base: M+/L—); green,
Patient 4 (Base: M—/L-). (A) axial, subcortical view; (B) axial, cortical view;
(C) coronal view; (D) sagittal view (left hemisphere).

smallest global lesion size, was able to improve in motor but not
language scales at the post-test, whereas Patient 1 (Base: M+/L+)
and Patient 4 (Base: M—/L—, the patient with the largest global
lesion size), did not show improvement in any scale. The fact that
Patient 3 (Base: M+/L—) was able to improve on such an extensive
level shows that the global lesion size cannot be the single determi-
nant regarding recovery potential. This finding is in line with the
current state of research [e.g., see Ref. (12-14, 16, 18)].

White Matter Tracts
Concerning white matter tracts, lesion characteristics seem to
be less distinct. Although Patient 1 (Base: M+/L+) was the only

patient who did not show a lesion of the CST, he also did not
improve in motor therapy, most possibly due to a high motor
base level and a ceiling effect. Patient 3 (Base: M+/L—) showed
the smallest lesion of all patients (i.e., of all patients with lesions
of the CST) and was able to improve in one motor test. Whereas
Patient 2 (Base: M—/L+) with the second largest lesion of the
CST was a strong responder to motor therapy with improve-
ments in both motor function tests. Patient 4 (Base: M—/L—)
had the most extensive CST lesion and was a non-responder to
motor therapy.

Especially the distinction between Patients 2 (Base: M—/L+)
and 3 (Base: M+/L—) is of further interest: although fiber dam-
age of the CST in Patient 2 (Base: M—/L+) was about two times
larger than that in Patient 3 (Base: M+/L—), probably leading
to his worse baseline profile, Patient 2 (Base: M—/L+) actually
showed better abilities to recover in the motor domain than
Patient 3 (Base: M+/L—; strong responder vs. partial responder,
see Tables 5 and 6). This difference could be attributed to the fact
that the measureable extent of the lesion in Patient 2 is primarily
caused by the location of the lesion at the level of the primary
motor cortex, whereas Patient 3’s smaller lesion mainly affects
the part of the pyramidal tract further down in the corona radiata
(see Figure 4). It is possible that this specificity of the anatomical
lesion site in Patient 3 leads to a higher amount of damage to
fibers that are relevant to motor recovery.

In summary, among our patient group, Patient 1 (Base:
M+/L+) showed no lesion of the CST and no therapy-induced
improvement due to ceiling effects and an already high level of
motor functions at the pre-test. Patient 2 (Base: M+/L—) showed
an extensive overall lesion, however, damage was more related to
cortical structures than to lesions in the CST. This patient showed
good recovery potential with improvements in both motor func-
tion tests. In comparison, Patient 3 (Base: M+/L—) showed a
smaller lesion, however, he only recovered to a smaller degree
than Patient 2 (Base: M—/L+). His lesion location in the corona
radiata probably led to a reduction in recovery potential. Last,
Patient 4 (Base: M—/L—) with the most extensive lesion of the
CST was not able to improve in motor therapy at all. This result is
supportive to the finding that strategic lesion location, rather than
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FIGURE 4 | Structural MRI (FLAIR sequence). Overlay of normalized lesion maps of patients 2 and 3 in the standard brain. Yellow, Patient 2 (Base: M—/L+);
green, Patient 3 (Base: M+/L—-); red, corticospinal tract. (A) sagittal view; (B) coronal view; (C) axial, subcortical view.

lesion volume, is an important determinant to recovery potential
[e.g., see Ref. (15)].

Concerning the lesion of the AF, similar results could be
found. Patient 2 (Base: M—/L+) who showed the smallest lesion
of the AF did not show therapy-induced language improvement
at the post-test, as well as Patient 1 (Base: M+/L+) who presented
with the second smallest lesion. Patient 4 (Base: M—/L—) who
showed the most spacious lesion of the AF was also not able to
profit significantly from intensive therapy. Only Patient 3 (Base:
M-+/L—) was able to improve strongly in both language scales,
although he showed the second largest lesion of the AE.

These findings seemingly point toward the assumption that the
specific lesion size of the CST and/or AF does not directly influ-
ence the outcome of motor and/or language recovery. However,
we feel that this assumption would be too shortsighted since at
this point, the individual base levels, i.e., the level of motor and
language skills that the patients presented with at the pre-test,
need to be considered: regarding the lesion of the CST, we pointed
out that Patient 1 (Base: M+/L+) did not show motor recovery
although he did not have any lesion of the CST. However, Patient
1 already showed a comparatively high level of motor skills at the
pre-test (see Table 2), leaving him with only small possibilities
for significant improvements at the post-test. The same holds for
Patient 2 (Base: M—/L+) regarding the extent of the AF lesion. As
described, Patient 2 showed the smallest AF lesion of all patients
but did not show language recovery. This could be attributed to
possible ceiling effects. However, even after eliminating those two
patients with possible ceiling effects from our considerations, in
our patient group still neither the patient with the (then) smallest
CST lesion [Patient 3 (Base: M+/L—)] nor the patient with the
(then) smallest AF lesion [Patient 1 (M+/L+)] are the patients
showing most motor and language recovery, respectively. This
observation points strongly toward the conclusion, that even
patients with large lesion of the CST/AF are able to recover
motor/language abilities during intensive therapy.

Interactions of Motor and Language

Recovery Processes
Based on the results that were published by Harnish et al. (3),
we assumed that the patients with an increase in motor abilities

after the 7-week therapy phase would show positive language
recovery (i.e., an increase in language abilities at the post-test),
indicating that an additive interaction between motor and lan-
guage domains during simultaneous motor and language therapy
occurs. We also anticipated that patients who do not profit from
motor therapy do not show an increase in language abilities at
the post-test after therapy phase and vice versa. Regarding the
data of our four patients, two of our patients, namely Patient 2
(Base: M—/L+) and Patient 3 (Base: M+/L—), were able to profit
from motor therapy, leading to a significant improvement of
motor functions at the post-test. Of these two patients, Patient
2 (Base: M—/L+) did not show improvements in the language
domain while Patient 3 (Base: M+/L—) was a strong responder
to language therapy also (see Tables 5 and 6). However, Patient
2 (Base: M—/L+) already showed a comparatively high level of
language skills at the pre-test with a mean profile height of 72.5
in the AAT (see Table 1) as well as even the maximum possible
raw scores at LeMo, indicating only mild residual symptoms of
aphasia even at the beginning of the therapy phase.

As to Patient 1 (Base: M+/L+) and Patient 4 (Base: M—/L—),
none of them were able to improve motor function skills and, in
addition, none of them were able to profit from language therapy.
Of the two patients, Patient 1 (Base: M+/L+) already showed
a relatively high language profile at the pre-test, however, with
a mean profile height of 57.9 in the AAT, he clearly could have
improved significantly in that scale. Additionally, the raw scores
indicate that significant improvement of the subtest “Finding
Rhymes” (LeMo) would also have been possible (see Table 1).
Therefore, the existence of ceiling effects in this patient can be
excluded and the lack of positive therapy outcome has to be
considered as a “real” effect.

In none of our four patients improvements in the motor or the
language domains were bound to measurable deteriorations in
the other domain. This lack of dissociation between the recovery
processes of the two domains hints toward the assumption that a
“fight for resources” could not be observed in our patient group.

In conclusion, only one patient with a positive response to
motor therapy [Patient 3 (Base: M+/L—)] was able to improve
significantly in language functions at the pre-test, whereas
Patient 2 (Base: M—/L+), who also improved significantly in
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motor functions, could not have achieved measurable improve-
ments due to ceiling effects in the language domain but did show
numerical improvements of language skills. The evident motor
recovery in the case of Patient 3 (Base: M+/L—) might have been
a facilitating factor for a good response to language therapy. The
two patients who could not benefit from the intensive motor
therapy program [Patient 1 (Base: M+/L+) and Patient 4 (Base:
M—/L—)] could also not improve significantly concerning
language skills. Therefore, we assume that these results are sug-
gestive of a positive interaction operating between motor and
language domains during recovery in the sense that a positive
therapy-induced motor recovery is a prerequisite to the possibil-
ity of recovering language skills through language therapy. This
finding is in accordance with Harnish et al. (3). Regarding the
oppositional outcome (positive language therapy outcome lead-
ing to improved motor outcome), no such interactions could be
observed, therefore, due to our small sample size, it is not possible
to formulate a conclusion concerning the possibility of contrary
recovery dynamics.

Apraxia of Speech

Interestingly, dissociations in the recovery of apraxia of speech
became apparent in the additional functional Scale AMDNS and
in the subtest “articulation” of the AAT.

Only Patient 1 (Base: M+/L+), who had the smallest amount
of lesioned voxels in the frontal lobe (see Table 5), was able to
improve notably in “articulatory diadochokinesis” and “dura-
tion of phonation” (AMDNS) and showed a notable improve-
ment in the communication parameter “articulation” (AAT;
see Tables 3 and 4). Patient 2 (Base: M—/L+), showing a larger
lesion in the frontal lobe, showed stable performances regarding
motor speech. Patient 3 (Base: M+/L—) and 4 (Base: M—/L—)
had the highest amount of lesioned voxels in the frontal lobe
and stable or inferior results in the post-test [except of a notable
improvement in the communication parameter “articulation”
(AAT, Patient 3)]. Patients 3 (Base: M+/L—) and 4 (Base: M—/
L—) were also not able to conduct complex articulatory diado-
chokinesis tasks at the pre- and post-test, probably due to the
severe apraxia of speech. These two patients demonstrate larger
affection of the insular cortex by the lesion in comparison to
Patient 2 (Base: M—/L+; no insular lesion) and Patient 1 (Base:
M+/L4+; see Table 5). The insula is associated with articulatory
coding/motor programing and motor control [e.g., see Ref.
(42, 43)] and its left precentral gyrus forms also an anatomical
correlate for the development of apraxia of speech (44, 45).
Therefore, preservation of the insula appears to be a necessary,
but not exclusive predictor for motor speech recovery. Lesions
in other cortical or subcortical regions may also play a role for
developing recovery potential in motor speech coordination.
This assumption would be in accordance with the findings of
Ogar et al. (45). They pointed out that patients showing a severe
apraxia of speech had larger lesions in neighboring regions
like Brocas area or basal ganglia. To conclude, the described
literature and our findings suggest that the overall amount of
lesioned voxels in the frontal lobe per se is able to predict motor
speech recovery in our sample of patients. This finding has to be
tested in a larger number of patients and, in addition, distinctive

subcortical parts of the frontal lobe like insular or basal ganglia
should be analyzed precisely in reference to their predictive
value for recovery.

Limitations

The present multiple case study provides a new approach in
analyzing concurrent motor and language recovery as well as the
interaction behavior between these domains during recovery. On
the one hand, our findings provide some first indictors, given
the fundamental research gap in this field. On the other hand,
the data in this study are of limited generalizability as only single
cases were examined. In addition, a more specific analysis of spe-
cific brain areas is needed. It was also not possible to control the
time of onset/duration of aphasia and motor dysfunction in the
patients. This is a variable of potential influence due to different
restitution processes in different time intervals after stroke [e.g.,
restitution in the early subacute vs. chronic stage of aphasia; see
Ref. (46)]. A group study would be necessary to elucidate if these
first results are transferable to a larger sample of subjects.

Conclusion and Perspectives

To conclude, we show that primarily the strategic location of the
lesion is a determinant of functional recovery in the motor and
language domain. Another main finding was that large damage
to important white matter structures for motor or language
processing is not a single predictive factor for the recovery of the
affected function. Regarding motor speech, the extent of dam-
age to the frontal lobe (especially insula) seems to be a neural
correlate for a good motor speech (apraxia of speech) recovery.
Poor motor speech abilities, often associated with an apraxia of
speech, play a special role in the recovery of language skills and
are distinguished by large frontal lesions.

With respect to the interaction of the motor and language
domain during recovery, first hints for additive effects were found.
Those patients with good base levels in motor skills improved in
language abilities. Therefore, motor and language improvement
seem to co-occur, as stated before by Harnish and colleagues (3),
rather than to compete for recovery resources.

Concerning the mechanisms of recovery, we were not able
to find evidence for a “fight for resources,” since motor or lan-
guage recovery was not associated with a loss of abilities in the
other domain, respectively. But it was clearly visible that there
is no prospect of recovery in the language domain if there are
no resources and abilities available in the motor domain. This
is indicative for an additive, synergetic recovery mechanism as
described by Harnish and colleagues (3).

A further important finding was that the characteristics of the
lesion (specific area, overall size) are no obligatory determinant
or predictor for the success of motor or language therapy. We
could show that a patient with large CST damage exhibited posi-
tive motor recovery while a patient with large AF/SLF damage
improved well in the language testing.

In this study, only single cases were analyzed. A larger group
study will investigate recovery mechanisms and correlates sup-
ported by a higher statistical power as well as additional fMRI
measurements. The results, together with the findings in this
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paper, will add to the knowledge about recovery processes in this
clinically relevant patient group.
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The Right Supramarginal Gyrus Is
Important for Proprioception in
Healthy and Stroke-Affected
Participants: A Functional MRI Study

Ettie Ben-Shabat"?*, Thomas A. Matyas'?, Gaby S. Pell’, Amy Brodtmann't and
Leeanne M. Carey?t

" Neurorehabilitation and Recovery, Stroke, Florey Institute of Neuroscience and Mental Health, Melbourne, VIC, Australia,
2Qccupational Therapy, School of Allied Health, College of Science, Health and Engineering, La Trobe University, Melbourne,
VIC, Australia

Human proprioception is essential for motor control, yet its central processing is still
debated. Previous studies of passive movements and illusory vibration have reported
inconsistent activation patterns related to proprioception, particularly in high-order sen-
sorimotor cortices. We investigated brain activation specific to proprioception, its later-
ality, and changes following stroke. Twelve healthy and three stroke-affected individuals
with proprioceptive deficits participated. Proprioception was assessed clinically with the
Wrist Position Sense Test, and participants underwent functional magnetic resonance
imaging scanning. An event-related study design was used, where each proprioceptive
stimulus of passive wrist movement was followed by a motor response of mirror copying
with the other wrist. Left (LWP) and right (RWP) wrist proprioception were tested sep-
arately. Laterality indices (LIs) were calculated for the main cortical regions activated
during proprioception. We found proprioception-related brain activation in high-order
sensorimotor cortices in healthy participants especially in the supramarginal gyrus (SMG
LWP z = 4.51, RWP z = 4.24) and the dorsal premotor cortex (PMd LWP z = 4.10,
RWP z = 3.93). Right hemispheric dominance was observed in the SMG (LI LWP mean
0.41, SD 0.22; RWP 0.29, SD 0.20), and to a lesser degree in the PMd (LI LWP 0.34,
SD 0.17; RWP 0.13, SD 0.25). In stroke-affected participants, the main difference in
proprioception-related brain activation was reduced laterality in the right SMG. Our find-
ings indicate that the SMG and PMd play a key role in proprioception probably due to
their role in spatial processing and motor control, respectively. The findings from stroke-
affected individuals suggest that decreased right SMG function may be associated with
decreased proprioception. We recommmend that clinicians pay particular attention to the
assessment and rehabilitation of proprioception following right hemispheric lesions.

Keywords: proprioception, kinesthesis, upper extremity, functional laterality, stroke, magnetic resonance imaging,
cerebral cortex

Abbreviations: BA, Brodmann area; fMRI, functional magnetic resonance imaging; IPL, inferior parietal lobe; LI, laterality
index; LWP, left wrist proprioception; MI, primary motor cortex; PMd, dorsal premotor cortex; RWP, right wrist proprio-
ception; SI, primary somatosensory cortex; SIMI, primary sensorimotor cortex; SII, secondary somatosensory cortex; SMA,
supplementary motor area; SMG, supramarginal gyrus.
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INTRODUCTION

Limb proprioception refers to knowledge of the spatial location
of one’s limb in the absence of vision. Proprioception is vital for
motor control (1), particularly of the upper limbs (2). It is essen-
tial for the control of coordinated movements, especially small or
precise movements, and for motor skill acquisition (3). Hence,
proprioceptive deficits in the upper limbs are associated with
decreased function (1). Despite the importance of propriocep-
tion for function, it remains unclear which brain regions beyond
the primary sensorimotor cortices (SIMIs) are involved in the
processing of proprioception and how this brain activation is
altered following focal brain lesions associated with propriocep-
tive deficits.

Researchers studying brain activation during passive move-
ments of the elbow (4, 5), wrist (6, 7), hand (8), and finger (9,
10) have identified activation in the contralateral primary
somatosensory (SI) and motor (MI) cortices and the inferior
parietal lobe (IPL). However, investigators disagreed on the
pattern (contralateral, ipsilateral, or both) and exact location of
activation [supramarginal gyrus (SMG) or the secondary soma-
tosensory cortex (SII)]. In contrast, neurophysiological studies of
primates, identified the superior parietal lobe as a key region for
the processing of proprioception (11, 12). The ability of current
brain imaging paradigms to investigate proprioceptive specific
processing, and in particular the contribution from higher order
brain regions, requires careful consideration and design.

Inconsistent proprioception-related brain activation has also
been reported in high-order motor cortices including the sup-
plementary motor area (SMA), cerebellum (6, 8), and the premo-
tor cortex (PMC) (5, 6, 8). Variations in proprioception-related
brain activation may have been due to the fact that brain imaging
studies of passive movements varied in paradigm design. In some
cases, the support of the moving limb was suboptimal and may
have introduced significant tactile stimulation (6, 8, 10), thus
generating confounding brain activation.

Proprioception-related brain activation has also been stud-
ied using illusory vibrations. This is vibration of a tendon at a
frequency between 70 and 100Hz, which creates an illusion of
movement (13). Early findings from illusory vibration studies
emphasized activation in motor cortices including: MI, SMA,
PMC, and the cingulate motor area (14, 15). Later, researchers
also identified brain activation in the IPL (5, 16-18). However, as
was the case with passive movements, reported activation varied
in location, with reports of activation in the parietal operculum
(5,15, 17) or the SMG (16, 18). Hemispheric bias was also contro-
versial with some researchers reporting bilateral activation (16,
18), while others report a right hemisphere dominance (15, 17).

Mlusory vibrations provide different peripheral stimuli to
passive movements. The stimulus is large phasic and of uniform
frequency in the primary afferent fibers of the muscle spindles
(19, 20). Minimal, if any, stimulation is produced in the second-
ary fibers of the muscle spindles and the joint receptors (19, 20).
In contrast, passive movements produce multifrequency phasic
and tonic stimulation of the primary afferent fibers in the muscle
spindles (21). Secondary fibers of the muscle spindles and joint
receptors are also stimulated (21-23). It is possible that different

peripheral stimuli were associated with differential brain activa-
tion (5). In such circumstances, brain activation during passive
movements is likely to reflect the central processing of proprio-
ception more accurately than illusory vibration.

An important limitation of both passive movement and
illusory vibration brain imaging studies of proprioception is
that participants were not required to provide accurate and
measurable responses to the proprioceptive stimuli during scan-
ning. Responses to proprioceptive stimuli are important for two
reasons. First, by asking participants for accurate responses to
proprioceptive stimuli (and monitoring the responses), examin-
ers ensure that participants adequately engage in proprioceptive
information processing. Second, the response requirement
introduces a certain degree of difficulty to the proprioceptive
task, which would not have been present if responses were not
required. Increased task difficulty is desirable due to the associ-
ated increase in cortical activation (24, 25).

In healthy participants, findings from behavioral studies
have suggested asymmetry in the accuracy of proprioception
from the right and left limbs (26-28). Asymmetry in behavioral
measures suggests hemispheric dominance and thus asymmetry
in proprioception-related brain activation. Brain activation stud-
ies of illusory vibration stimulation confirmed right hemispheric
dominance (15, 17, 18). Brain activation in the IPL and inferior
frontal gyrus was found in all three studies, but the exact loci
of activation and degree of laterality (i.e., right hemispheric or
bilateral activation) varied. None of the brain imaging studies of
passive movements investigated laterality of proprioception.

Quantitative behavioral measures of proprioception in stroke-
affected individuals have shown deficits in about 50% of the par-
ticipants (1, 29). Considering the adverse effect of proprioceptive
deficits on function (1), it is important not only to understand
the central processing of proprioception in healthy participants
but also how it changes following brain lesions associated with
proprioceptive deficits. This is because proprioception can be
rehabilitated (30-32) with associated changes in brain activation
(33) and improvement in function (34).

The current study was designed to investigate the brain-behav-
ior relationship of proprioception. The research questions were:

(1) Which high-order brain areas are important for early coding
of natural proprioceptive stimuli?

(2) Is proprioception-related brain activation lateralized, and if so
in which areas?

(3) How does proprioception-related brain activation in stroke-
affected individuals with proprioceptive deficits differ from
that of healthy participants?

To answer these questions, we designed an event-related
functional magnetic resonance imaging (fMRI) study with a
controlled proprioceptive stimulus and response paradigm. The
study was exploratory with data-driven laterality analyses.

First, proprioceptive stimuli were delivered with maximal limb
supportand minimal tactile stimulation to eliminate confounding
brain activation. Second, participants were required to respond
accurately to each proprioceptive stimulus for optimal brain acti-
vation related to attended proprioceptive information processing.
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Third, the paradigm and analyses were designed to show brain
activation at the beginning of a proprioception task during the
coding of proprioceptive stimuli. We hypothesized that coding
proprioception would involve high-order somatosensory cortices
in the parietal lobe including the IPL, the SII, and the superior
parietal lobe. We also hypothesized that proprioception-related
brain activation would be found in high-order motor cortices in
the frontal lobe including the PMC, SMA, and cingulate motor
cortex. The second hypothesis was that proprioception-related
brain activation would be lateralized to the right hemisphere,
particularly the high-order cortices. Finally, we hypothesized
that laterality would decrease following stroke which affected
proprioception.

MATERIALS AND METHODS

Participants

Twelve healthy right-handed participants (35) were recruited.
Participants were aged 23.4 + 3.3 years (seven females) and
their age was restricted (18-30 years) to control for age-related
variations in proprioception (36) and brain activation (37).
Participants’ proprioception was within the normative range
(average absolute error below 11 + 4.8°) as verified behaviorally
with the Wrist Position Sense Test (38).

Three participants with chronic strokes (CSs) and propriocep-
tive deficits were also recruited: CS1 45 years, male, 16 months
post right hemisphere stroke, average absolute wrist position
error on the Wrist Position Sense Test was 25.6 + 22.5% CS2
65 years, female, 72 months post left hemisphere stroke, average
absolute error 17.9 + 15.2°% and CS3 46 years, male, 68 months
post left hemisphere stroke, average absolute error 20.8 + 18.4°.

Participants had no history of wrist injury, neurological injury
(other than the three participants affected by stroke), psychiatric
conditions, ongoing medical issues, diabetes, hearing impair-
ments, or any of the standard contraindications to MRI scanning.
The study was approved by the La Trobe University and Austin
Health Human Ethics Committees, conforming to Declaration of
Helsinki standards. Participants gave written informed consent
prior to recruitment.

Experimental Design and Analysis
Approach

Participants performed a limb position matching task in the
scanner using an event-related study design. The experimental
paradigm was carefully constructed to ensure that fMRI data
were collected specifically during coding of proprioception and
not during response generation. Care was also taken to ensure
that other confounding stimuli were excluded. We used an
exploratory approach to identify the parietal and frontal regions
activated specifically at the beginning of the proprioceptive
stimuli during coding of proprioception. Brain laterality analy-
ses were data driven, and only regions that showed significant
activation during coding of proprioception were then analyzed
for laterality. A priori selection of specific brain regions for the
laterality analyses was not possible due to the conflicting litera-
ture. Testing and analysis of right wrist proprioception and its

laterality were performed separately to that of the left wrist. No
direct comparisons were made between left and right wrist data.
Data of stroke-affected individuals were analyzed as case stud-
ies and no direct comparisons were made with data of healthy
participants.

Experimental Paradigm

An event-related fMRI study was conducted in which participants
performed alimb position matching task. The proprioceptive task
was performed with eyes closed to eliminate the effect of vision
on proprioception. Participants’ hands were placed in splints
attached to a lap-tray (wrist and splint axes were aligned), and
their arms were supported on contoured foam cushions. Hand
placement was designed to minimize confounding tactile stimu-
lation or voluntary movement. The event-related design enabled
temporal separation of brain activation related to proprioception
from that related to motor response. A single trial was composed
of two events: a proprioceptive stimulus event and a response
event (see Figure 1). Each event was followed by a randomly
varying interstimulus interval which varied between 0.5 and
125: 0.5-6.0 s for 70% of events, 6.0-10.0 s for 20% of events, or
10.0-12.0 s for 10% of events (i.e., jittering) (39). The purpose of
the response events was to ensure participants’ vigilance. Hence,
the specific pattern of brain activation during response events
was not relevant to the research question. The brain activation of
interest took place at the beginning of the proprioceptive events,
during coding of proprioception.

The investigator was visually cued to passively move the
participant’s hand via a lever (to minimize tactile stimulation)
for a maximal duration of 3 s. In addition, the investigator was
pretrained to deliver passive wrist movements at a rate of 10° a
second or faster, to ensure stimulation of the main proprioceptors
which are sensitive to changes in joint position, and to produce
a phasic firing pattern (40). Passive movements of the wrist were
presented in random order to any one of 21 predetermined posi-
tions within a 100° range of wrist flexion-extension movements.
Positions were analyzed together rather than individually as the
research question pertained to proprioception-related brain
activation in general and not the differential processing of each
position.

Response requirements were designed to ensure maximal
attendance to the proprioceptive stimulus. Response events
commenced with a 600 ms auditory cue of either a pink noise
(random noise with an equal energy in all octaves) or a click
train, and participants were allowed 3 s for their response.
The pink noise cued the participant to mirror copy the wrist
position with the opposite hand (70% of the events), while the
click train cued participants not to copy the wrist position (30%
of the events). The examiner closely monitored participants’
responses during the scans and accuracy of response measure-
ments were collected in the prescan testing. Vigilance was also
monitored in the prescan testing by assessing adherence to
auditory sounds that served as cues to either respond or not
respond to the proprioceptive stimuli. Responses were consid-
ered non-vigilant if participants moved their response hand
half way or more toward mirror copying the stimulus position
when cued not to respond. Vigilance was scored as percentage
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Variable
interstimulus
interval

=

Variable
interstimulus
interval

Proprioception event:

The experimenter delivered passive
movement (to the left wrist in the
figure).

Response event:
Following a pink noise or a click train the participant
respectively mirror copied (as seen in the figure) or not

copied the movement with the opposite hand.

FIGURE 1 | The event-related experimental design.

of correct adherence to “do not respond” cues. Participants were
first studied during left wrist proprioceptive stimuli (LWP) with
right wrist responses, and then 2-6 months later during right
wrist proprioceptive stimuli (RWP) and left wrist responses.
The time between LWP and RWP scans was not expected to
affect the results as no direct comparisons were made between
the two.

Tests and Prescan Training Performed

Outside the Scanner

The proprioceptive paradigm was practiced in a prescan session,
1-9 days before the scan to ensure familiarity with the task. During
the prescan sessions, measurements of angular wrist displace-
ments were taken by potentiometers attached to the wrist axes.
Following familiarization, participants’ responses were measured
for accuracy and vigilance.

Electromyographic recordings were taken outside the scanner
only. The EMG amplifier that we used is designed to work in the
electrically noisy clinical environment and therefore has an oper-
ating bandwidth of 18-370 Hz. Outside the bandwidth, signal was
filtered below —3 db. Notch filter was set at 50 Hz. Rectified signal
was then sampled at 10 Hz, and these samples were employed
to compute the average signal for each condition: passive move-
ments, active movements, and rest. Recordings were collected
simultaneously from two channels (wrist flexors and extensors)
during random 30 s blocks of passive movements, active move-
ments, and rest. Recordings were collected over 6.5 min, and 2 s
of data was trimmed from the beginning and end of each block
to avoid contamination of the data. Data were then normalized in
the following manner. For each participant, the median of active
movement readings was multiplied by a constant that gave it the
value of 100. Then all recordings from the same muscle group
were multiplied by this constant. Data of all participants were then
pooled, and a non-parametric Wilcoxon T-test was conducted to
compare EMG recordings during passive and active movements.
Statistically significant difference was interpreted as evidence of
participants’ ability to relax their forearm muscles during passive

movements. This ensured that brain activation was not related to
voluntary muscle contraction.

Data Acquisition

A scanning session contained four runs. Each run extended
over 20 trials. Runs commenced with auditory instructions,
which lasted for 27 s. The first 12 volumes of each run were
discarded (nine volumes of instruction and three equilibra-
tion volumes). One hundred and thirty-one whole brain vol-
umes were collected from each run. The computer program
Presentation® (Version 9.70') was used to coordinate scanner
timing with the delivery times of the visual cues to the inves-
tigator and the auditory cues to the participants. The same
software served to generate log-files, which recorded event
times in each run.

Data were acquired on a 3 T GE Horizon LX MRI scanner
(GE Systems, Milwaukee, W1, USA). Tilted axial slices were ori-
ented parallel to a line passing inferior to the genu of the corpus
callosum and superior to the cerebellum. The tilted imaging
plane served to maximize the signal from the parietal cortex.
Functional scans were acquired using a T2*-weighted gradient
echo echo-planar imaging sequence [imaging parameters: repeti-
tion time = 3000 ms, echo time = 40 ms, flip angle = 75°, field of
view = 240 mm, matrix = 128 X 128, 25 slices, 4 mm thick, and
1 mm gap (in-plane resolution 1.875 mm X 1.875 mm)].

Anatomical axial 3D scans were acquired using a T1-weighted
FSPGR imaging sequence [repetition time = 13.8 ms, echo
time = 2.7 ms, inversion time = 500 ms, flip angle = 20°, field of
view =240 mm, matrix=>512x 512, 80slices, 2 mm thick (in-plane
resolution 0.47 mm X 0.47 mm)]. Axial 2D T2-weighted image
was also taken [repetition time = 3400 ms, echo time = 77 ms,
inversion time = 500 ms, flip angle = 90°, field of view = 240 mm,
matrix = 512 X 512, 25 slices, 4 mm thick, 1 mm gap (in-plane
resolution 0.47 mm X 0.47 mm)].

'http://www.neurobs.com/presentation.
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Stroke Lesion Mapping

Lesion sites were identified on the non-normalized anatomical
axial 3D T1 images of each stroke-affected participant. A neu-
rologist visually mapped the lesion sites to normalized generic
axial slices (41) taken from the Talairach atlas (42). A second
neurologist then evaluated that the lesions were accurately
mapped. While lesion mapping has a subjective element, this
process minimized the risk of bias.

Data Analysis of fMRI Scans

Individual Image Processing

Data analyses were carried out using SPM 2 (Wellcome
Department of Imaging Neuroscience, London, UK). Raw images
were inspected for artifacts or structural abnormalities and then
pre-processed: (i) correction for slice acquisition time, (ii) rea-
lignment to a target volume closest to the median value of head
motion (iBrain™ Version 3? used for median image calculation),
(iii) coregistration of anatomical scans to functional scans, (iv)
spatial normalization into the Montreal Neurological Institute
space [with masking the lesion sites for the stroke-affected par-
ticipants — cost function masking (43)], and (v) spatial smoothing
with a kernel size of 8 mm.

Statistical Analyses

Only the beginning of each proprioception event was modeled as
the research question was related to brain activation during cod-
ing of proprioceptive stimuli. Timing of each event was entered
according to time recorded in the Presentation® log-file. We used
a hemodynamic response function and included an additional
dispersion regressor to allow for the longer event durations in
this study (up to 3 s).

It was expected that the brain regions most significantly acti-
vated during the beginning of the proprioceptive stimuli (coding
of proprioception) would not be activated to the same degree dur-
ing other components of each trial, namely: response generation,
auditory cues, and interstimulus intervals. Therefore, contrasts
were generated to identify brain activation that took place at
the beginning of proprioception events above conditions of no
interest (response generation, auditory cues, and interstimulus
intervals). Individual data of healthy participants were analyzed
using a standard unpaired ¢-test. The voxel-height threshold was
set at p < 0.001, uncorrected for multiple comparisons. Analysis
at the individual level was exploratory; therefore, a low threshold
was selected to reveal trends of brain activation. The threshold
used for data of stroke-affected participants was set at p < 0.05
corrected for multiple comparisons due to the expected bilateral
brain activation (44, 45) of greater extent (44) compared to
healthy participants. A high pass filter was used to remove the
effect of low frequency drift on the data.

Group Analyses

Random effect analyses were used to generate f-contrasts for
group activation maps of the LWP and RWP scans. As with
individual analyses, only the beginnings of proprioception

*http://www.brain.org.au/software.html.

events were modeled, and they were contrasted against all other
brain activation that took place during the experiment (response
events, auditory cues, and interstimulus intervals). To avoid the
risks of multiple comparisons, cluster correction (minimum
cluster size of 20 voxels) for multiple comparisons was used at
p < 0.05 (contrasts entered in the analysis were at voxel-height
threshold of p < 0.001). Anatomical loci of significant activation
were identified using probabilistic maps (46) available from the
SPM2 toolbox.

The probabilistic maps, however, did not specify the cyto-
architectonic probability of Brodmann area (BA) 6. Thus, using
the Talairach coordinates BA 6 was divided into lateral and
medial parts. The area lateral to x = 15 was considered as the
PMC and medial to it, the SMA. The PMC was divided into
superior and inferior areas. The area superior to z = 42 was
considered as the dorsal PMC (PMd), while inferior to it was
the ventral PMC (PMv). The SMA was divided into anterior
and posterior parts. The area anterior to y = 0 was considered
as pre-SMA, while posterior to it was interpreted as the SMA
proper [see Figure 2, (47)].

Laterality Analyses

Laterality calculations in the form of laterality index (LI) were
used to quantify the hemispheric symmetries of proprioception-
related brain activation during LWP and RWP separately, and
no direct comparisons were made between the two. Anatomical
brain regions selected for the LI calculations (regions of interest)
were the primary SI and MI (based on the literature reviewed
in Section “Introduction”), and more importantly high-order
somatosensory and motor cortices identified in both the LWP
and RWP group analyses. Outlines for the regions of interest
were defined using an independent template — the Wake Forest
University PickAtlas available from the SPM2 toolbox. For BA
6, outlines of subregions were generated manually using the
FSLView tool (Version 3.0), in accordance with the guidelines
detailed in Section “Group Analyses”

Laterality was determined using signal extent based on the
previously described protocol (48). Signal intensity of each
voxel in the region of interest was determined by the statistical
parametric maps of the LWP and the RWP contrasts. The average
signal intensity was then calculated for the 5% of voxels show-
ing the highest t-score. The LI was calculated as: (right — left)/
(right + left). Using the top 5% of voxels showing the highest
t-score served to reduce the risk of confounding brain activation
related to inhomogeneities in the magnetic field or multiple
comparisons. This risk was also reduced by contrasting brain acti-
vation during proprioceptive coding with all other experimental
conditions (response generation, auditory processing, and rest),
rather than contrasting with rest only.

Laterality thresholding is designed to limit type I errors. Based
on the literature, we selected an a priori threshold of —0.2 > LI
value > 0.2 to indicate lateralized brain function (49). Thus, we
expected that in the dominant region the area of the most signifi-
cant brain activation showed at least 33% higher signal intensity
compared to the homologous area. LIs were calculated for each
ROI of each participant based on the individual analyses. Group
LIs were reported as mean and standard deviation.
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FIGURE 2 | The regions of interest selected for the laterality calculations and the subdivisions of Brodmann Area 6. Areas depicted: Brodmann Areas
1,2,3, primary somatosensory cortex; area 4, primary motor cortex; area 40, supramarginal gyrus; PMv, ventral premotor cortex; PMd, dorsal premotor cortex;
subdivisions of area 6, Pre-SMA, pre-supplementary motor area and SMA proper, supplementary motor area proper.
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RESULTS

Clinical and Proprioception Results

All healthy participants completed the LWP scans and six com-
pleted the RWP scans. The other six were not available to partici-
pate in the RWP study. During the prescan sessions, participants
were vigilant for 96.8% of the tested trials (range: 89-100%,
SD = 4.8%). The mean absolute error of participants’ response
accuracy for the matching task performed in the scanner was 8.6°
(SD = 2.7°) for LWP and 7.5° (SD = 0.9°) for RWP.

As with the previous studies (5), forearm muscle electro-
myographic recordings for healthy participants during passive
movements (mean 10.73, SD 7.70) were significantly lower than
during active movements (116.96, 76.44) when tested with the
Wilcoxon T test (p < 0.001).

Lesion sites of stroke-affected participants were subcortical,
and the common lesion site was the thalamus (see Figure 3). The
lesions of CS1 and CS3 extended to include the posterior limb
of the internal capsule and the basal ganglia. During the prescan
session, the mean absolute error of response for CS1 (LWP) was
17.9° (SD = 9.6°), vigilance 91.7%; for CS2 (RWP) mean absolute
error of response 7.5° (SD = 7.0°), vigilance 94.4%; and for CS3
(RWP) mean absolute error of response 19.6° (SD = 13.3°),
vigilance 100%.

Cortical Areas Activated During
Proprioception
Group brain activation of healthy participants during the LWP
task was in the right SI cortex, particularly in BA 3a, the right
SMG, PMd, MI (BA 4a and 4p), superior and middle frontal
gyri, SMA proper, and the middle cingulate cortex (see Table 1;
Figure 4). Group brain activation during performance of the
RWP task was significant in the right SMG, the left PMd, and MI
(BA 4a) (see Table 1; Figure 4).

Proprioception-related brain activation varied among stroke-
affected participants; however, common areas of brain activated
included the IPL, SPL, and PMd (see Table 2).

Laterality of Proprioception-Related Brain
Activation

Laterality was investigated for the SMG and PMd, high-order
somatosensory and motor cortices identified in the group
analyses and for the S and MI given their well-established role in

proprioception (see Figure 2). Right laterality of SMG activation
was observed for both the LWP and the RWP scans (see Figure 5;
Table 3). Laterality calculations for the PMd illustrated a lesser
degree of laterality compared to the SMG, with contralateral
activation during LWP and bilateral activation during RWP (see
Figure 5; Table 3). As expected, LIs of the SI and MI showed con-
tralateral activation (see Figure 5; Table 3). For stroke-affected
participants, brain activation was bilateral in both the SMG and
PMd (see Table 3).

DISCUSSION

We investigated the brain-behavior relationship pertaining to
processing of proprioceptive stimuli at the wrist. There are three
novel aspects to our study design. First, natural proprioceptive
stimuli of passive movements were used, and maximal effort
was made to control for confounding tactile and motor stimuli.
Participants were required to provide accurate and measurable
response to each proprioceptive stimulus both in and outside the
scanner. Second, the event-related design with its variable inter-
stimulus intervals enabled temporal isolation of brain activation
related to coding proprioception. Third, stroke-affected partici-
pants with proprioceptive deficits were studied with respect to the
effect of pathology on proprioception-related brain activation.

Our findings indicated that proprioception-related brain acti-
vation in high-order somatosensory and motor cortices included
the SMG and PMd. The right SMG was activated during both
RWP and LWP, and its activity was reduced in the presence of
proprioceptive deficits. Proprioception-related brain activation
in the PMd was contralateral during LWP and bilateral during
RWP. Thus, a certain degree of right PMd laterality was also
observed during the central processing of proprioception. These
findings confirm right hemispheric dominance in the processing
of proprioception, but unlike other studies highlight the key role
the right SMG plays in proprioception.

High-Order Proprioception-Related Brain

Activation

The findings from our study suggest that the high-order pro-
prioception-related brain activation of both the SMG and PMd
is pivotal for the central processing of proprioception. Several
studies have identified proprioception-related brain activation
in frontoparietal networks; however, various activation loci were
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FIGURE 3 | Lesion sites of the three stroke-affected participants.
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TABLE 1 | Group analyses of brain activation loci in healthy participants during proprioception.

Task Anatomical BA Cluster size
location

LWP RSl 3a 844
R SMG# 40
R PMd® 6
R MI 4a
R MI 4p
R SFG# 6/8
R MFG 6/8
R SMA (proper)? 6 83
R MCCs 6/24

RWP R SMG# 40 33
L PMd 6 29
L Ml2 4a

Z score Talairach coordinates

X y z
4.57 34 -32 45
4.51 52 -40 37
4.10 32 -26 69
3.96 36 -32 69
3.86 36 -22 53
3.32 24 4 57
3.31 26 6 53
3.75 16 -12 61
3.19 10 -8 49
4.24 56 -38 29
3.93 -32 -26 64
3.38 -36 -32 69

Clusters of proprioception-related brain activation are reported at the cluster-level threshold of p < 0.05 FDR corrected.

2Anatomical locations of more than one maxima. Within each cluster (>20 voxels), only the most significant maximum is listed per anatomical location. BA, Brodmann area; L,
left; LWR left wrist proprioception; PMd, dorsal premotor cortex; R, right; RWR right wrist proprioception; SFG, superior frontal gyrus; Sl, primary somatosensory cortex; SMA,
supplementary motor area; SMG, supramarginal gyrus, SPL, superior parietal lobe; MCC, middle cingulate cortex; M, primary motor cortex; MFG, middle frontal gyrus.

right wrist proprioception.
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FIGURE 4 | Group analyses of brain activation in healthy participants during proprioception. Group brain activation was overlaid on a whole brain and axial
sections of the Montreal Neurological Institute template. Threshold level p < 0.05 corrected at the cluster level. Abbreviations: LWP, left wrist proprioception; RWP,

suggested (15, 18, 50-52). Both passive movement and illusory
vibration studies identified brain activation in the IPL. Within
the IPL, most studies reported proprioception-related brain
activation in the parietal operculum (5, 9, 15, 17, 51, 53-55) and
only a few reported brain activation in the SMG (6, 18, 56, 57).
The SMG is located in the lateral aspect of the IPL whilst the
parietal operculum is located medially to the SMG and in the
roof of the Sylvain fissure (46). Variability across subjects in the
cytoarchitectonic maps of the five areas that occupy the surface
SMG has been reported (58) and may have contributed to the
variable naming of regions (e.g., parietal operculum compared
to SMG) in previous studies. The parietal operculum unlike
the SMG is best known for its involvement in the processing of
tactile stimuli (59). Tactile stimulation may have accompanied
some of the passive movement stimuli in previous studies, for
example, from the soles of the feet during ankle dorsiflexion (54,
55). Where tactile stimulation accompanied the proprioceptive

stimulation, it is not possible to identify which of the two stimuli
generated activation in the parietal operculum.

The SMG is part of the somatosensory association cortex
which has a role in interpretation of tactile sensory information
as well as in perception of space and limbs location (15, 18).
Previous literature suggests that frontoparietal activation in the
SMG and PMC may be related to the spatial processing of stimuli
around the hand (60) or the recognition of voluntary movement
in the human, equivalent of the mirror neuron system (61). Such
functions would rely heavily on knowledge of one’s limp posi-
tion. Indeed Brozzoli et al. (60) showed that the posterior parietal
cortex was explicitly responsible for the hand’s position sense.

Brain activation in the SMA is the commonest activation in
high-order motor cortices identified in illusory vibration (15,
18) and passive movement (51, 54-56, 62, 63) studies. The SMA
has been implicated in processes underlying internally guided
movements (i.e., active movements). In comparison, the PMd has
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TABLE 2 | Individual brain activation loci of stroke-affected participants during proprioception.

Participant and task Anatomical BA Cluster size Z score Talairach coordinates
location
X y z
CS1 LWP L IPL2 40/7 272 7.44 —42 -50 53
L Sup M Gyr* 6 182 7.26 -4 22 53
L SMA (proper) 6 6.99 -4 16 61
RITG 37 58 7.22 58 -60 -7
R SPL 7 111 6.99 16 -72 65
RIPL® 40 149 6.96 40 -54 53
R SMG# 40 126 5.94 56 -38 33
L PMdse 6 87 5.91 -36 -8 65
CS2 RWP L SPLa 7 458 7.26 -26 -56 73
L Sk 2 7.19 -34 —-40 57
L Sk 1 6.64 -36 —42 73
L IPL2 40 292 7.15 —54 —-40 45
L STG 41/42 5.76 -64 -42 25
L SMG 40 5.50 -54 —48 29
L PMd® 6 130 6.37 24 -20 81
L SMA (proper) 6 5.99 -6 -14 73
R SMG# 40 80 5.74 56 -46 49
R IPL® 40 5.06 58 -34 57
CS3 RWP L PMd=# 6 340 Inf -32 -14 73
L MFG 6 4.95 —24 -4 61
R IPL2 40 519 Inf 32 —-54 45
R SMG# 40 6.50 40 -38 45
R SPL® 7 421 Inf 12 -86 57
R cuneus 18/19 Inf 12 -88 49
L SOG 18 7.19 -10 -88 45
L cuneus® 18 5.11 -6 -98 25
L SMG# 40 304 Inf -66 -38 37
L STG 42/37 6.58 52 —42 25
R PMd 6 255 7.73 26 -10 69
L IPL 40 246 7.61 —42 -56 57
L SPL® 7 6.19 -38 -58 69
L angular gyrus 39 5.46 —48 -62 45
LITG 37 71 7.26 -60 -56 -7
R MOG 19 93 7.02 34 -88 33
L calc gyrus® 17 55 5.48 -20 -64 9

Clusters of proprioception-related brain activation are reported at the cluster-level threshold of p < 0.05 FDR corrected.

2Anatomical locations with more than one maximum. Within each cluster (>50 voxels), only the most significant maximum is listed per anatomical location. BA, Brodmann area; calc
gyrus, calcarine gyrus; IPL, inferior parietal lobe; ITG, inferior temporal gyrus; L, left; LWR, left wrist proprioception; MFG, middle frontal gyrus; MOG, middle occipital gyrus; PMa,
dorsal premotor cortex; PMv, ventral premotor cortex; R, right; RWR right wrist proprioception; S, primary sensory cortex; SMA, supplementary motor area; SMG, supramarginal
gyrus; SOG, superior occipital gyrus; SPL, superior parietal lobe; STG, superior temporal gyrus; Sup M Gyr, superior medial gyrus.

been associated with externally guided movements (i.e., passive
movements) (64). Given that passive movements are externally
imposed, higher activation of PMd than SMA was both expected
and found in our study.

Frontal activation in the PMd is important for the processing
of proprioception, probably due to the tight coupling between
proprioception and its use during movement. Bilateral PMd and
right SMG activation was found in a brain imaging study of preci-
sion grip but not power grip (65). As proprioception is pivotal
for precise motor control (3), it is likely that the frontoparietal
brain activation found during precision grip included that of
proprioception.

Other lines of research have also found functional association
between the SMG and PMd. Anatomical studies in primates
showed that proprioceptive information travels to the PMd and
that extensive connections exist between the posterior parietal
lobe and the PMd (66). In a brain imaging study where healthy

participants were required to integrate proprioceptive informa-
tion into spatial visual or somatic sensory tasks, frontoparietal
activation (especially in the right hemisphere) was found (67).
Finally, lesion studies indicated that the integrity of the parietal
cortex, frontal cortex, and their connections was required for
recovery from spatial neglect (68).

Right Hemispheric Dominance During
Proprioception

We found activation of the right SMG during both RWP and LWP,
and its activity was reduced in the presence of proprioceptive
deficits. Some evidence exists for left laterality of proprioception
in the IPL (16, 69). Most of the evidence, however, suggests right
hemispheric laterality during proprioception. Illusory vibration
studies identified lateralized frontoparietal activation in the right
SI (BA 2), middle frontal gyrus (BA 44, 45), parietal operculum,
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FIGURE 5 | Laterality of proprioception-related brain activation in regions of interest of healthy participants. Group mean and standard deviation of
laterality indices of the: supramarginal gyrus (SMG), dorsal premotor cortex (PMd), primary somatosensory (Sl), and motor (MI) cortices. Diamonds represent sensory
cortices and squares motor cortices. Filled shapes represent high-order cortices, while outlined shapes represent primary cortices. Dashed lines represent absolute
laterality indices of 0.2. Laterality indices higher than 0.2 represent greater cerebral activation in the right compared to left hemispheres and vice versa for values
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TABLE 3 | Laterality calculations of brain activation during proprioception of healthy and stroke-affected participants.

Anatomical region Healthy CS1LWP LI CS2 RWP LI CS3 RWP LI
LWP LI (n = 12) RWP LI (n = 6)
Mean SD Mean SD
SMG 0.41 0.22 0.29 0.21 -0.18 -0.19 —-0.05
PMd 0.34 0.17 -0.13 0.25 -0.06 0.02 0.18
S 0.56 0.32 -0.34 0.30 —-0.56 0.42 0.19
MI 0.64 0.24 -0.62 0.30 -0.77 0.66 0.59

Positive values indicate right hemisphere activation greater than left and vice versa for negative values. Stroke-affected participants are listed as CS1-3. LI, laterality index; LWP, left
wrist proprioception; M, primary motor cortex; PMd, dorsal premotor cortex; RWR, right wrist proprioception; Sl, primary sensory cortex; SMG, supramarginal gyrus.

and insula (15, 17), with one study reporting activation in the
SMG rather than the parietal operculum (18). In passive move-
ment studies of left and right limbs, right hemispheric laterality
was evident in the superior temporal gyrus and the parietal
operculum for ankle movements (55) or bilateral IPL and parietal
operculum for wrist movements (51). Our findings provide sup-
port for right hemispheric laterality but identify the right SMG in
particular as a key region activated during proprioception. The
lack of brain activation in the parietal operculum is likely due
to the effort made in our study to minimize confounding tactile
stimulus.

Right SMG activation during proprioception may be
explained by the role that this region plays in spatial process-
ing (70). In their important work, Stephan and colleagues (70)
used identical visual stimuli to perform a simple reaction time
task, a lingual task or a spatial task. They found that despite the
common visual stimuli only the spatial processing task activated
the right SMG and the junction of the occipital, parietal, and

temporal lobes. We regard proprioception as a spatial-processing
task because it involves judgments of a limb’s spatial location. If
proprioception is a spatial-processing task and the right SMG
is a key brain region involved in spatial processing, then this
could explain the significance of right SMG activation found in
our study.

Studies of participants with hemispatial neglect have also
demonstrated an association with right SMG lesions (71).
The diagnosis of hemispatial neglect is often made based on
visuo-spatial assessment (72), which involves the extraper-
sonal space. Committeri et al. (73) showed that lesions in
the right SMG were particularly related to impaired spatial
processing in the personal space studying a large sample of
participants with hemispatial neglect, although propriocep-
tion as such was not tested. Our findings raise the question
of whether hemispatial neglect caused by right SMG lesions
not only affects personal space in general but also affects
proprioception specifically.
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The Effect of Proprioceptive Deficits
Poststroke on the Central Processing of
Proprioception

The thalamus was the common lesion site of the three stroke-
affected participants included in our study. For two of the
participants (CS1 and CS3), the brain lesions extended to the
internal capsule, and both displayed more severe proprioceptive
deficits on behavioral testing (the Wrist Position Sense Test and
the prescan behavioral measures). Similar lesion sites in the
thalamus and the internal capsule were found in other studies of
participants with proprioceptive deficits (74-79).

We found that SMG activation was bilateral in stroke-affected
participants. This was the most significant difference observed
from the proprioception-related brain activation patterns in
healthy participants, where right SMG laterality was found. The
findings from stroke-affected individuals with proprioceptive
deficits are consistent with the significance of right SMG integrity
for adequate proprioceptive function. In previous brain imaging
studies of stroke-affected participants where passive movement
stimuli were delivered, participants with somatosensory deficits
were specifically excluded (50-52, 77, 80, 81). Our findings are
therefore not comparable and are novel for stroke survivors with
quantified proprioceptive deficits.

Of interest is our finding of ipsilateral brain activation in SIMI.
A similar pattern of ipsilateral rather than contralateral SIMI
activation has been found in stroke-affected individuals with
motor deficits (82, 83). Furthermore, ipsilateral SIMI activation
was found in the studies of participants with tactile deficits who
performed a touch discrimination task during scans (84, 85). Our
findings suggest that similar to other sensory and motor modali-
ties, proprioceptive deficits are associated with a shift of brain
activation to the ipsilateral SIMI.

Study Limitations
Sample size is the main limitation for this study. Twelve par-
ticipants performed the LWP and only six of them performed
the RWP. Due to the smaller RWP group size, group analyses
were conducted with a threshold of 0.001 uncorrected for mul-
tiple comparisons. Such a threshold increases the risk of false
positives, i.e., reporting activation that did not actually occur.
To assess the effect of this risk on our results, two additional
analyses were conducted. First, group analysis of the LWP was
performed at a threshold of 0.05 corrected for multiple com-
parisons (FDR). Second, a LWP group analysis was conducted
for the six participants who also performed the RWP. Results
of both analyses showed the same patterns of brain activation
were maintained with the same anatomical loci. To minimize
the risk of false positives reported in this paper only activation
under the threshold of 0.05 corrected at the cluster level was
reported. Thus, the additional analyses designed to address
limitations related to sample size and threshold, supported the
principal proprioception-related brain activation identified in
this study.

Contralateral brain activation in SI was not found during
RWP. The laterality calculation showed that SI activation during
RWP tended to be bilateral. In another brain imaging study of

arm proprioception, bilateral SI activation was found during
right stimulation compared to contralateral activation during left
stimulation (15). In our study, bilateral SI activation during RWP
together with the small sample size was the likely cause for activa-
tion not reaching significance level. Thus, bilateral SI activation
was under represented in our study.

Clinical Implications

The presence of laterality in proprioception-related brain activa-
tion suggests differences in the central processing of propriocep-
tion arriving from the left and right limbs. Previous behavioral
studies have identified smaller absolute errors for left compared
to right limb proprioception (26-28). Our findings together with
those of previous brain imaging studies support right hemisphere
dominance of proprioception.

Right hemisphere dominance for proprioception has clinical
implications for both assessment and treatment. Particular care
appears necessary when assessing proprioception in people with
brain lesions affecting the right hemisphere, particularly the
SMG. The question of which assessment tool to use for proprio-
ceptive assessment is beyond the scope of this paper. However,
accurate quantitative tools with normative ranges such as the
Wrist Position Sense Test (38) are preferred. A relevant clinical
question is the relative contribution of lesions in the right SMG
and PMd to proprioceptive deficits.

People with right hemisphericlesions are more likely to require
specific proprioceptive rehabilitation. Furthermore, based on
the studies of recovery from spatial neglect (68), recovery from
proprioceptive deficits may be a function of right SMG and or
PMd integrity. A future study examining the relative effect of
rehabilitation on right SMG and PMd function would be useful,
as would studies on whether normalization of brain activation in
these regions correlate with functional recovery.

CONCLUSION

We present a novel and innovative brain imaging study of pro-
prioception, where participants were required to provide a direct
response to each stimulus, and where response accuracy was
monitored. This is the first time that laterality of proprioception-
related brain activation has been directly studied with a natural
proprioceptive stimulus (passive movements). This is also the
first time that such stimuli have been used to examine brain
activation in stroke affected individuals with proprioceptive
deficits. We achieved temporal isolation of brain activation dur-
ing coding of proprioceptive stimuli by using the event-related
study design. This activation involved high-order somatosensory
and motor cortices, namely the SMG and PMd, respectively.
Laterality analyses and lesion studies indicated that the right
SMG plays a key role in the processing of proprioception. The
results provide a novel insight into the brain-behavior system
of proprioception and how it is affected by brain lesions. These
insights suggest that people with right hemispheric lesions may
be more susceptible to proprioceptive deficits, particularly if the
right SMG is affected. As the right SMG is commonly implicated
in spatial neglect, it raises important questions of whether spatial
neglect and proprioceptive deficits are different or associated
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impairments, and what the relative contribution of the SMG
and PMd to proprioceptive function might be. If SMG and PMd
lesions affect proprioception differently, then it is possible that
different treatment methods may be required to address these
differential impairments.
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Background: Both the supplementary motor complex (SMC), consisting of the supple-
mentary motor area (SMA) proper, the pre-SMA, and the supplementary eye field, and
the rostral cingulate cortex are supplied by the anterior cerebral artery (ACA) and are
involved in higher motor control. The Bereitschaftspotential (BP) originates from the SMC
and reflects cognitive preparation processes before volitional movements. ACA strokes
may lead to impaired motor control in the absence of limb weakness and evoke an alien
hand syndrome (AHS) in its extreme form.

Aim: To characterize the clinical spectrum of disturbed motor control after ACA strokes,
including signs attributable to AHS and to identify the underlying neuroanatomical
correlates.

Methods: A clinical assessment focusing on signs of disturbed motor control including
intermanual conflict (i.e., bilateral hand movements directed at opposite purposes),
lack of self-initiated movements, exaggerated grasping, motor perseverations, mirror
movements, and gait apraxia was performed. Symptoms were grouped into (A) AHS-
specific and (B) non-AHS-specific signs of upper limbs, and (C) gait apraxia. Lesion
summation mapping was applied to the patients’ MRI or CT scans to reveal associated
lesion patterns. The BP was recorded in two patients.

Results: Ten patients with ACA strokes (nine unilateral, one bilateral; mean age:
74.2 years; median NIH-SS at admission: 13.0) were included in this case series. In the
acute stage, all cases had marked difficulties to perform volitional hand movements,
while movements in response to external stimuli were preserved. In the chronic stage
(median follow-up: 83.5 days) initiation of voluntary movements improved, although all
patients showed persistent signs of disturbed motor control. Impaired motor control is
predominantly associated with damaged voxels within the SMC and the anterior and
medial cingulate cortex, while lesions within the pre-SMA are specifically related to AHS.
No BP was detected over the damaged hemisphere.
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Conclusion: ACA strokes involving the premotor cortices, particularly the pre-SMA, are
associated with AHS-specific signs. In the acute phase, motor behavior is characterized
by the inability to carry out self-initiated movements. Motor control deficits may persist to
a variable degree beyond the acute phase. Alterations of the BP point to an underlying

SMC dysfunction in AHS.

Keywords: anterior cerebral artery, stroke, supplementary motor area, anterior cingulate cortex,

Bereitschaftspotential

Introduction

Voluntary and involuntary movements are generated and con-
trolled by a complex bihemispheric neuronal network involv-
ing the primary motor (MI) and supplementary motor complex
[SMC; consisting of the supplementary motor area (SMA) proper
and pre-SMA], cingulate cortex, and dorsolateral prefrontal cortex
as well as a number of subcortical brain structures such as the
basal ganglia and the cerebellum. Motor areas supplied by the
anterior cerebral artery (ACA) involve the SMC, the anterior and
middle cingulate cortex, and the rostral section of the corpus
callosum. This part of the motor network is particularly involved
in the generation of self-initiated (i.e., volitional), complex move-
ment sequences, inhibition of purposeless movements triggered
by external stimuli such as the grasp reflex, error control during
motor performance, and motor learning (1, 2). An electrophys-
iological measure of voluntary control is available with the so-
called Bereitschaftspotential (BP). The BP is a negative potential
over the vertex emerging approximately 1s before the onset of
a voluntary movement. The early component most presumably
originates from the SMA, while the later component is mainly
assigned to the primary motor cortex and the lateral premotor
cortex (3). The BP probably reflects cognitive processes preceding
the initiation of volitional movements (4). According to recent
computational frameworks for action, both conscious awareness
of intention and a sense of agency characterize voluntary move-
ments (5). By applying direct electrical stimulation to the SMC,
a conscious intention of moving can be provoked underlining its
role in generating volitional movements (6).

As previously mentioned, ACA strokes lead to a severe dis-
ruption of the above-mentioned motor network. The clinical
spectrum of disturbed motor control after ACA strokes may
encompass signs such as involuntary grasping of nearby objects,
utilization behavior, and intermanual conflicts (i.e., the two hands
are directed at opposite purposes) with absence of volitional
movements (7). Underutilization of one body side in the absence
of relevant weakness or sensory disturbances or deficits of reflexes,
as it can be observed in ACA strokes, has been summarized
under the term “motor neglect” (8) Apart from limb weakness,
the above-mentioned motor signs have been acknowledged as
characteristic features of the so-called alien hand syndrome (AHS)
(9, 10). Its first description was rendered by Goldstein in 1908
who reported “a type of apraxia with the feeling of estrangement

Abbreviations: ACA, anterior cerebral artery; AHS, alien hand syndrome; BP,
Bereitschaftspotential; MNI, Montreal National Institute; NIHSS, National Institute
of Health Stroke Scale; SMA, supplementary motor area; SMC, supplementary
motor cortex; SPM, statistical parametric mapping; VOI, volume of interest.

between the patient and his hand” (11). In 1972, Brion and Jeyd-
nak observed analogous symptoms in a patient with a corpus
callosum tumor, which inspired them to coin the term “la main
etrangére” It was subsequently translated into the English term
“alien hand” (12, 13).

It has turned out that the clinical picture of AHS is variable
and reflects a spectrum of abnormalities in motor control rather
than a homogeneous clinical entity (14). Dolado et al. proposed
following hallmarks as essential for the diagnosis of an AHS: (i) a
feeling of foreignness of the affected limb, (ii) failure to recognize
ownership of it when visual clues are removed, (iii) autonomous
motor activities that are perceived as involuntary and are different
from other identifiable movement disorder, and (iv) attribution
of an action to another subject due to lacking sense of agency
(15). Lesions within the SMC, the cingulate cortex and the corpus
callosum have often been implicated in the context of AHS (10).

Although AHS has been known for a very long time, there
is no comprehensive clinical-anatomical correlation addressing
impaired motor control in a larger number of ACA stroke patients.
Hitherto, most of the published literature is restricted to case
reports and case series [reviewed in (7, 16, 17)]. The only system-
atic approaches published suffer from methodological drawbacks,
including definitions that are too wide apart with regard to dis-
turbed motor control and/or the lack of using adequate imaging
methods (16, 17). Therefore, the aim of this case series was to
characterize the clinical spectrum of disrupted motor control,
including signs attributable to AHS and to identify the main
underlying neuroanatomical correlates (18). We hypothesized that
an involvement of the SMC is essential for the occurrence of the
AHS spectrum of disturbed motor control after ACA strokes.

Patients and Methods
Study Population

Over a period of 6years, patients with arm paresis or plegia,
after circumscribed ACA infarction were identified at our
center and included in this case series. Conscious awareness of
intention and sense of agency of volitional movements of the
affected limb, both thought to be key features of an AHS, were
the main focus of this study (5). On the basis of these two key
features, clinical signs of disturbed motor control were classified
into three different groups (7, 10, 13, 15-17, 19-31). Group A
included AHS-specific signs, namely (A.I) lack of self-initiated
movements, (A.II) exaggerated (not suppressible) grasping and
groping behavior, and (A.III) presence of an intermanual conflict
(i.e., the two hands are directed at opposite purposes). Group B
included clinical signs, which did not necessarily reflect disturbed
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awareness of intention and sense of agency. These symptoms
were thus considered as non-AHS-specific signs of disturbed
motor control: (B.I) maintaining a particular limb position after
a preceding complex motor task (i.e., motor perseveration),
(B.II) Co-activation of the contralateral limb during volitional
movements of the ipsilateral limb (i.e., mirror movements), and
(B.IM) any form of tremor. Group C included symptoms, which
were signs beyond disturbed motor control of the upper limbs:
(C.I) in this group, gait apraxia was expected (21). The study was
approved by the ethics committee of the Kanton St. Gallen and
was conducted according to GCP guidelines.

Epidemiological Data and Clinical Tests
Demographics and disease characteristics, including National
Institute of Health Stroke Scale (NIHSS)-scores and stroke eti-
ology according to TOAST criteria (32), were taken from the
patients’ records. All patients underwent a standard neurologi-
cal examination. The following procedures were used to screen
clinically for the aforementioned clinical signs of disturbed motor
control: (A.I) impaired self-initiated movements were studied by
observing volitional gestures and the interaction with the exam-
iner during taking the history and the clinical assessment. Fur-
thermore, patients were asked to voluntarily perform tasks such as
virtual piano playing or typing on a keyboard. Testing of muscle
strength was difficult in the acute phase due to the inability to
perform voluntary movements, but weakness was excluded in the
subacute stage in all cases. (A.II) The presence of an interman-
ual conflict was evaluated by antiphasic upper limb movements
(i.e., windmill-like movements of both arms), transferring objects
from one hand to the other or by performing bimanual tasks
(e.g., putting on glasses). A marked shift or loss of phase, dis-
turbances on performing coordinated bimanual tasks, and pur-
poseless counteracting of upper limbs during bimanual tasks were
attributed to the presence of an intermanual conflict. (A.III) Exag-
gerated grasping behavior was tested by moving objects nearby
in the visual field and by asking them to suppress compulsive
grasping. Patients were also observed when they released objects
or when they transferred objects from one hand to the other.
(B.I) Motor perseveration was defined as maintaining a particular
hand position, which was clearly related to a preceding (complex)
motor task. (B.IT) Mirror movements were picked up during the
assessment of the affected hand by observing the contralateral
one and vice versa. (B.III) We also screened our patients for any
form of resting, postural and action tremor. (C.I) Gait apraxia was
assessed in those patients who were able to walk independently.
They were asked to walk along the corridor and to turn toward and
away from the affected side. Shuffling gait with high cadence and
paroxysmal interruption of locomotion, with trembling of the feet
in place and preserved (seemingly paradoxical) ability to increase
step length and height when stepping over an object on the floor
or when presenting cueing signals, were considered as signs of gait
apraxia (33). Patients were asked if they had the feeling of their feet
being glued on the floor.

Typical clinical signs of disturbed motor control in the context
of an ACA stroke, as specified above, were documented accord-
ing to a predefined protocol. In nine patients (with exception
from patient P6), videos of the clinical examination as detailed

above were available for retrospective review. In P6, who explicitly
declined video monitoring, symptoms were documented in detail
in his hospital files. Symptom severity and persistence were rated
by a neurologist in a semi-quantitative manner: clinical symp-
toms were considered as severe (+++), if they were permanently
present and/or if they were a relevant source of impairment in
the patient’s ability to carry out the clinical test. Severity was con-
sidered as moderate (4+), if symptoms were frequently present,
but only mildly interfered with the patient’s ability to carry out
the clinical test. If there was just a hint of a particular sign or
if the respective sign occurred only rarely, it was considered as
mild (4). Absence of a particular sign was rated as “0.” Notably,
due to the lack of validated clinical scores, this scale has been
designed for the purpose of this case series. To assess the reliability
of this rating, a second blinded examiner rated the videos and
the interrater reliability rate (IRR) was calculated by the means
of kappa statistics. Calculations yielded a kappa coefficient of
0.83+0.12 observed as proportion of maximum possible kappa
thus indicating a good IRR.

Bereitschaftspotential (Readiness Potential)

The BP was recorded by using an EEG-EMG polygraphy. The EEG
electrodes were placed over C3, C4, and Cz and the reference over
Fpz according to the 10-20 EEG system. The ground electrode
was fixed at the ear lobe. Patients were asked to keep their eyes
closed and to repetitively perform briskly initiated middle finger
extensions of 1-s duration in a self-paced manner, with an inter-
val between each movement of approximately 6-7s. Before the
actual recording, they were instructed how to perform the finger
movements while getting the sense for timing and movement
initiation. To generate entirely self-initiated movements, they were
instructed not to count or to pace the movement onset by using
any other form of rhythmical encoding (e.g., by humming). They
were also advised to fully shift their attention on the finger move-
ment and to avoid falling asleep. Muscle activity was recorded
from the long finger extensors by surface EMG. To avoid blinking,
particularly at the time of movement initiation, we positioned
two small sand bags over their eyelids. Eighty to 100 sequences
of middle finger extensions were recorded from each hand. The
BP was calculated offline using the ASA software (ENT Enschede,
Netherlands). At least 50 artifact-free EEG epochs lasting from
2.0 s before to 1.0 s after motor onset were chosen and averaged for
each limb separately. The BP was baseline corrected by averaging
the epoch 1.5-2.0 s before motor onset. The amplitude at 0.25,
0.50, 0.75, 1.00, 1.25, and 1.25s before and 0.25, 0.50, 0.75, and
1.00 s after motor onset as well at motor onset was calculated by
averaging all data points acquired 50 ms before and after each
respective time point (34). The results were then plotted against
the grand average of the BP from 13 healthy controls.

Lesion Summation Mapping

Images were acquired within the first days after hospital submis-
sion (median 2.5 days; range 0-30). Isotropic diffusion weighted
imaging (DWI) sequences and T1 sequences were acquired in
a 1.5T or a 3T MRI scanner (T1: slice thickness 5 mm, DWI:
b =1000s/m2, slice thickness 4 mm). We used DWI sequences
for lesion analysis as they showed the best contrast for ischemic
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brain tissue. In two patients, only CT scans were available. In both
patients, however, the scans already showed a clearly demarcated
ischemic brain lesion. Hence, they were feasible for reliably draw-
ing lesion maps and were included for further imaging analysis.
For pre-processing of the scans, DWI and T1 sequences were
first co-registered using Statistical Parametric Mapping 8 (SPM8)*
(18, 35). According to the general agreement for working in
the stereotaxic standard space, the anterior commissure was
defined as the origin of the coordinate system in all scans (MNI-
coordinates x =0, y =0, z=0). The ischemic lesions were drawn
manually on the DWT sequences using the freely available MRI-
cron software” and the drawings were put together to a 3D volume
of interest (VOI). Both DWI and T1-weighted sequences were
normalized to a MRI template and T1-weighted images were seg-
mented by the means of the Clinical Toolbox running on SPM8?.
The lesion maps were entered as masks in the algorithm for cost
function masking to avoid distortion of the voxels within the
ischemic lesion during spatial normalization. CT normalization
routine integrated in the Clinical Toolbox was used analogously
to normalize CT scans to a standard space template. Afterwards,
all lesions were flipped to the left side to enhance power of the
analysis. In the patient with a bilateral ACA infarction, the larger
hemispheric volume defect was accordingly flipped to the left side.
Calculation of lesion maps was done in three steps. (1)
Weighted summation (overlap) maps were calculated in SPM 8 for
each clinical sign. Only VOIs from patients showing a particular
sign were included in the retrospective calculation (see Table 1).
A Kernel filter with 4 mm full-width half maximum was used to
slightly smooth the summation maps. Each map was then thresh-
olded to voxels damaged in >25% of our patients showing the
respective clinical sign. (2) Summation maps for each symptom
group (A, B, C) were created by using the image calculator func-
tion integrated in SPM8. The respective summation maps were
calculated by summing up the summation maps of the different
symptoms included in groups A and B, respectively. The sum-
mation map of group C was identical to the map for gait apraxia
and therefore did not require further calculation. (3) To address
the question which part of the ischemic lesions contributes to

'http://www.filion.ucl.ac.uk/
Zhttp://www.mccauslandcenter.sc.edu
*http://www.mricro.com/clinical-toolbox/

disturbed motor control of upper limbs in general, the union set
of group A and B (ANB) and the set difference of (ANB)\C were
calculated. To address the question which brain section is specific
for symptoms of the AHS spectrum, the set difference of A\ (BUC)
was calculated. Prior to calculation of all these sets, each group
summation map was transferred into binary maps using the SPM8
image calculator.

In a final step, each lesion map was plotted onto the automated
anatomical label (AAL) atlas using MRIcron and the involved
brain areas as well as the center of gravity were identified by
the respective built-in function. As the AAL does not distinguish
between the pre-SMA and SMA proper, ROIs with the anterior
commissural line as the border between these two areas (1, 36)
were manually drawn in MRIcron and were used to determine the
number of damaged voxels encompassed by each subsection.

Results

Study Populations

Information from 10 patients aged between 63 and 87 years (mean
74.2) were available. Among them were eight males and two
females. Initial NITHSS ranged from 2 to 21 points (median 13.0).
Seven patients were followed up from the acute stage and three
patients were added after reviewing our stroke database and clini-
cal notes from the last 2 years. All patients investigated in the acute
stage had disturbed conscious awareness of intention and sense
of agency. The first signs of recovery occurring within days were
involuntary finger movements elicited by touching their palm.
In one patient, information on these features were missing. Five
patients had an ischemic lesion within the left hemispheric ACA
territory, four within the right and one had large bilateral ACA
infarctions. The lesion pattern ranged from circumscribed infarcts
confined to the SMA to bilateral territorial infarcts within the
ACA territory. According to the TOAST criteria (32), macroan-
giopathy was identified as a stroke etiology in 3/10 patients,
cardioembolic events in 6/10, and arterial emboli secondary to
aneurysm coiling in the ACA in 1/10. Detailed clinical and radio-
logical information are summarized in Table 1.

Signs of Motor Control
Initially, all cases had marked difficulties to perform volitional
hand movements. In the acute setting, 9/10 patients presented

TABLE 1 | Baseline demographic data and clinical findings.

No Age (years) Sex First ever stroke Stroke etiology NIHSS-score
P1 83 Female Total right-sided ACA stroke Cardioembolism 15
P2 82 Male Partial left-sided ACA Cardioembolism 17
P3 74 Male Partial left-sided ACA Cardioembolism 21
P4 87 Female Total right-sided ACA infarct Cardioembolism 7
P5 63 Male Total bilateral ACA infarct Cardioembolism 15
P6 75 Male Partial left-sided ACA infarct Cardioembolism 16
pP7 69 Male Partial left-sided ACA infarct Large artery arteriosclerosis 3
P8 70 Male Total right-sided ACA infarct Large artery arteriosclerosis 6
P9 65 Male Partial left-sided ACA infarct Stroke of other determined etiology 11
(Secondary to aneurysma coiling) 7
P10 74 Male Partial right-sided ACA infarct Large artery arteriosclerosis 2

Stroke etiology according to Toast criteria; ACA, anterior cerebral artery; NIHSS, National institute of health stroke scale.
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TABLE 2 | Disturbed motor control.

No I. Primary presentation 1. Motor signs at follow-up

AHS Impaired self-initiated Grasping Intermanual Motor Mirror Tremor Gait

movements conflict perseveration movements apraxia

P1 ++ +++ +++ + 0 ++ na ++
P2 ++ + ++ ++ + + 0 +
P3 ++ + ++ ++ + + + +
P4 ++ + 0 ++ + + 0 +
P5 + ++ +++ ++ + na ++ na
P6 ++ (+) 0 + + + 0 0
P7 na (+) 0 ++ 0 0 0 0
P8 ++ ++ ++ ++ + + ++ +
P9 ++ 0 ++ + 0 + + 0
P10 + 0 0 + + + 0 0

Primary presentation (scoring): AHS, ++; minor or transient AHS, +.

Motor signs at follow-up (scoring): severe presentation, ++-; moderate presentation, ++,; mild presentation, +; symptom not present, 0.

na, information not available.

with an apparently severe paresis or plegia of one or both upper
extremities, respectively (five right-sided, three left-sided symp-
toms, and one bilateral symptoms). In the subacute and chronic
stage for all patients, movement initiation improved but signs
of disturbed motor control such as exaggerated grasping, and
disturbing movements of the affected limb persisted to a variable
extent. These data are summarized in Table 2 and relate to the
last control after the ischemic stroke (median duration of follow-
up: 83.5; range: 7-585 days). Lack of self-initiated movements was
present in 8/10 patients, intermanual conflict in 10/10 patients,
exaggerated grasping and groping behavior in 6/10 patients, motor
perseveration in 8/10 patients, mirror movements in 7/9 patients,
tremor in 5/10, and gait apraxia in 4/8 patients. In the patient
with bilateral ACA infarcts, a reliable evaluation of mirror move-
ments was not possible due to the severe impairment of initiating
movements of both limbs.

Imaging

Table 3 summarizes the size of and the anatomical location of
the weighted summation maps for each clinical sign. The total
centers of gravity of the specific maps for grasping, intermanual
conflict, lack of self-initiated movements, mirror movements, and
motor perseveration were located in the caudal tier of the anterior
cingulate cortex, whereas the center of gravity of the maps for gait
apraxia and tremor were located within the white matter adjacent
to the anterior cingulate cortex (MNI-coordinates: lack of self-

initiated movements: x = —11, y =9, z = 36; intermanual conflict
x=-3, y=—3, z=34; grasping: x=—10, y =10, motor per-
severation: x=—10, y =10, z= 34; mirror movements: x = —7,

y=0,z=42; z=34; tremor: x= —3, y = —2, z = 27; gait apraxia:
x=-13, y=16, z=27) (Figure 1). The combined summation
map for all AHS-specific motor symptoms (i.e., group A) encom-
passed a total lesion volume of 99,863 voxels (corresponding to
a lesion volume of 99.9 ml with a center of mass in the anterior
cingulate cortex (x = —10, y = 12, z = 35). Similarly, the respective
map for non-AHS-specific motor symptoms of the upper limbs
(group B) had a lesion volume of 101,691 voxels (lesion volume:
101.7 ml) with its center of mass in the anterior cingulate cortex
(x=—11,y=11, z=36) (Figure 2).

The union set of the maps for group A and B (ANB) had a
total size of 66,132 voxels (corresponding to a total lesion volume
of 66.1 ml). 4.8% of the total lesion volume was located in the
SMA proper, 8.5% in the pre-SMA, 14.4% in the anterior cingulate
cortex, 10.0% in the MC, 6.5% in the genu, and 5.8% in the body
of the corpus callosum. The remaining 50% of the lesion volume
affected various other frontal brain regions. The calculation of the
set difference of ANB\C revealed a total lesion volume of 9,394
voxels (total lesion volume: 9.4 ml). 8.1% of the lesion volume
was found in the SMA proper, 25.2% in the pre-SMA, 13.1%
in the midcingulate cortex, and 3.0% in the body of the corpus
callosum. The set difference of A\B UC encompassed 2,447 voxels
(total lesion volume 2.4 ml). 0.6% of the lesion volume was located
in the SMA proper, 32.3% in the pre-SMA, and 20.8% in the
midcingulate cortex (Table 4; Figure 3). In between comparison
showed that group A had the highest percentage of lesion load
within the pre-SMA while the corpus callosum was not affected.

The Bereitschaftspotential (Readiness Potential)
The BP was recorded in two patients (P2 and P3). Both of them
had a left-sided ACA infarct involving a large section of the
vascular territory. Accordingly, the BP could not be detected over
the contralateral hemisphere (corresponding to the electrodes C3)
while performing finger movements with the affected right hand.
Interestingly, a BP could not be recorded over the right hemi-
sphere either (C4), when they performed the same task with the
clinically unaffected left hand. The patients’ recordings are shown
in Figure 4 (plotted against a grand average of BP recordings from
13 healthy controls).

lllustrative Cases Reflecting the Spectrum of
Disturbed Motor Control in ACA Strokes

Of all cases, P1 (female, 83 years) with an ischemic lesion of the
entire ACA territory, including the genu corpus callosum showed
the most severe form of an intermanual conflict and exaggerated
grasping. In the subacute stage, she was unable to perform biman-
ual tasks, e.g., putting on her glasses, as the affected limb coun-
teracted the unaffected one. Moving objects in the nearby visual
field led to compulsive grasping (magnetic hand) (Figure 5). After
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Lack of internally cued movements
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FIGURE 1 | The figure shows axial slices and a sagittal slice of a T1-standard MRI scan with the superimposed summation lesion maps for each
clinical sign. Each lesion map is thresholded at voxels damaged in >25% of patients showing the respective clinical sign. The legend (provided in percentages)
refers to the total number of patients showing the respective clinical sign (MNI-coordinates: z= 8, 23, 33, 43, 53, 63 and x = —6, respectively).

motor intention nor of the self-agency of their movements, thus
suggesting a full-blown motor form of AHS (15, 20, 24). The
dissociation between self-initiated and externally triggered move-
ments is essential, because they are largely dependent on the
medial motor system supplied by the ACA, whereas the latter

mainly rely on the lateral premotor system (supplied by the MCA)
(37). A few patients presented with mild or only transient signs
of AHS, as reflected by disturbed motor awareness in the acute,
but not in the chronic phase. However, at the follow-up they still
showed some signs of disturbed motor control as seen in the more
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Group A (Summation map)

FIGURE 2 | The figure shows the lesion summation maps for group A, which included the lesion maps for all AHS-specific symptoms (grasping,
intermanual conflict, impaired self-initiated movements). Group B encompasses all lesion maps for non-AHS-specific motor symptoms (motor
perseveration, mirror movements, tremor). Group C (other signs) corresponds to the lesion map for gait apraxia. The legend encodes the percentage of
all patients*signs. The lesion maps are thresholded to voxels damaged in at least 25% of patients*signs and are plotted on axial and sagittal slices of standard T1
MRI scan (MNI-coordinates: z= —2, 8, 13, 23, 33, 43, 53, 63 and x = —6, respectively).
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TABLE 4 | Percentage of lesion on regions of interest related to AHS associated and specific symptoms.

Total lesion SMC ACC MCC PCC CC (genu) CC (body)
volume
Volume Volume Volume Volume Volume Volume Volume Volume
(SMAD) (pre-SMA)
Voxels % Voxels % Voxels % Voxels % Voxels % Voxels % Voxels % Voxels %
ANB 66,132 100 3,162 4.8 5,599 8.5 9,551 14.4 6,622 10.0 0 0.0 4,317 6.5 3,811 5.8
ANB\C 9,394 100 763 8.1 2,364 25.2 0 0.0 1,232 131 0 0.0 0 0.0 279 3.0
A\(BUC) 2,447 100 14 0.6 791 32.3 0 0.0 505 20.6 0 0.0 0 0.0 0 0.0

The table shows the location of the intersections with regard to the involvement of various brain regions of interest. The proportion of the total lesion volume is shown for each brain
regions (in voxels and in percentage of the total lesion volume). A, symptom group A; AHS, alien hand syndrome; ACC, anterior cingulate cortex; B, symptom group B; C, symptom group
C; CC, corpus callosum; MCC, midcingulate cortex; n.a., not applicable; PCC posterior cingulate cortex; SMA, supplementary motor area; SMAp, SMA proper; SMC, supplementary

motor cortex.

severely affected cases, though to a much milder degree. This
underscores the notion that the presentation of an AHS has a wide
clinical spectrum.

Moreover, we were interested whether clinical signs of AHS (as
defined as lack of conscious awareness of intention and the sense
of agency) and non-AHS-specific signs, commonly observed in
association with AHS, are caused by different lesion patterns. We
could demonstrate that both AHS-specific and non-AHS-specific

signs trace back to lesions within the SMC, and the anterior and
medial cingulate cortex. This result was not entirely unexpected
due to the important role of these brain areas in voluntary motor
control (i.e., self-initiated movements and suppression of exter-
nally triggered motor subroutines) (1, 2). Our results are in line
with a previously published retrospective analysis of 100 ACA
strokes, which showed that motor disturbances were by far the
most common signs (17).
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FIGURE 3 | Different sets (ANB, ANB\ C, A\ BUC) calculated from the respective summation maps after transforming them to binary maps are
superimposed on sagittal slices of a standard T1 MRI Scan (MNI-coordinates: x = —23, —18, —13, —8, —2, 0). The union set of group A and B (ANB) and
set difference (ANB)\C are thought to reflect the anatomical substrates for disturbed motor control in general regardless if the signs are specific for an AHS or not,
whereas the set difference A\ (BUC) reveals the anatomical substrates for AHS-specific symptoms. Interestingly, the latter set difference involves mainly the SMA,
whereas disturbed motor control involves the SMC in addition to other regions of the frontal and rostral parietal lobe.
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A main finding of the present study is the predominant involve-
ment of the pre-SMA in AHS-specific signs as shown by the
approach with different set differences. This is a novel finding
for ACA infarcts, but consistent with results from fMRI studies
in healthy persons showing greater activations in rostral parts
of the SMA after self-initiated movements (37). The pre-SMA,
projects both to the lateral premotor cortex and the caudal parts
of the SMA (38), although latter is not considered to play a major
role in movement preparation as its projections descend directly
through the pyramidal tract (39, 40). Gait apraxia was selected as a
“reference”-clinical sign not associated with AHS and not affecting
the upper extremities, but known to occur in lesions involving the
medial frontal lobe. In line with this, gait apraxia was associated
with lesions affecting the cingulate cortex in our study (21).

Previous studies of clinical-anatomical correlation in ACA
stroke patients were biased mostly because of the approach with
semi-quantitative analyses of predefined regions of interest. In
the work of Chang and colleagues, AHS was associated with
a combined involvement of the medial frontal lobe and the
corpus callosum. An isolated or predominant affection of the
cingulate cortex was found to result in an intermanual conflict,
while medial frontal lesions were more likely to present with
grasping behavior (10, 16). More recently, Sarva and colleagues
published a systematic review of the literature on AHS (7). They

concordantly found that the SMC, cingulate cortex and corpus
callosum were the most commonly affected structures in the
“frontal” AHS variant. Predominant involvement of hemispheric
structures more frequently led to involuntary grasping and
groping behavior, whereas an intermanual conflict was the most
frequent clinical sign in callosal lesions. Our findings, however,
do not favor the same relevance of the corpus callosum for clinical
signs of AHS as suggested by these authors.

There were some clinical signs, which have not yet been
described as common signs in ACA strokes. Mirror movements
are usually seen in early childhood due to mutations in the DCC
and RAD51 genes (41), although they may sometimes also occur
in patients with basal ganglia disorders and strokes, mainly of
the corona radiata. However, they have rarely been described in
association with ACA strokes (26, 42). Functional MRI revealed
that mirror movements are paralleled by bilateral activation of
M1 and the SMA (25). Mirror movements probably occur due
to an insufficient interhemispheric inhibition of the motor cortex
located ipsilateral to the moved limb by a network, which con-
nects the SMC, dorsolateral PFC, and M1 (43). The unilateral
tremor of the affected hand we observed in some patients also
deserves further consideration. It occurred in all patients as a
new clinical sign with a latency of a few weeks after stroke. To
our best knowledge, there are hardly any comparable reports of
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FIGURE 4 | EEG segments 1.5s before to 1.0 s after onset of EMG activity in the finger extensors related to a briskly initiated extension of the middle
finger were averaged (EMG 1: right finger extensors; EMG 2: left finger extensor). In contrast to healthy controls, the Bereitschaftspotential in the two
patients with left-sided ACA infarcts does not show any negative shift over the hemisphere contralateral to the moved hand (C3). Interestingly, the BP was also
attenuated over the unaffected right hemisphere (C4), when patients performed hand movements with their unaffected left hand. The results are plotted against a
grand average of BP recordings from 13 healthy controls. Time is plotted on the x-axis (in second) and the BP amplitude on the y-axis (in uV). The nomenclature of

the electrodes refers to the 10-20 EEG system.

FIGURE 5 | The series of images illustrates the compulsive grasping behavior in P2. The patient was asked to avoid grasping the examiner’s hand. However,
the patient could not inhibit grasping. After she had taken the examiner’s hand, she could not release it without support by her left hand.

a hand tremor associated with ACA ischemia in the literature
(25, 31). Stroke-associated tremor has mainly been reported in
lesions of the thalamus, and the striatonigral, cerebello-thalamic
or dentatorubrothalamic pathways (44). Clinically, the observed
tremor resembles that of a dystonic tremor with a strong tendency
to occur during action (45). In line with one previous report, the
tremor was mostly seen just transiently (31). An association of
the tremor with SMA and cingulate cortex lesions is of interest
because an abnormal overactivity of these brain regions was found
in an fMRI study in essential tremor (46). Our observations may
thus suggest that an impaired function of the SMC or cingulate

cortex may play an important role in the generation or suppression
of pathological oscillatory network activity.

Our findings underpin the crucial role of lesions involving the
SMC and cingulate cortex for disturbed motor control after ACA
infarcts. Error detection and conflict monitoring have previously
been attributed to the anterior cingulate cortex (2). The SMC, in
turn, is more important for the generation of self-initiated move-
ments, generation of complex motor tasks and the suppression of
stimulus-driven, though, purposeless movements (i.e., grasping)
(1). In this context, the BP is also of interest since it presumably
originates from the SMC and reflects cognitive motor control

Frontiers in Neurology | www.frontiersin.org

October 2015 | Volume 6 | Article 209


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Brugger et al.

SMC and motor control in AHS

prior to voluntary movements (3). So far, there are only two case
reports of ACA strokes, which included BP recordings. In line
with our findings, the BP following movements of the affected
hand was also attenuated there (28-30, 47). Notably, the BP
was also attenuated in our patients when they performed fin-
ger movements with their non-affected hand. This might indi-
cate disturbed interhemispheric activation following a unilateral
SMC lesion.

This analysis has several limitations. Due to its design as in
parts retrospective case series, follow-ups were not standardized
and patients were seen at different latencies after their strokes.
Therefore, transient neurological signs may have been missed.
Furthermore, this lack of standardized time intervals between
the assessment in the acute stage and the follow-up assessments
does not allow drawing definite conclusions to the clinical and
functional outcome of these patients. A limitation of our clinical
approach is the fact that it has not been validated elsewhere and
there are no validated clinical scores for AHS symptoms in the lit-
erature. Therefore, we invented a semi-quantitative rating for our
case series, which was proven here to have a very good IRR. Fur-
thermore, the fact that just two patients underwent BP recordings
does not allow to draw final conclusions on the BP in ACA strokes,
since this potential is quite variable despite optimal recording
settings (28). We acknowledge that a larger number of patients
would also have increased the statistical power here. Moreover,
our imaging results may have been flawed because of the different
imaging methods used. A CT scan yields a different image of the
brain in terms of contrast and distortion as an MRI scan. We
attempted to overcome this concern making use of validated CT
and MRI templates for spatial normalization (43). Nonetheless, we
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The assessment of motor and executive functions following stroke or traumatic brain
injury is a key aspect of impairment evaluation and used to guide further therapy. In
clinical routine, such assessments are largely dominated by pen-and-paper tests. While
these provide standardized, reliable, and ecologically valid measures of the individual
level of functioning, rather little is yet known about their neurobiological underpinnings.
Therefore, the aim of this study was to investigate brain regions and their associated
networks that are related to upper extremity motor function, as quantified by the motor
speed subtest of the trail making test (TMT-MS). Whole-brain voxel-based morphometry
and whole-brain tract-based spatial statistics were used to investigate the association
between TMT-MS performance with gray-matter volume (GMV) and white-matter
integrity, respectively. While results demonstrated no relationship to local white-matter
properties, we found a significant correlation between TMT-MS performance and GMV
of the lower bank of the inferior frontal sulcus, a region associated with cognitive pro-
cessing, as indicated by assessing its functional profile by the BrainMap database. Using
this finding as a seed region, we further examined and compared networks as reflected
by resting state connectivity, meta-analytic connectivity modeling, structural covariance,
and probabilistic tractography. While differences between the different approaches were
observed, all approaches converged on a network comprising regions that overlap with
the multiple-demand network. Our data therefore indicate that performance may primar-
ily depend on executive function, thus suggesting that motor speed in a more naturalistic
setting should be more associated with executive rather than primary motor function.
Moreover, results showed that while there were differences between the approaches, a
convergence indicated that common networks can be revealed across highly divergent
methods.

Keywords: trail-making test, motor speed, inferior frontal sulcus, voxel-based morphometry, resting state fMRI,
meta-analytic connectivity modeling, structural covariance, probabilistic tractography
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Neural correlates of motor speed

INTRODUCTION

Hand motor deficits are among the most common impairments
following stroke (1). As a result, post-stroke assessment of motor
functions is a key aspect of patient evaluation and is used to
guide further therapy. In addition to fast but typically qualitative
clinical assessments, this often involves neuropsychological tests
of coordinated hand function. In practice, such assessments are
still largely dominated by pen-and-paper tests. One example of
such a simple pen-and-paper test is the motor speed subtest of
the trail-making test (TMT-MS) from the Delis-Kaplan executive
function system [D-KEFS; (2)]. This test measures the time that
subjects take to manually trace a pre-specified trail. The TMT-MS
requires the examinee to connect circles by following a dotted
line, and aims to serve as a baseline measure of the motor com-
ponent that should be shared by the other portions of the test. The
results should thus provide information about the extent to which
difficulty on the other TMT subtests probing higher, executive
functions may be related to a motor deficit. However, the results
of the TMT-MS cannot only be used as a baseline for other TMT
subtests, but also provide information of drawing speed per se,
and thus can be used by clinicians as an assessment of upper
extremity motor function (2).

Pen-and-paper tests such as the TMT provide standardized
and reliable valid measures of the individual level of functioning;
however, rather little is yet known about their neurobiological
underpinnings. Therefore, one aim of the current study is to
investigate brain-behavior relationships with regard to upper
extremity motor function, as quantified by the TMT-MS from the
D-KEFS. Additionally, previous studies have demonstrated that
while the brain can be subdivided into distinct modules based on
functional and microstructural properties [reviewed in Ref. (3)],
processes such as motor function are likely to involve the efficient
integration of information across a number of such specialized
regions. Due to this integrative nature of the brain, most higher
mental functions are likely implemented as distributed networks
(4), and it has therefore been suggested that an understanding
of how a brain region subserves a specific task should require
information regarding its interaction with other brain regions
(3). Therefore, the current study additionally aims to investigate
the networks associated with the regions we find to be related to
TMT-MS performance.

A number of different approaches can be employed to
investigate networks associated with a particular brain region.
Task-free (seed-based) resting-state functional connectivity
(RS-FC) refers to temporal correlations of a seed region with
spatially distinct brain regions, when no task is presented
(5, 6). Meta-analytic connectivity modeling (MACM) (7-9)
investigates co-activation patterns between a seed region and the
rest of the brain, by calculation of meta-analyses across many
task-based fMRI experiments and paradigms stored in, e.g., the
BrainMap database (10, 11). Structural covariance (SC) is based
on the correlation patterns across a population of gray-matter
characteristics such as volume or thickness (12, 13) that are
thought to reflect shared mutational, genetic, and functional
interaction effects of the regions involved (14, 15). While
having conceptual differences, these three modalities all share

the goal of delineating regions that interact functionally with a
particular seed region. By contrast, probabilistic tractography
(PT) focuses on white-matter anatomical connectivity obtained
from diffusion-weighted images (DWI) by producing a measure
of the likelihood that two regions are structurally connected
(16, 17). Previous studies have reported convergence between
RS and MACM (18-20), between RS and SC (21, 22), RS and
fiber tracking (23-26), and between RS, MACM, and SC (27, 28).
However, striking differences among the different connectivity
approaches have also been found (26, 27).

In this study, we first used whole-brain voxel-based morpho-
metry [VBM; (29)] and whole-brain tract-based spatial statistics
[TBSS; (30)] to investigate the association between TMT-MS
performance with gray-matter volume (GMV) and white-matter
integrity, respectively. Using the result of these initial analyses as
the seed region of interest, we further examined and systematically
compared networks obtained through RS-fMRI, MACM, SC, and
PT. The aim of these analyses was twofold. First, we sought to
explore the relationship of brain morphology to a simple measure
of hand motor function. Second, we aimed to characterize both
the divergence and convergence of four unique approaches to
quantifying brain connectivity.

MATERIALS AND METHODS

Subjects

Data from the Enhanced Nathan Kline Institute - Rockland
Sample’ (31) was used for all analyses except for meta-analytical
connectivity modeling and functional characterization (where
the BrainMap database was used). From this cohort, we used
anatomical, RS, and DWI of subjects that had completed the
TMT-MS, no current psychiatric diagnosis, a Beck depression
inventory score (BDI) of less than 14 and did not exceed 3
SDs from the population mean. This resulted in a sample of
109 right-handed healthy volunteers between 18 and 75 years
of age (mean age 40.39 + 15.49; 37 males). First, effects of
age, gender, handedness, and BDI score as known influences
on hand motor speed (32, 33) were regressed out of the raw
TMT-MS performance score (Figure 1A; Table 1). This resulted
in an adjusted performance score, which indicated how much
better or worse a subject performed than would be expected
given these confounding factors (Figure 1B). The association
of these adjusted scores with local GMV and white-matter
integrity was then tested by carrying out whole-brain VBM and
TBSS, respectively.

Delis—-Kaplan Executive Function System:
Trail-Making Test - Motor Speed

The Delis-Kaplan executive function system: trail-making test
(D-KEFS TMT) consists of five different conditions (2). For the
current study, we were exclusively interested in the TMT-MS,
which requires participants to trace over a dotted line as quickly
as possible while making sure that the line drawn touches every
circle along the path. In particular, the participant is prompted to

'http://fcon_1000.projects.nitrc.org/indi/enhanced
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FIGURE 1 | Histograms showing distribution of TMT-MS performance. (A) The distribution of the raw TMT-MS performance. (B) The distribution of the
adjusted TMT-MS performance after effects of age, gender, handedness, and BDI scores were regressed out of the raw scores.
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focus on speed rather than neatness but has to make sure that the
line touches every circle along the path. If the line departs from
the dotted line or is not correctly connected to the next circle, the
participant is stopped immediately and redirected to the dotted
line while keeping the stopwatch running. The scoring measure
is the time (in seconds) that the participant needs to complete
the task.

Relationship Between TMT-MS

Performance and Gray-Matter Volume
Whole-Brain VBM Analysis

The association between regional GMV and individual perfor-
mance (adjusted for the potentially confounding effects of age,
gender, handedness, and BDI), was investigated by performing
a whole-brain VBM analysis. This analysis used the anatomical
T1-weighted images of the 109 subjects described above. These
scans were acquired in sagittal orientation on a Siemens TimTrio
3T scanner using an MP-RAGE sequence (TR = 1900 ms,
TE = 2.52 ms, TT = 900 ms, flip angle = 9°, FOV = 250 mm, 176
slices, voxel size =1 mm X 1 mm X 1 mm). Images were preproc-
essed using the VBMS8 toolbox in SPM8 using standard settings,
namely spatial normalization to register the individual images to
ICBM-152 template space, and segmentation, wherein the differ-
ent tissue types within the images are classified. The resulting nor-
malized gray-matter segments, modulated only for the non-linear
components of the deformations into standard space, were then
smoothed using an 8 mm isotropic full-width-half-maximum
(FWHM) kernel, and finally assessed for significant correlation
between GMV and the adjusted TMT-MS performance scores.
Age, gender, BDI scores, and Edinburgh handedness inventory
(EHI) scores were used as covariates together with the adjusted

TMT-MS performance scores, leading to an analysis of partial
correlations between GMV and TMT-MS. As we modulated the
gray-matter probability maps by the non-linear components only
to represent the absolute amount of tissue corrected for individual
brain size, we did not include total brain volume as an additional
covariate in the analysis. That is, given that the correction for
inter-individual differences in brain volume was applied directly
to the data it was not performed (a second time) as part of the
statistical model. Statistical significance using non-parametric
permutation inference was assessed at p < 0.05 [family-wise error
(FWE) corrected for multiple comparisons].

Whole-Brain TBSS Analysis

A TBSS whole-brain analysis was performed to investigate the
association between white-matter volume and adjusted TMT-MS
performance. DWI from the same group of 109 volunteers
acquired on a 3T TimTrio Siemens scanner (137 directions,
b=1,500s/mm?) were used. Preprocessing was performed accord-
ing to standard protocols using FSL?. The DWI data were first cor-
rected for head-motion and eddy-current effects of the diffusion
gradients. The b0 images were averaged and skull-stripped using
BET (34) to create the analysis mask. Within this mask, a simple
diffusion-tensor model was estimated for each voxel. Finally,
non-linear deformation fields between the diffusion space and
the ICBM-152 reference space were computed using FSLs linear
(FLIRT) (35, 36),and non-linear (FNIRT) image registration tools
(37). These allow mapping between the individual (native) diffu-
sion space and the ICBM-152 reference space; i.e., the same space
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TABLE 1 | Characteristics of the cohort.

Age Gender BDI EHI Age Gender BDI EHI
26 Male 4 80 41 Male 1 70
20 Male 0 95 26 Female 7 75
53 Male 0 55 51 Female 5 75
48 Female 9 100 61 Female 0 80
62 Female 5 90 58 Male 5 80
18 Female 7 75 56 Female 0 65
54 Female 0 95 54 Female 4 95
18 Female 1 90 27 Male 5 60
21 Male 4 85 42 Female 9 70
62 Female 1 100 31 Female 7 100
53 Male 3 75 21 Female 1 100
22 Male 4 90 18 Male 3 90
62 Female 12 100 48 Female 3 85
54 Female 0 95 20 Female 5 55
24 Female 1 85 60 Female 1 100
44 Female 8 90 20 Female 1 90
57 Female 2 95 50 Female 2 90
44 Female 3 70 62 Male 7 70
51 Male 7 70 18 Male 2 85
63 Female 0 80 57 Female 1 100
26 Female 1 60 24 Female 0 95
59 Male 4 95 26 Female 0 80
30 Male 0 85 57 Female 5 85
50 Female 1 90 19 Male 2 70
26 Female 2 75 49 Male 0 60
18 Male 0 80 23 Female 2 85
24 Female 10 95 58 Female 5 55
64 Female 0 95 55 Male 4 80
47 Male 4 100 41 Female 5 100
38 Female 0 80 41 Female 0 100
23 Female 1 70 25 Female 2 75
42 Female 8 85 49 Female 0 90
59 Female 2 100 49 Female 1 100
26 Male 5 100 21 Female 6 75
18 Male 3 90 50 Male 1 85
19 Male 1 100 19 Male 3 65
27 Female 12 60 59 Male 3 85
20 Female 3 100 41 Male 0 80
56 Female 5 100 44 Male 13 100
18 Male 4 85 20 Female 13 85
30 Male 4 55 47 Male 5 90
58 Female 6 95 21 Male 2 55
52 Female 3 85 47 Female 7 55
38 Male 1 65 55 Female 1 90
64 Male 5 80 23 Female 13 100
41 Female 2 100 61 Male 1 80
49 Female 5 60 52 Female 0 100
57 Female 8 60 20 Male 10 60
40 Female 3 80 51 Female 0 65
48 Female 0 100 42 Female 0 100
36 Female 1 100 21 Female 0 80
20 Male 5 90 36 Female 8 100
60 Female 3 75 43 Female 9 85
59 Male 2 85 43 Female 5 95
52 Female 8 100

to which also the VBM and RS (as described below) data are also
registered. The FA images were hereby normalized into standard
space and then merged to produce a mean FA image. This was in
turn used to generate a skeleton representing all fiber tracts com-
mon to all subjects included in the study (30, 38). The maximal
FA scores of each individual FA image were then projected onto

the mean FA skeleton. This projection aims to resolve any residual
alignment problems after the initial non-linear registration (38).
The resulting skeleton was then used to perform a multi-covariate
analysis, using age, gender, BDI scores, EHI scores, and TMT-MS
scores. Statistical significance using non-parametric permutation
inference was again assessed at p < 0.05 multiple comparisons.
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Seed Definition and Functional Characterization

The regions revealed by the initial VBM analysis were function-
ally characterized based on the behavioral domain meta-data
from the BrainMap database’® (10, 11, 39), using both forward
and reverse inference, as performed in previous studies (40, 41).
Behavioral domains, which have been grouped for the purpose
of the database, describe the cognitive processes probed by an
experiment. Forward inference is the probability of observing
activity in a brain region, given knowledge of the psychological
process; whereas reverse inference is the probability of a psycho-
logical process being present, given knowledge of activation in
a particular brain region. The results of both the forward and
reverse inferences will be defined by the number and frequency
of tasks in the database. In the forward inference approach, the
functional profile was determined by identifying taxonomic
labels for which the probability of finding activation in the
respective region/set of regions was significantly higher than
the overall (a priori) chance across the entire database. That
is, we tested whether the conditional probability of activation
given a particular label [P(Activation|Task)] was higher than the
baseline probability of activating the region(s) in question per se
[P(Activation)]. Significance was established using a binomial
test [p < 0.05, corrected for multiple comparisons using false
discovery rate (FDR)]. In the reverse inference approach, the
functional profile was determined by identifying the most likely
behavioral domains, given activation in a particular region/set
of regions. This likelihood P(Task|Activation) can be derived
from P(Activation|Task) as well as P(Task) and P(Activation)
using Bayes’ rule. Significance (at p < 0.05, corrected for multiple
comparisons using FDR) was then assessed by means of a chi-
squared test.

Multi-Modal Connectivity Analyses
Multi-modal connectivity analyses were used to further char-
acterize the results from the initial VBM analysis. In particular,
we investigated; (1) RS-FC, inferred through correlations in the
blood-oxygen-level-dependent (BOLD) signal obtained during
a task-free, endogenously controlled state (5, 6); (2) MACM,
revealing co-activation during the performance of external task
demands (7, 8); (3) SC, identifying long-term coordination of
brain morphology (15); and (4) probabilistic fiber tracking, pro-
viding information about anatomical connectivity by measuring
the anisotropic diffusion of water in white-matter tracts (16, 17).

All the analyses were approved by the local ethics committee
of the Heinrich Heine University Diisseldorf.

Task-Independent Functional Connectivity:
Resting-State

A seed-based RS analysis was used to investigate the task-
independent FC of the seed region (5, 6). RS-fMRI images of the
109 subjects described above were used. During the RS acquisition,
subjects were instructed to not think about anything in particular
but not to fall asleep. Images were acquired on a Siemens TimTrio
3T scanner using BOLD contrast [gradient-echo EPI pulse

*http://www.brainmap.org

sequence, TR = 1.4 s, TE = 30 ms, flip angle = 65°, voxel size = 2.
0 mm X 2.0 mm X 2.0 mm, 64 slices (2.00 mm thickness)].

Data were processed using SPM8 (Wellcome Trust Centre
for Neuroimaging, London?). The first four scans were excluded
prior to further analyses and the remaining EPI images were
then corrected for head movement by affine registration which
involved the alignment to the initial volumes and then to the
mean of all volumes. No slice time correction was applied. The
mean EPI image for each subject was then spatially normal-
ized to the ICBM-152 reference space by using the “unified
segmentation” approach. (42). The resulting deformation was
then applied to the individual EPI volumes. Furthermore, the
images were smoothed with a 5-mm FWHM Gaussian kernel
so as to improve the signal-to-noise ratio and to compensate
for residual anatomic variations. The time-series of each voxel
were processed as follows: spurious correlations were reduced
by excluding variance that could be explained by the following
nuisance variables: (i) the six motion parameters derived from
the re-alignment of the image; (ii) their first derivatives; (iii)
mean gray matter, white matter, and CSF signal. All nuisance
variables entered the model as both first- and second-order
terms. The data were then band-pass filtered preserving fre-
quencies between 0.01 and 0.08 Hz. The time-course of the
seed was extracted for every subject by computing the first
eigenvariate of the time-series of all voxel within the seed. This
seed time-course was then correlated with the time-series of all
the other gray-matter voxels in the brain using linear (Pearson)
correlation. The resulting correlation coeflicients were trans-
formed into Fisher’s z-scores and tested for consistency across
subjects by using a second-level ANOVA including age, gender,
BDI scores, and EHI scores as covariates of no interest. Results
were corrected for multiple comparisons using threshold-free
cluster enhancement, a method that has been suggested to
improve sensitivity and provide more interpretable output than
cluster-based thresholding [TFCE; (43)], and FWE-correction
at p < 0.05.

Task-Dependent Functional Connectivity:
Meta-Analytic Connectivity Modeling

The whole-brain connectivity of the seed was characterized
using a task-dependent approach by carrying out MACM. This
method looks at FC as defined by task activation from previous
fMRI studies and benefits from the fact that a large number of
such studies are normally presented in a highly standardized
format and stored in large-scale databases (9). Thus, MACM is
based on the assessment of brain-wise co-activation patterns of
a seed region across a large number of neuroimaging experi-
ment results (7). All experiments that activate the particular
seed region are first identified and then used in a quantitative
meta-analysis to test for any convergence across all the activa-
tion foci reported in these experiments (9). Any significant
convergence of reported foci in other brain regions as the seed
was considered to indicate consistent co-activation with the
seed. For this study, we used the BrainMap database to identify

*http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
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studies reporting neural activation within our seed region’ (10).
A coordinate based meta-analysis was then used to identify con-
sistent co-activations across the experiments identified by using
activation likelihood estimation (ALE) (44-46). This algorithm
treats the activation foci reported in the experiments as spatial
probability distributions rather than single points, and aims at
identifying areas that show convergence across experiments. The
results were corrected using the same statistical criteria as for
the RS imaging data, i.e., using TFCE (43) and FWE-correction
at p < 0.05.

Structural Covariance

Structural covariance was used to investigate the pattern of corti-
cal gray-matter morphology across the whole brain by measur-
ing the correlations of GMYV, obtained through VBM, between
different regions. This method assumes that such morphometric
correlations carry some information about the structural or func-
tional connectivity between the regions involved (13-15, 21). SC
analysis was performed using the GMV estimates obtained from
the VBM pipeline, as described above. Following preprocessing
of the anatomical images, we first computed the volume of the
seed region by integrating the (non-linear) modulated voxel-wise
gray-matter probabilities of all voxels of the seed, which was then
used as our covariate of interest for the group analysis. A whole-
brain general linear model (GLM) analysis was applied using the
GMV of the seed, along with the same additional covariates (of
no interest) as for the RS-FC analysis. The results were corrected
using the same statistical criteria as for the other connectivity
modalities, i.e., using TFCE (43) and FWE-correction at p < 0.05.

Probabilistic Tractography

Probabilistic tractography was used to investigate white-matter
anatomical connectivity from our seed region to the rest of the
brain. The PT analysis was performed based on the same DWI
as used for the TBSS analysis using the Diffusion Toolbox FDT
implemented in FSL (16, 47). Fiber orientation distributions in
each voxel were estimated according to Behrens et al. (48), i.e,
using the BEDPOSTX crossing fiber model. Linear and subsequent
non-linear deformation fields between each subject’s diffusion
space and the MNI152 space as the location of the seeds and sub-
sequent output were computed using the FLIRT and FNIRT tools,
respectively. For PT, 100,000 samples were generated for each seed
voxel and the number of probabilistic tracts reaching each location
of a cortical gray matter. Importantly, we did not investigate the
number of tracts reaching specific ROIs, but rather analyzed the
number of tracts reaching each gray-matter voxel of the ICBM-
152 template. The distance of each target (i.e., whole-brain gray
matter) voxel from the seed voxel was computed using the ratio of
the distance-corrected and non-corrected trace counts [cf. (49)].
This allowed us to address a limitation of structural connectivity
profiles generated by PT, namely the fact that trace counts show
a strong distance-dependent decay. That is, voxels close to the
region of interest will inevitably feature higher connectivity values
than even well-connected distant ones. These effects were adjusted

*http://www.brainmap.org

by referencing each voxel’s trace count to the trace counts of all
other gray-matter voxels in the same distance (with a 5-step, i.e.,
2.5 mm, tolerance) along the fiber tracts [for a detailed description
see Ref. (49)]. We thus replaced each trace count by a rank-based
z-score indicating how likely streamlines passed a given voxel rela-
tive to the distribution of trace counts at that particular distance.
The ensuing images were tested for consistency across subjects by
using a second-level ANOVA. Results were corrected using the
same statistical criteria as for the other connectivity modalities,
i.e., using TFCE (43) and FWE-correction at p < 0.05.

Comparison of Connectivity Measures

The similarities and differences amongst all the different connec-
tivity maps were compared and contrasted. The overlap between
all the four thresholded connectivity maps (RS, MACM, SC, and
PT) was computed using a minimum statistic conjunction (50),
in order to identify common connectivity with the seed across the
different modalities. This was done by computing the conjunction
between the maps of the main effects for each of the modalities.
An additional minimal conjunction analysis was also performed
across the three modalities used to investigate gray-matter regions,
namely, RS, MACM, and SC. Furthermore, we looked at specifically
present connectivity for each of the modalities. Specifically present
connectivity refers to regions that were connected with the seed
in one modality but not in the other three [cf. (27)]. This was
assessed by computing differences between the connectivity map
of the first modality and those of the other three, respectively.
Then a conjunction of these three different maps was performed.
For example, the specifically present connectivity for MACM was
assessed by computing the difference between the MACM map and
the RS map in conjunction with the difference between the MACM
map and the SC map and the difference between the MACM map
and the PT map. Conversely, specifically absent connectivity was
investigated by computing differences between one modality and
the other three in order to identify regions that were present in
the latter three modalities but not in the former. A conjunction of
these different maps was then performed. For example, the specifi-
cally absent connectivity for MACM was assessed by computing the
difference between the RS and MACM maps in conjunction with
the difference between the SC and MACM maps and the difference
between PT and MACM. All resulting maps were additionally
thresholded with a cluster extent threshold of 100 voxels.

Finally, the resulting common connectivity, specifically present
connectivity and specifically absent connectivity networks were
functionally characterized based on the behavioral domain data
from the BrainMap database as previously described for the seed
region.

RESULTS

Relationships Between TMT-MS
Performance and Brain Structure:
Whole-Brain VBM and TBSS Analyses

The whole-brain VBM analysis revealed a significant negative
correlation between the adjusted TMT-MS score and the GMV of
a region in the lower bank of the left inferior frontal sulcus (IFS)
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Figure 2A). Since the TMT-MS score refers to task completion
time, this negative correlation indicates that better performance
was associated with higher GMV in this region (Figure 2B).

The functional profile (based on the BrainMap database)
of this region showed a significant association with cognition,
specifically reasoning, at p < 0.05 (Figure 3).

The TBSS analysis of white-matter associations did not yield
any significant results.

Connectivity of the IFS

Whole-brain connectivity of the region showing a significant
association with TMT-MS performance was mapped using
RS-FC, MACM, SC, and PT. Both similarities and differences
amongst all the different connectivity maps were observed.

Converging Connectivity

Connectivity of the IFS seed, as revealed through RS-FC, MACM,
SC, and PT analyses, included a number of distinct brain regions
(Figure 4). Investigation of common regions interacting with
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FIGURE 2 | Whole-brain VBM results. (A) Region showing significant
correlation between gray-matter volume and adjusted time taken. Statistical
significance using non-parametric permutation inference was assessed at

p < 0.05 [family-wise error (few) corrected for multiple comparisons]. (B)
Correlation between motor speed and gray-matter volume. The better (lower)
the performance score the higher the gray-matter volume.

the IFS across the different connectivity modalities (calculated
through a minimum statistical conjunction analysis across the
four thresholded connectivity maps) revealed convergence in the
left inferior frontal gyrus (IFG) extending into the left IFS. An
additional cluster was observed in the right Brodmann Area 45
(Figure 5A; Table 2). Functional characterization of this network
found across all four connectivity approaches indicated an asso-
ciation with processes related to language, including semantics,
phonology, and speech. Additionally, associations with working
memory and reasoning were also revealed (Figure 5B). On the
other hand, a conjunction across the modalities used to investi-
gate gray-matter regions (RS-FC, MACM, and SC) resulted in
a broader convergence, including clusters in the IFG bilaterally
extending into the precentral gyrus, together with clusters in the
middle cingulate cortex, middle orbital gyrus, and insula lobe of
the left hemisphere (Figure 6).

Specifically Present Connectivity for Each Modality
In the next step, we looked at the connectivity effects that were
present in one modality but not in the other three (Figure 7A;
Table 3).

For RS-FC, we found specific connectivity between the seed
region and bilaterally in the inferior parietal lobule, IFG (pars
opercularis and pars triangularis), middle frontal gyrus, inferior
temporal gyrus, middle orbital gyrus, and supramarginal gyrus.
Additionally, areas in the right IFG (p. orbitalis), cerebellum,
superior orbital gyrus, middle occipital gyrus, and angular gyrus
were also revealed by RS-FC. Moreover, specific RS-FC con-
nectivity was found in areas of the left superior parietal lobule
(Figure 7A in red). When functionally characterized using the
BrainMap meta-data (Figure 7B in red) the components of
this network were found to be mainly associated with cognitive
functions, including working memory, attention, and action
inhibition. In addition, fear was also found to be associated with
this network.

Connectivity exclusively found using MACM was only
observed in one region in the left hemisphere, namely in the
insula lobe and adjacent IFG (p. triangularis), in an area slightly
more posterior position to that found in RS-FC (Figure 7A
in green). This region was found to be mainly associated with
language functions, namely semantics, speech, and speech execu-
tion. Moreover, functions such as pain perception and music were
also found to be related (Figure 7B in green).
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FIGURE 3 | Behavioral domains from the BrainMap database significantly associated with the seed, p < 0.05.
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FIGURE 4 | Brain regions found to be significantly connected with the seed for each modality at p < 0.05, FWE corrected for multiple comparisons

using threshold-free cluster enhancement (TFCE statistic).

Connectivity specific to SC was observed in the bilateral
superior medial gyrus, temporal pole, superior temporal gyrus,
Heschl’s gyrus, rolandic operculum, supplementary motor area,
superior and middle frontal gyri (more anterior to the effect
found in RS-FC), IFG (p. orbitalis) (inferior to the area found in
RS-FC on the right hemisphere) and middle orbital gyrus (bilat-
erally more anterior to the RS-FC effect). In the right hemisphere,
specifically present SC connectivity included areas in the anterior
cingulate cortex, insula lobe, middle temporal gyrus, supramar-
ginal gyrus (more inferior to the area found in RS-FC), medial
temporal pole, superior and inferior parietal lobules (the latter
being more inferior to the area found in RS-FC), and superior
orbital gyrus (more anterior to RS-FC specific connectivity in the
same region). Additional connectivity was also observed in the
left rectal gyrus, and left precentral gyrus (Figure 7A in blue).
This network was found to be mainly functionally associated
with functions related to emotion (fear, disgust, and sadness) and
perception (audition and pain) (Figure 7B in blue).

The network specifically present for PT was found to be
mainly functionally associated with functions related to emotion
and pain. Additionally, functions such as action execution and
action imagination were also found to be related (Figures 7A,B
in yellow).

Specifically Absent Connectivity for Each Modality

Additionally, we looked at connectivity that was specifically
absent in each modality, i.e., regions for which connectivity was
absentin a particular modality but was observed in the other three
(Figure 8A; Table 4). No regions were found to be specifically

absent for the RS-FC modality. By contrast, for MACM we found
specifically absent connectivity with areas of the left middle and
inferior frontal gyri (p. triangularis) (Figure 8A in green). These
regions were found to be functionally associated with cognitive
functions, namely working and explicit memory but also with
phonology, semantics, and syntax (Figure 8B in green).

Conversely, for SC specifically absent connectivity was found
for an area in theleft precentral gyrus (Figure 8A in blue; Table 4).
This region was in turn found to be mainly functionally associated
with language-related functions (phonology, semantics, speech,
and syntax) together with working memory (Figure 8B in blue).

Connectivity specifically absent for PT was also found to be
functionally associated with language-related functions (phonol-
ogy, semantics, and speech) together with working memory,
reasoning, and attention (Figures 8A,B in yellow).

DISCUSSION

The aim of this study was to employ a multi-modal approach to
investigate the regions and associated networks related to upper
extremity motor function, as quantified by the TMT-MS. In a
first step, we therefore correlated local GMV with performance
in motor speed. This analysis revealed a significant correlation
between TMT-MS performance and GMV in a small region
in the IFS, which was functionally characterized as being
involved in cognitive tasks. In turn, the TBSS analysis of local
WM associations yielded no significant result. We then further
investigated the connectivity of the left IFS seed using a multi-
modal approach. Functional interactions with other gray-matter

Frontiers in Neurology | www.frontiersin.org

October 2015 | Volume 6 | Article 219


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org

Camilleri et al.

Neural correlates of motor speed

Cognition.Reasoning

FIGURE 5 | Conjunction analysis and functional characterization of seed. (A) Conjunction across RS-FC, MACM, SC, and PT. (B) Behavioral domains from
the BrainMap database significantly associated with the commonly connected regions shown in (A) (FDR-corrected for multiple comparisons, p < 0.05).
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TABLE 2 | Converging connectivity of the IFS seed.

Region X y z  Cytoarchitectonic
assignment

Cluster 1 (780 voxels)

L middle orbital gyrus -46 46 -2

Cluster 2 (1,235 voxels)

R Inferior frontal gyrus (p. triangularis) 52 28 14 Area4b

X, y, and z coordinates refer to the peak voxel in MINI space. R, right; L, left.

regions and white-matter structural connections were assessed
using RS-FC, MACM, SC, and PT approaches. The networks that
emerged revealed both similarities and differences between the
different modalities. A conjunction analysis between the four
connectivity approaches was used to delineate a core network.
Further analyses were used to investigate connectivity patterns
specific to each of the modalities.

Relationships Between TMT-MS

Performance and Brain Structure

In this study, we found TMT-MS performance to be specifically
related to the local brain volume of a region in the lower bank
of the left IFS. That is, across subjects better performance (lower

FIGURE 6 | A comparison of the conjunction across RS-FC, MACM,
and SC (purple) with brain regions found to be significantly connected
with the seed region when using PT (yellow) at p < 0.05, FWE
corrected for multiple comparisons using threshold-free cluster
enhancement (TFCE statistic).

completion time) was associated with higher GMV in this cluster.
The left IFG, including IFS, has been formerly described as part
of a multiple-demand system responsible for multiple kinds of
cognitive demand, in which goals are achieved by assembling a
series of sub-tasks, each separately defined and solved (51). An
objective definition of this “multi-demand network” has recently
been proposed by Miiller et al. (52) based on a conjunction
across three large-scale neuroimaging meta-analyses to identify
regions consistently involved in sustained attention (53), working
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(A) Specific connectivity for RS-FC (red), MACM (green), SC (blue), and PT (yellow).

memory (54), and inhibitory control (55). Importantly, the IFS
location identified in the current study was found to be part of this
multi-demand network, indicating that TMT-MS performance is
related to brain structure in a region involved in executive rather
than motor functions. This association between certain aspects
of motor performance and cognitive or executive functions has
already been suggested in earlier studies (56, 57).

At first glance, these results contradict the intention of the
TMT-MS to measure motor speed, and to serve as a baseline
measure for higher, executive aspects of the test (2). However, one
may argue that since subjects are given specific instructions to
follow a dotted line while making sure that the line drawn touches
every circle along the path, the accurate completion of this task
should in fact draw heavily on executive control processes. It may
hence not surprise that performance in a task requiring a relatively
high degree of executive motor control and attention is related to
a structure that is part of the multi-demand network involved in
executive functions (51). In turn, there was no significant asso-
ciation between performance and GMYV in cortical or subcortical
motor structures as may have been expected. In this context, it
must be noted that adequate hand motor abilities are a necessary
prerequisite for performing the TMT-MS test successfully; i.e.,
subjects have to be able to use their hand to draw the required lines.
Hence, the reliance of TMT-MS completion on an intact cortical
and subcortical motor system is obvious. What we found, however,
is that performance (i.e., the speed at which the task is completed)

may seem to primarily depend on executive rather than more
basic motor control processes. Does this contradict the assump-
tion that the TMT-MS test is a baseline measure of motor speed?
Not necessarily, but rather, given our findings, we would argue that
motor speed in a more naturalistic setting should be more strongly
associated with executive rather than primary motor function.

In congruence with the present results, previous studies have
linked longer reaction times and motor slowing with sustained
attention (58). However, lesion studies have associated slowing in
motor processes with lesions in the right lateral frontal lobe (59,
60). Consequently, these results contrast with the findings of the
present study. Additionally, the present results differ from those
obtained using tasks that are commonly employed to investigate
changes to the motor system following stroke; for instance, in
functional neuroimaging studies using fist opening/closure
paradigms (61, 62). Here, activation and interactions of the
primary motor cortex as well as the lateral and medial pre-motor
cortices are of essential importance. Similar regions were found
in another functional neuroimaging study which used a finger
tapping paradigm and focused on healthy subjects (63). In turn,
activations involving the inferior frontal cortex and other regions
of the executive, multi-demand network are not prominently
seen. This implicates a potentially important distinction between
neuroimaging assessments of stroke patients, in which more
fundamental aspects of motor performance are usually tested,
and paper-and-pencil tests that apparently, even when aimed at
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TABLE 3 | Specifically present connectivity of IFS seed.

Region X y z Cytoarchitectonic
assignment
RS-FC
Cluster 1 (6322 voxels)
L rectal gyrus -4 24 -26
Cluster 2 (4183 voxels)
-30 -72 20
Cluster 3 (3958 voxels)
14 18 -28
Cluster 4 (2318 voxels)
36 -64 24
Cluster 5 (1630 voxels)
R Cerebellum (Crus 2) 44 -66 -50
Cluster 6 (1357 voxels)
L inferior temporal gyrus -62 -50 -26
Cluster 7 (817 voxels)
R inferior temporal gyrus 54 -50 -26
MACM
Cluster 1 (279 voxels)
L insula lobe -30 22 -10
SC
Cluster 1 (26511 voxels)
R medial temporal pole 32 6 -33
Cluster 2 (7299 voxels)
-39 3 =27
Cluster 3 (2577 voxels)
R superior frontal gyrus 21 33 30
Cluster 4 (1710 voxels)
L middle frontal gyrus -40 51 10
Cluster 5 (875 voxels)
-24 30 -23
Cluster 6 (625 voxels)
28 -46 36 AreahlP1 (IPS)
Cluster 7 (341 voxels)
L inferior frontal gyrus -57 15 7 Aread4
(p. Opercularis)
Cluster 8 (229 voxels)
L SMA -8 17 52 Area6
Cluster 9 (153 voxels)
L precentral gyrus -33 -7 54
Cluster 10 (122 voxels)
L inferior frontal gyrus (p. Orbitalis) —46 26 -5
PT
Cluster 1 (919 voxels)
L superior medial gyrus -8 54 28
Cluster 2 (748 voxels)
R superior medial gyrus 10 56 24
Cluster 3 (387 voxels)
L paracentral lobule -10 -34 60 Areada
Cluster 4 (308 voxels)
R precuneus 8 -66 40 Area 7A (SPL)
Cluster 5 (234 voxels)
L inferior frontal gyrus (p. Orbitalis) -48 22 -4 Area 45
Cluster 6 (232 voxels)
L precuneus -2 =72 36 Area 7P (SPL)
Cluster 7 (179 voxels)
L middle temporal gyrus -58 -28 -12
Cluster 8 (111 voxels)
-4 -36 -48
Cluster 9 (107 voxels)
L middle occipital gyrus -52 =70 -2

X, y, and z coordinates refer to the peak voxel in MINI space. R, right; L, left.

testing basic motor speed, are more reflective of executive motor
control. In summary, we would thus argue that the distinction
between motor and “higher cognitive” tasks, which seems rather
prevalent in (neuroimaging) stroke research, may be slightly mis-
leading, as executive motor control functions may play a major
role in the everyday impairments following stroke.

Core Network

Notably, all three FC approaches (RS-FC, MACM, and SC),
together with locations revealed as structurally connected by
PT, converged on a network comprising of the left inferior gyrus
extending into the left IFS and an additional cluster in the right
Brodmann Area 45. In combination with the observation of a
fairly restrictive region associated with TMT-MS performance,
these results suggest a core network of mostly regional connectiv-
ity that is in line with the current view on the role of the inferior
frontal cortex in executive functioning (51).

Additionally, the right IFG, bilateral adjacent pre-motor corti-
ces, and anterior insula were additionally found to converge when
looking only at the FC approaches, namely, RS-FC, MACM, and
SC (but not PT). Similar as the IFS seed, most of these clusters
overlap with regions previously described to be part of the mul-
tiple-demand network (51, 52). In particular, the bilateral IFG,
and left anterior insula as well as the MCC were the regions that
overlapped with the multiple-demand network. Thus, we here
show that, across different (functional) connectivity approaches
the IFS shows robust interactions with regions associated with
multiple cognitive demands. This is additionally supported by the
functional characterization of the network robustly connected
with the IFS across the different FC approaches, which show an
association with multiple cognitive tasks. These observations thus
continue to emphasize the important role of cognitive functions
in the TMT-MS and thus suggest that this test might be tapping
into executive rather than primary motor function.

Convergence and Differences Between

Connectivity Measures

Convergence Among Modalities

Functional interactions can be probed by using different
approaches, each having their own methodological features, and
potentially also different biases even though the same statistical
analyses and thresholds were used for each of the modalities.
The use of the different modalities in the current study provided
an opportunity to systematically compare all the different
approaches. Despite the conceptual differences between the dif-
ferent modalities, a common network was revealed. When com-
paring the modalities RS-FC, MACM, and SC networks through
a minimum statistic conjunction analysis, all three approaches
converged on a core network that included adjacent parts of left
IFG, its right-hemispheric homolog, right precentral gyrus, left
middle cingulate cortex, middle orbital gyrus, and insular cortex.
These results are in line with previous studies that used different
seeds and therefore different networks, and also showed conver-
gence between RS and MACM (18-20), between RS and SC (21,
22, 28), between RS and fiber tracking (23-26), and between RS,
MACM, and SC (27, 64). As a result, it can be suggested that
future studies could benefit from a multi-modal approach and
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TABLE 4 | Specifically absent connectivity of IFS seed.

Region X z  Cytoarchitectonic

assignment

y

Cluster 1 (735 voxels)

L inferior frontal gyrus (p. triangularis)  —42 40 -2

L inferior frontal gyrus (p. triangularis)  —50 38 6

L inferior frontal gyrus (p. triangularis)  —52 20 30 Area4b
Cluster 2 (166 voxels)

L middle frontal gyrus —44 12 38 Aread4d

Cluster 1 (205 voxels)
L precentral gyrus

Cluster 1 (629 voxels)

L inferior frontal gyrus (p. triangularis)  —42 32 6

Cluster 2 (339 voxels)

R inferior frontal gyrus (p. triangularis) 46 34 6 Areadb
Cluster 3 (119 voxels)

R precentral gyrus 54 6 18 Area 44

X, y, and z coordinates refer to the peak voxel in MINI space. R, right; L, left.

the consequent use and interpretation of the convergent network
rather than focusing on a unimodal approach.

Furthermore, our resulting similarity between the SC and PT
networks and the networks obtained from the other two modali-
ties supports the idea that FC can be used to reflect structural
connectivity and that SC of GMV can reflect functional networks
in the brain (21, 22, 27). Consequently, our results together with
previous findings provide evidence for the fact that SC is func-
tional in nature.

Differences Among Modalities

Despite the convergence observed across all approaches, diver-
gent connectivity patterns were also found when looking at
contrasts of the different modalities. This is not surprising, given
that the approaches use different data and methods in order to
determine connectivity between a seed region and the rest of the
brain. Previous studies have similarly reported striking differ-
ences between RS-FC and MACM connectivity approaches (20,
27).Clos et al. (27) and Jakobs et al. (20) have already argued that
the differences that result from these two approaches may be the
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result of the conceptual differences between the methods. While
RS-FC is based on correlation of fMRI time-series measured in
the absence of an external stimulus (5, 65), MACM delineates
networks that are conjointly recruited by a broad range of tasks
(3). That is, RS and MACM derive FC from different mental
states, in the absence and presence of a task, respectively. As a
result, spontaneous networks related to self-initiated behavior
and thought processes that can be captured in the task-free state
may be largely missed in MACM analyses (3).

In particular, RS-FC of our seed was specifically found in a
number of regions that have been predominantly associated with
executive functions, such as working memory, attention, action
inhibition, and spatial cognition. Importantly, there were no
regions that were present in SC, PT, and MACM, but absent in
RS-FC as revealed by the specifically absent RS-FC. This indicates
that RS-FC captures the broadest network. By contrast, specific con-
nectivity observed for MACM was found to be mainly associated
with language-related functions such as semantics and speech. In
turn, specifically absent regions in MACM were found to be mainly
associated with cognitive functions such as working memory and
explicit memory as well as language-related functions. As already
mentioned above, these diverging patterns, with RS-FC capturinga
broader network than MACM is possibly due to the conceptual dif-
ferences. Moreover, these two approaches also differ in the subject
groups assessed. While a group of 109 subjects were recruited for
the RS-FC analysis, the MACM analysis relied on a large amount of
published neuroimaging studies from the BrainMap database (10),
with the selection criteria being activation of our identified seed
region. Thus, it is possible that this difference in subject groups may
have also contributed to the difference in results obtained.

In contrast to the FC approaches mentioned above, specific SC
connectivity was observed in regions found to be mainly associ-
ated with functions related to emotion (fear, disgust, and sadness)
and perception (pain, gustation, audition, hunger, and somesthe-
sis). Additional functions observed included action inhibition
and cognition. On the other hand, functional characterization of
areas that were found to be specifically absent for SC connectivity
revealed an association with functions related to cognition and
language such as working memory, phonology, orthography,
syntax, and speech. Given these results, it can be noted that the
specific SC network showed a prominent association with per-
ception and emotional processing. The strong association with
emotional processing in SC is particularly interesting since the
functional characterization of the seed region and the conjunction
network did not indicate such an involvement. Moreover, while the
specific RS-FC network revealed regions that were predominately
related to cognition and the MACM network revealed regions
that were predominantly related to language, the SC network
found such regions to be specifically missing. These differences
may be largely due to the conceptual differences between the FC
modalities described above and SC. The exact biological basis of
SC is still rather unclear (27), but it has been hypothesized that
SC networks arise from synchronized maturational change that
could be mediated by axonal connections forming and reforming
over the course of development (66). Therefore, early and recip-
rocal axonal connectivity between regions is expected to have a
mutually trophic effect on regional growth in an individual brain

leading to covariance of regional volumes across subjects (14).
That is, the correlation of anatomical structure between regions
is the result of similarities in maturational trajectories (14). The
specific connectivity pattern of the SC modality may thus be
reflecting synchronized developmental patterns within a network
of regions associated with perception and emotional processing.
This could thus be the reason for particular regions to be present
in the SC network and not in the MACM and RS-FC networks
since the latter two modalities are more likely to highlight regions
that are related to certain functions rather than long-term ana-
tomical interactions. Additionally, SC is also likely to include other
influences such as common genetic factors, developmental brain
symmetry, neuromodulator distributions, and vascular territories
(14, 15), which contribute to its more widespread distribution.

In congruence with the specific SC network, the PT network
also showed a prominent association with perception and emo-
tional processing while functional characterization of areas that
were found to be specifically absent for PT connectivity revealed
an association with functions related to cognition and language.
These results further imply that the regions that were specifically
associated with SC may reflect dominant long-term synchronized
maturational patterns. However, despite the differences observed,
it should be noted that the core network showed that the resulting
SC network (also) revealed functional relations despite the fact
that it was defined by anatomical covariance. SC may hence be
regarded as a measure potentially bridging between structural and
functional connectivity aspects. However, when comparing the PT
to the other three networks, contrasting regions can be observed.
This could be due to biases related to the use of conventional
diffusion tensors. Such tensors can only capture the principal
diffusion direction, and thus makes them prone to errors induced
by crossing fibers (67). As a result, this could have limited the
possible resulting convergence amongst the four modalities.

CONCLUSION

In summary, the present results demonstrate a significant correla-
tion between TMT-MS performance and GMV in the lower bank
of the IFS, which was functionally characterized as being involved
in cognitive tasks. Additionally, all connectivity approaches used
(RS-FC, MACM, SC, and PT) converged on a network compris-
ing of regions that overlap with the multiple-demand network.
Results therefore indicate that performance (i.e., the speed at
which the task is completed) may primarily depend on executive
function, thus suggesting that motor speed in a more naturalistic
setting should be more strongly associated with executive rather
than primary motor function. Moreover, the common connectiv-
ity resulting from the different modalities used verifies that com-
mon networks can be revealed across highly divergent methods.
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