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Atrophy of Spared Gray Matter Tissue Predicts Poorer
Motor Recovery and Rehabilitation Response in

Chronic Stroke
Lynne V. Gauthier, PhD; Edward Taub, PhD; Victor W. Mark, MD;

Ameen Barghi; Gitendra Uswatte, PhD

Background and Purpose—Although the motor deficit after stroke is clearly due to the structural brain damage that has
been sustained, this relationship is attenuated from the acute to chronic phases. We investigated the possibility that motor
impairment and response to constraint-induced movement therapy in patients with chronic stroke may relate more
strongly to the structural integrity of brain structures remote from the lesion than to measures of overt tissue damage.

Methods—Voxel-based morphometry analysis was performed on MRI scans from 80 patients with chronic stroke to
investigate whether variations in gray matter density were correlated with extent of residual motor impairment or with
constraint-induced movement therapy-induced motor recovery.

Results—Decreased gray matter density in noninfarcted motor regions was significantly correlated with magnitude of
residual motor deficit. In addition, reduced gray matter density in multiple remote brain regions predicted a lesser extent
of motor improvement from constraint-induced movement therapy.

Conclusions—Atrophy in seemingly healthy parts of the brain that are distant from the infarct accounts for at least a
portion of the sustained motor deficit in chronic stroke. (Stroke. 2012;43:00-00.)
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The deficit after stroke is clearly due to the brain damage
that has been sustained as a result of ischemia or

hemorrhage. However, there appears to be a decline in the
influence of stroke lesion characteristics on severity of the
motor deficit over the course of the first year poststroke.1

Although most studies in acute stroke report weak to moder-
ate relationships between motor deficit and lesion volume,2–4

these relationships are largely absent in chronic stroke.5 To
our knowledge, the only consistently replicated predictor of
residual motor deficit in chronic stroke is lesion location at
the intersection of the corona radiata and fibers from the
corpus callosum.6,7 The extent to which lesions interfere with
descending pyramidal fibers has also been shown to predict
prolonged motor deficit,8,9 albeit with exceptions.10 Given
that a substantial proportion of the variability in motor deficit
cannot be accounted for by lesion factors alone, particularly
among patients with chronic stroke with lesions outside the
aforementioned regions, we postulated that diminished struc-
tural integrity of brain structures remote from the lesion
might contribute importantly to the sustained motor deficit.

There is some evidence to support this conjecture. Brain
metabolism of intact regions is often decreased in chronic
stroke and the extent of this decrement has been associated

with poorer motor recovery.11–13 Furthermore, previous re-
search has found that in chronic stroke, there may be
significant bilateral diffuse structural loss in brain areas that
are anatomically remote from the infarction.14–16 However,
no study to date has systematically evaluated whether such
changes may be correlated in chronic stroke with the amount
of motor deficit or with changes in functional status. Accord-
ingly, in this experiment, we evaluated whether chronic
motor deficits in stroke are related to the amount of thinning
in normal-appearing brain regions on MRI. We used voxel-
based morphometry (VBM) to relate gray matter density (in
brain areas without visible damage) to motor status of the
paretic arm. In addition, we assessed the related question of
whether regional gray matter thinning in patients with chronic
stroke before treatment is related to the magnitude of im-
provement in motor status after constraint-induced movement
(CI) therapy.17

Methods
Participants
Eighty-five patients with chronic stroke with mild to moderate motor
deficit were enrolled in 1 of several studies examining their response
to CI therapy or alternative motor interventions from 1997 to 2009.
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The studies were performed at the University of Alabama at
Birmingham, whose Institutional Review Board approved this re-
search. All patients provided signed informed consent. Inclusion
criteria consisted of poststroke interval of �10 months, ability to
extend at least 20° at the wrist and 10° at each of the metacarpo-
phalangeal joints, substantial nonuse of the more-affected arm (ie,
score �2.5 out of 5 on the Motor Activity Log), general medical
stability, ability to follow directions from project therapists, absence
of current pharmacological treatment of their motor disability (eg,
botulinum toxin), and no history of treatment with CI therapy.

Patients who met these criteria and who were medically cleared
for MRI received volumetric T1-weighted MRI of their brain during
the week preceding therapy. The most recent patients (n�49) were
scanned on a Phillips (Intera) 3-Tesla machine and less recent
patients on either a Philips (ACS) 1.5-Tesla machine (n�14) or a GE
(Signa) 1.5-Tesla machine (n�17). For 80 patients (40 women),
scans were of sufficient quality to be included in the current study.
Patients ranged in age from 38 to 87 years (mean, 62.9�12.3 years).
Stroke onset was 4.3�4.0 years previously. Thirty-nine exhibited
right hemiparesis; 71 were right-handed before stroke. See the Table
for a breakdown of patient characteristics.

Assessment of Pretreatment Motor Functioning
Motor functioning was assessed before and after treatment with the
Motor Activity Log (MAL) and the Wolf Motor Function Test
(WMFT), both of which have an established reliability and validity.
The MAL quantifies how well and how often activities of daily
living are carried out spontaneously by patients with their more-
affected arm outside the laboratory.18,19 The WMFT measures how
rapidly patients perform standardized tests that they are required to
carry out with the more-affected arm in the laboratory.20,21 The 2
measures thus assess different domains of motor ability; the MAL
measures amount of spontaneous, real-world use of the more
affected arm, whereas the WMFT measures capacity for carrying out
standardized motor tasks with the more-affected arm on request in
the laboratory. There is often a large difference between the 2
measures.22,23 Performance time on the WMFT was recorded as a
log2 transformation of the mean time in seconds to more accurately
portray patient progress.5

Interventions
Forty-four of 80 patients were randomly assigned to receive CI
therapy, a motor rehabilitation therapy with proven efficacy for
treating hemiparesis in chronic stroke.17,24,25 The other 36 patients

received comparison interventions or attenuated forms of CI therapy.
Only those patients assigned to CI therapy (n�44), the most
effective intervention, were retained for the analysis examining gray
matter predictors of therapy outcome. The demographics of those
receiving CI therapy were similar to those of the entire sample.
Patients receiving CI therapy had a mean age of 62.1�12.2 years and
mean stroke chronicity of 4.3�3.9 years; 23 were women, 22
exhibited right hemiparesis, and 41 were right-handed before stroke.

MRI Analysis
Noisier scans, largely those obtained on the older scanners, were
initially processed through a modified version of the noise reduction
approach devised by Placidi and colleagues.26 A modified version of
the Contourlet Hidden Markov Tree toolbox (Version 1.0) by Minh
Do (http://www.ifp.uiuc.edu/�minhdo/software/) was modified in
Matlab 7.5 for this purpose. Scans were then corrected for radiofre-
quency inhomogeneity using the Statistical Parametric Mapping
toolbox (SPM5, Wellcome Department of Cognitive Neurology,
http://www.fil.ion.ucl.ac.uk/spm). Skull-stripping was performed us-
ing an in-house program to prevent extrabrain voxels from being
classified as gray matter. Images were equated for deficit side by
flipping left to right the brains of patients with right arm hemiparesis.
Magnetic artifacts and focal structural change (eg, infarcts, peri-
infarcts) were masked through manual tracing using MRIcro/MRI-
cron software and refined using a semiautomated intensity thresh-
olding technique. These tracings served as exclusion masks during
(1) segmentation and normalization of the brain to prevent damaged
tissue from affecting the algorithm; and (2) statistical analysis such
that only remaining brain that was visibly spared from ischemia was
analyzed.

VBM involves voxelwise comparisons of local gray matter density
or volume.27 Each patient’s pretreatment brain scan underwent a
procedure of joint normalization (to standard space) and segmenta-
tion (into gray matter, white matter, and cerebrospinal fluid) using
SPM5 software. Brains were normalized to custom older adult
templates28 that were rendered symmetrical by averaging the original
templates with their mirror image. Tracings of damaged tissue were
then normalized using an identical transformation to create normal-
ized masks of abnormal tissue. These regions of abnormal tissue
were removed from each patient’s gray matter image before smooth-
ing. Finally, images were smoothed using a 10-mm Gaussian kernel
to suppress noise and effects due to residual differences in gyral
anatomy. The VBM processing steps are depicted in Supplemental
Figure I (http://stroke.ahajournals.org).

Statistical Analysis
To determine whether a patient’s motor status at pretreatment was
related to the extent of atrophy, separate voxelwise multiple regres-
sions were performed correlating gray matter density with MAL and
WMFT scores, respectively (n�80). Confounding factors that could
relate to gray matter density (scanner strength, age, peri-infarct
volume, chronicity, and cortical versus subcortical lesion classifica-
tion) were covaried out of the model. Voxelwise multiple regression
analyses were similarly conducted to examine whether gray matter
density predicts treatment outcome from CI therapy (n�44). Beta
coefficient t statistics for motor status/outcome were initially thresh-
olded at �uncorrected�0.05 (t��1.99 and t��2.02, respectively).
SPM5 software was used to perform 2-tailed clusterwise statistics,
corrected for familywise error (FWE), on each cluster of voxels
exceeding this threshold.29

Results
Extent of Atrophy Correlates With Amount of
Motor Deficit Pretreatment
Lower scores on the MAL were associated with reduced gray
matter density in motor and motor-associated areas contralat-
eral and ipsilateral to the motor deficit (cluster sizes�54 373
voxels and 49 939 voxels, respectively, PsFWEcorrected�0.0001)

Table. Pretreatment Patient Characteristics (n�80)

Mean�SD Minimum Maximum

Age, y 62.9�12.3 38 87

Chronicity, y 4.3�4.0 0.8 20

Infarction volume, cm3 14.4�29.5* 0.02 157.1

Motor Activity Log
Quality of Movement
scale (0–5 points)

1.0�0.7 0.0 2.6

Wolf Motor Function
Test log2 performance
time

1.3�1.0 0.1 3.8

Percentage of purely
subcortical infarcts

51.3

Percentage with right
hemiparesis

48.8

Percentage
right-handed before
stroke

88.8

SD indicates standard deviation.
*Positively skewed distribution, 34 patients had infarcts that were �3 cm3.
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and in the insula/temporal lobe ipsilateral to the motor deficit
(cluster size�22 350 voxels, PFWEcorrected�0.012). Longer
performance times on the WMFT (ie, greater impairment)
were correlated with reduced gray matter density in motor
areas contralateral to the motor deficit (cluster size�93 428
voxels, PFWEcorrected�0.0001), to a lesser extent in ipsilateral
motor areas, and in the thalamus, hippocampus, and insula
ipsilateral to the more-affected arm (cluster size�45 316
voxels, PFWEcorrected�0.0001). The Figure A–B displays spa-
tial maps of suprathreshold clusters for the MAL and WMFT.
To ensure that the subjects who received CI therapy were
representative of the total sample, statistical analyses were
repeated on this subsample of patients (n�44). Nearly iden-
tical correlations were found between gray matter density and
both MAL and WMFT pretreatment scores with only 1 major
difference: the spatial extent of the MAL findings was
diminished for the premotor and supplementary motor areas
in the less affected hemisphere, likely due to reduced power
to detect an effect.

Extent of Atrophy Correlates With Motor Gains
After CI Therapy
Reduced gray matter density in the primary motor cortex
contralateral to the more-affected extremity (cluster
size�17 531 voxels, PFWEcorrected�0.037) and greater gray
matter density in posterior temporal–lateral occipital cortex
contralateral to the deficit (cluster size�31 896 voxels,
PFWEcorrected�0.001) predicted less improvement on the
MAL after CI therapy (Figure C). Less improvement on the
WMFT after CI therapy (ie, greater time scores) was pre-
dicted by reduced gray matter density in several brain
regions, including (1) bilateral cerebral peduncles, pons,
medulla, and cerebellum contralateral to the more-affected
arm, contralateral anterior temporal lobe (cluster
size�73 292 voxels, PFWEcorrected�0.0001); (2) contralateral

supplementary motor cortex and premotor cortex (cluster
size�16 577 voxels, PFWEcorrected�0.05); and (3) temporal–
occipital region (motion processing area) of the hemisphere
ipsilateral to the motor deficit (cluster size�17 572 voxels,
PFWEcorrected�0.041; Figure D).

Discussion
Decreased density of noninfarcted tissue that is seemingly
healthy is correlated with poorer pretreatment motor status
and reduced response to an efficacious rehabilitation therapy.
This finding provides evidence that at least part of the origin
of the motor deficit in patients with chronic stroke is the
extent to which gray matter density in motor areas remote
from an infarct is affected. Thus, the structural integrity of
apparently healthy gray matter tissue in chronic stroke is
fundamentally important to motor control and real-world
spontaneous use of the paretic arm.

The topography of this relationship differs somewhat
between outcome measures and assessment occasion (ie,
pretreatment deficit in motor ability [WMFT scores], pre-
treatment amount of spontaneous use of the more affected
arm in the life situation [MAL scores], and amount of
improvement produced by CI therapy in both WMFT and
MAL scores). However, a consistent finding across measures
is that residual reduced motor functioning and reduced motor
response to CI therapy are correlated with decreased gray
matter density in contralateral sensorimotor cortical areas. In
the ipsilateral hemisphere, decreased gray matter density in
sensorimotor areas also predicted less real-world more-
affected arm use at pretreatment (MAL score). Of note, these
are the same brain regions in which gray matter increases
correlated with improvements in real-world arm use from CI
therapy.30 Gray matter density in bilateral cerebral peduncles,
pons, medulla, cerebellum, anterior motor areas (prefrontal
and supplementary motor areas) and regions of the temporal

Figure. Surface rendering of suprathresh-
old clusters of � coefficient t values corre-
lating (A) MAL scores before treatment
with gray matter density, (B) WMFT per-
formance (larger time scores reflect worse
performance) before treatment with gray
matter density, (C) gray matter density
with treatment outcome as measured by
the MAL, and (D) gray matter density with
treatment outcome as measured by the
WMFT. Color bars indicate the magnitude
of individual voxel correlation statistics.
The “left” hemisphere is the more affected
hemisphere. MAL indicates Motor Activity
Log; WMFT, Wolf Motor Function Test.
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lobes was positively correlated with CI therapy-induced
improvement on a laboratory-based measure of motor func-
tion (WMFT). These areas represent a network of brain
regions involved in motor function, visual motion processing,
and cognitive function. In summary, the structural integrity of
widely distributed brain structures in both hemispheres is
associated with better spontaneous motor recovery and reha-
bilitation response. The topography of these findings is
consistent with functional alterations31 and suggests a distrib-
uted neural network of motor recovery in chronic stroke.

At least 2 potential processes may explain the correlation
between gray matter density and motor function in chronic
stroke: (1) greater gray matter atrophy in subjects with greater
motor impairment; and (2) greater neuroplastic compensation
in subjects exhibiting greater motor recovery. There is stron-
ger support for the first mechanism. Longitudinal and large
cross-sectional studies of the topographical structural changes
after stroke in humans have indicated that widespread cortical
atrophy occurs.14–16 A longitudinal study in animals also
showed bilateral thinning of gray matter after simulated
stroke in the same brain areas in which we observed a
correlation between gray matter density and motor perfor-
mance.32 Furthermore, gross losses of gray matter are visible
to the naked eye in scans from many cases in our data set (see
Supplemental Figure II). Such structural changes may reflect
the consequences of transsynaptic physiological alterations
remote from the site of the infarction, for example, diaschi-
sis33 and/or structural correlates of well-documented meta-
bolic alterations in these areas.11,13 Evidence for a generally
atrophic process does not preclude the possibility of selective
increases in amount of gray matter after stroke that may
mitigate postischemic atrophy and support motor recov-
ery.30,34,35 For example, increased functional activity has been
observed in compensatory brain regions after chronic
stroke36,37 and may be linked with increased cortical thickness
in these areas.36 Thus, selective neuroplastic compensation,
possibly mediated by the amount of use of the impaired
arm,30 may counteract widespread atrophy and contribute to
partial restoration of motor function in chronic stroke.

Our finding that greater spontaneous recovery of motor
function and enhanced rehabilitation response are associated
with gray matter density in areas distant from the infarct
suggests that therapies aimed at preserving or improving the
integrity of remaining tissue are critical for optimal motor
recovery. Longitudinal studies should trace the trajectories of
widespread atrophy and selective growth in brain tissue and
their contribution to motor status from acute to chronic
stroke. Improved understanding of factors that attenuate the
observed atrophy will identify additional targets for therapeu-
tic intervention.

Acknowledgments
This research was approved by the University of Alabama at
Birmingham Institutional Review Board.

Sources of Funding
This work was supported by the National Institutes of Health
(HD34273) and the American Heart Association (0815065E to
L.V.G.).

Disclosures
None.

References
1. Lauretani F, Saccavini M, Zaccaria B, Agosti M, Zampolini M, France-

schini M. Rehabilitation in patients affected by different types of stroke.
A one-year follow-up study. Eur J Phys Rehabil Med. 2010;46:511–516.

2. Saunders DE, Clifton AG, Brown MM. Measurement of infarct size using
MRI predicts prognosis in middle cerebral artery infarction. Stroke. 1995;
26:2272–2276.

3. Lovblad KO, Baird AE, Schlaug G, Benfield A, Siewert B, Voetsch B, et
al. Ischemic lesion volumes in acute stroke by diffusion-weighted
magnetic resonance imaging correlate with clinical outcome. Ann Neurol.
1997;42:164–170.

4. Parsons MW, Li T, Barber PA, Yang Q, Darby DG, Desmond PM, et al.
Combined (1)H MR spectroscopy and diffusion-weighted MRI improves
the prediction of stroke outcome. Neurology. 2000;55:498–505.

5. Mark VW, Taub E, Perkins C, Gauthier L, Uswatte G. MRI infarction
load and CI therapy outcomes for chronic post-stroke hemiparesis. Restor
Neurol Neurosci. 2008;26:13–33.

6. Gauthier LV, Taub E, Mark VW, Perkins C, Uswatte G. Improvement
after constraint-induced movement therapy is independent of infarct
location in chronic stroke patients. Stroke. 2009;40:2468–2472.

7. Lo R, Gitelman D, Levy R, Hulvershorn J, Parrish T. Identification of
critical areas for motor function recovery in chronic stroke subjects using
voxel-based lesion symptom mapping. Neuroimage. 2010;49:9–18.

8. Zhu LL, Lindenberg R, Alexander MP, Schlaug G. Lesion load of the
corticospinal tract predicts motor impairment in chronic stroke. Stroke.
2010;41:910–915.

9. Lindenberg R, Renga V, Zhu LL, Betzler F, Alsop D, Schlaug G.
Structural integrity of corticospinal motor fibers predicts motor
impairment in chronic stroke. Neurology. 2010;74:280–287.

10. Riley JD, Le V, Der-Yeghiaian L, See J, Newton JM, Ward NS, et al.
Anatomy of stroke injury predicts gains from therapy. Stroke. 2011;42:
421–426.

11. Mori S, Sadoshima S, Ibayashi S, Lino K, Fujishima M. Relation of
cerebral blood flow to motor and cognitive functions in chronic stroke
patients. Stroke. 1994;25:309–317.

12. Seitz RJ, Azari NP, Knorr U, Binkofski F, Herzog H, Freund HJ. The role
of diaschisis in stroke recovery. Stroke. 1999;30:1844–1850.

13. Pantano P, Formisano R, Ricci M, Di Piero V, Sabatini U, Di Pofi B, et
al. Motor recovery after stroke. Morphological and functional brain alter-
ations. Brain. 1996;119:1849–1857.

14. Schormann T, Kraemer M. Voxel-guided morphometry (‘VGM’) and
application to stroke. IEEE Trans Med Imaging. 2003;22:62–74.

15. DeCarli C, Massaro J, Harvey D, Hald J, Tullberg M, Au R, et al.
Measures of brain morphology and infarction in the Framingham heart
study: establishing what is normal. Neurobiol Aging. 2005;26:491–510.

16. Kraemer M, Schormann T, Hagemann G, Qi B, Witte OW, Seitz RJ.
Delayed shrinkage of the brain after ischemic stroke: preliminary obser-
vations with voxel-guided morphometry. J Neuroimaging. 2004;14:
265–272.

17. Taub E, Miller NE, Novack TA, Cook EW III, Fleming WC, Nepo-
muceno CS, et al. Technique to improve chronic motor deficit after
stroke. Arch Phys Med Rehabil. 1993;74:347–354.

18. Uswatte G, Taub E, Morris D, Light K, Thompson PA. The Motor
Activity Log-28: assessing daily use of the hemiparetic arm after stroke.
Neurology. 2006;67:1189–1194.

19. van der Lee JH, Beckerman H, Knol DL, de Vet HC, Bouter LM.
Clinimetric properties of the motor activity log for the assessment of arm
use in hemiparetic patients. Stroke. 2004;35:1410–1414.

20. Morris DM, Uswatte G, Crago JE, Cook EW III, Taub E. The reliability
of the Wolf Motor Function Test for assessing upper extremity function
after stroke. Arch Phys Med Rehabil. 2001;82:750–755.

21. Wolf SL, Catlin PA, Ellis M, Archer AL, Morgan B, Piacentino A.
Assessing Wolf Motor Function Test as outcome measure for research in
patients after stroke. Stroke. 2001;32:1635–1639.

22. Uswatte G, Taub E. Constraint-induced movement therapy: new
approaches to outcome measurement in rehabilitation. In: Stuss DT,
Winocur G, Robertson IH, eds. Cognitive Neurorehabilitation: A Com-
prehensive Approach. Cambridge: Cambridge University Press; 1999:
215–229.

23. Taub E, Uswatte G, Mark VW, Morris DM. The learned nonuse phenomenon:
implications for rehabilitation. Eura Medicophys. 2006;42:241–256.

4 Stroke January 2012

 by guest on November 29, 2011http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


24. Taub E, Uswatte G, King DK, Morris D, Crago JE, Chatterjee A. A
placebo-controlled trial of constraint-induced movement therapy for
upper extremity after stroke. Stroke. 2006;37:1045–1049.

25. Morris DM, Taub E, Mark VW. Constraint-induced movement therapy: char-
acterizing the intervention protocol. Eura Medicophys. 2006;42:257–268.

26. Placidi G, Alecci M, Sotgiu A. Post-processing noise removal algorithm
for magnetic resonance imaging based on edge detection and wavelet
analysis. Phys Med Biol. 2003;48:1987–1995.

27. Ashburner J, Friston KJ. Voxel-based morphometry—the methods. Neu-
roimage. 2000;11:805–821.

28. Lemaitre H, Crivello F, Grassiot B, Alperovitch A, Tzourio C, Mazoyer
B. Age- and sex-related effects on the neuroanatomy of healthy elderly.
Neuroimage. 2005;26:900–911.

29. Friston KJ, Holmes AP, Worsley KJ, Poline JB, Frith CD, Frackowiak
RSJ. Statistical parametric maps in functional imaging: a general linear
approach. Hum Brain Mapp. 1994;2:189–210.

30. Gauthier LV, Taub E, Perkins C, Ortmann M, Mark VW, Uswatte G.
Remodeling the brain: plastic structural brain changes produced by dif-
ferent motor therapies after stroke. Stroke. 2008;39:1520–1525.

31. Seitz RJ, Knorr U, Azari NP, Herzog H, Freund HJ. Visual network
activation in recovery from sensorimotor stroke. Restor Neurol Neurosci.
1999;14:25–33.

32. Karl JM, Alaverdashvili M, Cross AR, Whishaw IQ. Thinning,
movement, and volume loss of residual cortical tissue occurs after stroke
in the adult rat as identified by histological and magnetic resonance
imaging analysis. Neuroscience. 2010;170:123–137.

33. Feeney DM, Baron JC. Diaschisis. Stroke. 1986;17:817–830.
34. Jones TA, Chu CJ, Grande LA, Gregory AD. Motor skills training

enhances lesion-induced structural plasticity in the motor cortex of adult
rats. J Neurosci. 1999;19:10153–10163.

35. Chu CJ, Jones TA. Experience-dependent structural plasticity in cortex
heterotopic to focal sensorimotor cortical damage. Exp Neurol. 2000;166:
403–414.

36. Schaechter JD, Moore CI, Connell BD, Rosen BR, Dijkhuizen RM.
Structural and functional plasticity in the somatosensory cortex of chronic
stroke patients. Brain. 2006;129:2722–2733.

37. Ward NS, Newton JM, Swayne OB, Lee L, Thompson AJ, Greenwood
RJ, et al. Motor system activation after subcortical stroke depends
on corticospinal system integrity. Brain. 2006;129:809 – 819.

Gauthier et al Gray Matter Density Correlated With Motor Ability 5

 by guest on November 29, 2011http://stroke.ahajournals.org/Downloaded from 

http://stroke.ahajournals.org/


SUPPLEMENTAL MATERIAL 

 

 

Figure 1: VBM processing steps for one participant. From left to right: original image, skull-stripped and 
corrected for inhomogeneity, native space grey matter, normalized grey matter, smoothed normalized grey 
matter with damaged tissue removed. Arrows point to the infarct.  
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Figure 2: Pronounced atrophy remote from the 
infarct is readily visible in a large proportion of 
patients in our sample. To demonstrate this 
phenomenon, brains of stroke patients from this 
study (left column) are compared with age- and sex-
matched healthy subjects from the OASIS dataset 
(right column).  From top to bottom (neuro-
radiological orientation): extensive atrophy of the 
thalamus and insula following a left (L) cortical 
lesion to Brodmann’s areas (BA) 4 & 6 in a 44 year 
old (yo) male (M); atrophy of the motor cortex and 
insula following an infarct to the L corona radiata in 
a 51 yo M; pronounced atrophy to bilateral motor 
cortices in a 61 yo female (F) after right (R) superior 
temporal and corona radiata infarct; motor cortex 
atrophy in a 59 yo M following L multifocal infarct 
to lateral BA 4 and BAs 39 & 40; atrophy in the L 
insular region following a large R hemisphere lesion 
(shown) in a 54 yo M. 
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