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Abstract—The development of effective neurobiological adju-
vants to rehabilitation of paresis caused by stroke will depend
on understanding mechanisms of paresis. Our objective was to
determine the extent to which upper-limb (UL) paresis after
nonlacunar ischemic middle cerebral artery (MCA) distribu-
tion stroke is caused by infarction of posterior periventricular
white matter (PVWM), where corticospinal fibers serving
movement descend, and caused by infarction of the arm-hand
region of precentral gyrus (ahPCG). We conducted a blinded,
retrospective analysis of computed tomography and magnetic
resonance imaging from a convenience sample of 64 prospec-
tively evaluated subjects with UL paresis resulting from MCA
distribution stroke. Of the subjects, 96.5% had PVWM
involvement while 53% had minimal or no ahPCG involve-
ment. Even in subjects with no UL function, 56% had very
minimal infarction (<25%) of the ahPCG. Degree of paresis
was statistically associated with presence or absence of detect-
able posterior PVWM damage but not with extent of ahPCG
involvement. These preliminary findings suggest that posterior
PVWM involvement may be a major, if not the principal,
determinant of paresis in all hemispheric ischemic strokes and
motivate further prospective studies of this problem.
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INTRODUCTION

It is well established that the primary cause of hemi-
paresis following hemispheric stroke is damage to the
motor cortex or the white matter pathways in the centrum
semiovale, periventricular white matter (PVWM), or the
posterior limb of the internal capsule linking this cortex
to the brain stem and spinal cord [1-10]. The centrum
semiovale and posterior PVWM contain the corona radi-
ata, which includes fibers originating in the motor cortex
that continue ventrally to comprise the posterior limb of
the internal capsule. Damage to other areas that project to
the brain stem or interact with motor cortex, including
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motor neurons in the postcentral gyrus, the premotor cor-
tex, the supplementary motor area, and the cingulate
motor area, or to their white matter projections may con-
tribute to paresis, but in ways as yet not well defined.
Damage to ancillary structures such as the basal ganglia
and their projections may also contribute to paresis, again
in uncertain ways.

With lacunar infarctions, both upper-limb (UL) and
lower-limb paresis are related purely to a white matter
lesion [11]. Lower-limb paresis in all hemispheric strokes
is related to a white matter lesion except in the case of
anterior cerebral artery (ACA) territory infarctions,
which are uncommon (e.g., 10 of 408 in Duncan et al.
[12]). However, the situation is not so straightforward in
the case of middle cerebral artery (MCA) territory stroke.
Clearly, lower-limb paresis in such strokes is related to a
white matter lesion because portions of the motor cortex
supporting lower-limb movement are spared. However,
UL paresis might be primarily related to a cortical lesion,
involving at the least the arm-hand region of the motor
cortex—the conventional wisdom—or it might be related
to a subcortical white matter lesion. Some studies have
demonstrated a high prevalence of white matter lesions in
the PVWM and centrum semiovale with nonlacunar
MCA territory infarcts [13] and that motor deficits may
be as severe with infarcts limited to the deep white matter
as with large MCA territorial infarcts [14]. However, no
study to our knowledge has addressed the specific ques-
tion of relative contribution of cortical and white matter
damage to UL paresis in MCA ischemic stroke. In our
clinical observation, UL paresis associated with MCA
territory infarcts has also seemed to usually be caused by
damage to white matter pathways, most often in the pos-
terior PVWM or the adjacent centrum semiovale. In this
pilot study, which couples a prospective classification of
motor function with a retrospective analysis of imaging
studies using very simple methodology, we sought to
determine whether there is enough evidence favoring our
white matter lesion observation to motivate further stud-
ies employing more sophisticated methodology.

The primary mechanism of paresis in hemispheric
stroke is of critical importance to the development of
effective neurobiological strategies to rehabilitate pare-
sis, which are urgently needed. Phase III stroke rehabili-
tation trials [12,15-16], while they have demonstrated
the efficacy of particular rehabilitation strategies and
their effect on long-term outcome, have also shown that,
despite the intensity and dose of the treatments used,

effect was modest, few patients recovered close to nor-
mal function, and many patients were left with significant
impairment. Long-term impairment is even greater in
patients who did not have sufficient baseline motor func-
tion to qualify for these trials. Although it can be antici-
pated that future refinements in experience-dependent
neurorchabilitation will achieve better outcomes, it seems
highly unlikely that any experience-dependent therapy,
however effective, will provide a fully adequate rehabili-
tation approach to the full spectrum of motoric deficits
seen after stroke. Enhancement of the substrate for expe-
rience-dependent neuroplasticity seems essential. But
which substrate: gray matter or white matter? If it is
established that white matter lesions are the predominant
cause of paresis in most hemispheric strokes, then neuro-
biological strategies aimed at mitigating axonal damage
and promoting axonal regrowth will be the greatest prior-
ity, as will the development of animal models to advance
such strategies. It also seems likely that, as challenging as
the development of neurobiological interventions for
white matter damage is likely to be, it may be more read-
ily feasible than regenerating, connecting, and retraining
cerebral cortex.

METHODS

Subjects

This study involved a blinded, retrospective analysis
of computed tomography (CT) and magnetic resonance
imaging (MRI) conducted on a convenience sample of 64
subjects with chronic UL paresis resulting exclusively
from MCA distribution infarction who were recruited
through the Department of Veterans Affairs (VA) Reha-
bilitation Research and Development Service-funded
Brain Rehabilitation Research Center (BRRC) and physi-
cally examined prospectively pursuant to their participa-
tion in rehabilitation research protocols. The BRRC
recruitment and database programs have been approved
by the University of Florida Institutional Review Board
and all subjects provided informed consent to participate.

Inclusion criteria included (1) a single large vessel
distribution infarction that was located in the MCA terri-
tory; (2) the availability of brain imaging studies, usually
obtained at community hospitals or the VA hospital as
part of the diagnostic evaluation during the original
stroke hospitalization, that were of sufficient quality to
provide the basis for the analyses involved in this investi-
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gation; and (3) the availability of a well-documented
onsite evaluation of UL function at our research center
that would provide the basis for the functional classifica-
tion employed in this investigation. Subjects with a his-
tory of more than one stroke and subjects with lacunar
infarcts were excluded. Lacunar infarcts were defined as
small subcortical infarcts visible on two or more scan
cuts, typically less then 15 mm in axial diameter, tracking
a single penetrating vessel (usually a lenticulostriate
artery) along its ventro-dorsal path, with maximum
extent typically in the PVWM [11].

Procedure

The arm-hand region of precentral gyrus (ahPCG)
was mapped without knowledge of severity of paresis on
Matsui and Hirano atlas templates [17] (supplemented by
Damasio atlas templates [18]). Fluid-attenuated inversion
recovery MRI sequences were used when available, but
when not, T2-weighted MRI sequences or CTs were
used. Diffusion-weighted images were not available dur-
ing the period of data collection. The atlases were also
used to calculate the angle of the scan for each subject.

The ahPCG was defined according to the landmarks
established by the functional MRI (fMRI) study of Craf-
ton et al. [19] as the region extending dorsally from a line
drawn parallel to the Sylvian fissure from the top of pars
opercularis to a line drawn through the superior frontal
sulcus (see also Meier et al. [20]). The anterior and poste-
rior margins of the arm-hand region were defined by the
precentral and central sulci, respectively. The entire
region was accepted as being homogeneous because
microstimulation mapping studies in squirrel monkeys
[21] and fMRI studies in human subjects [19-20,22] have
indicated that this region is a representational mosaic that
does not have a somatotopic representational pattern.
Calculation of the percent of arm-hand region involved
for each subject was done by measuring the extent of
ahPCG involvement on each slice and averaging over all
slices that included the arm-hand region. Attempts were
not made to map the extent of lesions of premotor cortex
because we felt that such assessment would not be suffi-
ciently reliable given the intrinsic limitations of our
methods.

The subcortical white matter extent of lesions was
defined on the slice from the Matsui and Hirano atlas of
maximal white matter involvement [17]. Using Photo-
shop (Adobe Systems Inc; San Jose, California), the
entire lesion in that slice was outlined manually and cop-
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ied onto the appropriate slice in the template slice series
corresponding to the orbitomeatal line, i.e., the 0° tem-
plate (the orbitomeatal line is approximately 9° steeper
than the Talairach anterior commissure [AC]-posterior
commissure [PC] line [23]). To correct for the effects of
different scan angles, the lesion was then moved back-
ward or forward on this template using the formula
(Equation (1)):

Displacement =100 X/Y tan 6 =393 tan 6, (1)

where displacement was the percentage of the anterior-
posterior dimension of the slice that the lesion was
moved, and 0 was the angle at which the scan was
obtained relative to the orbitomeatal line. X is the dis-
tance between the external auditory meatus and the mid-
body of the lateral ventricle. Y is the average anterior-
posterior dimension of the brain at the midventricular
level. X and Y were measured from sagittal T1-weighted
MRIs of 10 nondisabled adult men and 10 nondisabled
adult women. The X/Y ratio was 0.397 £ 0.038 (mean +
standard deviation [SD]) for the men and 0.388 + 0.042
for the women. These were not significantly different (t =
0.503, p = 0.62). Therefore, we used the mean of these
two values: 0.393. In most cases (especially with CT),
the difference between the actual angle of the scan rela-
tive to the orbitomeatal line and 0° was a positive number
and the effect was to move the lesion posteriorly. How-
ever, if the scan was obtained at a negative angle (as in
some MRIs), remapping to 0° had the effect of moving
the lesion anteriorly. Posterior PVWM was operationally
defined as the posterior half of the white matter extend-
ing along the body of the lateral ventricle.

In order to determine whether cortical involvement
played a greater role in patients with more severe paresis,
degree of UL paresis was classified by the senior investi-
gator (S.N.). Our classification criteria were originally
developed for their heuristic value in allocating subjects
to rehabilitation protocols. We employed this simple clas-
sification scheme simply to assure that our findings
would generalize to all degrees of paresis. The classifica-
tion scheme was not difficult to apply because it reflects
what the BRRC does on a daily basis in determining sub-
ject treatment protocol eligibility. Because of the limited
purpose of this classification scheme as used here (to
assure a full spectrum of paresis), a modest number of
misclassifications would not have altered the results and
conclusions. Degree of paresis, determined at the time of
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subject screening, was not revealed until lesions had

been mapped. The classification scheme is from 1 to 5, as

follows:

1. Normal examination.

2. Mild impairment ranging from pronation drift to slow-
ing of movement, distal weakness (especially of exten-
sors), reduction of capacity for individuated finger
movement, and a Motor Activity Log (MAL) [16]
quantitative score of >3.

3. Moderate impairment seriously interfering with use of
the UL (MAL quantitative score of <3) but sufficient
distal extensor function to enable enough finger and
thumb extension to enable some grip. Criteria met for
constraint-induced movement therapy (CIMT).

4. Severe impairment. Some distal movement, e.g., grip,
but insufficient wrist and finger extension to enable
even slight opening of the hand, hence inability to
meet CIMT criteria and no use of the UL in daily life.

5. No voluntary movement of UL, proximal or distal.

Statistical Analysis

The Fisher exact test was used to test the relationship
between presence or absence of posterior PVWM
involvement and the presence of some UL functionality
(defined as class 1, 2, or 3 UL impairment). A Spearman
correlation was used to test the relationship between
severity of paresis and extent of involvement of ahPCG.

RESULTS

Mean + SD age of the subjects was 59 £ 12 yr (range:
25-81 yr). There were 44 men. Scans used were obtained
<1 mo poststroke in 41 subjects: delay 4.1 = 5.5 d (range:
1-23 d). Scans were obtained >1 mo poststroke in 23
subjects: delay 4.0 £ 6.9 yr (range: 0.1-31.0 yr); 27 of the
scans were MRIs and 37 were CTs. Interval from stroke

Table.

to subject examination was 3.51 £4.76 yr (median: 1.75 yr,
range: 0.42-33.00 yr). All of the subjects had MCA terri-
tory strokes, as determined by the inclusion criteria, but
two subjects with grade 5 paresis in addition had infarc-
tion in the ACA territory.

Because the first author (V.H.) analyzed all 64 scans,
while the second and third authors (S.J. and O.R.) ana-
lyzed 16 each, reliability could be assessed for 32 scans.
Disagreements were resolved by the senior author (S.N.)
without access to data on severity of paresis. There was
disagreement on scan angle for two scans; for one of
these, the interpretation of the first author (V.H.) was
favored, and for the other, that of the second author (S.J.).
There was disagreement as to the extent of arm-hand
region involvement in three cases. In all three, the mea-
surement of the first author (V.H.) was accepted.

Of all subjects, 96.5 percent had PVWM involve-
ment while 53 percent had minimal (<25%) or no ahPCG
involvement (Table). Even in subjects with no UL func-
tion, 56 percent had minimal infarction of the ahPCG. On
the other hand, six subjects with involvement of >50 per-
cent of the ahPCG had either a normal motor examina-
tion or mild motor impairment, and four subjects with
>50 percent involvement had moderate impairment in a
range that qualified them for CIMT.

The extent of involvement of the posterior PVWM
can be seen in the figures. Of the 16 subjects with class 1
to 2 impairment (Figure 1), 7 had some incursion of the
deep white matter lesion on the posterior PVWM. Of the
16 subjects with class 3 impairment, the posterior
PVWM was spared in 4, but in 2 of these, there was sub-
stantial involvement of the cortical arm-hand region
(Figure 2). Only two of the subjects with class 4 impair-
ment had sparing of the posterior PVWM, and in one of
these, there was major cortical involvement of the arm-
hand region (Figure 3). All of the subjects with class 5

Number of subjects with damage to precentral gyrus in relation to motor grade.

Damage to Precentral Gyrus

Motor Grade 0% 196-25% 2696500 5196-75% 7696-100%
) g (10) 76D 0 5(63) T(3,060)
3 9 (349) 2 (105) 1 (1,290) 0 42.5)

4 3(3) 1 (90) 1(7) 3 (143) 8 (1,930)
5 5(151) 4(237) 2 (65) 1 (300) 4 (1,470)
Total 35 (159) 9(152) 3 357) 9(119) 17 (1.433)

Note: Numbers in parentheses denote mean number of days between stroke and imaging study.
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impairment had extensive involvement of the posterior
PVWM (Figure 4). When subjects with some use of the
UL (classes 1, 2, and 3) were contrasted with classes 4
and 5 according to presence of posterior PVWM involve-
ment, the difference (19 of 32 with class 1, 2, or 3 impair-
ment; 30 of 32 with class 4 or 5 impairment) was significant
(p = 0.002, Fisher exact test). The correlation of severity
of impairment with extent of involvement of the ahPCG
was not significant (Spearman r = 0.19, p = 0.13).

The extent of involvement of the ahPCG did not
appear to be affected by time elapsed between stroke and
imaging (Table). The two subjects who did not have
PVWM involvement underwent CT scans on the day of
the stroke.

DISCUSSION

In this study of 64 subjects with MCA territory isch-
emic strokes, 96.5 percent of subjects had deep white mat-
ter lesions, most often in the PVWM, while 53 percent
had minimal or no ahPCG involvement. This indicates
that in half of our subjects, the ahPCG lesion could not
account for the paresis, and in the other half, either the
ahPCG, the PVWM lesion, or both produced the paresis.
There was not a significant correlation between degree of
paresis and extent of involvement of the ahPCG. The
quality of the images did not allow for a quantitative
analysis of the relationship between degree of paresis and
extent of involvement of the arm-hand region of the pos-
terior PVWM. However, there was a significant associa-
tion between presence or absence of a posterior PVWM
lesion and functionality of the UL.

Even in subjects with no UL function (class 5),
56 percent had minimal infarction (<25%) of the ahPCG.
The fact that 10 of 32 subjects with no or only moderate
UL motor impairment (grades 1-3 in this study) had
involvement of >50 percent of the ahPCG provides fur-
ther support for the concept that extent of ahPCG
involvement is an unreliable predictor of arm-hand func-
tion. It also suggests that corticospinal and corticobulbar
fibers originating in cortical areas other than the ahPCG
(e.g., premotor and somatosensory cortex [24]) may suf-
fice to preserve substantial motor function.

Diffusion tensor tractographic (DTT) studies have
shown that the corticospinal tract passes through the pos-
terior half of the PVWM, the arm-hand region being cen-
tered roughly at the junction of the middle and posterior

HEDNA et al. Stroke location

Figure 1.
Axial slice lesion maps in 16 subjects with grade 1 or 2 paresis.

Maps of right hemisphere strokes were flipped 180°. The one
slice included for each subject is the slice of maximal white mat-
ter involvement (taken from Matsui and Hirano [17]). Entire
extent of lesion is plotted on each slice, but point of interest is
extent of involvement of posterior periventricular white matter,
area depicted by rectangle immediately lateral to body of lateral
ventricle (first row, second image from left—follow arrow). Arm-
hand region is centered roughly at junction of middle and poste-
rior thirds of this region [25]. Percent involvement of arm-hand
portion of precentral gyrus, averaged over all slices, is indicated
at top right of each individual subject image.
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Figure 2. Figure 3.
Axial slice lesion maps in 16 subjects with grade 3 paresis. Axial slice lesion maps in 16 subjects with grade 4 paresis.
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Figure 4.
Axial slice lesion maps in 16 subjects with grade 5 paresis.

HEDNA et al. Stroke location

thirds on scans aligned along the AC-PC line [25]. Stroke
studies have shown that lesions in the posterior half of
the PVWM are associated with paresis and that the pat-
tern of paresis corresponds with the somatotopic localiza-
tion defined by DTT studies [1-3]. Our lesion maps are
consistent with this localization. More generally, our
study is consistent with the results of studies that show
that UL motor function after stroke correlates better with
axonal integrity in the posterior limb of the internal cap-
sule (as determined by diffusion tensor imaging) than it
does with engagement of the ahPCG, as determined by
blood oxygen-level dependent fMRI [26].

The modest prevalence of involvement of the ahPCG
reflects two factors: (1) even with MCA territory infarcts,
the bulk of the lesion is often subcortical, reflecting
either occlusion of multiple lenticulostriate vessels by
clot in the M1 portion, or infarction of the lenticulostriate
endzone (a “desert zone”) when clot wedges at the
carotid T-junction [27], and (2) even when the cortex is
involved, the lesion is characteristically perisylvian and
only sometimes extends sufficiently dorsally to involve
the ahPCQG, reflecting the degree to which posterior cere-
bral artery-MCA and ACA-MCA end to end anastomo-
ses serve to save cortex from infarction.

These results must be regarded as only suggestive
because of the retrospective nature of the radiographic
component of this study; the relative insensitivity of the
scanning techniques, particularly CT, obtained very soon
after stroke; the limitations of the analytic technique
applied to the images; and because the potential contribu-
tion to paresis of lesions of premotor cortex was not
accounted for. It might be noted, however, that the
absence of any simple relationship between our results
and time between stroke and imaging suggests that our
results are not simply an artifact of underdetection of
lesions on images obtained early or changes in the imag-
ing appearance of lesions that occur over time. A defini-
tive study would require prospective imaging using state-
of-the-art MRI techniques to quantitate damage to the
ahPCG, the arm-hand premotor cortex, and the posterior
PVWM in relation to the established trajectory of the cor-
ticospinal tract.

CONCLUSIONS

We conclude that the findings of this study provide
sufficient support for our hypothesis to warrant prospective
studies of the relative contribution of white matter injury
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to paresis in MCA territory stroke employing more
refined methodology. The preliminary findings reported
here, coupled with results of prior studies, suggest that
white matter damage may be a major, if not the principal,
determinant of paresis due to hemispheric ischemic
stroke, whether large vessel distribution or lacunar, and
whether the paresis is UL or lower limb. If supported by
further research, these findings have important implica-
tions for neurobiological research and for neurobiologi-
cal and technological strategies for stroke rehabilitation.
Further studies of white matter lesions in animals are
warranted [28]. Agents that might mitigate white matter
damage [29] or agents that might allow axonal regrowth,
such as Rho-kinase inhibitors, may be of particular bene-
fit [30]. If the arm-hand region of motor cortex is often
spared in MCA stroke, this might provide an opportunity
for use of cortically driven neural prostheses in patients
with severe paresis, assuming that apparent sparing on
structural imaging studies corresponds to substantial
sparing at the neuronal level.
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