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Abstract
Objective
To test the hypothesis that cognitive demands influence motor performance during recovery
from acute stroke, we tested patients with acute stroke on 2 motor tasks with different cognitive
demands and related task performance to cognitive impairment and neuroanatomic injury.

Methods
We assessed the contralesional and ipsilesional upper extremities of a cohort of 50 patients with
weakness after unilateral acute ischemic stroke at 3 time points with 2 tasks: the Box & Blocks
Test, a task with greater cognitive demand, and Grip Strength, a simple and ballistic motor task.
We compared performance on the 2 tasks, related motor performance to cognitive dysfunction,
and used voxel-based lesion symptom mapping to determine neuroanatomic sites associated
with motor performance.

Results
Consistent across contralesional and ipsilesional upper extremities and most pronounced
immediately after stroke, Box & Blocks scores were significantly more impaired than Grip
Strength scores. The presence of cognitive dysfunction significantly explained up to 33% of
variance in Box & Blocks performance but was not associated with Grip Strength performance.
While Grip Strength performance was associated with injury largely restricted to sensorimotor
regions, Box & Blocks performance was associated with broad injury outside sensorimotor
structures, particularly the dorsal anterior insula, a region known to be important for complex
cognitive function.

Conclusions
Together, these results suggest that cognitive demands influence upper extremity motor per-
formance during recovery from acute stroke. Our findings emphasize the integrated nature of
motor and cognitive systems and suggest that it is critical to consider cognitive demands during
motor testing and neurorehabilitation after stroke.
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Upper extremity motor impairment, which occurs in up to
85% of stroke survivors,1 is a key contributor to poststroke
disability.2,3 Cognitive impairments, including deficits in at-
tention, executive function, visuospatial ability, and language,
are also common after stroke,4-6 are most prevalent during the
early postacute stroke period,7,8 and negatively affect long-
term functional outcomes.9,10

Here, we asked whether cognition influences upper extremity
motor performance during recovery from stroke. We serially
assessed a cohort of patients with acute stroke on 2 common
tests of upper extremity motor performance with inherently
varying cognitive demands, the Box & Blocks Test (BBT), a
motor task with relatively higher cognitive demands, and Grip
Strength, a simple, ballistic motor task.11 We assessed both
the more affected (i.e., contralesional) and less affected
(i.e., ipsilesional) upper extremities because cognitive de-
mands on motor performance should extend to the ipsile-
sional upper extremity where direct injury to the motor
system is absent.

We specifically investigated (1) whether the cognitive demands
of a test influence poststroke motor performance, hypothesiz-
ing that BBT, given its higher cognitive demands, would show
relatively greater deficits than Grip Strength; (2) whether
cognitive dysfunction after stroke explains motor performance,
hypothesizing that the presence of cognitive impairment would
be associated with reduced BBT but not Grip Strength per-
formance; and (3) whether motor performance on tests with
varying cognitive demands is associated with different patterns
of neuroanatomic injury, hypothesizing that BBT performance
would be associated with greater injury to cortical structures
that support cognitive more than sensorimotor function.

Methods
Participants
Patients were recruited from an ongoing, prospective, single-
center natural history study of recovery of upper extremity
weakness after stroke, Stroke Motor Rehabilitation and Re-
covery Study (SMaHRT). From June 2017 to December
2019, eligible patients with stroke between age 18 and 90
years of age with unilateral upper extremity weakness (defined
by NIH Stroke Scale [NIHSS] Q5a or Q5b≥1) and the ability
to follow simple commands in English were screened from the
Massachusetts General Hospital inpatient stroke service. Pa-
tients with a history of developmental, neurologic, or major
psychiatric disorders resulting in functional disability and
those with visual or auditory disorders limiting their ability to
participate in testing procedures were excluded.

Standard Protocol Approvals, Registrations,
and Patient Consents
All participants in the study provided written informed
consent. The Institutional Review Board at Mass General
Brigham (Partners Healthcare) approved the study.
The parent study was registered on ClinicalTrials.gov
(NCT03485040).

Research Assessments
Baseline information on age, sex, handedness, affected arm,
stroke hemisphere, stroke risk factors, treatment status with
respect to tissue plasminogen activator or endovascular
therapy, and infarct location was recorded for all participants
at the time of enrollment.

Participants underwent initial evaluation within 1 week of
stroke (T1). They returned for research follow-up 6 weeks
(T2) and 3 months (T3) after stroke. At each time point, the
NIHSS and modified Rankin Scale were performed.12 Total
hours of standard occupational, physical, and speech therapies
received between study visits were estimated by direct
interview.

Cognitive impairment was measured with a validated com-
posite score (Cog-4) based on the sum of 4 NIHSS subscale
items corresponding to orientation (NIHSS_1b), executive
function (NIHSS_1c), language (NIHSS_9), and inattention
(NIHSS_11).13 Cognitive impairment was treated as present
(i.e., NIHSSCog-4 > 0) vs absent.

Motor Evaluation of Contralesional and
Ipsilesional Upper Extremities
At each assessment time point, participants underwent BBT
and Grip Strength testing, separately, for both the contrale-
sional and ipsilesional upper extremities. A core group of 4
trained assessors administered motor performance testing;
biannual meetings were held to maintain maximal adherence
to study-related training and protocol administration.

In BBT, participants were instructed to move as many blocks
as possible, 1 at a time, from 1 compartment to another for a
period of 60 seconds. The BBT score was the number of
blocks transferred during the 60-second period. After the start
of the task, assessors were instructed not to provide encour-
agement to participants. Grip Strength was measured with a
handheld dynamometer (Lafayette Instrument, Lafayette,
IN). Maximum force was averaged across 3 trials separated by
short rest periods. Raw scores for BBT and Grip Strength
were converted to z scores based on age-, sex-, and hand-
matched normative values.14,15

Glossary
BBT = Box & Blocks Test; dAI = dorsal anterior aspect of the insula;MNI = Montreal Neurological Institute; NIHSS = NIH
Stroke Scale; SMaHRT = Stroke Motor Rehabilitation and Recovery Study; VLSM = voxel lesion symptom mapping.
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Image Processing and Voxel Lesion
Symptom Mapping
Stroke topography was determined with magnetic resonance
diffusion-weighted images obtained as part of the standard-of-
care acute stroke inpatient workup. In 2 cases, MRI was
clinically contraindicated, and the patient’s CT scan was used
instead. Lesions were manually traced on diffusion-weighted
image/apparent diffusion coefficient volumes with the use of
FSL (fsl.fmrib.ox.ac.uk/fsl/fsl-wiki) by research staff (J.A.D.
and N.L.) and independently verified by 2 board-certified
neurologists (D.J.L. and S.B.S.) who were blinded to the
clinical status of the patient. Lesions were spatially normalized
to the Montreal Neurological Institute (MNI) brain template
using well established methods.16,17 Briefly, diffusion images
were skull-stripped using BET (FSL) and spatially normalized
to the 2-mm T1-weighted MNI brain template using Ad-
vanced Normalization Tools (Philadelphia, PA). For scans
with stroke lesions above the level of the brainstem, coregis-
tration included center of mass alignment, rigid, similarity,
and fully affine linear transformations. For scans with stroke
lesions within the brainstem, an additional nonlinear (sym-
metric diffeomorphic) transformation was added to ensure
accurate coregistration in this region. The resulting trans-
formation matrices were applied to the stroke masks using
Advanced Normalization Tools to bring them into the MNI
space. The anatomic accuracy of each stroke mask in template
space was visually verified by 2 board-certified neurologists
(D.J.L. and S.B.S.).

Participants had unilateral lesions, except 2 individuals who
had a punctate degree of injury in the other hemisphere that
was not felt to be exclusionary and thus not further consid-
ered. Right-sided stroke lesions were flipped onto the left
hemisphere for subsequent imaging analyses.

To identify brain voxels significantly associated with differ-
ences in BBT and Grip Strength motor evaluations, voxel
lesion symptom mapping (VLSM) was performed.18,19 A
voxel would be tested only if at least 5 patients exhibited a
lesion at this location. For each voxel, participants were di-
vided into 2 groups according to whether they did or did not
have a lesion affecting that voxel. BBT and Grip Strength z
scores were then compared for these 2 groups, yielding a t
statistic for each voxel. Voxels were considered if the t statistic
met a threshold value of p < 0.01. Correction for multiple
comparisons was achieved by permutation analysis (1,000
permutations). Significant clusters of voxels were identified by
size and location in MNI space by overlay with the Harvard-
Oxford cortical/subcortical atlas.20 Voxels were considered to
be within motor areas if they overlapped perirolandic cortical
Brodmann areas 1/2/3a/3p/4a/4p (from the Julich histo-
logic atlas21) or the corticospinal tract. The corticospinal tract
used in this study was generated at the University of Cal-
ifornia, Irvine from 17 healthy, right-handed individuals using
diffusion-weighted images obtained at 3T as described
previously.17

Statistical Analysis
To determine whether motor z scores for BBT and Grip
Strength were significantly different from age-, sex-, and hand-
matched normative values at each assessment time point,
median z score values were compared to ±1.96 SDs, corre-
sponding to the 95% confidence interval of population-based
normative values. To assess recovery of BBT and Grip
Strength z scores across the 3 assessment time points, 4
separate repeated-measures analyses of variance with post hoc
pairwise comparisons between assessment time points were
performed, 1 for each test, separately for contralesional and
ipsilesional upper extremities. To compare performance of
the contralesional and ipsilesional upper extremities on each
test, paired t tests (2 tailed) between BBT and Grip Strength z
scores were performed at each assessment time point.

The proportion of patients with cognitive impairment in the
cohort was compared across the 3 time points with the Cochran
Q test. To determine whether cognitive impairment had an
effect on motor performance at different time points, separate
independent 2-tailed t tests were performed on BBT and Grip
Strength z scores between patients with and without cognitive
dysfunction. To determine the variance in motor performance
explained by cognitive dysfunction, multivariate linear regres-
sions on z scores for BBT and Grip Strength were performed,
with each arm and at each time point as the dependent measure
and cognitive impairment, treated as a categorical variable with 2
levels (present vs absent) as the independent measure (12
separate regressions were performed). Lesion volume was
transformed with the boxcox transform and included in each
model. An adjusted test and model significance level of p <
0.005 was used to compensate for the multiple comparisons.
Infarct hemisphere was explored as an additional covariate in
significant models. Additional post hoc analyses at follow-up
time points were performed in whichmodels included the hours
of therapy received between study visits.

Percents of statistically significant sensorimotor vs non-
sensorimotor voxels resulting from VLSM analyses of BBT and
Grip Strength scores were compared with χ2 tests. All data were
normally distributed or could be transformed to be, and all
analyses used parametric statistics, except for the Cochran Q
test. Unless otherwise specified, p < 0.05 was used to determine
statistical significance. All imaging and statistical analyses were
performed in MATLAB (MathWorks, Natick, MA).

Data Availability
The data and analysis code that support the findings from this
study are available from the corresponding author on rea-
sonable request.

Results
Study Subjects
A total of 75 patients with documented unilateral upper ex-
tremity weakness after ischemic stroke consented for this
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study and had research measures collected within the first
week after stroke. Of these, 25 patients were not available for
subsequent research follow-up because of the following rea-
sons: deceased (3), medical complication (5), lost to follow-
up (7), and study withdrawal (10). These patients did not
differ in age (p = 0.10), sex (p = 1.0), or initial stroke severity
(p = 0.1) from those included in the analysis.

Fifty participants completed both initial assessments and 90-
day research follow-up and were included in the final anal-
ysis; 45 participants were also available for the interim re-
search assessment at 6 weeks. Participants were assessed at
3.0 ± 1.8 (T1, mean ± SD), 46.8 ± 5.7 (T2), and 92.1 ± 10.5
(T3) days after stroke. The initial median NIHSS score for
the cohort was 6 (interquartile range 4–9). Demographic
and clinical characteristics of the cohort are summarized in
table 1. Key clinical outcomes and motor scores for both
contralesional and ipsilesional upper extremities are sum-
marized in table 2.

Motor Performance Early After Stroke Is
Associated With Cognitive Demand of the Test
In the first week after stroke, BBT scores for both upper
extremities were significantly different from normative values,
indicating bilaterally impaired motor performance (red box-
plots, figure 1). Grip Strength scores for the more affected
(contralesional) upper extremity were initially also signifi-
cantly different from normative values (black boxplots, figure
1). Grip Strength scores for the less affected (ipsilesional)
upper extremity were within normative range (yellow zone,
figure 1).

BBT performance for both upper extremities showed signif-
icant recovery at 6 weeks and 3 months but remained outside
the normative range even at follow-up time points. Con-
tralesional Grip Strength performance recovered to within
normative range by 6 weeks after stroke (red and black bars
with asterisks below boxplots, figure 1).

At all time points tested and for both upper extremities, BBT
scores, compared to Grip Strength scores, were significantly
further from normative values indicating greater impairment
in motor performance (gray asterisks over boxplots, figure 1).
This was particularly true in the first week after stroke during
which differences in BBT and Grip Strength in each upper
extremity were most apparent.

Early After Stroke, Cognitive Impairment
Explains Significant Variance in Motor
Performance on Test With Greater
Cognitive Demand
Cognitive impairment in our cohort was most prevalent
during the acute stroke period (48% at T1) and decreased at
follow-up time points (42% at 6 weeks and 34% at 3 months)
(CochranQ test, χ2 [2] = 7.1, p = 0.29). Compared to patients
without cognitive impairment, patients with cognitive im-
pairment performed significantly worse on bothmore affected

(contralesional) and less affected (ipsilesional) extremity
BBT in the first week after stroke (contralesional BBT p =
0.002, ipsilesional BBT p = < 0.001) but not at follow-up time
points. Groups did not differ on Grip Strength for either
upper extremity at any time point tested. Table 3 shows the
results of multivariate linear regression analyses investigating
the variance of motor performance at each time point
explained by cognitive impairment. The presence of cognitive
impairment, independently of lesion volume, significantly
explained variance in ipsilesional BBT performance in the first
week after stroke (β = −1.2, t [47] = −2.2, p = 0.034). The
overall model including lesion volume as a covariate explained
33% of the variance in ipsilesional extremity BBT perfor-
mance (F47 = 11.4, p < 0.001). There was also a trend toward
significance for the independent effect of cognitive impair-
ment on contralesional BBT performance at T1 (β = −1.5, t
[47] = −1.9, p = 0.061), and the overall model with lesion
volume as a covariate explained 22% of the variance (F47 = 6.6,
p = 0.0031) in contralesional BBT performance. Adding in-
farct hemisphere (i.e., right or left) as an additional covariate
into the models did not significantly change these results.

Table 1 Demographic and Clinical Characteristics of
Cohort

No. 50

Age, mean ± SD, y 60.9 ± 12.3

Male, n (%) 28 (56)

Right-hand dominant, n (%) 44 (88)

Infarct hemisphere, n (%)

Right 29 (58)

Left 21 (42)

Stroke risk factors, n (%)

Hypertension 27 (54)

Diabetes 13 (26)

Hyperlipidemia 28 (56)

Current smoker 11 (22)

Atrial fibrillation 6 (12)

Acute stroke therapy, n (%)

IV tPA 13 (26)

EVT 13 (26)

Infarct territory, n (%)

MCA 39 (78)

PCA 2 (4)

Brainstem 5 (10)

Multiterritory 4 (8)

Abbreviations: EVT = endovascular therapy; MCA = middle cerebral artery;
PCA = posterior cerebral artery; tPA = tissue plasminogen activator.
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Number of therapy hours, independently of lesion volume
and cognitive impairment, was inversely related to contrale-
sional BBT and Grip Strength motor performance at T2

(BBT: β = −0.032 ± 0.010, p = 0.0034; Grip Strength: β =
−0.022 ± 0.0078, p = 0.0074) and T3 (BBT: β = −0.033 ±
0.0097, p = 0.014; Grip Strength: β = −0.029 ± 0.0077, p <
0.001). There was no independent effect of therapy hours on
ipsilesional motor performance.

At 6 weeks and 3 months after stroke, cognitive impairment
did not explain significant variance in contralesional or ipsi-
lesional BBT motor performance. Cognitive impairment also
did not explain significant variance in contralesional or ipsi-
lesional Grip Strength performance at any time point because
the models that included cognitive impairment and lesion

volume to explain Grip Strength performance were not
significant.

Performance on a Motor Test With Greater
Cognitive Demand Is Associated With Broad
Injury Outside Sensorimotor Structures,
Particularly the Dorsal Anterior Insula
Figure 2 shows the lesion overlap map for the 50 patients in the
cohort. Voxels where injury was associated with more affected
(contralesional) upper extremity BBT performance in the first
week after stroke were centered in the dorsal anterior aspect of
the insula (dAI), extending along the inferior frontal gyrus and to
the posterior orbitofrontal cortex with only a small amount of
perirolandic injury (figure 3A). For less affected (ipsilesional)
BBT performance in the first week after stroke, the pattern of

Table 2 Assessment Time Points, Outcome Measures, and Results of Motor Testing

Assessment Time Point T1 (Acute) T2 (Interim) T3 (90 d)

Days after stroke 3.0 ± 1.8 46.8 ± 5.7 92.1 ± 10.5

NIHSS score 6 (4–9) 3 (1–4) 2 (1–4)

mRS score 4 (3–4) 2.5 (2–3) 2 (1–3)

Cognitive dysfunction, % 48 42 34

Therapy time, h 40.3 ± 31.9 19.9 ± 30.2

C I C I C I

BBT score, n blocks transferred 7.5 (0–32) 34.5 (23–47) 38 (21–48) 48 (39–56) 42 (25–51) 49 (40–56)

Grip Strength score, kg 7.2 (0–27) 28.5 (17.3–36.7) 17.0 (7.3–30.7) 29.7 (19.7–37.3) 18.2 (9.7–34.7) 30.7 (21.7–38.7)

Abbreviations: BBT = Box & Blocks Test; C = contralesional; I = ipsilesional; mRS = modified Rankin Scale; NIHSS = NIH Stroke Scale.
Participants were assessed within 1 week of stroke and then again at 6 weeks and 3 month after stroke. At these time points, global stroke severity via the
NIHSS and disability via themRSwere obtained. Total hours of occupational, physical, and speech therapy that participants received between study visits was
estimated by directed interview. In addition, at each time point, participants underwent BBT and Grip Strength testing for both the contralesional and
ipsilesional upper extremities. Data are presented as mean ± SD, median (interquartile range), or percent (percent of cohort with any cognitive dysfunction
present as indexed by NIHSSCog-4 > 0).

Figure 1 Upper Extremity Motor Performance on BBT and Grip Strength After Acute Stroke

Boxplots for Box & Blocks Test (BBT; red) and
Grip Strength (black) motor performance
scores (z scores) of the more affected (con-
tralesional) and less affected (ipsilesional) up-
per extremities (UEs) performed within 1 week
and repeated at 6 weeks and 3 months after
stroke. Yellow zone indicates normative per-
formance (1.96 SDs). Gray asterisks above
boxplots indicate significant differences be-
tween BBT and Grip Strength scores at each
time point (paired t test). Red and black bars
below boxplots show results of repeated-mea-
sures analysis of variance with post hoc pair-
wise comparisons used to compare results for
each test within participant over time (i.e., to
assess recovery of test performance between
assessment time points). *p < 0.05, **p < 0.01,
***p < 0.001.
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injury was nearly identical, with associations that were substantial
in the dAI and small in perirolandic areas (figure 3B).

Voxels significantly associated with contralesional Grip
Strength performance in the first week after stroke involved
predominantly perirolandic gyri and subjacent white matter,
extending down to secondary somatosensory area (S2), ta-
pering at the posterior insula (figure 3C). Ipsilesional Grip

Strength performance in the first week after stroke was as-
sociated with a similar pattern of injury although more re-
stricted to perirolandic gyri and somewhat more posteriorly
translocated (figure 3D).

We quantified the number of significant voxels identified by
VLSM analyses that were sensorimotor (light gray boxes),
i.e., located within these structures, vs nonsensorimotor

Table 3 Effect of Cognitive Dysfunction on BBT vs Grip Strength Motor Performance

BBT Score

Contralesional UE Ipsilesional UE

T1 T2 T3 T1 T2 T3

Intercept −3.8 ± 1.4 (0.0098)a −1.2 ± 1.5 (0.44) −0.95 ± 1.34 (0.48) −1.2 ± 1.0 (0.24) −1.08 ± 0.97 (0.27) −0.95 ± 0.86 (0.28)

Lesion volume −0.17 ± 0.12 (0.15) −0.24 ± 0.13
(0.062)

−0.22 ± 0.10
(0.041)

−0.2 ± 0.086
(0.025)

−0.14 ± 0.079
(0.076)

−0.14 ± 0.067
(0.04)a

Cognitive
dysfunction

−1.5 ± 0.77 (0.061) −0.50 ± 0.81 (0.56) −1.2 ± 0.73 (0.11) −1.20 ± 0.57
(0.034)a

−0.31 ± 0.53 (0.57) −0.38 ± 0.47 (0.43)

R2 value 0.22 0.16 0.21 0.33 0.14 0.14

p Value 0.0031b 0.029 0.0042 <0.001b 0.040 0.027

Grip Strength Score

Contralesional UE Ipsilesional UE

T1 T2 T3 T1 T2 T3

Intercept −0.34 ± 1.1 (0.75) 0.18 ± 1.1 (0.88) 0.35 ± 1.1 (0.78) 1.1 ± 0.80 (0.17) 1.0 ± 0.72 (0.045) 1.0 ± 0.69 (0.15)

Lesion volume −0.15 ± 0.088
(0.10)

−0.12 ± 0.093
(0.19)

−0.12 ± 0.085
(0.16)

−0.11 ± 0.066
(0.11)

−0.09 ± 0.059
(0.14)

−0.060 ± 0.054
(0.27)

Cognitive
dysfunction

−0.70 ± 0.59 (0.24) −0.60 ± 0.62 (0.34) −0.82 ± 0.59 (0.17) −0.24 ± 0.44 (0.59) −0.61 ± 0.39 (0.13) −0.60 ± 0.38 (0.12)

R2 value 0.17 0.12 0.13 0.11 0.20 0.12

p Value 0.013 0.067 0.041 0.070 0.0089 0.050

Abbreviations: BBT = Box & Blocks Test; UE = upper extremity.
Normalized motor z scores for BBT and Grip Strength for the contralesional and ipsilesional UEs were modeled as a linear combination of cognitive
dysfunction (present/absent) and lesion volume. Cell values are presented as [β (estimated regression coefficient) ± SE (standard error)]/p value.
βðestimated regression coefficient ± SEðstandard errorÞÞ

ðp-valueÞ Lesion volume values were normalized with boxcox transform. T1 = 1 week, T2 = 6 weeks, T3 = 3

months after stroke.
β Values were considered significant if ap < 0.05. Overall models were considered significant only if bp < 0.0042 to correct for multiple comparisons.

Figure 2 Stroke Lesion Overlap Map for Study Participants

Total number of lesions included, n = 50. Color
bar (right) shows the number of lesions over-
lapped with dark blue to red showing increasing
overlap.
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(dark gray boxes, figure 4), i.e., outside the perirolandic
cortices or corticospinal tract. A total of 82% and 78% of
voxels significantly associated with contralesional and ipsi-
lesional BBT performance during VLSM analyses, re-
spectively, were nonsensorimotor. In contrast, for Grip
Strength, 57% and 42%of the voxels identified as associatedwith
contralesional and ipsilesional upper extremities during VLSM
analysis, respectively, were nonsensorimotor, significantly less
than BBT for both contralesional (χ2[1] = 464, p < 0.001) and
ipsilesional (χ2[1] = 795, p < 0.001) upper extremities.

Discussion
We used 2 common clinical assessments of upper extremity
motor performance with inherently varying cognitive de-
mands, BBT vs Grip Strength, to test the more affected
(contralesional) and less affected (ipsilesional) upper ex-
tremities of 50 patients with stroke at 3 time points over the
first 3months after stroke. Ourmain findings were that BBT, the
test with greater cognitive demand, (1) had significantly worse
upper extremity motor performance in each arm compared to
Grip Strength, particularly in the first week after stroke; (2) had

Figure 3 Patterns of Neuroanatomic Injury Associated With BBT vs Grip Strength Performance

Representative slices from voxel lesion symptom mapping maps computed for Box & Blocks Test (BBT) (A and C) and Grip Strength (B and D) z scores,
obtained within 1 week of stroke, on both contralesional (A and B) and ipsilesional (C and D) upper extremities. Maps are colorized to depict t test results
evaluating upper extremity performance on a voxel-by-voxel basis. Color bar on the right show t values. Only voxels that are significant at p < 0.01 are shown.
Cluster analysis revealed 1 significant cluster after controlling for multiple comparisons with 1,000 permutations, for each upper extremity and each motor
test. For each panel, 3 representative axial slices are shown: left and right show z slices at basal ganglia and perirolandic cortices respectively, and middle
panel shows z slice at the centroid of the statistically significant cluster for each analysis. Clusters identified were as follows: (cluster centroid Montreal
Neurological Institute coordinates [x, y, z], volume): contralesional BBT score ([−37, 8, 13], 3,164 mm3), ipsilesional BBT score ([−42, 0, 14], 7,470 mm3),
contralesional Grip Strength score ([−44, −13, 22], 3,086 mm3), and ipsilesional Grip Strength score ([−44, −34, 35], 1,423 mm3).

Figure 4 Sensorimotor and Nonsensorimotor Voxels Associated With UE Motor Performance

Bar plots showing proportion (percent) of statistically
significant voxels identified during voxel lesion symp-
tom mapping analyses within sensorimotor (light) and
nonsensorimotor (dark) brain regions, for more af-
fected (contralesional) and less effected (ipsilesional)
Box & Blocks and Grip Strength testing. UE = upper ex-
tremity. ***p < 0.001 on χ2 analysis.
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significant variance explained by cognitive impairment, which
was most prevalent during the acute stroke setting; and (3) was
associated with structural injury to broad cortical regions outside
sensorimotor areas, particularly the dAI. These findings stood in
contrast to Grip Strength, the cognitively simpler and ballistic
motor test, in which motor performance for both upper ex-
tremities was less impaired, not explained by cognitive impair-
ment, and associated with injury largely restricted to
sensorimotor cortical and subcortical structures. Together, these
findings suggest that cognitive demands influence upper ex-
tremity motor performance during recovery from acute stroke.

BBT and Grip Strength are 2 commonly used motor
performance-based outcome measures that have different task
characteristics and requirements. BBT requires sustained at-
tention over a full minute, adequate comprehension of testing
instructions, and visuomotor planning to execute goal-directed,
multijoint arm movements. Proprioception and multisensory
integration to coordinate object grasp and release are also likely
important for successful BBT performance.22,23 In contrast,
Grip Strength is a force generation task that involves the abrupt
(i.e., ballistic) onset and offset of hand and forearm force.24 A
prior study showed that, compared to Grip Strength, BBT had
a higher dual-task cost during simultaneousmotor performance
with cognitive testing.11Moreover, one of the core features that
vary between BBT and Grip Strength, among others, is cog-
nitive demand: BBT is a complex and cognitively demanding
motor task, while Grip Strength is relatively simple and less
cognitively demanding. Transforming BBT and Grip Strength
scores to z scores based on age-, sex-, and hand-matched
normative values allowed us to directly compare performance
on the 2 tests. Our goal in comparing motor performance on
these 2 tasks in patients with acute stroke was to gain insight
into how higher-level cognitive demands that coordinatemotor
execution may influence motor performance.

In the first week after stroke, we found that BBT performance for
both upper extremities was significantly further from normative
values than Grip Strength, suggesting that the cognitive demands
inherent to the test influenced upper extremity performance. Our
hypothesis was that this finding would be true mainly in the
immediate poststroke period, when cognitive impairments in
patients with stroke are known to be most prevalent.7,8 Notably,
although the difference in performance between the 2 tests did
decrease over time, we found that BBTperformance continued to
be more impaired than Grip Strength at follow-up testing time
points across the first 3 months after stroke. This suggests that
more subtle cognitive or other nonmotor factors such as fatigue,
vision, sensation, proprioception, or multisensory integration
continue to influence upper extremitymotor performance during
the first 3 months that follow a new stroke. These results un-
derscore the potential impact of higher-level cognitive demands
on motor testing results.

We examined the effect of cognitive impairment on upper
extremity motor performance. We found that patients with
cognitive impairment performed worse on BBT during the

first week after stroke but not at either follow-up time points
or on Grip Strength at any time point. Furthermore, in the
first week after stroke, we found that cognitive dysfunction
explained a substantial amount (33%) of variance in BBT
performance independently of lesion volume. That the effects
of cognitive dysfunction were seen early after stroke but not
later could be due to the fact that there was a slightly higher
prevalence of cognitive dysfunction acutely or that motor
performance is more susceptible to cognitive dysfunction
during the acute stroke period.25 Current findings suggest that
during the first week after stroke, cognitive impairment di-
rectly and significantly affects upper extremity motor perfor-
mance, but only for the task with higher cognitive demands.
Post hoc analyses to investigate the effects of therapy hours on
motor performance demonstrated that total therapy amount
was inversely related to contralesional motor performance,
likely due to the fact that patients who had more severe im-
pairments had more therapy during the acute-subacute re-
covery period. Current findings are focused on motor
assessment; these relationships might be important beyond
the first week when the focus extends to treatment because
cognitive dysfunction has been shown to affect functional
gains during rehabilitation26 and long-term functional out-
comes.10 The cognitive impairment measure used in this
study was a gross cumulative measure that classified orienta-
tion, executive function, language, and inattention as disor-
dered or not.13 Future studies that use detailed measures of
specific cognitive domains map help to further elucidate the
effects of cognition on motor performance after stroke.

Differential performance on BBT vs Grip Strength and ob-
served associations between cognitive impairment and motor
performance were invariant across the more affected (con-
tralesional) and less affected (ipsilesional) upper extremities.
Deficits of the ipsilesional upper extremity have been well
described after stroke and have previously been attributed to
the bilaterally distributed nature of the motor system during
unilateral arm movement.27-33 The relationship between
cognitive deficits and ipsilesional arm motor deficits has re-
ceived limited attention.27,34 One prior study of patients with
stroke examined an average of 18 days after stroke found that
dexterity was impaired in the ipsilesional upper extremity in a
manner that was related to cognitive deficits and that results
differed according to side of infarct.34 In the current study, we
gained further insights by directly comparing results from the
contralesional and ipsilesional upper extremities and found
both to be similarly affected by cognitive dysfunction. Current
findings for the less affected upper extremity motor perfor-
mance echo those for the more affected side: cognitive dys-
function affects motor performance, regardless of the side
tested.

VLSM was used to identify brain regions in which injury was
associated with a significant difference in motor performance on
BBT vs onGrip Strength.We found that stroke injury to a region
centered on the dAI was significantly associated with deficits in
BBT performance for both contralesional and ipsilesional upper
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extremities. These results are consistent with a prior study that
found the cingulo-opercular network, of which the dAI is a
prominent node, to be important for both motor performance
and attentional control in patients with stroke.35 Notably, while
this study calculated lesion overlap with an a priori–defined
cingulo-opercular network, our techniques confirmed the im-
portance of dAI via a data-driven process. The dAI is known to be
involved in cognitive control processes36,37 and specifically in
maintaining attention and goal-directed behavior throughout a
task.38-41 Connectivity studies point to robust structural and
functional connections between the dAI and other cognitive
control areas, specifically the anterior cingulate cortex and dor-
solateral prefrontal cortex,42,43 and more broadly to the role of
dAI within cortical networks for detecting salient stimuli44 and
decision-making.37 Studies across both speech articulation and
perceptual detection have shown that as task complexity in-
creases, reliance and demand on dAI increase.45-47 Our findings
extend these findings regarding the importance of the dAI for
complex cognitive control. Notably, our data did not reveal sig-
nificant clusters in other cognition-related areas such as the
caudate and dorsolateral prefrontal cortex. This might reflect the
specific neuroanatomic nature of BBT cognitive demands, the
frequency of involvement of other structures by patients’ lesions
included in this study, or other factors. The current results em-
phasize that different neuroanatomic structures underpin tasks
with different motor and cognitive demands.

There are a number of limitations to this study. A greater
number of bedside tests of motor behavior with more nuanced
cognitive demands would have been useful to further examine
our hypotheses but were not feasible to perform in this study
given the limited time available to collect additional data during
the acute stroke hospitalization. Furthermore, the measure of
cognitive impairment used in this study, extrapolated from the
NIHSS, was coarse. However, the NIHSS was efficient and
practical to administer to participants at 3 different time points
after stroke, including during the first week after stroke. Future
studies should use detailed and serial cognitive assessment in
conjunction with motor performance testing to further parse
the effects of cognition and attention on motor performance
after stroke. During the study period, participants underwent
standard occupational, physical, and speech therapies, which
could have influenced their motor and cognitive status and thus
our study findings. While we recorded the total amount of
therapy received between study visits and explored this effect
on motor performance, we were not able to assess the specific
nature or intensity of the therapies provided. How the specific
nature and frequency of therapies influence themotor outcome
is an area for future study. Finally, estimating the topography of
stroke injury from acute diffusion images presents clear chal-
lenges. However, our statistical mapping approaches that le-
verage lesion maps to reveal the neuroanatomic basis of motor
performance have been validated with the approach of com-
bining acute stroke neuroimaging with motor behavior.48

Our results have practical implications for upper extremity
motor recovery and neurorehabilitation after stroke. While

cognitive deficits have been well recognized after stroke, here
we show that cognition directly affects motor performance,
even when examined with relatively simple bedside tests,
during recovery from stroke. For stroke recovery trials, our
study points to the importance of motor outcome selection
because specific motor tasks engage different neuroanatomic
structures and have different degrees of motor system selec-
tivity. Finally, our findings emphasize the integrated nature of
motor and cognitive systems49 and their recovery after stroke.
Cognition should be assessed and treated in parallel with arm
motor rehabilitation.50 Understanding the effect of cognitive
status on motor performance can also be used therapeutically
to tailor neurorehabilitation strategies, modulating cognitive
demand according to the injury features and clinical status of
individual patients to maximize functional recovery after
stroke.
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