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Background and Aims: In addition to overt stroke lesions, co-occurring covert lesions,
including white matter hyperintensities (WMH) and covert lacunar infarcts (CLI),
contribute to poststroke outcome. The purpose of this study was to examine the
relationship between covert lesions, and motor and cognitive outcomes in individu-
als with chronic stroke. Methods: Volumetric quantification of clinically overt
strokes, covert lesions (periventricular and deep: pWMH, dWMH, pCLI, dCLI),
ventricular and sulcal CSF (vCSF, sCSF), and normal appearing white (NAWM)
and gray matter (NAGM) was performed using structural magnetic resonance
imaging. We assessed motor impairment and function, and global cognition, mem-
ory, and other cognitive domains. When correlation analysis identified more than
one MR parameter relating to stroke outcomes, we used regression modeling to
identify which factor had the strongest impact. Results: Neuropsychological and
brain imaging data were collected from 30 participants at least 6 months following
a clinically diagnosed stroke. Memory performance related to vCSF (r = —0.52,
P = .004). The strongest predictor of nonmemory domains was pCLI (r* = 0.28,
P =.004). Motor impairment and function were most strongly predicted by the vol-
ume of stroke and NAWM (r* = 0.36; P = .001), and dWMH (r* = 0.39; P = .001)
respectively. Conclusions: Covert lesion type and location have important conse-
quences for post-stroke cognitive and motor outcome. Limiting the progression of
covert lesions in aging populations may enhance the degree of recovery post-stroke.
Key Words: Cerebral ventricle—cerebral small vessel disease—outcome—magnetic
resonance imaging—white matter —upper-limb function and impairment

© 2018 National Stroke Association. Published by Elsevier Inc. All rights reserved.

Background and Aims motor and cognitive disabilities. To do so, we need to

. . o expand our understanding of how neuroimaging bio-
Better interventions are critically needed to help the P & &g

- . .. . . markers may predict stroke recovery/outcome.’ Accu-
rising number of stroke survivors living with residual

rate prediction would enable appropriate allocation of

From the *Ottawa Hospital Research Institute, Ottawa, Canada; tDepartment of Physical Therapy, University of British Columbia, Vancouver,
Canada; fDepartment of Medicine (Neurology), Sunnybrook HSC, University of Toronto, and Sunnybrook Research Institute, Toronto, Canada;
and §Pacific University, Oregon.

Received May 29, 2018; revision received August 24, 2018; accepted October 8, 2018.

Financial Disclosure: This work was supported by an extramural grant from the Canadian Partnership for Stroke Recovery (CPSR) to LAB. AMA
was supported by fellowships from the Canadian Institutes of Health Research (CIHR) and CPSR. SP and JKF received support from CIHR. JR
received partial funding from the Canadian Vascular Network and the Heart and Stroke Foundation CPSR (Sunnybrook Site). SEB is supported by
Department of Medicine at Sunnybrook HSC, the Brill Chair in Neurology, Department of Medicine and Sunnybrook Research institute, University
of Toronto, and by the Hurvitz Brain Sciences Research Program, Sunnybrook Research Institute.

Address correspondence to Angela M Auriat, PhD, Ottawa Hospital Research Institute, 725 Parkdale Ave., Ottawa, Ontario, K1H5T4 Canada.
E-mail: aauriat@toh.ca.

1052-3057/$ - see front matter

© 2018 National Stroke Association. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016 /jjstrokecerebrovasdis.2018.10.009

Journal of Stroke and Cerebrovascular Diseases, Vol. 28, No. 2 (February), 2019: pp 381-388 381


mailto:aauriat@toh.ca
https10.1016/j.jstrokecerebrovasdis.2018.10.009

382

resources, setting of realistic goals, and help improve
the quality of rehabilitation trials by controlling for
potential confounding difference. Previous work sought
to establish a link between stroke size, location, and
outcome.”” Yet, these relationships are weak or lacking,
particularly for cognitive outcomes.”” suggesting that
measures of lesion volume and location are inadequate
to predict outcome after stroke. Advances in brain
imaging and analysis techniques have improved volu-
metric analysis of brain tissue compartments and
lesions.” Cerebral small vessel disease is highly preva-
lent especially in people with stroke, and results in
covert lesions, including white matter hyperintensities
(WMH) and covert lacunar infarcts (CLI).° WMH
impact the recovery process after stroke® and their pres-
ence predicts poorer outcome.””” Though studies in
healthy elders demonstrate that collectively WMH and
CLI impact cognitive and motor performance, and
increase the risk of dementia,'!! little is known about
the combined impact of WMH and CLI on stroke out-
come.'”"” Both cognitive and motor outcomes signifi-
cantly contribute to poststroke quality of life;'*
however, many studies assessing the impact of covert
lesions fail to adequately address the influence of each
of these factors on poststroke outcome.” "'

Volumetric measures, including size of the primary
stroke and covert lesions, normal appearing white/gray
matter, and cerebrospinal fluid (CSF) must be considered to
determine whether they are effective indicators of post-
stroke outcome. Past work has failed to comprehensively
consider both cognitive and motor assessments in the same
study, as such we do not understand the differential effects
of covert lesions on these two important aspects of stroke
outcome. Therefore, the aim of the current study was to
measure global brain parenchymal volume (defined as nor-
mal appearing white and gray matter; NAWM, NAGM),
ventricular and sulcal CSF (vCSF/sCSF), together with
lesion volumes (stroke, CLI, and WMH) to identify the MR
parameters that relate to chronic stroke cognitive and motor
outcomes. We hypothesize that MR measures reflective of
covert lesion load will be the best predictors of cognitive
and motor outcomes.

Methods
Participants

Participants at least 6 months following a clinically
diagnosed stroke, ischemic or hemorrhagic, were
recruited from the community. Exclusion criteria were: (1)
age <40 or >80, (2) contraindications to magnetic reso-
nance imaging (MRI) scanning, (3) altered communication
skills that might interfere with study participation, (4) any
other diagnosed neurological or psychiatric disease. The
University of British Columbia research ethics board
approved all aspects of this study; informed consent was
obtained from all participants.
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Motor Impairment and Function Assessment

All motor assessments were conducted by a licensed
physical therapist (SP). The upper-extremity motor por-
tion of the Fugl-Meyer assessment (FM) was used to index
impairment of the hemiparetic arm (max score 66').
Motor function of the upper extremity was assessed with
the Wolf Motor Function Test, which measures the time to
complete 15 tasks.'” Times for each individual task were
used to calculate a mean rate per minute of task perfor-
mance (Task rate = 60 seconds/performance time [sec])
with the average task rate used for subsequent analysis."’
The FM and Wolf Motor Function Test are valid and sen-
sitive measures of upper extremity motor impairment and
function in individuals with stroke.'”'®

Neuropsychological Testing of Cognitive Function

Memory function was assessed with: California Verbal
Learning Test (immediate, delayed, and recognition),zo
and WMS Visual reproduction (short delay, long delay,
and recognition).”’ Nonmemory functions were assessed
with: Blocks,?* Symbol Search®> Word Association,”
Backwards Digit Span,”* Forward Digit Span,”” and Trails
Making A&B.”* Raw scores were converted into standard-
ized scores controlled for age and level of education with
reference to published normative data,”*?* and an aver-
age Z-score was calculated for memory and nonmemory
cognitive performance.

Image acquisition Protocol

MRI was acquired at the University of British Columbia
MRI Research Center on a Philips Achieva 3.0 Tesla whole
body MRI Scanner (Phillips Healthcare, Andover, MD)
using an 8-channel sensitivity encoding head coil. A
T1-weighted (axial 3D SPGR: 3.1 ms TE, 6.8 ms TR, 1
NEX, 9° flip angle, 22 x 16.5 cm FOV, 0.859 x 0.859 mm
in-plane resolution, 1 mm slice thickness), an interleaved
proton density and T2-weighted (interleaved axial dual-
echo spin echo: 30 and 80 ms TEs, 3 s TR, 0.5 NEX, 90° flip
angle, 20 x 20 cm FOV, 0.781 x 0.781 mm in-plane resolu-
tion, 3 mm slice thickness), and fluid-attenuated inversion
recovery (FLAIR: 90 ms TE, 9 s TR, 90° flip angle,
24 x 24 cm FOV, 3 mm slice thickness) were acquired
from each participant.

Image Processing

All strokes were confirmed by imaging and were manu-
ally traced by an experienced rater (AA) on T1, confirmed
with comparison to T2 and FLAIR, and verified by a
research radiologist (FQG). Using a multifeature segmen-
tation (T1, T2, proton density, and FLAIR), a previously
validated semiautomatic image processing pipeline,
Lesion Explorer,4 was used to segment the brain into
NAGM/NAWM, vCSF/sCSF, covert lacunar infarcts
(CLI), and WMH. Covert lesions were further subdivided
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into periventricular (pCLI, pWMH) and deep (dCLI,
dWMH) by classifying all CLI/WMH connected in 3D to
the ventricles as periventricular, with the remaining vol-
umes classified as deep. An experienced technician (AA)
confirmed all segmented lesions using appearance, size, and
location. All brain volumes were corrected for head-size by
expressing the tissue volumes as a percentage of the supra-
tentorial total intracranial volume (TIV; TIV = NAGM +
NAWM + vCSF + sCSF + stroke + CLI + WMH).

Statistical Analysis

Normality of the data was examined using Q-Q plots
and the Shapiro-Wilk test. Non-normally distributed varia-
bles (pWMH, dWMH, pCLI, dCLl], stroke volume) were
log transformed to create a normal distribution for
parametric analysis. Quantitative variables were expressed
as mean + SD.

The relationship between motor impairment and cogni-
tive outcome was assessed with planned Pearson's correla-
tions analysis between cognitive outcomes (nonmemory,
memory) and FM scores.

Correlation between MRI tissue volumes and
cognitive and motor outcomes

Planned Pearson's correlations between MR volumes
(NAWM, NAGM, pWMH, dWMH, pCLI, dCLI, vCSF,
sCSF, stroke) and cognitive (nonmemory, and memory
performance) and motor (impairment, and function) out-
comes were completed to identify significant relation-
ships. Bonferroni corrections were used for a significant
cutoff (P < 0.05/9 = 0.005) because of the 9 MR volumes
that were assessed. For significant correlations, further
partial correlations were completed controlling for the
potential contribution of stroke volume, age, and time-
post stroke. Education was added as an additional control
variable for the cognitive outcomes. Because of the selec-
tive number of partial correlations completed, P < .05 was
considered significant.

Linear regression analyses

For outcome measures that had multiple significant
relationships with MR parameters (P < .005), multivariate
linear regression with stepwise elimination was used to
determine the most informative variables in predicting
outcomes. Outcome scores (nonmemory, motor
impairment, and motor function) were entered as the
dependent variable and the imaging parameters that sig-
nificantly correlated with each outcome measure were
entered into the model. We assessed the variance inflation
factors (all < 1.37) ensuring that we could use each inde-
pendent variable directly. Regression models were con-
sidered significant at P < .05. SPSS version 20.0.0 was
used for all statistical analyses.
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Results

Participant Demographics and Motor and Cognitive
Outcomes

Brain imaging and neuropsychological data were col-
lected from 30 participants, who had their last diagnosed
stroke at least 6 months before participation in the study.
Individual participant demographics and cognitive test
results are provided in Supplementary Table 1.

Owert Stroke and Covert Lesion Findings

Overt strokes ranged from 0.16 to 250.45 cc (Fig 1). All
participants (30 of 30) had both periventricular and deep
WMHs. The majority of participants also had pCLIs 26 of
30, and 19 of 30 had dCLI; only 2 of 30 participants
did not show either deep or periventricular CLI. Individ-
ual participant lesion volumes are provided in Supple-
mentary Table 1.

Correlations Between Motor Impairment and Cognitive
Performance

Motor impairment related to nonmemory cognitive per-
formance (r = 0.38, P = .04), and subsequent partial corre-
lations between MRI parameters of interest and
nonmemory outcomes were controlled for level of motor
impairment (ie, FM score). There was no relationship
between motor impairment and memory performance
(r=0.20, P = .28).

Correlations Between MR Measures

Several MRI parameters related to each other (Supplemen-
tary Tables 2 and 3). No imaging parameters related
to NAGM other than NAWM (r = 0.65, P < .001). Whereas,
NAWM related to vCSF (r = —0.51, P = .004), pWMH
(r=—-0.56, P = .001), and dWMH (r = —0.57, P = .001), vCSF,
in addition to relating to NAWM, also related to pWMH vol-
ume (r = 0.51, P = .004).

Correlational Analysis Between MR Measures and
Cognitive Outcomes

Memory performance related to the vCSF volume
(r = 053, P = .003). Nonmemory performance related to
NAWM (r = 051, P = .0004), pCLI (r = —0.55, P = .004), and
PWMH (r = —0.53; P = .003). All relationships between MR
parameters and outcome measures were confirmed with par-
tial correlation analyses (Table 1; Fig 2).

Correlational Analysis Between MR Measures and Motor
Outcomes

Motor impairment and function respectively correlated
with stroke volume (r = —054; r = —0.57), NAWM
(r = 0.50; r = 0.54), and dWMH (r = —0.50, r = —0.64,
P < .005; Table 1; Fig 3). Partial correlation found that
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Figure 1. Stroke profiles of each participant. Each axial T1 image is taken from the site of maximal injury. Stroke lesion is identified in green. Images correspond
to the demographic information in Supplementary Table 1.
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Table 1. Pearson’s correlation coefficients between cognitive measures, motor impairment, motor function and MRI parameters

Nonmemory Memory Fugl-Meyer WMFT Mean Rate
Pearson corr (P value) Pearson corr (P value) Pearson corr (P value) Pearson corr (P value)

Stroke —0.361 (.05) —0.088 (.64) —0.543 (.002%) —0.569 (.001%)
NAGM 0.456 (.01) 0.258 (.17) 0.151 (.43) 0.149 (.43)
NAWM 0.508 (.004%) 0.385 (.04) 0.498 (.005%) 0.536 (.002%)
sCSF —0.093 (.62) —0.210 (.27) —0.047 (.81) —0.101 (.60)
vCSF —0.299 (.11) —0.515 (.004*) —0.144 (.45) —0.165 (.38)
pCLI —0.551 (.004*) —0.306 (.13) —0.352 (.08) —0.406 (.04)
pWMH —0.525 (.003*) —0.423 (.02) —0.381 (.04) —0.377 (.04)
dCLI —0.143 (.56) —0.006 (098) —0.386 (.10) —0.401 (.09)
dWMH —0.349 (.06) —0.320 (.09) —0.502 (.005%) —0.639 (<.001%)
Partial correlations controlling for volume of stroke, TPS, and age for all significant correlations identified above.
NAWM 0.508 (.004") 0.390 (.04") 0.436 (.02)
VCSF —0.527 (.003")
pCLI —0.577 (.003")
pWMH —0.499 (.007")
dWMH —0.307 (.11) —0.488 (.007")

nonmemory comparisons controlled for level of impairment. NAGM/NAWM, normal appearing gray/white matter; pCLI/dCLI, periven-
tricular/deep covert lacunar infarcts; pWMH/dWMH; periventricular/deep white matter hyperintensities; SCSF/vCSF, sulcal/ventricular

CSF; WMFT, Wolf Motor Functional Test.
*Correlation is significant at a corrected level P < .005.
Correlation is significant at an uncorrected level P < .05.

motor impairment significantly related to NAWM (r = 0.39,
P =.04) but not dAWMH (r = —0.31, P = .11); and motor
function related to NAWM (r = 0.44, P = .02) and dWMH
(r=-049; P =.01).

Regression Results Between Cognitive and Motor
Outcomes and Tissue Volumes

For regression Model 1, nonmemory performance was
the dependent variable, with NAWM, pCLIL and pWMH
as independent variables. pCLI was identified as the only
significant factor, accounting for 28% of the variance
(P = .004; Table 2). For regression Models 2 and 3, with
motor impairment and function as the dependent varia-
bles respectively, the independent variables entered were
stroke volume, NAWM, and dWMH. Both stroke volume
and NAWM related to motor impairment, accounting
for 36% of the variance (P = .001). For motor function,
dWMH was the only significant predictor, accounting for
39% of the variance (P < .001).

Conclusions

In participants with chronic stroke, impaired cognitive
performance is associated with greater covert lesion vol-
ume. Contrarily, higher levels of motor impairment relate
to larger stroke volume. Motor function, evaluated as a
timed performance of complex motor output, relates more
strongly to covert than overt stroke volume. Our volumet-
ric assessment of multiple MR parameters supports the
important link between white matter and motor outcome
following stroke, whereby volumes of NAWM, but not
NAGM, related to motor impairment and function. Our

findings suggest that one reason for this relationship is that
NAWM correlates with covert lesion volume whereas
NAGM does not, indicating that NAWM may be the stron-
ger indicator of structural brain reserve than NAGM.

Poststroke Cognitive Performance is Associated with
Covert Lesion Volume

Periventricular lacunes significantly contribute to
global and nonmemory cognitive outcomes after stroke,
and do so independently of stroke volume. Our findings
are in line with previous research assessing the impact of
covert lesions on poststroke cognition. In a study that
assessed both CLI and WMH, stroke participants with
executive dysfunction had more CLIs and a greater preva-
lence of WMH classified as moderate-to-severe than
stroke participants without executive dysfunction.'’
These results together with our current findings support
the conclusion that covert lesions are detrimental to post-
stroke cognition, and must be considered when relating
cognitive deficits to brain damage and outcome.

We demonstrated a link between poststroke memory
performance and ventricular CSF, and found that higher
ventricular volume correlates with larger periventricular
WMH volumes and lower NAWM. Together these find-
ings suggest that ventricular CSF is sensitive to white mat-
ter health, and may be a biomarker for chronic poststroke
memory function. These results are in accordance with
previous findings in aging individuals showing: (1) a rela-
tionship between higher ventricular volume and impaired
episodic memory,” and (2) longitudinal WMH growth
related to increased ventricular volume and decreased
memory performance.”® Future studies will need to
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Figure 2. Correlations between cognitive outcomes, periventricular covert lacunar infarcts (pCLI; A), stroke volume (B and D), and ventricular CSF (C).

determine if baseline ventricular volume relates to post-
stroke memory performance, which could provide a valu-
able marker of brain health and reserve.

Poststroke Motor Impairment and Function are
Associated with Stroke Volume and Covert Lesion
Volume, Respectively

Three factors related to motor impairment and function
are as follows: stroke, NAWM, and deep WMH volumes.
However, after individual regression analyses, different
primary predictors were identified. Less motor
impairment was predicted by smaller stroke and greater
NAWM volume, whereas, better motor function was
most strongly predicted by smaller deep WMH volume.
Motor impairment depends heavily on corticospinal tract
output and has a strong association with structural dam-
age after stroke.””” We found that total cerebral volume
of NAWM is more predictive of motor outcome than total
NAGM. We also found that total white matter also relates

to ventricular CSF, and periventricular and deep WMH
volume. Suggesting, that total white matter is a more sen-
sitive measure of poststroke structural reserve than total
gray matter. Other findings from diffusion imaging stud-
ies confirm the importance of white matter in poststroke
outcomes.”® Additionally, integrity of white matter con-
nections, calculated from overlaying lesion maps on pre-
viously identified white matter pathways, correlate more
strongly with motor function than cognition after stroke,”’
supporting our finding that global NAWM relates to
motor but not cognitive outcomes.

We found that dWMH volume correlated with both
motor function and impairment but was the strongest pre-
dictor of motor function. Motor impairment was indicated
by the ability to complete a movement,'” whereas function
was assessed as the time to complete movements (effi-
ciency).'” This illustrates that disruption of white matter
pathways may affect speed of information processing and
movement time. There is an established link between higher
impairment on complex poststroke motor assessments, and
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Figure 3. Correlations between motor outcomes, Fugl-Meyer and Wolf motor functional Test (WMFT), and stroke volume (A, D), normal appearing white mat-
ter (NAWM,; B, E), and deep white matter hyperintesities (WMH; C, F). All correlations are significant P < .005.

greater volume of covert lesions.”'" Our findings support
those of previous researchers but also highlight the need to
consider multiple measures of motor outcome to enhance
the understanding of how covert lesions may have a greater
impact on function than impairment.

Limitations

The current study is a cross-sectional assessment of
chronic poststroke outcome, meaning that we could not
determine when the covert lesions occurred relative to the
overt stroke, or determine recovery profile. We were able

to use our knowledge of the primary stroke symptoms to
confirm which lesion was the primary stroke. However, it
is possible that a primary stroke lesion was misidentified
as a covert lesion. We selected a heterogeneous sample of
participants, ranging from mild to severe impairment,
which may have obscured more nuanced relationships
between recovery and covert lesions for different severi-
ties and stroke types. Our selection criteria, requiring an
MRI and cognitive assessment, limits broad generalizabil-
ity to a larger stroke population due to the exclusion of
individuals with communication difficulties or MRI con-
traindications.

Table 2. Multivariate stepwise elimination linear regression models with 3 different dependent variables

Adjusted
Dependent Independent variables Standardized
variable used remaining in model R”2 (P value) coefficient B P value 95% CI for B
Non Memory pCLI 0.275 (.004) —0.551 .004 —1.39to —0.31
Fugl-Meyer Stroke —0.42 .014 —16.08 to —2.01
NAWM 0.358 (.001) 0.350 .037 12.68 to 363.13
WMFT dWMH 0.387 (<.001) —0.639 <.001 —32.95t0 —11.98

Models include the MRI variables significantly correlated with dependent variable. CI, confidence interval; dWMH, deep white matter
hyperintensity; NAWM, normal appearing white matter; pCLI, periventricular covert lacunar infarct; WMFT, Wolf Motor Functional Test.
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Our study provides evidence that covert lesions
adversely affect both motor and cognitive outcomes after
stroke, and highlights the need to consider their burden
on poststroke outcomes. Further studies, utilizing a longi-
tudinal assessment of a representative sample, are needed
to characterize the relationship between covert and overt
lesions and the combined impact on cognitive and motor
recovery.
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