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ARTICLE INFO ABSTRACT

Keywords: For the past decade, brain health has been an emerging line of scientific inquiry assessing the impact of age-
Stroke related neurostructural changes on cognitive decline and recovery from brain injury. Typically, compromised
Brain health brain health is attributed to the presence of small vessel disease (SVD) and brain tissue atrophy, which are
Ap}fam . . represented by various neuroimaging features. However, to date, the relationship between brain health markers
White matter hyperintensities R . . . . . .

Cognition and chronic aphasia severity remains unclear. Thus, the goal of this scoping review was to assess the current body
of evidence regarding the relationship between SVD-related brain health biomarkers and post-stroke aphasia and
cognition. In all, 187 articles were identified from 3 databases, of which 16 articles met the criteria for inclusion.
Among these studies, 11 focused on cognition rather than aphasia, while 2 investigated both. Of the 10 studies
that used white matter hyperintensities (WMHs) as an indicator of SVD severity, 8 studies (80%) demonstrated a
relationship between WMH load and worse cognition in stroke patients. Interestingly, among the studies that
specifically investigated aphasia, all 5 studies (100%) demonstrated a relationship between SVD and worse
language performance. They also indicated that factors other than brain health (e.g., lesion, age, time post onset)
played an important role in determining aphasia severity at a single timepoint. These findings suggest that brain
health is likely a crucial factor in the context of aphasia recovery, possibly indicating the necessity of cognitive
reserve thresholds for the multimodal cognitive demands associated with language recovery. While SVD and
structural brain health are not commonly considered as predictors of aphasia severity, more comprehensive
models incorporating brain health have the potential to improve prognosis of post-stroke cognitive and language
deficits. Given the variability in the existing literature, a uniform grading system for overall SVD would be
beneficial for future research on the mechanisms related to brain networks and neuroplasticity, and their
translational impact.

1. Introduction’ PubMed (“brain health” - Search Results - PubMed., 2022), the number
of annual publications on “brain health” increased by 1500% from 65

For the past decade, brain health has been an emerging line of sci- publications in 2011 to 1889 in 2021. Structurally, brain health is
entific inquiry because of its close relationship with age-related func- recognized as the integrity of brain tissue and typically relates to small
tional decline and potential impact on recovery after brain injury. Per vessel diseases (SVD). Markers of small vessel disease (SVD) are common
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in stroke survivors and are the leading cause of vascular cognitive
impairment, with vascular dementia comprising 15-20% of dementia
cases in North America (Zanon Zotin et al., 2021; Wolters and Arfan,
2019). While the imaging correlates of SVD have been defined, their
relationships with cognition and stroke recovery are not well
understood.

The STandards for Reportlng Vascular changes in nEuroimaging
(STRIVE) guidelines identify markers associated with SVD in the aging
brain (Wardlaw et al., 2013). These markers include white matter
hyperintensities (WMHs) as well as lacunes, enlarged perivascular
spaces (EPVS), cerebral microbleeds (CMBs), small subcortical infarcts,
and atrophy. WMHs, also referred to as white matter lesions or leu-
koaraiosis, tend to appear bilaterally and symmetrically as hyperintense
regions on T2-weighted and T2-FLAIR (fluid-attenuated inversion re-
covery) MRI scans (Wardlaw et al., 2013). They can be categorized into
deep and periventricular white matter hyperintensities (DWMH and
PVH, respectively) based on location. The underlying pathogenesis of
WMHs is not well understood. Lacunes are round or ovoid, subcortical,
fluid-filled cavities approximately 3-15 mm in diameter. If the cavity is
>15 mm, it may be classified as a small subcortical infarct (Wardlaw
et al., 2013). EPVS, most commonly seen in the basal ganglia, are small,
fluid-filled spaces that follow the course of a vessel through grey or
white matter (Wardlaw et al., 2013). CMBs are small (2-5 mm in
diameter), hypointense lesions that are well-defined on susceptibility-
weighted and T2*-weighted gradient recalled echo (GRE) sequences
but are typically not visible on CT or other MRI sequences (Wardlaw
et al., 2013). In SVD, brain atrophy, or cerebral atrophy, is most simply
defined as a loss in brain volume over time not related to a discrete focal
injury (e.g., trauma, stroke) (Wardlaw et al., 2013).

To date, most of the research in this area has focused on SVD markers
and cognition (Guevarra et al., 2020; Bolandzadeh et al., 2012; Zhi et al.,
2021), particularly the development of neurocognitive disorders such as
vascular dementia and Alzheimer’s disease (Hu et al., 2021). This focus
may reflect that the severity of SVD markers typically increases with age,
and the presence of SVD may explain some of the variability in cognitive
dysfunction in older age. Similarly, SVD severity in individuals with
stroke is also a pertinent avenue of research, particularly as stroke sur-
vivors tend to have more cardiovascular risk factors which may
contribute to the progression of SVD (Zanon Zotin et al., 2021; Cipolla
et al., 2018). Recovery from a stroke depends on the integrity of the
remaining tissue (Bonilha et al., 2016); therefore, SVD may be an
important determinant of recovery trajectories.

Many left hemisphere stroke survivors experience aphasia, a lan-
guage disorder that substantially affects a person’s quality of life by
disrupting verbal communicative processes and/or comprehension of
language. Aphasia is not a deficit of cognition per se, meaning that
findings from studies of cognition in non-aphasic stroke patients cannot
be generalized to language deficits. Nonetheless, aphasia severity and
recovery are determined by the ability to recover from neurological
injury and to regain function due to neuroplasticity. Aphasic symptoms
are strongly determined by the size and the location of the stroke lesion,
but also by the recovery-related engagement of associative multi-
domain brain regions and networks (Kiran et al., 2019). As such, fac-
tors that reduce cognition may have a significant impact in chronic
aphasic symptoms, which is why we sought to investigate the link be-
tween SVD and aphasia specifically.

Within the current literature, there is no clear consensus about how
to quantify SVD and which markers of SVD are associated with language
impairment following a stroke. Thus, we sought to determine the status
and prevalence of existing literature on the relationship between SVD-
related brain health markers and behavioral measures (specifically
language) in patients with a history of stroke to determine areas where
additional research is necessary to clarify purported connections. Due to
the nature of the research question, and the more general focus on re-
ported changes and relationships rather than the effects of a specific
intervention, we chose to perform a scoping review in accordance with
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the PRISMA guidelines for scoping reviews (Tricco et al., 2018). The
following research question was formulated: What is known from the
literature about the relationship between SVD-related brain health
biomarkers and post-stroke aphasia and cognition?

2. Methods
2.1. Eligibility criteria

We performed a scoping review following the PRISMA Statement
Guidelines (Tricco et al., 2018) to examine available evidence from
original research studies regarding the association of post-stroke aphasia
with brain health related to cerebral SVD. In this context, “brain health”
was defined as the structural integrity of the intact brain tissue (i.e., non-
lesioned by the stroke) as assessed by structural MR imaging. The
STRIVE criteria provided a guide for neuroanatomic markers of
compromised brain health related to SVD, particularly in the aging adult
human brain. According to these criteria, imaging features of SVD
include white matter hyperintensities, lacunes, enlarged perivascular
spaces, cerebral microbleeds, small subcortical infarcts, and brain at-
rophy (Wardlaw et al., 2013) (Fig. 1). No stroke etiology, starting year,
or language restrictions were applied to our search. The databases were
last searched in December 2022.

2.2. Information sources/search strategy

The databases PubMed, CINAHL, and Scopus were searched for peer-
reviewed journal papers using pre-defined search syntaxes (Table S1).
The syntaxes were designed to search for articles that addressed brain
health in combination with aphasia, stroke, and imaging-based signs of
SVD.

To find additional evidence, backward and forward reference
searching were performed for a subset of search results (Varkanitsa
et al., 2020; Wright et al, 2018; Basilakos et al., 2019; Wilmskoetter
etal., 2019) that included human stroke patients with aphasia for whom
brain health had been assessed from brain imaging data and who had
completed language and/or cognitive testing. Backward reference
searching was conducted by screening reference lists for non-duplicate
articles that met the inclusion criteria; forward reference searching
was conducted using the “Cited By” tool on PubMed.

2.3. Selection process

Research articles were selected for inclusion if: (1) participants
included human stroke patients for whom data were reported inde-
pendently from stroke-free participants, (2) brain imaging data were
available and included assessment of brain health, and (3) language
and/or cognitive assessments were administered. Of particular interest
were studies in which participants’ MRIs were assessed according to the
STRIVE criteria and in which participants® Western Aphasia Battery
Aphasia Quotients (WAB-AQ) were used as an outcome variable. The
WAB is a standard assessment of aphasia severity consisting of a series of
tasks assessing naming, repetition, fluency, auditory verbal compre-
hension, and information content (Clark et al., 2020). The subtest scores
are then used to derive a person’s WAB-AQ, an overall aphasia severity
score.

Studies for which participants’ brain MRI data were available but
which did not include assessment for at least one brain health biomarker
(i.e., WMHs, CMBs, EPVS, atrophy) were excluded. Articles were not
excluded based on whether patients received specific stroke in-
terventions or speech language therapy, or whether they cited the
STRIVE guidelines when identifying brain health biomarkers.

2.4. Data charting

For included articles, the following information was recorded:
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A. White Matter Hyperintensities

Fazekas score: 2,1, 0

D. Enlarged Perivascular Spaces
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B. Lacunes C. Cerebral microbleeds

F. Small subcortical
infarcts

Fig. 1. Examples of STRIVE markers of SVD on MRI in patients with left hemisphere stroke; only the uninjured right hemisphere is displayed. A. shows examples of
WMHs, including Fazekas ratings of 0, 1, 2, highlighted with red arrows. B. shows a lacune. C. is an example of a cerebral microbleed. D. shows examples of differing
severity of EPVS: none (right), mild (middle) and severe (left). E. is an example of atrophy. F. shows a small subcortical infarct (>15 mm).

objective, brain health measure(s), brain imaging technique(s), behav-
ioral measure(s) for assessment of cognition and/or aphasia, key find-
ings, and stroke type and time post-stroke of study population (if
available).

Participant characteristics, time since stroke, and imaging methods
are summarized in Table S2. STRIVE markers assessed, language and/or
cognitive measures used, and relevant findings of each study are sum-
marized in Table S3.

3. Results

A total of 187 publications were retrieved, including 152 from the
three databases and 35 from reference searching (“Other Sources™); after
duplicate results were removed, the number of results decreased to 128.
Of these, 50 were excluded because they were not original research
studies; 47 were excluded because they did not include human partici-
pants with stroke or did not report data from these participants as a
separate group; 6 were excluded because they did not include assess-
ment of brain health from neuroimaging data; and 9 were excluded
because the participants did not undergo language and/or cognitive
testing. After applying the eligibility and exclusion criteria, 16 studies
were selected for inclusion in the review. See Fig. 2 for further details.

3.1. Results of individual sources of evidence

Of the 16 studies selected for inclusion, only five specifically assessed
aphasia (Wright et al., 2018; Basilakos et al., 2019; Wilmskoetter et al.,
2019). The WAB-R was used to diagnose or confirm aphasia in four
studies; it was not clearly stated how aphasia was defined for Wright
et al. The former utilized the WAB-AQ as a primary outcome measure for
aphasia severity. In Wright et al., WAB-AQ was used but was not
available for all participants; for reasons of objectivity and availability,
performance on naming tasks was selected as the primary outcome with
word fluency as the secondary outcome (Wright et al., 2018). The level,

type, and duration of speech and language treatment received varied
among subjects and among studies. Among the included articles, the
most assessed brain health indicator was WMH severity.

3.2. Results synthesis

With two exceptions (Taylor-Rowan et al., 2022), all studies used MR
imaging to examine brain health markers, although a variety of se-
quences were employed (Table S2). Appleton et al. (2020) rated SVD
features primarily from CT, but their findings regarding associations
between SVD features and patient outcomes were consistent with MRI-
based studies. Taylor-Rowan et al. worked exclusively with CT imaging
and applied three distinct visual ratings scales to assess white matter
changes and atrophy.

Study population sizes varied greatly, from 30 to 4,011 participants.
Those focusing on aphasia had the smallest populations, ranging from 30
to 106 participants (mean = 52.2, median = 42). Stroke etiology also
varied, with two studies — from the same research group and describing
the same cohort — including only participants with intracerebral hem-
orrhage (Keins et al., 2021; Pasi et al., 2021), and six including only
ischemic stroke survivors (Wright et al., 2018; Bahrainwala et al., 2014;
Kang et al., 2013; Zhang et al., 2017; Werden et al., 2017).

In addition, the length of time after stroke when cognitive and/or
language data were collected varied considerably among, and some-
times within, the selected studies. In those that assessed cognition but
not language, assessment was typically performed once or twice
(including one follow-up assessment). Two studies included extended
follow-up periods of approximately four years, with multiple reassess-
ments of cognition (Keins et al., 2021; Pasi et al., 2021). In contrast, due
to the nature of chronic aphasia, studies that assessed language reported
longer average time post-stroke for participants, with more variability
(Wright et al., 2018; Basilakos et al., 2019; Wilmskoetter et al., 2019).

Some studies took a comprehensive approach to analyzing brain
health markers, including the use of overall SVD scores and analysis of
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Fig. 2. Selection of sources of evidence according to PRISMA statement guidelines (Tricco et al., 2018).

multiple markers, while others focused primarily on a single measure —
typically WMH severity (Varkanitsa et al., 2020; Wright et al., 2018;
Basilakos et al., 2019; Wilmskoetter et al., 2019; Bahrainwala et al.,
2014; Kang et al., 2013; Zhang et al., 2017). While the Fazekas scale,
employed in 11 (69%) of the studies (Basilakos et al., 2019; Johnson
et al., 2022; Kang et al., 2013; Keins et al., 2021; Lawrence et al., 2013,
2014; Pasi et al., 2021; Taylor-Rowan et al., 2022; Varkanitsa et al.,
2020; Wilmskoetter et al., 2019; Zhang et al., 2017), was the tool most
commonly used to assess WMH severity, other scales including the
Cardiovascular Health Study scale and volume-based assessment were
used in 8 (50%) of studies (Appleton et al., 2020; Bahrainwala et al.,
2014; Dickie et al., 2018; Lawrence et al., 2013, 2014; Taylor-Rowan
et al., 2022; Werden et al., 2017; Wright et al., 2018). All studies
addressed WMH to some extent, whether as a distinct variable, an in-
dicator of SVD for inclusion criteria purposes, or a component of a
comprehensive SVD score.

Four studies employed an overall SVD score. The criteria for the 0-3
scale (Arba et al., 2017) used by Appleton et al. is describe in Table 1; the
authors also used a three-point SVD score without atrophy and a four-
point brain frailty scale that allotted points apiece for WMH, cerebral
atrophy, and old infarcts. The van Swieten score rates white matter

lesions in two regions, the anterior horns of the lateral ventricles and the
posterior region of the centrum semiovale and cella media. The CT
version of this scale assesses severity based on whether the abnormality
exists only in the region near the vesicles (score = 1) or extends to the
cortex (score = 2) (van Swieten et al., 1990).

Dickie et al. used a previously validated (Klarenbeek et al., 2013;
Staals et al., 2014; Lau et al., 2017) five-point SVD score; see Table 1 for
scoring criteria. Both Pasi et al. and Keins et al. chose a modified version
of the score used by Dickie et al. (Lau et al., 2017) (Table 1). This
modified scale, ranging from O to 6 points and consisting of refinements
proposed in a 2017 study (Lau et al., 2017), allocates one point for
presence of: a) >1 lacunes; b) 1-4 CMBs; c) moderate to severe basal
ganglia EPVS (>20); d) moderate WMH, (total Fazekas score 3-4). Two
points were given for presence of: a) >5 CMBs; and b) severe WMH (total
Fazekas score 5-6). (Keins et al., 2021; Lau et al., 2017) Pasi et al. also
used cerebral amyloid angiopathy-specific (0-6 points) and hyperten-
sive arteriopathy-specific (0-4 points) SVD scores (Table 2).

While assessment of cognition was similarly diverse, with over 15
different cognitive tests used across the 13 studies in which cognitive
performance was an outcome of interest, assessment of aphasia was
notably less so: all five studies utilized the WAB-AQ to gauge aphasia
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Table 1
SVD score criteria used in each study.
Study Factor Severity/count Point
(s)
Appleton et al. WMH van Swieten score 2 anteriorly or 1
(max score=3) posteriorly
lacunes >1 1
atrophy Severe (score of 2 cortically and/ 1
or centrally)

Dickie et al. (max Lacunes >1 1

score=4) Deep CMBs >1
Basal >10 1
ganglia
EPVS
WMH early confluent DWMH (Fazekas 1
score 2-3) OR irregular PVH
extending into the deep white
matter (Fazekas score 3)

Pasi et al. and Keins Lacunes >1 1
et al. (max CMBs 1to4 1
score=6) >5 2

Basal >20 1

ganglia

EPVS

WMH total Fazekas score 3-4 1
total Fazekas score 5-6 2

Table 2
Criteria for cerebral amyloid angiopathy (CAA)-specific and hypertensive arte-
riopathy (HTNA)-specific SVD scores.

Scale Factor Severity/count Point
(s)
Cerebral amyloid angiopathy Lobar 1to4 1
(CAA)-specific SVD score CMBs
criteria (maximum score: 6) >5 2
CSO EPVS >20 1
WMH Fazekas score >2 for 1
DWMH or >3* for
PVMH
cSS focal 1
disseminated 2
Hypertensive arteriopathy Lacunes >1 1
(HTNA)-specific SVD score WMH Fazekas score >2 for 1
criteria (maximum score: 4) DWMH or 3 for PVMH
Deep >1 1
CMBs
Basal >10 1
ganglia
EPVS

*The authors state in their article a cutoff of “>3" for periventricular WMHs;
however, because the Fazekas scale has a maximum PVH score of 3, we assume
the authors intended to write “>2”.

severity. Only two studies assessed both aphasia and cognition; both
focused on non-verbal executive function. Johnson et al. chose the
Matrices subtest of the Wechsler Adult Intelligence Scale (Wechsler,
1997), while Varkanitsa et al. used the symbol trails, mazes, and design
generation subtests of the Cognitive-Linguistic Quick Test (CLQT)
(Helm-Estabrooks, 2001). The latter was the only study to use language
tests other than the WAB assessments (the Boston Naming (Kaplan et al.,
2001) and Pyramids and Palm Trees (Howard and Patterson, 1992) tests,
Figure 3).

While the Werden et al. study satisfied the inclusion criteria, the
authors did not investigate associations between the brain health
markers and cognitive measures assessed therein, minimizing its rele-
vance for this review. In a similar vein, the objective of Taylor-Rowan
and colleagues was to compare the ability of two informant question-
naires to assess pre-stroke cognitive status. As such, they investigated
the relationship between the questionnaires, brain health markers,
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clinical diagnosis, and pre-stroke cognition, rather than post-stroke
cognition, in their analyses. In addition, Bahrainwala et al. focused
almost exclusively on hemispatial neglect in right-hemisphere stroke
patients. While attentional deficits can be considered an example of
cognitive decline, this nearly exclusive focus on neglect in right-
hemisphere stroke survivors limits the generalizability of the results.
Similarly, it is difficult to compare empathy-specific findings to results
from more general cognitive testing described in the majority of the
other cognition-focused studies.

3.2.1. WMH

Of the studies that individually examined WMH severity in relation
to cognitive performance after stroke, 8 of 10 found a significant
negative association (Varkanitsa et al., 2020; Johnson et al., 2022;
Bahrainwala et al., 2014; Kang et al., 2013; Zhang et al., 2017), which in
one case was not significant after controlling for network global effi-
ciency (Lawrence et al., 2014). Dickie et al. used semi-automatically
quantified WMH volumes, rather than employing a categorical visual
scale, to gauge WMH severity, and failed to find a significant association
between WMH volume and cognitive performance on ACE-R (Mioshi
etal., 2006) (p > 0.05) (Dickie et al., 2018) Lawrence et al. also failed to
find an association between WMH and executive function or, after
correction, processing speed. In this study, white matter lesion load was
used to assess the severity of WMHs, and the authors observed that DTI
measures (including axial and radial diffusivity) exhibited more sensi-
tivity to white matter damage than white matter lesion load (Lawrence
et al., 2013).

Whereas eight studies did find significant associations, the threshold
of WMH severity and type of WMH (deep or periventricular) at which
significant changes in cognitive ability were found varied among these
studies. The assessment of cognition also differed. For example, cogni-
tion was assessed at a single time point post-stroke in five studies
(Varkanitsa et al., 2020; Johnson et al., 2022; Bahrainwala et al., 2014;
Lawrence et al., 2014; Appleton et al., 2020), at two or three time points
in two more studies (Kang et al., 2013; Zhang et al., 2017), and multiple
times with an extended follow-up in the remaining study (Pasi et al.,
2021). The latter was most interested in rates of cognitive decline, as
well as the incidence of dementia in stroke populations, and performed
follow-up telephone assessments over a median period of 46.3 months.

Appleton et al. found that higher WMH severity and brain frailty
scores were associated with worse performance on two telephone-based
cognitive tests, the t-MMSE and TICS-m, but not on a verbal fluency
assessment intended to assess executive function. Meanwhile, SVD score
was associated with verbal fluency but not with other cognitive mea-
sures. Pasi et al. found that DWMH (Fazekas score 2-3), but not PVH,
were associated with higher rates of cognitive decline. In comparison,
Kang et al. categorized hyperintensities as mild/severe DWMH, mild/
severe PVH, and found that both severe DWMH and severe PVH (Faze-
kas score 2-3) were associated with lower MMSE scores, and there was
significant interaction between them. In the Zhang et al. study, in-
dividuals in the “severe” leukoaraiosis (total Fazekas score 3-6) group
were compared with those in the “none-to-mild” (total Fazekas score
0-2) group. The none-to-mild leukoaraiosis group improved their MMSE
scores in the 30 days between baseline and follow-up, while the severe
group did not improve.

Regarding aphasia, all five of the articles in this review that specif-
ically assessed aphasia investigated associations between WMH and
aphasia severity (Wright et al., 2018; Basilakos et al., 2019; Wilm-
skoetter et al., 2019). Wilmskoetter and colleagues assessed this at a
single timepoint and found a significant indirect effect of PVH severity
on aphasia severity (WAB-AQ), mediated by the number of short- and
long-range fibers. Similarly, Johnson et al. found a statistically signifi-
cant effect of total Fazekas score on WAB-AQ (p = 0.0004), and devel-
oped a model based on health factors (Fazekas score, BMI, exercise rate,
and presence of diabetes) which explained 11% of the variance in
aphasia severity unexplained by lesion factors. Wright et al. also
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Usage of Aphasia Tests

Number of Studies

Boston 'Naming PAIPT

WAB Object Naming WAB Word Fluency

WAB-AQ

Aphasia Assessment

Fig. 3. Frequency of use of each language assessment employed in studies that considered aphasia.

investigated a single timepoint and demonstrated an independent as-
sociation between right hemisphere WMH severity at stroke onset and
object naming and word fluency outcomes. As all participants in this
study had experienced a left-hemisphere stroke, the non-infarcted
hemisphere was used for assessment of WMH severity. The other two
studies focused on multiple timepoints, and Varkanitsa et al. found a
significant effect of WMH score on language treatment outcome in
people with aphasia that was particularly evident for DWMH. In the
comparable study by Basilakos and colleagues, which enrolled a similar
patient population to Wright et al. (but later after stroke), outcomes
were measured as change in WAB-AQ at follow-up. As in the Wright
study, severity of WMH was found to significantly predict decline in
language abilities, with more severe WMH being associated with a 4.3
odds increase of decline. This correlation remained significant after
controlling for time post-stroke.

3.2.2. SVD score(s)

Among the studies that used an SVD score, findings regarding asso-
ciations with cognition were mixed. Appleton et al., reported an asso-
ciation between SVD score and verbal fluency, but not with performance
on the t-MMSE or TICS-M 90 days after stroke. Likewise, Dickie et al.
failed to find a significant association between total SVD score and
cognitive performance on ACE-R. However, Pasi et al. found significant
associations between cognitive decline and all three SVD scores used in
the study (global, CAA-specific, and HTNA-specific). Keins et al. simi-
larly reported a significant association between SVD severity (particu-
larly the CAA type) and cognitive decline, manifesting as late-onset
dementia. The two studies that reported significant findings used the
same scale, which was a modified version of the SVD scale used in the
study by Dickie et al. that did not find a significant association with
cognition.

Appleton et al. found that overall SVD score along with brain frailty
was associated with verbal fluency. Pasi et al. investigated a large set of
STRIVE markers, and found lacunes, EPVS in the basal ganglia, deep and
lobar cerebral microbleeds, deep WMH, disseminated cSS, cerebral at-
rophy, and three SVD scores (global, CAA-specific, and HTNA-specific)
to be significantly associated with rate of cognitive decline (p < 0.05

for all).

3.2.3. Other brain health markers

Other markers of SVD were also individually investigated in relation
to post-stroke cognitive and language-related performance. As with
WMH, methods of assessment differed, and the consistency of findings
varied by marker. In linear mixed model analyses, Pasi et al. investigated
a large set of STRIVE markers and found lacunes, EPVS in the basal
ganglia, deep (>1) and lobar (>2) CMBs, DWMH, disseminated cSS,
cerebral atrophy, and three SVD scores (global, CAA-specific, and
HTNA-specific) to be significantly associated with rate of cognitive
decline (p < 0.05 for all). Associations for focal ¢SS or centrum semi-
ovale EPVS did not reach statistical significance. Likewise, Lawrence
and colleagues reported associations of lacunes with cognition and
found that the number of lacunar infarcts predicted processing speed
and executive function. They did not, however, find such an association
for CMBs but did find that network disruption was correlated with both
SVD severity and cognition.

For atrophy, results indicated a consensus that decreased brain vol-
ume is associated with worse cognitive performance. While Lawrence
et al. used normalized brain volume (NBV) as a measure of atrophy
(Lawrence et al., 2013; Lawrence et al., 2014), Appleton et al. used a
three-point cerebral atrophy score to rate atrophy in cortical and central
regions (Appleton et al., 2020). Pasi et al. summed regional atrophy
ratings (0-4) based on the size of gyri and sulci in all four lobes and the
insular region to give an overall score out of 15 (Pasi et al., 2021). In the
study by Taylor-Rowan et al., the Scheltens scale was used to assess
medial temporal lobe atrophy (Taylor-Rowan et al., 2022). In the sole
aphasia study to look at atrophy, Wright et al. estimated atrophy in the
right hemisphere by calculating the ratio of brain volume to cerebro-
spinal fluid volume. Despite finding a mild correlation between atrophy
and WMH severity, the authors failed to find an independent association
with naming and word fluency outcomes. Ultimately, six studies found
associations between atrophy and cognitive performance. In both
studies by Lawrence and colleagues, atrophy was associated with
cognition and predicted processing speed, respectively, while Pasi,
Appleton, and Taylor-Rowan found associations between higher
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cerebral atrophy scores and worse cognitive performance.

Using a four-point scale to evaluate brain frailty, Appleton et al.
found that higher scores were associated with worse cognitive perfor-
mance on the t-MMSE, TICS-M, and verbal fluency assessments. Brain
frailty score — based on presence of WMH, cerebral atrophy, and old
vascular lesions — was the only metric significantly associated with
performance on all three cognitive measures in this study. Measured on
very a similar scale, in the study from Taylor-Rowan et al., brain frailty
was significantly associated with scores on two informant-based cogni-
tive screening tests (Informant Questionnaire for Cognitive Decline in
the Elderly Short Form and Ascertain Dementia 8).

4. Discussion

The purpose of this scoping review was to identify and compare all
published, peer-reviewed studies investigating the association between
imaging-based markers of brain health and behavioral outcomes
(cognition and aphasia) in stroke patients. A total of 16 articles met the
inclusion criteria, with 5 including assessment of aphasia and the
remaining 11 investigating associations with cognition.

Of note, all studies meeting the inclusion criteria were published
between 2013 and present, indicating increased attention in the field of
brain health in recent years. The majority focused on the relationship
between markers of brain health and cognition in stroke patients,
highlighting the emphasis on cognition rather than aphasia within the
stroke population. A variety of factors may contribute to this disparity,
including the comparative difficulty of assessing language rather than
cognition, particularly in outpatient settings. Three of the cognition-
focused studies relied upon telephone-based assessments of cognition,
which present a barrier for patients with language difficulties. In using
the MMSE, Zhang et al. and Kang et al., chose to exclude patients with
severe aphasia in addition to those with pre-stroke severe dementia.
(Kang et al., 2013; Zhang et al., 2017) While aphasia, as a language
disorder, does not necessarily involve impairment of cognitive function,
nonverbal cognitive testing is considered most appropriate for this
population to avoid confounding effects brought on by failure of par-
ticipants to comprehend instructions or aphasia-affected performance
on verbal tasks.

4.1. WMH and aphasia

Among the five publications directly addressing the relationship
between WMH severity and aphasia severity, there was not a clear
consensus on the association between initial aphasia severity and WMH.
Wright et al. found that WMH severity at stroke onset was significantly
associated with naming ability at a single later timepoint (>3 months
post-stroke). Similarly, Johnson and colleagues found a strong correla-
tion between total Fazekas score and WAB-AQ, as assessed >6 months
post-stroke (Johnson et al., 2022). However, both Basilakos et al. and
Varkanitsa et al. failed to find an association between WMH severity and
initial (pre-treatment) aphasia severity. This may reflect differences in
the behavioral test used, where Wright et al. focused on object naming
and word fluency outcomes, whereas Basilakos et al. and Varkanitsa
et al. used WAB-AQ, which is a composite score of spontaneous speech,
auditory verbal comprehension, repetition, and naming and wordfind-
ing. However, Basilakos et al. did report a significant association be-
tween WMH severity and aphasia severity at follow-up after adjusting
for time post-stroke (Basilakos et al., 2019). This might suggest that
other factors (e.g., the lesion) may contribute to initial aphasia severity,
but the status of the remaining brain tissue (e.g., severity of WMHs) are
important for recovery. Similarly, in Varkanitsa et al., language was
assessed pre-and post-treatment with a semantic feature analysis pro-
tocol. Post-treatment, overall WMH severity and DWMH severity pre-
dicted language treatment outcomes, providing further support to the
theory that WMH severity is an important factor for treatment outcomes
following stroke. Given that the health and integrity of the residual brain
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tissue is likely important for recovery after stroke, it follows that WMHs,
a marker of overall brain health, may influence the variability in treat-
ment response. In the fourth study, Wilmskoetter et al. found a signifi-
cant indirect effect of WMHs, moderated by the number of long- and
short-range white matter fibers, as well as a total effect of PVH
severity on single-timepoint aphasia severity in people with aphasia at
least one year post stroke. This effect was not found for DWMH
(Wilmskoetter et al., 2019). These results are particularly interesting, as
they begin to explore the mechanism by which WMHs affect aphasia
severity. Taken together, this evidence suggests that factors other than
brain health (e.g., lesion volume, age, time post onset, network con-
nectivity) may play a larger role in determining aphasia severity at a
single timepoint in the chronic stage, but that brain health can have a
long-term effect on a patient’s potential for recovery. Further research is
necessary to disentangle the effects of deep and periventricular white
matter hyperintensities on language recovery.

While frequently grouped together, the behavioral and clinical cor-
relates of DWMH and PVH differ (Griffanti et al., 2018). The visual
difference between the two classes of hyperintensities is more readily
defined than the functional and etiological distinctions. Present evi-
dence points to differential effects of DWMH and PVH on cognition,
mood, and neural network structure. For instance, PVH are character-
ized by gliosis, demyelination, and loosening of white matter fibers,
while DWMH are more strongly associated with axonal loss, arterio-
sclerosis, and vacuolization (Griffanti et al., 2018). In some studies, PVH
but not DWMH, have been associated with cognitive function,
(Bolandzadeh et al., 2012; Taylor-Rowan et al., 2022; Kim et al., 2008);
however, other studies (e.g., Pasi et al., 2021) have reported the oppo-
site. While inconclusive, these findings underscore the value of sepa-
rately analyzing the effects of DWMH and PVH by supporting the idea
that each type may represent distinct microstructural changes and thus
affect behavior by unique mechanisms.

4.2. WMH and cognition

Ten studies specifically investigated the relationship between WMH
and cognition, with eight finding a significantly negative association. In
five of the ten studies, cognition was assessed at two or more follow-up
timepoints, allowing for the investigation of changes in cognitive per-
formance over time after stroke (Keins et al., 2021; Pasi et al., 2021;
Kang et al., 2013; Zhang et al., 2017; Dickie et al., 2018).

Both studies by Lawrence et al. used data from the same group of
participants. In the 2014 study, the association between WMH severity
and cognition in stroke patients with SVD ceased to be independently
significant when the authors controlled for network global efficiency.
Otherwise stated, network efficiency has a mediating effect on the
relationship between WMH and cognitive performance (Lawrence et al.,
2014). In this study, network global efficiency was used to describe the
integration of the whole brain network, and was estimated by averaging
the efficiency of node pairs which were extracted from diffusion tensor
imaging (DTI) (Lawrence et al., 2014). Network global efficiency was
adjusted for in a multiple linear regression model. The same study
provides evidence of broad disruption of network connectivity in SVD
patients, similar to the findings of Wilmskoetter et al. Together, these
findings suggest a possible mechanism by which WMHs affect behavior.
Further research into the mechanism by which WMHs disrupt network
efficiency, and the effect of this relationship on cognitive outcomes in
stroke patients, may prove useful in predicting cognitive decline in this
population.

Methodological differences in the assessment of WMH severity may
have contributed to the mixed results among studies that investigated
associations between cognition and WMH severity. The two studies
(Lawrence et al., 2013; Dickie et al., 2018), that failed to find a signif-
icant association used semi-automatically quantified WMH and white
matter lesion load, respectively, while the studies that found significant
associations used visual rating scales (primarily the Fazekas scale).
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Notably, visual ratings were made by observers that were masked to the
behavioral measures. Automatic and semiautomatic quantification of
WMH volumes, both of which require manual editing, provide contex-
tual information such as the specific location of WMHs and can be used
to track volume changes over time. In addition, this type of assessment is
not hampered by ceiling effects, unlike visual scales (e.g., Fazekas).
However, the volumetric quantification method used by Dickie et al.
does not differentiate between PVH and DWMH (Valdés Hernandez
et al., 2010). As previously mentioned, by equivocating these types of
WMH, a difference in effect between DWMH and PVH may have been
ignored. If PVH and DWMH differentially affect cognition, this may
explain why the studies that used a visual rating scale that separately
rated DWMH and PVH in addition to overall WMH severity found more
significant relationships between WMH and behavior. Additionally,
participants in Dickie et al. were primarily milder stroke patients, and
the cognitive exam used (ACE-R) was not used in any other study
included in this review. However, this scale has been shown to be
comparable to the MoCA and in fact incorporates the MMSE (Pendlebury
etal., 2012). Limiting study eligibility to patients who had experienced a
mild (NIHSS <7) or nondisabling stroke may have reduced the number
of eligible participants with more severe SVD, taking into consideration
that PVH severity may be associated with NIHSS (National Institutes of
Health Stroke Scale) score (Kang et al., 2013). It is also possible that the
effect of WMH is not continuous (and thus not detected by associations
with continuous measures), but that there is a “threshold effect.” That is,
the effect on language/cognitive outcomes is almost nil until some
threshold of severity is reached.

Three cognitive studies evaluated the effects of PVH and DWMH
individually (Pasi et al., 2021; Kang et al., 2013). Among these, Kang
et al. found significant interaction between the subtypes, which were
associated with lower MMSE scores at both the initial assessment (two
weeks post stroke) and one-year follow up. PVH were also significantly
associated with greater stroke severity and worse functional outcomes at
both timepoints (Kang et al., 2013). DWMH of Fazekas grade 2 or 3 were
demonstrated by Pasi et al. to be associated with the rate of cognitive
decline, while PVH were not (Pasi et al., 2021). In contrast, Taylor-
Rowan et al. reported stronger and more significant correlations for
PVH than for DWMH with two informant-based assessments of pre-
stroke cognitive function (Taylor-Rowan et al., 2022).

4.3. Other markers of brain health

While WMH were the most frequently investigated marker of brain
health, other STRIVE measures were associated with cognitive perfor-
mance in stroke survivors. Most notably, composite SVD scores provide
an interpretation of overall brain health based on three or more visible
markers. The heterogeneity of these scales, which are continually being
refined, makes comparison among rating systems more difficult; four
studies included in this review reported use of five different SVD scoring
systems, and consequently, the results were mixed.

An SVD score adapted for CT imaging (Table 1) was used by
Appleton et al., as most of their participants had CT scans rather than
MR, although it should be noted that certain STRIVE markers (EPVS,
CMBs) are not visible on CT. The scale incorporated lacunes, brain at-
rophy, and WMH rated according to the CT version of the van Swieten
scale (van Swieten et al., 1990), and found an association between
verbal fluency and both presence of lacunes and brain atrophy.

Three SVD scales were used by Pasi et al. (Tables 1 and 2). Higher
scores on all scales were associated with rate of cognitive decline and
predicted post-stroke dementia, with the global summary score being
the strongest predictor. The global score considered presence of lacunes,
>20 EPVS in the basal ganglia, and differentiated between higher and
lower CMB counts and moderate and severe total WMH burden ac-
cording to Fazekas scores. Similarly, Keins et al. found that higher global
SVD scores on the same scale independently predicted late-onset
depression and dementia.
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There has been a recent trend towards using automated methods to
detect and quantify markers of SVD. For example, Dickie et al. used the
Brain Health Index, an automated combined measure of brain atrophy,
ischemia and SVD burden. They found that this measure of SVD was
more strongly associated with cognitive performance on ACE-R in in-
dividuals with mild stroke than an SVD score that incorporated presence
of lacunes and CMBs, basal ganglia EPVS, and WMH (Dickie et al.,
2018). The SVD score used did moderately correlate with the Brain
Health Index (Dickie et al., 2018). Increased use of automated measures
such as the Brain Health Index may facilitate easier comparisons across
studies and patient populations in future research. While the STRIVE
guidelines provide useful definitions of brain health markers, the next
step should be the development of a comprehensive consensus scale for
the assessment of SVD in order to compare the effects of SVD across
studies and populations.

As well as combining measures into an overall SVD score, some
markers of SVD have also been investigated separately across these
studies. Individually, cerebral atrophy (Taylor-Rowan et al., 2021; Pasi
et al., 2021; Appleton et al., 2020), brain frailty (Taylor-Rowan et al.,
2021; Appleton et al., 2020), lacunes (Pasi et al., 2021; Lawrence et al.,
2013; Lawrence et al., 2014), EPVS in the basal ganglia (Pasi et al.,
2021), CMBs (Pasi et al., 2021), and disseminated ¢SS (Pasi et al., 2021)
were each associated with poorer cognitive performance in one or more
studies, although this was not consistent across all studies (see Wright
et al.). While rating multiple markers across a single set of scans is time-
consuming, it is important to consider the independent effects of these
individual markers to determine which meaningfully contribute to
behavioral changes. This may streamline the development of a
comprehensive SVD score for use in behavioral studies. Additionally, the
effects of different SVD markers could vary depending on their etiology
and location in the brain, which justifies efforts to isolate their respec-
tive effects on language, cognition, structural connectivity, and beyond.

4.4. Limitations

We restricted our search to the databases PubMed, Scopus, and
CINAHL, so studies meeting the inclusion criteria, but which appear only
on other databases were not considered in this review. The databases
were last searched in December 2022; studies published after that time
were not included. Forward and reverse searching of references was
conducted only for the subset of studies that specifically investigated
aphasia. Further, we focused on SVD as the primary marker for brain
health. Future reviews may address other biomarkers for brain health.

5. Conclusions

The evidence reviewed herein supports a relationship between more
severe SVD and worse cognitive and language performance after stroke.
In patients with aphasia, the available literature consistently indicates
that WMH severity, an indicator of SVD, plays a role in the extent of
language recovery in the chronic phase of aphasia. Further study is
needed to determine whether this effect exists in the acute stage of
aphasia. In terms of cognition, greater SVD severity is associated with
cognitive decline and poorer performance on a variety of cognitive as-
sessments, including those assessing language, recall, and executive
function, although this relationship is less clear than that between WMH
and aphasia. Analysis of brain imaging in accordance with the STRIVE
guidelines for features of SVD may give further understanding into the
prognosis of an individual’s post-stroke cognitive and language, but this
potential will be hindered while researchers and clinicians lack a uni-
form grading system for a summary score of brain health in SVD.
Whereas a standardized SVD score has not been agreed upon, there
appears to be value in investigating the effects of multiple markers of
brain health to best predict behavioral outcomes. With the information
obtained from brain imaging, a patient’s brain health assessment can
serve as a tool in creating treatment plans that best suit their individual
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needs and goals.

The use of a variety of cognitive measures also appears to be a
strength when looking collectively at the body of literature on WMH and
cognitive performance. While this may contribute to differences in re-
sults among studies, the findings described here displayed considerable
uniformity despite the variety of assessments. Given this, the use of
alternative or supplementary language measures in addition to the WAB
may provide a more thorough knowledge base and allow for more
nuance in comparing different language tasks in individuals with post-
stroke aphasia. Conversely, the contrast between the uniformity of the
aphasia findings and the variability in the cognition findings highlights
the relevance of brain health and cognitive reserve thresholds for the
multimodal demands associated with language recovery.

Understanding the implications of patients’ SVD status may not be
essential for all aspects of stroke recovery or “cognition” in general, but
it is important for language. Given this, brain health markers should be
part of the models for personalized prediction in patients with stroke:
while these markers may not be relevant for all patients, they are likely
crucial for those with aphasia.

5.1. Recommendations for Future Studies

Studies of novel treatment paradigms may wish to consider variation
in SVD severity among participants, in addition to criteria such as lesion
size, as a potential moderator of treatment effectiveness in chronic
aphasia. Given the emphasis on cognition rather than aphasia
throughout the literature, we recommend that future studies include
more assessments focused on aphasia severity and recovery from
aphasia when considering the role of SVD in a stroke aphasia population.
Similarly, if testing general cognition, investigators should consider the
type of test used and the manner of its use (i.e., moving away from
telephone assessments and towards non-verbal ways of assessing
behavior) to try to separate the effects of the aphasia from general
cognition. In addition, when investigating the relationship between SVD
and aphasia severity, we recommend that such studies include a more
varied battery of assessments, rather than relying solely on the WAB, to
assess the interaction between brain health and language recovery more
comprehensively.

This review highlights that other factors may play a larger role in
determining aphasia severity at a single timepoint, but brain health may
have a more striking impact on an individual’s potential for recovery,
therefore studies investigating treatment approaches or changes in
behavior over time should include measures of SVD. Likewise, when
clinicians are deciding on potential treatment approaches, SVD severity
(i.e., intact tissue health) and intact networks should be considered to
best prescribe a treatment that matches the individual’s recovery
potential.

Finally, when exploring the role of SVD, there is a need for consistent
scanning types (i.e., use of FLAIR scans rather than CT scans) and a
consistent way to investigate SVD severity. Currently, although the
most-studied marker of SVD, WMH severity is not measured consistently
throughout the literature, with some studies using visual scales such as
the Fazekas scale and others using volumetric measures, and some using
a combined DWMH and PVH score while others use separate measures.
Similarly, many studies disregard other markers of SVD. When all are
considered, there is no consistent way to summarize these scores into
one total measure of SVD severity. It is imperative that consistent scores
are used across studies to adequately test and compare the impact of
SVD on cognition and aphasia.
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