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Abstract Objective: To determine whether longitudinal progression of small vessel disease in
chronic stroke survivors is associated with longitudinal worsening of chronic aphasia severity.
Design: A longitudinal retrospective study. Severity of white matter hyperintensities (WMHs) as a
marker for small vessel disease was assessed on fluid-attenuated inversion recovery (FLAIR) scans
using the Fazekas scale, with ratings for deep WMHs (DWMHs) and periventricular WMHs (PVHs).
Setting: University research laboratories.
Participants: This study includes data from 49 chronic stroke survivors with aphasia (N=49;
15 women, 34 men, age range=32-81 years, >6 months post-stroke, stroke type: [46 ischemic,
3 hemorrhagic], community dwelling). All participants completed the Western Aphasia Battery-
Revised (WAB) and had FLAIR scans at 2 timepoints (average years between timepoints:
1.87 years, SD=3.21 years).
Interventions: Not applicable.
Main Outcome Measures: Change in white matter hyperintensity severity (calculated using the
Fazekas scale) and change in aphasia severity (difference in Western Aphasia Battery scores)
were calculated between timepoints. Separate stepwise regression models were used to identify
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predictors of WMH severity change, with lesion volume, age, time between timepoints, body
mass index (BMI), and presence of diabetes as independent variables. Additional stepwise regres-
sion models investigated predictors of change in aphasia severity, with PVH change, DWMH
change, lesion volume, time between timepoints, and age as independent predictors.
Results: 22.5% of participants (11/49) had increased WMH severity. Increased BMI was associated
with increases in PVH severity (P=.007), whereas the presence of diabetes was associated with
increased DWMH severity (P=.002). Twenty-five percent of participants had increased aphasia
severity which was significantly associated with increased severity of PVH (P<.001, 16.8% vari-
ance explained).
Conclusion: Increased small vessel disease burden is associated with contributing to chronic
changes in aphasia severity. These findings support the idea that good cardiovascular risk factor
control may play an important role in the prevention of long-term worsening of aphasic symp-
toms.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American Congress of Rehabilitation
Medicine. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
There is growing evidence that recovery in the chronic
stages of post-stroke aphasia may be more fluid than once
thought,1-3 and although many individuals continue to
recover into the chronic stages,1-6 some experience worsen-
ing of aphasic symptoms months or even years after their
stroke. Lesion size and location are good predictors of long-
term recovery,7,8 but they only account for a portion of the
variance in aphasia severity9,10 and may not explain why
some individuals experience a worsening of symptoms over
time.

Many stroke survivors have risk factors for cerebrovascu-
lar disease, such as increased age,11 diabetes,12 and hyper-
tension.12 There is also evidence to suggest that
cardiovascular risk factors are inadequately managed in
stroke survivors,13 and that they may have higher rates of
untreated hypertension and diabetes than individuals who
have not experienced a stroke.14 Previous research has dem-
onstrated that cardiovascular risk factors such as increased
body mass index (BMI), hypertension, and diabetes,15,16

along with age17,18 are good predictors of small vessel dis-
ease severity in older age and are strongly associated with
the presence of white matter hyperintensities (WMHs), a
neuroimaging marker of small vessel disease.19 Both age20

and cardiovascular risk factors16,20-24 have been found to be
predictive of increasing WMH volume over time and there is
evidence that controlling vascular risk factors such as blood
pressure control15,25 or increasing physical activity can slow
the progression of WMHs in otherwise healthy participants26

and individuals with Alzheimer’s disease.27,28

Severe WMHs are frequently associated with cognitive
dysfunction in older adults29,30 and are a risk factor for fur-
ther cognitive decline in typical aging.31-35 Moreover, a rela-
tionship between WMH load and working memory has been
reported even in younger adults with low WMH severity,36,37

therefore it is likely that both the extent and spatial location
of WMHs are important for progressive cognitive
impairment.38 Previous research found an acceleration in
WMH burden in those in the early, pre-symptomatic stages
of mild cognitive impairment39 and postulated that higher
WMH burden in mild cognitive impairment is a predictor of
rapid cognitive decline40 and progression into more serious
forms of impairment such as dementia,41-47 including
Alzheimer’s disease.47
The extent and location of WMHs may be of particular
importance in stroke survivors as the integrity of the brain
tissue spared by the stroke has a significant influence on
stroke recovery.1,48,49 Indeed, recent years have seen a
trend toward exploring the effect of small vessel disease on
chronic stroke aphasia recovery, because small vessel dis-
ease is now recognized as a marker of poor50,51 and
increased post-stroke cognitive decline.52-55 Similarly, pro-
gression of WMH severity has been identified as a risk factor
for cognitive decline in stroke survivors.21 Few studies have
investigated the relationship with longitudinal changes in
aphasia severity, but there is evidence that small vessel dis-
ease (measured at a single timepoint) is associated with sub-
optimal language recovery49,56 and thus increased WMHs
burden may be associated with worsening aphasia severity
in chronic stroke. Therefore, given previous research sug-
gests that (a) stroke survivors typically have risk factors for
cerebrovascular disease, (b) cardiovascular risk factors are
associated with WMH severity, (c) WMH severity is associated
with aphasia severity at a single timepoint, and (d) progres-
sion of WMH severity is a risk factor for cognitive decline,
we hypothesized that longitudinal progression of small ves-
sel disease in chronic stroke survivors is associated with lon-
gitudinal worsening of chronic aphasia severity. We tested
this hypothesis in a cohort of post-stroke aphasic individuals
with longitudinal imaging and behavioral assessments, con-
trolling for age and lesion volume.
Methods

Participants

This retrospective multi-timepoint study included 49 com-
munity-dwelling participants (15 women, 34 men) in the
chronic stage of recovery after a left hemisphere stroke (≥6
months post stroke, 46 ischemic, 3 hemorrhagic). Partici-
pants had been recruited for various studies at the lab.

Inclusion criteria for these studies comprised (i) aged
between 21 and 85 years old, (ii) in the chronic stage of
recovery (≥6 months) after a left hemisphere stroke to the
middle cerebral artery, (iii) premorbid right-handed, (iv)
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Table 1 Demographic information for participants

Demographic Variables (N=49) Mean § SD

Stroke age 53.03 (12.47)
Age (timepoint 1) 55.74 (11.77)
Age (timepoint 2) 57.61 (12.03)
Years post stroke (timepoint 1) 2.65 (2.26)
Years post stroke (timepoint 2) 4.51 (3.69)
Lesion volume (cubic millimeters) 132.37 (82.18)
Sex (women:men) 15:34
BMI 28.92 (7.21)
Diabetes (percent of participants) 30.61%
WAB AQ (timepoint 1) 57.63 (26.43)
WAB AQ (timepoint 2) 55.83 (23.13)
Total Fazekas score (timepoint 1) 2.91 (1.72)
Total Fazekas score (timepoint 2) 3.14 (1.77)
PVH score (timepoint 1) 2.00 (0.87)
PVH score (timepoint 2) 2.11 (0.94)
DWMH score (timepoint 1) 1.11 (0.95)
DWMH score (timepoint 2) 1.13 (0.93)
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presence of aphasia, as indicated by a Western Aphasia Bat-
tery (WAB) Aphasia Quotient (AQ) of <93.8, and (v) no mag-
netic resonance imaging (MRI) contraindications. For this
retrospective study, a further inclusion criterion was a fluid
attenuated inversion recovery (FLAIR) scan with behavioral
data (WAB) collected within 0-3 days preceding the scan, at
2 separate timepoints. Exclusion criteria included a history
of neurologic disorders, concomitant traumatic brain injury,
or history of a developmental speech disorder. This study
received approval from the local Institutional Review Board
and all participants provided informed consent for study
consent in accordance with the Declaration of Helsinki.

Participants were on average 53.03 years old at the time
of stroke (SD=12.47), 55.74 years old when initially scanned
(SD =11.77), and 2.65 years post stroke at the time of base-
line (timepoint 1) assessment (SD =2.26). See table 1 for a
full breakdown of demographic information.
Behavioral and demographic data

Demographic data were collected from participants at time-
point 1, including age, BMI, and presence of diabetes (yes/
no). Participants also completed the WAB at both timepoints
to estimate aphasia type and severity. Changes in aphasia
severity were calculated using WAB-AQ scores where WAB-
AQ at timepoint 1 was subtracted from timepoint 2. There-
fore, positive scores indicate increased WAB-AQ score (less
severe aphasia), and negative scores indicate decreased
WAB-AQ scores over time (more severe aphasia over time).
MRI data acquisition and preprocessing

Participants underwent high-resolution scanning on a Sie-
mens Trio 3T scanner equipped with a 12-channel (Trio con-
figuration) or 20-channel (following upfit to Prisma
configuration) head coil. For all participants, we acquired a
T1-weighted scan, a T2-FLAIR (for WMH identification) scan,
and a T2-SPC (for lesion demarcation scan). T1-weighted
imaging used a magnetization-prepared rapid gradient-echo
sequence with 1 mm isotropic voxels, a 256 £ 256 matrix
size, a 9° flip angle, and a 92-slice sequence with repetition
time (TR) =2250 ms, inversion time=925 ms, and echo time
(TE) =4.11 ms. T2-weighted scans were acquired using the
same angulation and volume center as the T1 scan. This 3D
T2-weighted SPACE sequence used a resolution of 1 mm3

that was used with a field of view=256 £ 256 mm, 160 sagit-
tal slices, variable degree flip angle, TR =3200 ms,
TE = 212 ms, x2 GRAPPA acceleration (80 reference lines).
FLAIR scans were also acquired on the same scanner using
the following parameters: TR =5000 ms, TE=387 ms,
matrix = 256 £ 256, field of view=230 £ 230 £ 173 mm2,
slice thickness =1 mm, 160 sagittal slices.

Chronic stroke lesions were manually drawn using each
participants T2-weighted image in native space. All lesion
tracings were drawn by a neurologist (author L.B.) or by a
trained study staff member who were blinded to behavioral
data. Enantiomorphic segmentation-normalization was then
employed using SPM12 and a series of custom MATLABa

scripts57 that leverage multiple best-of-breed programs
(SPM12b, FSL v6.0.3, ASLtbxc, and MRItrixd) in order to nor-
malize and process MRI data acquired from individuals with
lesioned brains. These scripts used enantiomorphic normali-
zation.58 To create chimeric images (ie, “healed” brains) in
which the damaged portion of the left hemisphere was tem-
porarily replaced with the mirror image of intact areas from
the healthy right hemisphere (using the SPM12s Clinical Tool-
box which leverages SPM12s unified segmentation-normali-
zation59 method to warp this chimeric image to standard
(Montreal Neurological Institute) space, and the resulting
spatial transform was then applied to the native-space T1
scan as well as the native-space versions of the hand-drawn
lesion map. This additional step (enantiomorphic normaliza-
tion) ensures that segmentation-normalization methods
designed for intact brains do not incorrectly warp scans with
large lesions to the left hemisphere. Lesion volume was
measured by counting the number of voxels in the lesion
mask and converting to cubic millimeters.
Identifying white matter hyperintensities

Given that the severity of WMHs is generally assumed to be
symmetrical across hemispheres and that the stroke lesion
may prevent an accurate estimation of WMHs, we adopted a
method used in previous research in which we only scored
WMHs in the intact, contralesional hemisphere.60,61 WMHs
were identified based on FLAIR scans using the Fazekas
scale,62 see figure 1 for ratings by 2 trained staff members.
All scans were rated by both staff members who were blind
to participant information. If there was disagreement, a
third trained staff member who was also blind to participant
information rated to achieve consensus. The Fazekas scale
includes independent ratings (0-3) for periventricular hyper-
intensities (PVH) and deep WMHs (DWMH).

We calculated change in WMH severity by subtracting the
Fazekas scores at timepoint 2 from timepoint 1, separately
for PVH and DWMH. For example, if Participant 1 had the fol-
lowing scores: timepoint 1: DWMH=1, PVH=2, timepoint 2:
DWMH=2, PVH=2, their change scores would be: DWMH
change=1, PVH change=0. Therefore, negative scores sug-
gest reduced WMH severity at the second timepoint, and



Fig 1 Example of ratings using the Fazekas scale. Arrows point to regions of WMHs, blue arrows indicate DWMH, red indicate PVH.
The rating scores were defined as follows for DWMH: 0= absent, 1= discrete diffuse lesions, 2= beginning of confluence of foci, 3= large
confluent areas. The rating scores were defined as follows for PVH: 0= absent, 1= caps or pencil-thin lining around ventricles,
2= smooth halo around ventricles, 3= irregular PVH extending into the deep white matter. Left (lesioned) hemisphere is lightened as
it was not used for rating.
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positive suggest increased WMH severity. The number of
years between timepoint 1 and 2 was also recorded. See
figure 2 for examples of participants WMH ratings.
Statistical analysis

Two separate stepwise regression models were used to iden-
tify significant predictors of change in WMH severity over
time, 1 model for PVHs and 1 model for DWMH. Independent
variables included lesion volume, age at timepoint 1, years
between timepoints, BMI, and presence of diabetes. The
dependent variable was PVH severity in the first model and
DWMH severity in the second.

We conducted a third stepwise regression, where WAB-AQ
change (between timepoints 1 and 2) was the dependent
variable and the following were independent predictors:
PVH change, DWMH change, lesion volume, years between
timepoints 1 and 2, age at timepoint 1 and baseline aphasia
severity. One additional stepwise regression was conducted
only in participants who experienced increased aphasia
severity (ie, declining WAB AQ scores) between timepoints.
Statistical analyses were conducted in the statistical
Fig 2 Examples of participant FLAIR scans. Left hemispheres (wh
used for ratings. Fazekas ratings are as follows: (A) PVH: 1, DWMH: 0
2.
software R,e applied using R package NLME,63 and all figures
were created using the GGPLOT2 package.64
Results

Between their first and last scan, 8 participants (16.33%) had
a reduction in WMH severity, 30 participants (61.22%) had no
change, and 11 participants (22.45%) had an increase in
severity. In terms of specific changes in PVH, 7 participants
(14.29%) had an improvement in PVH load (ie, reduction), 33
participants (67.35%) had no change, and 9 participants
(18.67%) had an increase in PVH severity. Finally, 5 partici-
pants (10.20%) had a reduction in DWMH severity, 35 partici-
pants (71.43%) had no change, and 9 (18.37%) had an
increase in severity, see figure 3.

Predicting changes in PVH

Starting with 5 factors which may be good predictors of
changes in PVH over time, a stepwise regression model was
able to reduce them to 1 significant predictor which was BMI
as a predictor of increased PVH (P=.007), indicating that
ere the stroke occurred) have been lightened as they were not
; (B) PVH: 2, DWMH: 2; (C) PVH: 1, DWMH: 3; (D) PVH: 3, DWMH:



Fig 3 Examples of progression of white matter hyperintensities. The left column focuses on periventricular white matter hyperin-
tensities and the right on deep white matter hyperintensities. Red arrows indicate a worsening (ie, increased severity) of white mat-
ter hyperintensities over time, orange indicate similar severity over time, and green show improvement over time.

White matter hyperintensity progression 5
participants with higher BMI were more likely to have an
increased in PVH between the 2 timepoints, see figure 4.
Lesion volume (P=.994), years between timepoints (P=.593),
age (P=.902), and diabetes (P=.105) were not included in
the final model.
Fig 4 Scatterplot to show the relation between BMI and PVH
change.
Predicting changes in DWMH

Starting with 5 factors which may be good predictors of
changes in DWMH over time, a stepwise regression model
was able to reduce them to 1 significant predictor which was
diabetes as a predictor of increased PVH (P=.002), indicating
that participants with diabetes were more likely to have an
increased in DWMH between the 2 timepoints, see figure 5.
Lesion volume (P=.505), years between timepoints (P=.181),
age (P=.474), and BMI (P=.470) were not included in the final
model.
Predicting changes in WAB AQ

Starting with 7 factors which maybe be good predictors
of change in WAB AQ over time, a stepwise regression
model was able to reduce them to 1 significant predictor
which was change in PVH severity (P<.001), indicating
that increased severity of PVH was associated with a
decrease in WAB AQ (ie, more severe aphasia), see
figure 6. Lesion volume (P=.571), age (P=.215), years
between timepoints (P=.833), years post stroke at base-
line (P=.409), baseline aphasia severity (P=.268), and
change in DWMH severity (P=.176) were not included in
the final model.



Fig 5 Relation between diabetes and DWMH change. (A) The proportion of participants with diabetes and (B) a violin plot to show
the pattern of DWMH change in participants with and without diabetes.
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Twenty-five percent of participants displayed worse aphasia
severity at timepoint 2 than baseline. Within these partici-
pants, a final stepwise regression revealed that change in PVH
severity (P<.001) was the only factor included in the final
model. Lesion volume (P=.726), age (P=.973), years between
timepoints (P=.972), years post stroke at baseline (P=.289),
baseline aphasia severity (P=.723), and change in DWMH
severity (P=.068) were not included in the final model.
Discussion

Increased BMI was associated with increases in PVH severity,
while the presence of diabetes was associated with
increased DWMH severity. Finally, a quarter of participants
had increased aphasia severity between timepoints which
was partially explained by increasing PVH severity.

Changes in WMHs over time

Although it is typically reported that WMH severity increases
over time, dynamic changes have also been described. For
example, Kim et al65 found that most participants in their
study (80%) had WMH progression and approximately 20%
Fig 6 Scatterplot to show the relation between change in WAB AQ
participants who had worse WAB AQ scores (ie, more severe aphas
between change in PVH severity and aphasia severity.
displayed WMH reduction over a 3-year period. Our results
revealed a similar proportion of WMH reduction (16%). A
reduction in WMH severity is often noted but unexplored in
the literature66-68 as the reasons for WMH reduction are
unclear, although Wardlaw et al postulate that it may be
that signal change on FLAIR scans may be partially due to
shifts in water content and not just permanent myelin
loss.69 They also suggest that it might be due to improving
vascular risk factors and speculate that if some WMHs are
areas of tissue edema, reductions in tissue edema would
both reduce WMH severity and decrease brain volume.69

Therefore, future studies could investigate changes in brain
volume alongside changes in WMH severity.

In the current study, progression changes were more vari-
able with approximately 22% displaying progression and the
remaining 61% showing no change. This larger proportion of
individuals showing no change may reflect the different time
gaps between first and last testing timepoints. While the
average time between first and last scans was approximately
2 years, the time between scans was much shorter for sev-
eral individuals (range=0.5-12.32). It is possible that more
time may be needed to demonstrate sufficient changes in
WMH severity. Another possibility is that the Fazekas scale is
too broad of a measure of WMH change to capture more
and corresponding change in PVH severity. (A) The proportion of
ia) between timepoints. (B) In those participants, the relation
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subtle increases in WMH load. For example, a PVH rating of 1
would be given to an individual who has a single PVH, or mul-
tiple PVH (but no confluence). Therefore, subtle changes are
unlikely to be detected. Future studies could incorporate
volumetric measures of WMH load to elucidate smaller
changes in severity.

Role of diabetes on DWMH progression

The presence of diabetes was a predictor of DWMH severity,
suggesting that those with diabetes have an increased pro-
gression of DWMHs compared with those without diabetes.
Previous research has associated diabetes with lowered cog-
nition after stroke,70 and interactions with diabetes have
also been found to influence behavioral outcomes in stroke.
Johnson et al found an interaction between diabetes and
exercise in participants with stroke aphasia and diabetes,
where increased exercise improved behavioral outcomes for
individuals with diabetes.1 In addition, Roth et al found that
individuals who had diabetes alongside stroke aphasia had
fewer treatment gains compared to those without diabe-
tes.71 They describe a possible explanation for this, where
the integrity of the structural brain network was associated
with aphasia treatment gains in those without diabetes, but
not in those with diabetes, highlighting the importance of
the structural white matter integrity.71 Indeed, similar
research has found individuals with diabetes have been
found to have lower gray matter density and disrupted white
matter networks.72-75 Our results support this idea; if the
presence of diabetes influences the severity or rate of pro-
gression of DWMHs, this would result in more widespread
white matter network disruption.

Role of BMI on PVH progression

Being overweight or obese (high BMI) has previously been
highlighted as an important contributor to the presence of
WMHs in the elderly.76-79 Indeed, Kim et al found in a large
sample of otherwise healthy participants that those with
WMHs had a higher BMI than those without WMHs.80 How-
ever, these studies focus on WMHs generally (ie, both DWMH
and PVH). Our results extend this notion, suggesting that a
high BMI is specifically predictive of increased PVH severity.
Future research could further investigate this relation in
healthy older adults.

Relation with behavior

The relation betweenWMH severity and cognitive decline is well-
documented throughout the literature21,30,65; however, less
research has focused on the role of WMH in stroke aphasia. Given
that the integrity of the tissue spared by the stroke is likely
important for recovery, it follows that presence of WMHs, a
marker of poorer brain health,may be related to suboptimal out-
comes in stroke aphasia. Some studies have found that severe
WMHs predict suboptimal language recovery between the acute-
subacute stage81 and thatWMH severity predicts response to lan-
guage therapy.49,56 However, most of these studies use 1 global
measure of WMH severity, rather than separately considering
PVH and DWMHs. Our results showing that PVH severity - but not
DWMH severity - is associated with increased aphasia severity
suggests that the 2 may have differential effects on behavior.
This may be due to the location of the white matter damage, as
PVH and DWMH will affect different white matter tracts which
may, in turn, have different behavioral outcomes. There may
also be a relation between the lesion size or location and the
type or quantity ofWMHs found,whichwould result in an interac-
tionwith behavioral deficits.
Limitations

There are several limitations with the current study. As it
encompassed retrospective data from multiple studies, each
participant had data collected at different timepoints and
different lengths of time between testing. While this
enabled us to have a larger sample size at multiple time-
points, a well-controlled study is necessary to fully elucidate
the role of different risk factors on changes in WMH severity
over time. Similarly, despite the literature indicating that
there is no significant learning effect when completing the
WAB multiple times,82,83 it is possible that some of the
change we found in WAB-AQ could be attributed to partici-
pants completing the assessment multiple times.

Furthermore, our measure of diabetes was a binary pres-
ent/absent measure. To better understand the nature of the
relation between diabetes and WMH severity, future
research should include more detailed information related
to diabetes, such as type, length of time since diagnosis,
and so on. This may help to better understand the role of
diabetes on DWMH severity. Similarly, we used the Fazekas
scale as our measure of WMH severity which may not be as
sensitive as volumetric measures. Therefore, future studies
could incorporate more specific volumetric measures of
WMH to assess progression.
Conclusions

In conclusion, for stroke survivors, the integrity of the
remaining cortical tissue is likely integral to recovery trajec-
tories. The presence of WMHs is indicative of poorer brain
health and reduced cortical integrity. Although age is a well-
reported predictor of WMH severity, age alone does not pre-
dict the rate of progression of WMH severity in a stroke pop-
ulation. The results from this study corroborate previous
research suggesting that WMH changes over time are
dynamic, with possible reduction and progression.

Diabetes was predictive of DWMH progression, while higher
BMI was associated with PVH progression and, in turn, PVH
severity was indicative of increased aphasia severity over time.
Future research could investigate the mechanistic explanations
for the role of cardiovascular risk factors on WMH progression,
and whether certain aphasia types or symptoms are particu-
larly associated with WMH load or progression.
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