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Long-range fibre damage in small vessel brain
disease affects aphasia severity

(®Janina Wilmskoetter,"* (®Barbara Marebwa,"* Alexandra Basilakos,2 Julius Fr'idriksson,2
Chris Rorden,® Brielle C. Stark,* (Lisa Johnson,> Gregory Hickok,’ Argye E. Hillis® and
Leonardo Bonilha'

*These authors contributed equally to this work.

We sought to determine the underlying pathophysiology relating white matter hyperintensities to chronic aphasia severity. We
hypothesized that: (i) white matter hyperintensities are associated with damage to fibres of any length, but to a higher percentage of
long-range compared to mid- and short-range intracerebral white matter fibres; and (ii) the number of long-range fibres mediates
the relationship between white matter hyperintensities and chronic post-stroke aphasia severity. We measured the severity of
periventricular and deep white matter hyperintensities and calculated the number and percentages of short-, mid- and long-
range white matter fibres in 48 individuals with chronic post-stroke aphasia. Correlation and mediation analyses were performed
to assess the relationship between white matter hyperintensities, connectome fibre-length measures and aphasia severity as mea-
sured with the aphasia quotient of the Western Aphasia Battery-Revised (WAB-AQ). We found that more severe periventricular
and deep white matter hyperintensities correlated with a lower proportion of long-range fibres (r=-—0.423, P=0.003 and
r=-0.315, P=0.029, respectively), counterbalanced by a higher proportion of short-range fibres (r=0.427, P=0.002 and
r=0.285, P=0.050, respectively). More severe periventricular white matter hyperintensities also correlated with a lower propor-
tion of mid-range fibres (r= —0.334, P =0.020), while deep white matter hyperintensities did not correlate with mid-range fibres
(r=-0.169, P=0.250). Mediation analyses revealed: (i) a significant total effect of periventricular white matter hyperintensities on
WAB-AQ (standardized beta = —0.348, P =0.008); (ii) a non-significant direct effect of periventricular white matter hyperinten-
sities on WAB-AQ (P > 0.05); (iii) significant indirect effects of more severe periventricular white matter hyperintensities on worse
aphasia severity mediated in parallel by fewer long-range fibres (effect = —6.23, bootstrapping: standard error = 2.64, 95%CI:
—11.82 to —1.56) and more short-range fibres (effect = 4.50, bootstrapping: standard error =2.59, 95%CL 0.16 to 10.29). We
conclude that small vessel brain disease seems to affect chronic aphasia severity through a change of the proportions of long- and
short-range fibres. This observation provides insight into the pathophysiology of small vessel brain disease, and its relationship
with brain health and chronic aphasia severity.
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Introduction

Besides microbleeds and lacunar infarcts, white matter
hyperintensities (WMH), also referred to as leukoaraiosis,
are one of the most important markers for small vessel
brain disease (Wardlaw et al., 2013). WMH are usually
identified as periventricular and/or deep white matter
signal abnormalities on T,-weighted, or fluid-attenuated
inversion recovery (FLAIR) MRI imaging. WMH are com-
monly observed in older individuals (King et al., 2014),
affecting up to 95% of individuals age 60 or older (de
Leeuw et al., 2001; and Schulz, 2012).
Cardiovascular diseases, such as new or recurrent strokes
and dementia, (Henon et al., 2003; Prins et al., 2004; Wen
and Sachdev, 2004; Arsava et al., 2011; Kim et al., 2014),
and cerebro- and cardiovascular risk factors, such as hypo-
perfusion, hypertension, diabetes mellitus, reduced renal
function, are strongly associated with WMH (Liao et al.,
1996; Bisschops et al., 2004; ten Dam et al., 2007; King
et al., 2014). WMH are linked to cognitive decline (De
Groot et al., 2002) and worse outcomes after stroke
(Liou et al., 2010), such as persistent language impairments
(naming and fluency) (Wright et al., 2018), swallowing im-
pairments (Moon et al., 2017), physical and cognitive im-
pairments (Kang et al., 2013), as well as general functional
deficits (Arsava et al., 2009; Liou et al., 2010).

While several studies have indicated the relationship be-
tween WMH and compromised stroke outcome, little is
known about the underlying pathophysiology that mediates
this relationship. Revealing the mechanisms of WMH is
crucial to identify patients at risk for decreased functional
outcomes, potentially predict recovery, plan rehabilitation,
and develop future prevention and treatment strategies.
More specifically, a better understanding of how WMH
relate to white matter integrity at a neural network level
could provide important information regarding the rela-
tionship between small vessel brain disease and neuro-
logical function.

Within white matter, it is now increasingly recognized
that long-range axonal fibres connecting grey matter re-
gions provide integration between distant areas, which
are locally segregated by shorter range fibres (Bullmore
and Sporns, 2009; Sporns, 2014). Even though long-
range neurons are crucial for the maintenance of network
organization and efficiency, they are less numerous and
require more energy compared to short-range ones
(Buzsaki, 2006; Ju et al., 2016). Postulated reasons for
higher energy consumption in long-range axons are
higher costs of axial currents and sodium influx to promote
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the conduction of action potentials across long axons
(Ju et al., 2016). The higher energy demand might explain
why long-range fibres are especially susceptible to micro-
angiopathic changes as found in a 3-year longitudinal
study. In this study, WMH grew over time with faster
growth within long association tracts, such as the superior
and inferior longitudinal fasciculi, fronto-occipital fascic-
ulus, and arcuate fasciculus (Lambert et al., 2016).

Thus, small vessel brain disease (evidenced partially by
WMH) may lead to a gradual decline especially in long
white matter fibre tract architecture, which in turn predis-
poses individuals to a worse impact of additional brain
damage, such as stroke. Language is a complex cognitive
function that requires knowledge association, information
binding, and semantical, syntactical, morphological as well
as phonological mapping. As long-range fibres are neces-
sary for multi-modal integration, and are likely more sus-
ceptible to ischaemia, we speculated that the damage to
long-range fibres may be a mechanistic mediator between
WMH and chronic post-stroke aphasia severity.

The objective of this study was to assess the relationships
between WMH, axonal fibre damage, and chronic aphasia
severity. We hypothesized that: (i) WMH are associated
with damage to fibres of any length, but to a higher per-
centage of intracerebral long-range white matter fibres com-
pared to medium- and short-range fibres; and (ii) the
decrease in the number of long-range fibres mediates the
relationship between WMH and worse chronic post-stroke
aphasia severity.

Materials and methods

Participants

Participants’ data were leveraged retrospectively from an on-
going, prospective, multi-site study identifying factors predict-
ive of treated aphasia recovery in individuals with chronic
aphasia. Over a time span of 21 months, participants were
recruited in the prospective study if they had experienced an
ischaemic or haemorrhagic stroke to the left hemisphere, were
at least 12 months post-stroke, had a diagnosis of aphasia
according to the Western Aphasia Battery-Revised (WAB-R)
(Kertesz, 2007a), and were between 21 and 80 years of age.
Participants were excluded if they had severely limited ver-
bal severely limited verbal output (i.e. a score =1 on the
spontaneous speech scale), limited auditory comprehension
(i.e. a WAB-R comprehension score =1), bilateral stroke,
stroke affecting the right hemisphere, or other neurological
illness/injury affecting the brain. In this study, we excluded
two participants because one did not have a diagnosis of
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Table | Demographic and medical information of study participants (n = 48)

Race, n (%)
Ethnicity, n (%)
Sex, n (%)
Education, years, mean (SD) [range]
Age at test, years, mean (SD) [range]
Age at stroke, years, mean (SD) [range]
Time post-stroke, months, mean (SD) [range]
Stroke type, n (%)
Ischaemic
Haemorrhagic
Unknown
Number of strokes before enrollment, n (%)
One
Two
Three
Four
Lesion volume, ml, mean (SD) [range]
WAB-AQ; mean (SD) [range]
PVH score, median [range]; mean (SD)
0 (absence), n (%)
| (caps or pencil-thin lining), n (%)
2 (smooth halo), n (%)
3 (PVH extending into surrounding deep white matter), n (%)
Deep WMH score, median [range]; mean (SD)
0 (absence), n (%)
| (punctate foci), n (%)
2 (beginning of confluent foci), n (%)
3 (confluent areas), n (%)

Il (23) Black/African American, 37 (77) White
48 (100) Not Hispanic or Latino

16 (33) females, 32 (67) males

15.49 (2.45) [12-20]

60.44 (11.96) [29-76]

55.92 (12.39) [27-75]

54.44 (53.64) [12-245]

37 (77
9 (19)
2.4

43 (90)

3 (6)

)

| Q)

133.93 (98.80) [4.93—467.46]
59.06 (22.13) [20.10-93.10]
| [0-3]; 1.46 (1.15)

13 (27)

12 (25)

1 (23)

12 (25)

| [0-3]; 1.19 (0.76)

6 (12)

31 (65)

7 (15)

4(8)

aphasia per WAB-R cut-off, and another one did not have a
diffusion tensor imaging (DTI) scan. In total, 48 participants
(32 males, 16 females) were included in this study.
Participants were 54.44 months post-stroke [standard devi-
ation (SD) = 53.64, range = 12-245], and mean age at testing
was 60.44 (SD =11.96, range = 29-76). Forty-four partici-
pants (92%) were premorbid right-handed and 37 (77%)
had an ischaemic stroke. Table 1 presents participant charac-
teristics and Fig. 1 shows the lesion overlay of all partici-
pants. Data were collected from the University of South
Carolina and Medical University of South Carolina.
Institutional Review Boards at each University approved all
study procedures, and participants provided informed consent
to participate.

White matter hyperintensity scoring

We used a rating scale developed by Fazekas et al. (1987)
(the Fazekas scale) to rate the presence and extent of WMH
in the right, contralesional hemisphere (Henon et al., 2003;
Wright et al., 2018). WMH were rated in the right hemi-
sphere only to avoid bias from the left hemisphere stroke
lesion, as the goal of this study was to assess the effects of
small vessel disease, and not the white matter damage that
would have occurred as a consequence of the large vessel
occlusion that caused the aphasia. Because the extent of
WMH is generally assumed symmetrical across hemispheres
and because it is impossible to fully ascertain the pre-

morbid status prior to the large vessel occlusion, it is rea-
sonable to use the right hemisphere as a surrogate for the
left hemisphere (Pantoni, 2008). WMH were rated separ-
ately for the periventricular space (periventricular hyperin-
tensities; PVH) and in the deep white matter (deep WMH),
each rating measured on a 4-point scale, ranging from 0
(absence of WMH) to 3 (confluent WMH). Ratings were
made on T,-weighted MRI scans. As per Fazekas et al.
(1987), WMH in the periventricular area (PVH) were
defined as ‘caps or pencil-thin lining’ (PVH score of 1),
‘smooth halo’ (PVH score of 2), and periventricular hyper-
intensities that extended into surrounding deep white
matter (PVH score of 3). Deep WMH were defined as punc-
tate foci (deep WMH score of 1), the beginning of conflu-
ent foci (deep WMH score of 2), and confluent areas
(deep WMH score of 3) (Fazekas et al., 1987). Thus, par-
ticipants with PVH and deep WMH ratings of 0 (absence of
WMH) served as a control group with a stroke lesion
but without WMH, compared to patients with ratings > 0
who had a stroke and WMH. The Fazekas scale scores for
the participants included in this study are presented in
Table 1. Figure 2 presents examples of PVH and deep
WMH ratings from selected participants in this study
sample.

WMH ratings were based on a consensus between the pri-
mary rater (A.B.) and secondary raters (B.S. and L.J.), who
each rated a subset (50% each) of MRIs. Raters were blind
to all participant demographics and test scores.
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Figure | Lesion overlay of all participants (n = 48). Colours represent the number of patients with a lesion in that area, with warmer

colours indicating greater regions of overlap.

Image acquisition

Imaging was acquired on a Siemens Prisma 3T scanner
equipped with a 20-element head/neck (16/4) coil at the
University of South Carolina or Medical University of South
Carolina. Images were generally acquired within 2 days of
behavioural testing. This study used whole-brain T,-weighted,
T,-weighted, and diffusion echo planar imaging (EPI) images
collected from each participant. Parameters were as follows:

(i) T,-weighted image utilizing an MP-RAGE sequence with 1 mm
isotropic voxels, a 256 x 256 matrix size, a 9-degree flip angle,
and a 192 slice sequence with repetition time = 2250 ms, inver-
sion time = 925ms, echo time=4.11ms with parallel imaging
(GRAPPA =2, 80 reference lines).

(i) T,-weighted image utilizing a sampling perfection with applica-
tion optimized contrasts using a different flip angle evolution
(3D-SPACE) sequence. This 3D turbo spin echo (TSE) scan uses
a repletion time of 3200 ms, an echo time of 567 ms, variable flip
angle, 256 x 256 matrix scan with 176 slices (1-mm thick), using
parallel imaging (GRAPPA = 80 reference lines).

(iii) Diffusion mono-polar EPI scan that uses 43 volumes sampling 36
directions with b = 1000 s/mm? (with seven volumes b = 0), repe-
tition time = 5250 ms, echo time = 80 ms, 140 x 140 matrix, 90-
degree flip angle, 210 x 210 mm field of view, with parallel ima-
ging GRAPPA =2, 80 contiguous 1.5mm slices. This sequence
was acquired twice, with phase encoding polarity reversed for
the second series.

Image processing

Lesion mapping

The chronic post-stroke lesions were drawn by a stroke neur-
ologist (L.B.) or by a researcher with extensive experience
with brain imaging in stroke populations; both were blinded
to behavioural scores at time of lesion drawing. Lesions were
manually drawn using the MRIcron software.

Using SPM12 and MATLAB scripts developed in-house, the
stroke lesion maps were spatially normalized to standard space
through the following steps: (i) The T, scan was co-registered
with the individual’s T; scan with the transforms used to

resliced the lesion into native Ty space; (ii) the resliced lesion
maps were smoothed with a 3 mm full-width at half-maximum
Gaussian kernel to remove jagged edges associated with
manual drawing; (iii) an enantiomorphic normalization
(Nachev et al., 2008) approach using SPM12’s unified segmen-
tation-normalization (Ashburner and Friston, 2005) was
applied to normalize the T;-weighted images onto the standard
space, using a chimeric T{-weighted image where the area cor-
responding to the stroke lesion was replaced by the mirrored
equivalent region in the intact (right) hemisphere; and (iv) the
lesion mask was then binarized, and only voxels with a prob-
ability >50% were maintained in the final normalized lesion
mask.

Once the lesion masks were placed in standard space, each
image was divided into anatomical grey matter regions based
on the Atlas of Intrinsic Connectivity of Homotopic Areas
(AICHA) (Joliot et al., 2015) brain atlas to determine the over-
all lesion size.

Structural connectome

Each participant’s individual connectome was built from the
neuroimaging data using steps defined in our previous publi-
cation (Fridriksson et al., 2018). Briefly, (i) T;-weighted images
were segmented into probabilistic grey and white matter maps
using SPM12’s unified segmentation-normalization; (ii) each
individual’s grey matter map was divided into 384 regions
using the AICHA brain atlas (Joliot et al., 2015); (iii) the
grey matter parcellation maps were non-linearly registered
into the DTI space; (iv) pairwise probabilistic DTI fibre track-
ing was computed for all possible pairs of grey matter regions;
(v) the weight of each pairwise connectivity link was deter-
mined based on the number of probabilistic streamlines con-
necting the grey matter region pair, corrected by distance
travelled by each streamline and by the total volume of the
connected regions; and (vi) a weighted adjacency matrix M
of size 384 x 384 was constructed for each participant with
M;; representing the weighted link between regions of interest
i and ;.

Diffusion images were undistorted using TOPUP (Andersson
et al., 2003) and Eddy (Andersson and Sotiropoulos, 2016).
Tractography was estimated using FSL’s FMRIB’s Diffusion
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Figure 2 T,-weighted MRI images from two patients of the study sample. Examples of PVH and deep WMH ratings (left: WMH are
highlighted in light blue), as well as the corresponding fibre tracking and structural connectome matrix (right: x- and y-axes correspond to the
AICHA region of interest numbers, warmer colours represent higher connectivity between regions of interest). Patient | (top row) did not present
with WMH; Patient 2 (bottom row) presented with the most severe scores (3 for PVYH and 3 for deep WMH). The connectome matrices show that
the more severe WMH scores for Patient 2 coincided with fewer connections, particularly in brain areas with long range projections such as the

frontal lobe, compared to Patient |.

Toolbox (FDT) probabilistic method (Behrens et al., 2007)
with FDT’s accelerated BEDPOST (Hernandez et al., 2013)
being used to assess default distributions of diffusion param-
eters at each voxel, and probabilistic tractography was per-
formed using FDT’s probtrackX (parameters: 5000 individual
pathways drawn through the probability distributions on prin-
cipal fibre direction, curvature threshold set at 0.2, 200 max-
imum steps, step length 0.5 mm, and distance correction). The
waypoint mask was set as the white matter probabilistic map
excluding the stroke lesion. The weighted connectivity between
the regions i and j was defined as the number of probabilistic
streamlines arriving at j region of interest when i was seeded,
averaged with the number of probabilistic streamlines arriving
at i region of interest when ;j was seeded. The connection
weight was corrected based on the distance travelled by the
streamlines connecting ¢ and j (probtrackX’s ‘distance correc-
tion’). The number of streamlines connecting each pair of re-
gions of interest was further divided by the sum of the volumes
of these regions of interest to compensate for the unequal size
of grey matter regions of interest. In summary, each individual
connectome was represented by a 384 x 384 matrix, where
the nodes corresponded to the AICHA anatomical regions of
interest and the edges to the structural connectivity between
the nodes.

White matter fibre length

To determine the number of short-, mid- and long-range white
matter connections, we calculated the Euclidean distance be-
tween each pair of region of interest centroids in standard
MRI space. The connections were then grouped into whether
they connected regions of interest whose distance was within
the first quartile (lowest 25%) as ‘short distance’ fibres, and all
fibres within the fourth quartile (75% and above) as ‘long
distance’ fibres. Mid-range fibres had lengths within the
second and third quartiles (25-75%). We calculated the total
number of connections and determined the percentage of all

existing connections in each connectome that were either
short-, mid-, or long-range fibres.

Lesion volume

To account for the influence of the lesion in the left hemisphere
on WAB-AQ scores, we controlled for lesion volume in statis-
tical analyses. The stroke lesion maps were normalized into
standard space and co-registered to the MNI 152 1mm
atlas. Stroke lesion volume (in millilitres) was equal to the
number of lesioned voxels in cubic millimetres divided by
1000, because each voxel had a size of 1mm x 1mm x 1 mm.

Assessment of aphasia: WAB-AQ

The WAB-R (Kertesz, 2007b) is a commonly used clinical as-
sessment of aphasia that evaluates the presence, type, and se-
verity of aphasia on a 0-100 scale (scores <93.8 are indicative
of aphasia). The WAB-R broadly assesses the domains of ex-
pression and comprehension, yielding summary scores for the
following four domains: spontaneous speech, auditory verbal
comprehension, repetition, and naming and word finding. The
Aphasia Quotient (AQ), the weighted composite of these four
scores, was used as the dependent (behavioural) variable of
interest in this study and is indicative of the overall severity
of the individual’s aphasia.

Statistical analyses

IBM SPSS Statistics for Windows (version 24, released 2016,
IBM Corp., Armonk, N.Y., USA) was used for all analyses. P-
values = 0.05 were considered statistically significant.

To determine the relationship between WMH and fibre
length, we performed correlation analyses on PVH, deep
WMH and the number and percentage of short-, mid-, and
long-range fibres. We used one-tailed statistical tests for the
number of fibres, because we hypothesized WMH are
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associated with a general decrease and not gain in the number
of fibres independently of fibre length, but we used two-tailed
statistical tests for percentage of fibres, because we hypothe-
sized a proportional change for each fibre length group. Based
on visual inspection of the data and the Shapiro-Wilk test for
normality, we found that all variables were not normally dis-
tributed, thus, we used non-parametric, bivariate Spearman
correlations. The strength of correlations was interpreted as
weak for Irl < 0.3, moderate for 0.3 <l < 0.5, and strong
for Irl = 0.5 (Cohen, 1988).

To assess whether WMH and fibre length types (short-,
mid-, long-range fibres) had an independent or combined
effect on the distribution of percentages of fibre length
types, we performed a two-way ANOVA for unbalanced de-
signs, because there were no equal sized groups across the
factors.

Mediation analysis

To determine if the relationship between WMH and aphasia
severity is related to fibre length, we performed a statistical,
parallel mediation analysis by using the PROCESS macro
(Hayes, 2018), a validated, freely-available computational
tool. We conducted multivariable regression modelling for
the mediation analysis and used stroke lesion volume as a
control variable to account for the impact of the stroke
lesion in the left hemisphere on communicative abilities.

As shown in Fig. 3A and B, steps for a parallel mediation
analysis with two mediators include the determination of (i)
the total effect of the independent variable (X) on the depend-
ent variable, (Y); (ii) the direct effect of X on Y when account-
ing for mediating variables (in our study two mediators: M1
and M2); and (iii) the two indirect effects of X on Y through
M1 and of X on Y through M2. Using parallel mediation we
can test each mediator’s contribution while holding another
mediator constant (Kane and Ashbaugh, 2017).

In this study we assessed the total, direct and indirect effects
of WMH (X) on WAB-AQ (Y). Based on our hypothesis that
damage to a higher proportion of long-range fibres counter-
balanced by damage to a lower proportion of short-range
fibres mediates the relationship between WMH and worse
chronic post-stroke aphasia severity, we assessed the indirect
effect of WMH on WAB-AQ through the number of long-
range (M1) and number of short-range fibres (M2). Using
model 4 in the PROCESS macro, we modelled two indirect
effects of WMH on WAB-AQ mediated by the number of
short- and long-range fibres, and we modelled the direct
effect of WMH on WAB-AQ. To determine the indirect effects
we performed two regression models for each mediator. First,
we assessed the impact of WMH on the number of long- or
short-range fibres while controlling for the other mediator
(Models 1 and 2 in Table 3); and second, we assessed the
impact of the number of long- or short-range fibres while
controlling for the other mediator and WMH (Model 3 in
Table 3). The last regression model (Model 3 in Table 3),
was also used to determine the direct effect of WMH on
WAB-AQ while controlling for both mediators.

We used bias corrected bootstrapping with 5000 samples
and 95% confidence intervals (CI) to evaluate our hypothesis
of indirect effects of WMH on WAB-AQ. We rejected our null
hypothesis (no indirect effect present) if the confidence interval
did not include zero.
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We chose the number instead of percentage of fibre types to
avoid multicollinearity in the regression models, because the
variables percentage of short-, mid-, and long-range fibres
were interdependent. We tested all regression models for multi-
collinearity by calculating the variance of inflation factor (VIF)
and considered VIF > 6 as evidence for multicollinearity (Keith,
2006). All variables in all performed regression models had
VIF < 6 and thus, we assumed that multicollinearity was
absent or within acceptable means.

Results

Relationship between WMH and
axonal fibre damage

As expected, the two subscales PVH and deep WMH sig-
nificantly correlated with each other (r=0.454, P = 0.001).
The correlation size was moderate, confirming that PVH and
deep WMH measure inter-related, but distinct, phenomena.

Relationship with fibre length
We assessed the association between WMH (PVH and deep
WMH) and the absolute (count) and relative (percentage)
number of short-, mid- and long-range fibres in the right
hemisphere. Regarding the absolute fibre count, Spearman
correlations were statistically significant for PVH and deep
WMH scores and all three fibre length types (Table 2, see
Supplementary Fig. 1 for scatterplots). The higher (more
severe) the PVH or deep WMH scores, the lower the
number of all three fibre length groups. From the lowest,
least severe PVH score of ‘0’ to the highest, most severe
score of ‘3°, there was a 15% decrease (median) in the
absolute number of short-, 35% decrease in mid-, and
47% decrease in long-range fibres. For deep WMH there
was a 19% decrease in the absolute number of short-, 36%
decrease in mid-, and 51% decrease in long-range fibres.
PVH and deep WMH scores were significantly correlated
with the percentage of short- and long-range fibres (Table
2). Higher (more severe) PVH and deep WMH scores were
associated with a significantly lower percentage of long-
range (r=-—0.296, P=0.041, and r=-0.319, P=0.027,
respectively), but significantly higher percentage of short-
range fibres (r=0.298, P=0.040, and r=0.299,
P =0.039, respectively) (reflecting a disproportionate
damage to long-range fibres, compared with short-range
fibres) (Fig. 4). Correlations between PVH scores and
axonal fibre damage were weak to moderate in size.
Using a two-way ANOVA, there were no significant
interaction effects for PVH and fibre length types
[F(6,135)=1.95, P=0.07], and for deep WMH and
fibre length type [F(6,135)=1.41, P =0.2168]. Assessing
the distribution of WMH scores across the fibre length
types, the score of 1 showed the largest variability
(widest range) of percentages for each fibre type. When
we excluded the score of 1 from the WMH scores and
only included scores of 0, 2 and 3, we found significant
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A
Total Effect
X ol Y
(Independent Variable) i (Dependent Variable)
B
M1
(1%t Mediator Variable)
1%t Indirect Effect
Direct Effect
X " Y
(Independent Variable) e (Dependent Variable)
2™ Indirect Effect
M2
(2" Mediator Variable)

Figure 3 Simplified schematic representation of the parallel mediation analysis with two mediators. The total effect (green box)
of the independent variable (X) on the dependent variable (Y) (A) is the predictive power of X on Y without taking mediators into account. The
direct effect (red box) is the predictive power of X on Y while controlling for M| and M2 (B). The indirect effects (blue box) of X on Yare the
processes of the impact of X on M (M, M2) and M on Y (B). In the parallel mediation model with two mediators, there are two different indirect
effects: (i) X on M| and M| on Y; and (ii) X on M2 and M2 on Y. Thus, the total effect is the sum of the indirect effects (blue box) and the direct
effect (red box) of X on Y while accounting for mediating variables (M| and M2) (Kane and Ashbaugh, 2017).

interaction effects for both PVH and fibre length types
[F(4,99) = 6.67, P=0.0001], and for deep WMH and
fibre length types [F(4,42) = 3.23, P = 0.0213], indicating
that the effect of fibre length types was dependent on
these WMH scores.

In post hoc analyses, we assessed whether the relation-
ship between WMH and fibre types in the right hemisphere
was confounded by the stroke lesion in the left hemisphere,
as the lesion may have indirect effects on right hemisphere
white matter. We performed multivariable linear regression
modelling with the number or percentage of fibre types as
the dependent variable, PVH or deep WMH as the main
independent variable, and lesion volume as the control vari-
able. We confirmed the significant relationships (P =0.05)
between higher (more severe) PVH/deep WMH scores and
a lower number of mid- and long-range fibres, and higher

(more severe) deep WMH scores and a lower percentage of
long-range fibres. Higher (more severe) PVH scores showed
a strong trend towards significance for a decrease in the
percentage of long-range fibres (P = 0.054). These post hoc
analyses indicate an effect of WMH on fibre length groups
independent of the stroke lesion, with damage to a higher
percentage of long-range compared to short- and mid-range

fibres.

Relationship between WMH, axonal
fibre damage, and chronic aphasia
severity

We found a significant total effect of PVH on WAB-AQ
with higher (more severe) PVH scores linked to lower
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Table 2 Correlations (Spearman’s rho) between WMH scores and connectome measures of the right hemisphere

(n=48)
Short-range fibres Mid-range fibres Long-range fibres
r/P-value r/P-value r/P-value
Absolute number of fibres (count)
PVH —0.334%/0.010 —0.335%/0.010 —0.318%/0.014
Deep WMH —0.262%/0.036 —0.270%/0.032 —0.293%/0.022
Relative number of fibres (percentage)
PVH 0.298%/0.040 —0.264/0.070 —0.296%/0.041
Deep WMH 0.299%/0.039 —0.140/0.340 —0.319%/0.027

*Correlation is significant at the 0.05 level (one-tailed for absolute number of fibres; two-tailed for relative number of fibres).

Table 3 Mediation analysis for the effect of PVH on WAB-AQ mediated in parallel by the number of long-range
fibres and number of short-range fibres, while controlling for lesion volume

Unstandardized
coefficients p (SE)

Standardized t P
coefficients f

Model | Dependent variable: number of long-range fibres in whole brain

Model (r*=0.24, P = 0.0022)
Constant* 17055.41 (1900.69)
PVH* —2725.69 (854.38)

Lesion volume —13.39 (10.01)

Model 2 Dependent variable: number of short-range fibres in whole brain

Model (r>=0.23, P = 0.0031)

Constant* 31422.45 (1505.18)
PVH* —1593.58 (676.59)
Lesion volume* —17.97 (7.93)
Model 3 Dependent variable: WAB-AQ
Model (r*=0.45, P < 0.0001)
Constant 130.81 (20.79)
PVH —4.88 (2.46)
n of long-range fibres* 0.002 (0.001)
n of short-range fibres* —0.003 (0.001)
Lesion volume* —0.11 (0.03)

- 897 <0.0001
—043 -3.19 0.0026
—0.18 —1.34 0.1879

= 20.88 <0.0001
—0.32 —2.36 0.0230
—0.31 —2.27 0.0283

- 6.29 <0.0001
—0.26 —1.98 0.0540

0.77 2.99 0.0046
—0.75 —2.93 0.0054
—0.49 -3.91 0.0003

The first indirect effect of PYH on WAB-AQ mediated by the number of long-range fibres (first indirect effect in Figs 3 and 5) is assessed with Models | and 3. Model | determines
the impact of PVH on the number of long-range fibres, and Model 3 determines the impact of the number long-range fibres on WAB-AQ. The second indirect effect of PVH on WAB-
AQ mediated by the number of short-range fibres (second indirect effect in Figs 3 and 5) is assessed with Models 2 and 3 same as for the first indirect effect. The direct effect of PVH

on WAB-AQ (direct effect in Figs 3 and 5) is assessed with Model 3.
*Variable is a significant predictor at the 0.05 level.

(more  severe) WAB-AQ  scores  (unstandardized
beta = —6.607, standard error =2.386, standardized
beta = —0.348, P =0.008) when controlling for stroke
lesion volume. There was no effect of deep WMH on
WAB-AQ (P > 0.05), thus, we explored direct and indirect
effects further, for PVH only.

We performed mediation modelling with PVH as the in-
dependent variable, WAB-AQ as the dependent variable,
and number of long-range and short-range fibres in the
whole brain as the two mediator variables, and lesion
volume as the control variable. Contrary to the first object-
ive where we assessed only the right hemisphere, we chose
to specify the number of long- and short-range fibres in the
whole brain instead of the right hemisphere only, because
(i) of the importance of the left hemisphere for aphasia
severity; and (ii) WMH are usually symmetric, thus the

extent of WMH should be similar between both
hemispheres.

Results from the mediation analysis are presented in
Table 3 and Fig. 5. The results indicated that there was a
(marginally failed) non-significant direct effect of PVH on
WAB-AQ [effect = —4.8803, standard error (SE)=2.4617,
95% CI: —9.8483 to 0.0877, P =0.0540], but there were
significant indirect effects of PVH on WAB-AQ mediated
by the number of long-range fibres (effect = —6.2273, boot-
strapping: SE =2.6426, 95% CL: —11.8243 to —1.5599)
and the number of short-range fibres (effect = 4.5006, boot-
strapping: SE =2.588195% CI: 0.1631 to 10.2897). More
severe PVH scores were associated with a lower number of
long-range fibres, and in turn a lower number of long-range
fibres were associated with more severe WAB-AQ scores.

Further, more severe PVH scores were associated with a
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Figure 4 Median percentage of short-, mid- and long-
range fibres in the right hemisphere for patients (n = 48)
with different PVH (A) and deep WMH (DWMH) (B)
scores.

lower number of short-range fibres, and in turn a lower
number of short-range fibres were associated with less
severe WAB-AQ scores. Thus, the total effect of PVH
on WAB-AQ that we had found initially was mainly
based on indirect effects and not direct effects of PVH
on WAB-AQ.

Discussion

Most individuals 60 years or older show evidence of cere-
bral WMH on neuroimaging (de Leeuw et al., 2001;
Grueter and Schulz, 2012). Increasing severity of WMH
has been linked to decline and worse recovery of physical,
functional and cognitive abilities in stroke survivors
(Arsava et al., 2009; Liou et al., 2010; Kang et al., 2013;
Moon et al., 2017; Wright et al., 2018). The underlying
neurophysiological correlates are poorly understood, ham-
pering the strategic development of treatment approaches
for stroke survivors that could take the neurophysiological
changes resulting from WMH into account. In the study
presented here, we sought to investigate the relationship
between WMH, structural brain network integrity, and
post-stroke aphasia severity.

J. Wilmskoetter et al.

Relationship between WMH and
axonal fibre damage

In the first part of the study, we assessed the relationship
between WMH (PVH and deep WMH) and structural
brain connectivity measured by axonal damage of white
matter fibres with different lengths. Our findings indicate
that WMH are associated with damage to a higher percent-
age of long-range fibres compared to mid- and short-range
fibres.

Axonal damage as a microstructural correlate of WMH
has been described before (Pantoni and Garcia, 1997,
Gouw et al., 2011). Recent explorative research further
suggests that long-range fibres are more susceptible to
WMH-related damage than short-range fibres (Lambert
et al., 2016). Our study supports and expands on these
findings by using sophisticated fibre tracking methods.
We found that while the absolute number (count) of all
fibres—independent of length—decreased with more
severe WMH, the relative number (proportion/percentage)
of long-range fibres decreased more than twice as much as
short-range fibres.

Reasons for this heterogeneous decline are not fully
understood. Compared to grey matter, white matter is in
general susceptible to damage when lesioned, because of its
lower blood flow (Lo et al., 2003). Long-range fibres are
particularly susceptible to damage. This may be due to their
higher metabolic demands (Buzsaki, 2006; Ju et al., 2016),
or due to the fact that long range fibres are perfused by a
larger number of blood vessels and obstructions in any
perfusion territory may lead to fibre damage.

In general, it is possible that our findings on the relation-
ship between WMH and axonal fibre damage can assist in
the development of therapeutic interventions for stroke sur-
vivors that target the neurophysiological correlates of
WMH. Although not tested here, this information could
be used to track if interventions such as close control of
blood glucose, blood pressure, cholesterol, diet, and exer-
cise lead to preservation of long-range fibres and improve
neurorehabilitation outcomes. Likewise, preservation of
long-range fibres could be used as a marker of interven-
tional efficacy.

Relationship between WMH, axonal
fibre damage, and chronic aphasia
severity

In the second part of the study, we assessed the impact of
WMH and axonal fibre damage on language performance
in stroke survivors. We found that PVH were associated
with more severe aphasia, mediated by the number of long-
range and short-range white matter fibres. Thus, while
PVH marginally failed the statistical significance level to
suggest a direct impact on language abilities, PVH did sig-
nificantly impact language abilities indirectly. With more
severe PVH, the number of long-range fibres was lower,
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Effect = -6.23, SE = 2.64,
95% Cl = -11.82 - -1.56
(controlling for lesion volume)

# Long-Range Fibres
(15t Mediator Variable)

1%t Indirect Effect

PVH

Direct Effect

WAB-AQ

(Independent Variable)

Effect = -4.88, SE = 2.46,
95% Cl =-9.84 - 0.09

(Dependent Variable)

(controlling for lesion volume)

2n Indirect Effect

# Short-Range Fibres
(2 Mediator Variable)

Effect = 4.50, SE = 2.59,
95% Cl =0.16 - 10.29
(controlling for lesion volume)

Figure 5 Direct and indirect (mediated) effects of PVH on WAB-AQ estimated through regression modelling. The direct effect
was non-significant. The two indirect effects through the mediating variables—number of long-range and number of short-range fibres—were

significant (bootstrapping 95% CI did not include zero).

and aphasia more severe. Additionally, with more severe
PVH, the number of short-range fibres was lower, which
in turn led to less severe aphasia. While the latter associ-
ation—fewer short-range fibres led to milder aphasia—
seems counter-intuitive at first, it is a result of the dispro-
portional decline of long- and short-range fibres. As we
have shown in our first objective, WMH are related to a
decline in the number of fibres of any length (long- as well
as short-range fibres); however, the decline in long-range
fibres is proportionally greater than that of short-range
fibres. Thus, the opposite predictive value of long- and
short-range fibres is a reflection of their disproportional
decline with more severe WMH.

Moreover, these opposite indirect effects also emphasize the
importance of long-range fibres for aphasia severity. Our re-
sults suggest that patients whose residual neural network con-
higher proportion of long-range fibres
(counterbalanced by a lower proportion of short-range
fibres), were more likely to show milder aphasia compared
to patients with a lower proportion of long-range fibres
(counterbalanced by a higher proportion of short-range
fibres). These findings are in line with our previous research,

sisted of a

showing that the severity and treatment response of post-
stroke aphasia depend on the preservation of residual
neural networks (Bonilha et al., 2015; Marebwa et al., 2017).

In this study we determined the number and proportion
of long-range and short-range fibres in both hemispheres,
and WMH in the contralesional (right) hemisphere, assum-
ing that WMH will be symmetrical in both hemispheres.
The exact role of the right hemisphere for aphasia severity
and recovery is controversial, but a contribution to some
degree is likely, at least in individuals with very large left
hemisphere lesions (Schlaug, 2018; Hartwigsen and Saur,
2019). Thus, the deteriorating effects of WMH on aphasia
severity might stem from compromised white matter net-
works in the left, right or both hemispheres.

Further, it remains speculative whether the link between
WMH and aphasia severity is the result of WMH dama-
ging white matter tracts belonging to language-specific
brain networks or to domain-general networks or both.
The interaction between language-specific and domain-gen-
eral networks contributes to the severity and recovery of
aphasia after stroke (Geranmayeh et al., 2016). It is pos-
sible that WMH affect primarily domain-general abilities,
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thus, they predispose individuals to more severe aphasia
when a stroke might affects language-specific abilities.

In the future, dedicated studies are needed to shed light
on precise WMH locations with the highest impact on
aphasia severity and their role in language processing.
Such studies may also want to disentangle if specific lan-
guage modalities or tasks are more associated with long-
range fibres than others. For example, we like to speculate
that spontaneous speech or even word finding engages
more long-range fibres than simple repetition tasks.
Further, while we have focused on language abilities,
future studies should focus on the effect of WMH on
other cognitive abilities.

In summary, our findings suggest that after a patient suf-
fered a stroke resulting in aphasia, WMH predispose indi-
viduals to lower chances of recovery. While WMH did not
cause aphasia in the absence of stroke, WMH imply more
severe chronic aphasia resulting from the stroke. We pos-
tulate that, compared to residual neural networks not af-
fected by WMH, networks that are affected by WMH
cannot compensate as well for acute brain injury. It is pos-
sible that the residual networks had already been affected
before the stroke by pre-existing WMH, and it is also pos-
sible that the WMH affecting the residual networks wor-
sened or newly developed after the stroke. This was not
tested in our study.

Limitations

We recruited participants with an ischaemic or haemor-
rhagic stroke. Mixing participants with different stroke
types might be problematic, as the prevalence of WMH
could be different between groups. We accounted for this
potential bias, by quantifying WMH severity independently
of the stroke type and only in the contralesional (right)
hemisphere to avoid confounders from haemorrhagic or
cascading effects of the large vessel occlusion. Further, we
did not measure microbleeds or lacunar infarcts, which are
other markers of small vessel disease. Future studies may
want to measure these together with WMH to provide a
more detailed picture of structural brain changes associated
with the composition white matter fibres, and their impact
on chronic aphasia severity. We chose to measure WMH
with a published ordinal visual rating scale, because of its
widespread and easy use. However, the scale does not take
exact brain locations into account, which could be import-
ant information to understand neurophysiological and
functional correlates. Further, we conducted a cross-sec-
tional study; however, a longitudinal study is warranted
to assess possible changes in white matter hyperintensities
and their long-term effects on aphasia severity. While our
study provides evidence for the neurophysiological correl-
ates of WMH and their impact on aphasia severity, we did
not assess the generalizability of these findings. Thus, future
studies may want to conduct an out-of-sample analysis to
validate the generalizability and determine the clinical ap-
plicability of our findings.

J. Wilmskoetter et al.

Conclusions

Our findings indicate that (i) WMH are related to damage
to long-range white matter fibres; and (ii) WMH lead to
worse aphasia in chronic stroke by affecting a higher
number of long-range fibres counterbalanced by affecting
a lower number of short-range fibres. Thus, small vessel
brain disease predisposes stroke survivors to worse chronic
aphasia because of a compromised balance of long-range
and short-range white matter fibres. As such, therapeutic
and preventative interventions, e.g. aggressive management
of modifiable cardiovascular risk factors, for individuals
with stroke or high risk for stroke could target the
damage to long-range fibres in order to preserve brain
health and foster better outcomes in individuals with
small vessel brain disease.
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