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A B S T R A C T

Background: Fabry disease (FD) is a rare lysosomal storage disorder that might result in, amongst other com-
plications, early stroke and white matter lesions (WMLs). More insight in WMLs in FD could clarify the role of
WMLs in the disease presentation and prognosis in FD. In this systematic review we assessed the prevalence,
severity, location and course of WMLs in FD. We also systematically reviewed the evidence on the relation
between WMLs, disease characteristics and clinical parameters.
Methods: We searched Pubmed, EMBASE and CINAHL (inception to Feb 2018) and identified articles reporting
on FD and WMLs assessed with MRI. Prevalence and severity were assessed for all patients combined and divided
by sex.
Results: Out of 904 studies a total of 46 studies were included in the analyses. WMLs were present in 46% of
patients with FD (581 out of 1276 patients, corrected mean age: 38.8 years, range 11.8–79.3) and increased with
age. A total of 16.4% of patients (31 out of 189 patients, corrected mean age: 41.1 years, range 35.8–43.3 years)
showed substantial confluent WMLs. Men and women showed comparable prevalence and severity of WMLs.
However, men were significantly younger at time of WML assessment. Patients with classical FD had a higher
chance on WMLs compared to non-classical patients.

Progression of WMLs was seen in 24.6% of patients (49 out of 199 patients) during 38.1 months follow-up.
Progression was seen in both men and women, with and without enzyme replacement therapy, but at an earlier
age in men. Stroke seemed to be related to WMLs, but cerebrovascular risk factors, cardiac and renal (dys)
function did not. Pathology in the brain in FD seemed to extend beyond the WMLs into the normal appearing
white matter.
Conclusions: A significant group of FD patients has substantial WMLs and male patients develop WMLs earlier
compared to female patients. WMLs could be used in clinical trials to evaluate possible treatment effects on the
brain. Future studies should focus on longitudinal follow-up using modern imaging techniques, focusing on the
clinical consequences of WMLs. In addition, ischemic and non-ischemic pathways resulting in WML development
should be studied.

1. Introduction

Fabry disease (FD; OMIM 301500) is an X-inherited lysosomal

storage disease. A mutation in the GLA-gene causes a deficiency of the
enzyme α-galactosidase A (enzyme commission no. 3.2.1.22), resulting
in accumulation of globotriaosylceramide (Gb3) and its derivatives in
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various cell types. FD is a multi-organ disease and disease manifesta-
tions occur predominantly in kidney, heart and brain [1,2]. To detect
and monitor organ involvement systematic follow-up of patients is
strongly recommended. This should include MRI brain on a regular
basis, since early cerebral manifestations of FD can be asymptomatic
but might warrant treatment [2]. These cerebral manifestations are
early (transient ischemic attack) TIA, stroke, lacunar infarctions and
white matter lesions (WMLs) [1,3]. Despite many reports on WMLs,
information on the development and consequences are scarce.

As FD is an X-linked disorder, men are generally more severely af-
fected and develop disease complications earlier in life then women. In
addition, disease severity is variable between patients who can tradi-
tionally be classified as having classical or non-classical FD. Men with a
classical phenotype typically have no residual enzyme activity and af-
fected family members generally have earlier and more widespread
disease manifestations and complications compared to non-classical
patients [1]. Interestingly, differences in the development of WMLs
between men and women have so far not been found [4,5]. This may be
the result of lack of statistical power, lack of correction for age differ-
ences, or because no distinction is made between patients with classical
and non-classical disease. The latter is supported by the recent ob-
servation of a higher prevalence of WMLs in men with classical disease
versus those with non-classical FD [1]. This emphasizes the need to
classify patients by sex, age and and phenotype, when studying cerebral
involvement in FD.

Detection of WMLs can also have diagnostic implications: in some
diseases other than FD, the specific location and distribution of WMLs
suggests a specific underlying disease, such as corpus callosum in-
volvement in multiple sclerosis [6]. This has so far not been established
for FD: WML distribution in FD has been described as aspecific and
multifocal [7]. Moreover, despite the status of WMLs as an early marker
of cerebral involvement in FD [8], their clinical consequences and re-
sponse to enzyme replacement therapy (ERT) have been rarely ad-
dressed in follow-up studies.

In view of the paucity of analyses on this topic, the following points
of interest were raised. Firstly, more insight in the prevalence, severity
and course of WMLs may help to identify patients who are likely to
develop WMLs. Secondly, a detailed exploration of the location of
WMLs by magnetic resonance imaging (MRI) may possibly assist in the
diagnosis of FD. Lastly, the relationship between WMLs and occurrence
and severity of FD complications can help to identify whether WMLs
can be used as a prognostic factor and/or parameter to evaluate
treatment efficacy. Hence, in this systematic review we assessed the
prevalence, severity, location and course of WMLs in FD as well as the
relation between WMLs, disease characteristics and clinical parameters.

2. Methods

For this systematic review we adhered to the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) statement
[9].

2.1. Data sources and search

We searched Pubmed, EMBASE and CINAHL from inception to the
15th of February 2018. No restrictions were applied on language or
publication date. The search included synonyms of “Fabry disease” and
“White matter lesions”. To include studies that did not use a synonym of
WMLs in the title or abstract but might report on WMLs in full text we
used terms related to MRI brain and other cerebral manifestations of
FD, see Supplementary File A for the search terms used. The search
strategy was adapted for each database to increase sensitivity.
Reference lists of reviews and included studies were checked and did
not identify missing studies.

2.2. Study selection

Randomized controlled trials (RCTs) and cohort studies (≥5 in-
cluded patients) were included, using MRI brain to report on WMLs in
adults and children with FD. Excluded were: 1) Case-series since these
are prone for publication bias [10], 2) Studies screening for FD in high
risk populations (e.g. in a young stroke cohort), 3) Studies focusing on a
group of patients with one specific mutation. Studies reported as con-
gress abstracts only were included for the calculation of the prevalence
of WMLs.

The most relevant report of consecutive studies in the same cohort
was included. If studies reported on the same or an overlapping cohort,
but provided information on different research questions, both studies
were included.

Two reviewers (SK and MV) independently screened all titles and
abstracts using Covidence, an online article screening tool [11]. Re-
viewers resolved disagreement by discussion, if necessary a third re-
viewer (ML) was consulted.

2.3. Data extraction

Two reviewers (SK and MV) individually extracted data using a
standardized report form. The following data were extracted: number of
patients in the study, sex, phenotype, age, treatment status, previous
TIA or Stroke, MRI sequence used to identify WMLs, MRI field strength
(Tesla (T)), definition that was used for WMLs and data reporting on
WML frequency, severity, location and course and the relation of WMLs
to clinical parameters and patients characteristics. Data were extracted
for the whole study cohort and by disease phenotype and sex if speci-
fied. If data were reported for adults and children both groups were
included separately. Primary outcome was the prevalence of WMLs.
Secondary outcomes were WML severity, location and course. In ad-
dition, data on the relation of WMLs to clinical parameters and patient
characteristics were extracted.

2.4. Definitions

We used the definitions for WMLs as provided by the authors of the
individual articles. Prevalence was defined as the number of patients
with WMLs on MRI divided by the number of patients who underwent a
brain MRI. Severity was defined as the size or number of WMLs, WML
volume or by using a WML rating scale (e.g. Fazekas). Location was
defined as the region in which the WMLs were observed on MRI and
was classified as periventricular, deep or subcortical or per anatomical
or circulatory area. Course was defined as whether WMLs were pro-
gressive or stable over time as reported by a radiologist or quantita-
tively assessed on at least one follow-up MRI.

2.5. Statistical analysis

Data are presented as median and range or mean ± SD where ap-
propriate. R (version 3.3.1) was used for statistical analysis. Prevalence
of WMLs was calculated with and without information obtained from
abstracts only (studies for which no full article is available). When
combining variables (e.g. age or Fazekas score), correction for cohort
size was performed by using the number of patients per study as a
weight factor. These variables are referred to as “corrected mean age”
and “corrected mean Fazekas score”. Prevalence of WMLs (present
versus absent) and Fazekas scores (Fazekas ≥2 versus Fazekas< 2) in
men and women were compared using the chi2-test. Ages in studies
reporting on the prevalence and/or severity of WMLs were considered
non-normally distributed after visual inspection using histograms and
Q-Q plots and the Shapiro-Wilk test and were compared using the
Mann-Whitney U test.
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3. Results

A total of 904 studies was identified through our search of which
256 were duplicates, see Supplementary File B for the PRISMA flow
diagram. After screening for title and abstract 170 articles and 17 ab-
stracts were assessed for eligibility. A total of 46 articles [1,3–5,12–53]
and eight abstracts were included in the qualitative synthesis [54–61],
see Supplementary Table A for an overview table of all articles.

3.1. MRI field strength and sequences

Different field strengths and MRI sequences were used in the as-
sessment of WMLs. Of the 46 studies, 25 (54.3%) reported both field
strength and sequence(s) used to assess WMLs and eight (17.4%) re-
ported neither. MRI field strengths of 0.5–3 T were reported for 27
studies and sequences used to assess WMLs were reported for 36 stu-
dies. Most used field strength was 1.5 T and most used sequence was the
fluid attenuation inversion recovery (FLAIR) sequence. For details see
Supplementary Table A.

3.2. Prevalence of WMLs

Thirty-one articles [1,3,4,12–39] and eight abstracts [54–61] as-
sessed the prevalence of WMLs in FD in a total of 1577 patients, of
which 1276 patients were described in the articles (Table 1). Since
abstracts often did not provide information on patient characteristics
these were only extracted from the articles. Corrected mean age of
patients was 38.8 years (range 11.8–79.3 years). A total of 372 patients
(33.6%) were treated with ERT and 76 patients (12.7%) had a history of
TIA and/or stroke (TIA/stroke data missing in 46.8% of patients).

WMLs were present in 45.5% of all patients (581 out of 1276 pa-
tients). When including abstracts WML prevalence was 44.8% (707 out
of 1577 patients). The prevalence of WMLs visually increased with age
(Fig. 1). One cohort with six geriatric patients (mean age: 79.3 years
(range: 75–87 years), prevalence WMLs: 50%) was removed for visual

purposes as their average age extended the x-axis with 20 years.
In approximately half of the 1276 patients, sex was reported (309

men and 317 women). None of the pediatric cohorts provided the
prevalence of WMLs divided by sex (Fig. 2). One cohort with five ger-
iatric women (mean age: 80.2 years (range 75–87 years), prevalence
WMLs: 40%) was removed for visual purposes as their average age
extended the x-axis with 20 years.

WML prevalence was 46.9% in men at a corrected mean age of
36.4 years and 41.0% in women at a corrected mean age of 43.1 years
(Table 2). No differences were found when comparing prevalence of
WMLs between men and women (χ2(1)= 2.0, p= .15). However
comparing uncorrected age showed that men were younger at time of
WML assessment compared to women (U=10, p < .0001).

3.3. Severity

Twenty-six studies assessed WML severity
[3–5,13,14,17–21,23,26–28,31,32,34–37,39–44]. Methods used to as-
sess WML severity were the Fazekas scale, subjective assessment, white
matter lesion number and/or size and white matter lesion volume.

3.3.1. Fazekas scale
The original Fazekas scale describes WML severity in deep and

periventricular white matter [62]. It ranges from 0 (no WMLs) to 3
(confluent WMLs) for both locations, resulting in a total score from 0 to
6. A modified version of the Fazekas scale is often used, primarily fo-
cusing on deep white matter lesions, resulting in a score from 0 (no
deep WMLs) to 3 (confluent deep WMLs), with a score of ≥2 con-
sidered as the presence of significant WMLs (Fig. 3). The Fazekas scale
was used in eleven studies, in a total of 405 patients with FD of which
seven studies used the modified scale (n=212; Table 3).

The corrected mean Fazekas score was 0.76 (n=185, range:
0.53–1.90; Fig. 4) at a corrected mean age of 42.1 years (range:
35.8–46.0). A score of≥2 was found in 16.4% of the patients (31 out of
189 patients). Equal percentages were found in men and women, re-
spectively 16.9% (11 out of 65 men) and 16.1% (18 out of 112 women),
(χ2(1)= 0.0, p=1.0) at a corrected mean age of 35.8 years for men
and 43.6 years for women. Importantly, when comparing uncorrected
mean age men were younger at the time of assessment compared to
women (U=1, p= .016).

3.3.2. Size and number of white matter lesions
Seven studies reported lesions number and/or size

[3,14,17,19,21,39,44]. The three studies measuring WML size used
different methods, complicating comparability (Supplementary Table
B). Methods varied from measuring total length of all lesions to WML
diameter per lesion normalized for head size. Five studies reported the
number of lesions, with lesion counts ranging from a single lesion
to> 10 lesions (Supplementary Table B).

3.3.3. White matter lesion volume
Six studies (on four different cohorts) reported total WML volume

[5,20,27,40–42], in 279 patients with a corrected mean age of
39.5 years (range 36.5–46.0 years) (Table 4). In the largest cohort, a
mixed group of 223 patients, men and women showed comparable
mean WML volumes (4.7 ml in men, 4.9ml in women) [5]. Again, in
this study men were significantly younger compared to women.

3.4. Location

Twelve studies reported the location of WMLs
[3,14,18,19,22,26,27,35–37,39,44]. WML locations were classified as
periventricular, deep and subcortical or by specific anatomical or cir-
culatory area.

Table 1
Characteristics of patients with reported prevalence of WMLs.

All patients* Sex known

Men† Women†

Patients (including
abstracts), n

1577 368 346

Patients (articles only), n 1276 309 317

Patient characteristics
(articles only)#

Patients per article,
median (range)

26 (6–283) 15 (4–52) 15 (4–57)

Number of patients with
age reported, n

930 261 302

Corrected age (years),
mean (range)

38.8
(11.8–79.3)

36.4
(27.4–41.9)

43.1 (35.0–80.2)

Number of patients with
ERT use reported$, n

1106 188 147

Number of patients on
ERT, n (%)

372 (33.6%) 96 (51.1%) 60 (40.8%)

History of TIA and/or
stroke reported, n

597 172 193

History of TIA and/or
stroke, n (%)

76 (12.7%) 29 (16.9%) 35 (18.1%)

*Includes mixed cohorts, pediatric cohorts, men only cohorts and women only
cohorts, †Includes all articles from the “All patients” group that presented data
on prevalence of WMLs divided by sex, #Abstracts often did not provide in-
formation on ERT use, TIA or stroke and age and were subsequently not in-
cluded in the patient characteristics, $Two articles were published before the
availability of ERT. These patients were classified as not using ERT.
ERT=Enzyme Replacement Therapy, WMLs=White matter lesions, TIA =
transient ischemic attack.
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3.4.1. Periventricular, deep and subcortical WMLs
In eight publications the location of WMLs was described as peri-

ventricular, deep and/or subcortical [3,14,18,19,22,36,37,44], two of
which report on the same cohort during one and two year follow-up
[19,44]. Periventricular WMLs were found in all eight articles
[3,14,18,19,22,36,37,44], with periventricular involvement ranging
from 21% [36] to 100% [22] of included patients. Deep WMLs were
found in seven studies [3,14,18,19,36,37,44], with deep white matter
involvement ranging from 25% [19] to 100% [36] of included patients.
Subcortical lesions were described in two cohorts [18,44].

3.4.2. Specific anatomical and circulatory areas
Seven studies located WMLs according to anatomical areas and two

studies according to circulatory areas (Supplementary Table C). White
matter involvement occurred in the anterior, middle as well as the
posterior circulation, and WMLs were mostly found in the frontal,
parietal and temporal lobes. The brainstem, cerebellum and grey matter
were less frequently affected.

Since some patients with FD are initially misdiagnosed as having
multiple sclerosis one study used corpus callosum involvement to dif-
ferentiate between 117multiple sclerosis patients and a mixed cohort of
104 FD patients [35]. Only 3% of FD patients had WMLs in the corpus
callosum compared to 90% of the multiple sclerosis patients. This
finding may assist in the differential diagnosis of these disorders.

0

25

50

75

100

6040200

Age (years)

P
re

va
le

nc
e 

of
 W

M
Ls

 (
%

)
Publication

Abstract
Article

Number of patients
25
50
75
100

Fig. 1. Prevalence of white matter lesions (WMLs) per study in relation to age.

0

25

50

75

100

6040200

Age (years)

P
re

va
le

nc
e 

of
 W

M
Ls

 (
%

) Publication
Abstract
Article

Number of patients
10
20
30
40
50

Sex
Men
Women

Fig. 2. Prevalence of white matter lesions (WMLs) per study, divided by sex in relation to age.

S. Körver et al. Molecular Genetics and Metabolism xxx (xxxx) xxx–xxx

4



3.5. Course

Eleven studies assessed the course of WMLs over time
[3,12,14,16,23,26,29,30,32,41,44] either by assessment of a radiologist
or by quantitative measurement using volume or diameter.

3.5.1. Assessment by radiologist
In ten studies WMLs were reported as progressive or stable, in a

total of 241 patients (corrected mean baseline age: 37.4 years, range:
11.8–46.1) (Table 5).

A total of 24.6% of patients showed progression of WMLs (49 out of
199 patients) and 75.4% of patients had stable WMLs (150 out of 199
patients) over a corrected mean follow-up time of 38.1 months (range:
6–96months). A higher percentage of patients on ERT showed pro-
gression versus untreated patients (21.6%, 30 out of 139 patients versus
13.9%, 5 out of 36 patients respectively), most likely because untreated
patients had milder disease. Men and women showed comparable rates
of progression (20.7% of men over a corrected mean follow-up time of
24.9 months (17 out of 82 men, corrected mean baseline age:
34.5 years) versus 23.1% of women over a corrected mean follow-up
time of 46.1 months (15 out of 65 women, corrected mean baseline age:
42.1 years)). Again men were significantly younger compared to
women when comparing uncorrected baseline age (U=0, p= .004).
Uncorrected mean follow-up time was not different between men and
women (U=10, p= .41).

3.5.2. Quantitatively measured course
Two studies assessed WMLs quantitatively over time [14,41]. In one

study, a mixed cohort of 14 patients (4 men, 10 on ERT), significant
progression of the median white matter lesion load (WMLL) from
0.12ml to 1.03ml was found [41]. The second study, a post-hoc ana-
lysis of a RCT comparing agalsidase-beta (Fabrazyme; Genzyme Corp.,
Cambridge, Massachusetts, USA) showed significant progression of

WML diameter in both treated and untreated patients (n=41, 38 men,
25 treated, mean follow-up time 27months) [14].

3.6. Relation of white matter lesions to cerebral parameters

To gain more insight in the pathophysiology of WML development
in FD, 18 studies assessed the relation between WMLs and other cere-
bral parameters (Supplementary Table D).

3.6.1. Brain metabolism, cerebral blood flow and diffusion of water
molecules

Twelve studies used imaging techniques to quantify water molecule
diffusivity, brain metabolism and cerebral blood flow (CBF)
(Supplementary Table D).

Hypometabolic areas were found in correspondence with infarctions
and hemorrhages, but also in deep and periventricular white matter of
patients with and without WMLs, compared to controls. N-acet-
ylaspartate, a nervous system-specific metabolite of which decreases
have been linked to neuronal damage [63], was found to be decreased
in areas with WMLs. In some patients, these areas extended into the
normal appearing white matter (NAWM). Moreover, regions of in-
creased CBF showed a similar pattern, extending from areas with WMLs
into the NAWM. It was therefore hypothesized that microstructural
alterations happen in areas with WMLs but also in adjacent areas with
NAWM.

Diffusion weighted imaging (DWI), an imaging technique using
random motion of water molecules, was performed in six studies in five
different cohorts, in a total of 111 patients (corrected mean age:
41.9 years, range: 38.1–46.0, 58 men) (Supplementary Table D).
Motion of water molecules can be influenced by changes in structural
organization, permeability and cellularity of brain tissue [64]. Deriva-
tive variables are mean diffusivity (MD), the average random molecular
diffusion rate and fractional anisotropy (FA), as well as the preferred
direction of diffusion [65]. Increased MD and decreased FA can be the
result of cell damage (increasing random diffusion, and thereby MD)
and decreased fiber integrity (decreasing anisotropy and thereby FA)
[66]. Increased MD was found in men and women with FD compared to
controls, especially in the temporal, frontal and parietal white matter.
Three studies showed reduced FA in men and women with FD com-
pared to controls, with no clear regional preference. In contrast, two
studies assessing the same cohort, did not find reduction of FA com-
pared to controls.

In five out of six studies increased MD and/or decreased FA were
found both in areas with WMLs and in NAWM [27,28,45,46,48]. One of
these reported a positive relation between MD and the WMLL, and a
negative relation between FA and the WMLL [48].

3.6.2. Other cerebral parameters
In FD patients with microbleeds WMLs were more often present,

Table 2
Prevalence of WMLs.

All patients* Sex known

Men† Women†

Number of patients with WMLs (articles only), n 581 145 130
WML prevalence (articles only), % 45.5% 46.9% 41.0%

Number of patients with WMLs (including
abstracts), n

707 168 139

WML prevalence (including abstracts), % 44.8% 45.7% 40.2%

*Includes mixed cohorts, pediatric cohorts, men only cohorts and women only
cohorts, †Includes all articles from the “All patients” group that presented data
on prevalence of WMLs divided by sex
WML(s)=White matter lesion(s)

Fig. 3. Modified Fazekas scale in Dutch patients with Fabry disease. A Fazekas score 0, B Fazekas score 1, C Fazekas score 2, D Fazekas score 3.
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Table 3
Fazekas score per study.

First author, groups
(sex)

Patients per
study, n (men)

Age (years), median or
mean ± SD (range)

Faz score,
mean

Faz 0 Faz 1 Faz 2 Faz 3 Faz 4 Faz 5 Faz 6

Fazekas (0–3), modified
Paavilianen et al.

[28], All
12 (4) 38.6 ± 17.8 (16–68) 1.00 5 (41.7%) 3 (25.0%) 3 (25.0%) 1 (8.3%) – – –

Men 4 31.6 ± 16.1 (17–54) 0.75 2 (50.0%) 1 (25.0%) 1 (25.0%) 0 (0.0%) – – –
Women 8 42.1 ± 18.6 (16–68) 1.13 3 (37.5%) 2 (25.0%) 2 (25.0%) 1 (12.5%) – – –

Üçeyler et al. [31], All 87 (30) 43.3 (16–73) 0.53 47 (54.0%) 35 (40.2%) 4 (4.6%) 1 (1.1%) – – –
Men 30 40.0 (16–40$) 0.63 15 (50.0%) 12 (40.0%) 2 (6.7%) 1 (3.3%) – – –
Women 57 45.0 (16–73) 0.47 32 (56.1%) 23 (40.4%) 2 (3.5%) 0 (0.0%) – – –

Korsholm et al. [32],
All

39 (13) 40.2 ± 14.7 (10–66) 0.56 27 (69.2%) 5 (12.8%) 7 (17.9%) 1 (2.6%) – – –

Men 13 30.0 ± 10.6 (10–47) 0.31 11 (84.6%) 0 (0.0%) 2 (15.4%) 0 (0.0%) – – –
Women 26 43.4 ± 13.9 (15–66) 0.69 15 (57.7%) 5 (19.2%) 5 (19.2%) 1 (3.8%) – – –

Azevedo et al. [37],
All

12 (5) 35.8 ± 12.8 0.75 8 (66.7%) 1 (8.3%) 1 (8.3%) 2 (16.7%) – – –

Men 5 27.4 ± 11.5 0.60 4 (80.0%) 0 (0.0%) 0 (0.0%) 1 (20.0%) – – –
Women 7 41.7 ± 10.6 0.86 4 (57.1%) 1 (14.3%) 1 (14.3%) 1 (14.3%) – – –

Fellgiebel et al. [4],
All

27 (13) 38.1 (12–69) – 12 (44.4%) 6 (22.2%) 9 (33.3%) * – – –

Men 13 36.3 ± 9.9 (12–51) – 7 (53.8%) 2 (15.4%) 4 (30.8%) * – – –
Women 14 39.7 ± 13.5 (19–69) – 5 (35.7%) 4 (28.6%) 5 (35.7%) * – – –

Lee et al. [34], All
(Mixed)

12 (4) 42.6 ± 14.3 (18–61) 0.67 6 (50.0%) 4 (33.3%) 2 (16.7%) 0 (0.0%) – – –

Duning et al. [27], All
(Mixed)

23 (12) 46.0 (29–61) 1.9 – – – – – – –

Fazekas (0–6), original
Cocozza et al. [36], All

(Mixed)
32 (12) 43.3 ± 12.2 (20–68) 0.66 18 (56.3%) 11 (34.4%) 2 (6.3%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (3.1%)

Gavazzi et al. [13], All 16 (8) 38.8 ± 13.9 (17–58) 2.06 1 (6.3%) 8 (50.0%) 3 (18.8%) 0 (0.0%) 2 (12.5%) 1 (6.3%) 1 (6.3%)
Men 8 34.7 ± 10.0 (22–58) 2.13 0 (0.0%) 4 (50.0%) 2 (25.0%) 0 (0.0%) 1 (12.5%) 1 (12.5%) 0 (0.0%)
Women 8 42.8 ± 16.6 (17–58) 2.00 1 (12.5%) 4 (50.0%) 1 (12.5%) 0 (0.0%) 1 (12.5%) 0 (0.0%) 1 (12.5%)

Buechner et al. [23],
All

41 (25) 45.6 (19–74) – 12 (29.3%) 6 (14.6%) 23 (56.1%) # # # #

Men 25 41.9 ± 10.8 (21–62) – 9 (36.0%) 3 (12.0%) 13 (52.0%) # # # #
Women 16 51.2 ± 18.0 (19–74) – 3 (18.8%) 3 (18.8%) 10 (62.5%) # # # #

Cocozza et al. [35], All
(Mixed)

104 (40) 43.0 ± 13.4 (13–72) 2.3 – – – – – – –

* Fazekas score 2 and 3 were grouped, # Fazekas 2–6 were grouped, $Adopted from the original article. However, it was considered unlikely that median and
maximum age were both 40 years.
Faz= Fazekas, −=Not available
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compared to patients without microbleeds (Supplementary Table D).
No strong relation was found between the diameter of large intracranial
arteries and WMLs. Moreover, studies reported no relation between
WMLL and hippocampal volume and atrophy, white and grey matter
volume, functional connectivity of the motor cortex and between pre-
sence of WMLs and increased motor cortex excitability. In one study an
abnormal pattern of brain activation was found during a simple motor
task (finger tapping) in 16 FD patients compared to healthy control
subjects [13]. While no relation was established between the WMLL and
motor functions, the sensorimotor cortex activation contralateral of the
tapping fingers correlated with the WMLL.

3.7. Relation of white matter lesions to patient characteristics and clinical
parameters

Twenty-four studies assessed the relation of WMLs to patient char-
acteristics and clinical parameters [1,3–5,14,17,19,21,22,25–27,29,31,
32,40,41,44,48–53].

3.7.1. White matter lesions, TIA and/or stroke
Two follow-up studies reported that WML severity at baseline was

related to progression of WML severity during follow-up, both in
treated and untreated patients [14,41].

The majority of seven studies [3,5,14,31,32,41,48] supported a
positive relation between WMLs and TIA and/or stroke: a higher pre-
valence of TIA and/or stroke in patients with WMLs was found [3,32],
while a follow-up study reported that patients with a history of stroke
had more WMLs at baseline and developed more WMLs [14]. A large
mixed cohort study on 223 patients (91 men) showed that stroke was
related to the WMLL in a multivariate model but TIA was not [5]. No
relation between TIA and/or stroke and WMLs was reported in three
articles [31,41,48], but the largest (n=87) did not formally test the
relation [31] and the two other studies were relatively small.

3.7.2. Age, sex and phenotype
Six studies reported that patients with WMLs are significantly older

compared to patients without WMLs [4,17,22,26,29,50] and twelve
studies showed a positive relation between age and presence of WMLs
or WMLL [1,3,5,14,21,25,40,41,44,48,52,53].

The four studies that assessed the relation between sex and WMLs
did not find differences between men and women in the presence of
WMLs or WMLL [4,5,21,53]. However, in the largest study men were

significantly younger compared to women, while WMLL was compar-
able [5].

Only one study, a mixed cohort including 283 patients with MRI of
the brain, assessed subgroups divided by both sex and phenotype [1].
Men as well as women with classical disease were more likely to have
WMLs compared to men with non-classical disease. MRIs of 42 pediatric
patients were also assessed and all four pediatric patients with WMLs (3
boys, 1 girl) had classical FD.

3.7.3. Cerebrovascular risk factors
Five studies assessed the relation between cerebrovascular risk

factors and WMLs [3–5,26,52]. No relation was found between the
presence of WMLs and cholesterol-level [52], hypertension [3,52] or
smoking [3] or between WMLL and smoking [5]. In a fourth study, a
mixed cohort with 27 patients (13 men), there were no differences in
WMLL between men and women and no differences in history of hy-
pertension, serum LDL-cholesterol, smoking or APOE-4 frequency [4].
In the last study, a mixed cohort with 10 pediatric and 36 adult patients
showed that patients with WMLs had more vascular risk factors (de-
fined as a history of hypertension, dyslipidemia, diabetes and/or
smoking), compared to patients without WMLs [26].

3.7.4. Renal and cardiac involvement and the Mainz Severity Score Index
Seven studies assessed the relation between renal involvement and

WMLs [3,5,14,26,31,41,48]. No relation was found between WMLL and
renal function [14,41], WMLL or presence of WMLs and renal dys-
function/complications [3,5,26,31,48] or WMLL and decreasing esti-
mated glomerular filtration rate during follow-up [14].

Five studies assessed the relation between cardiac involvement and
WMLs [5,14,26,41,48]. No relation was found between the WMLL and
cardiovascular dysfunction [48], WMLL or presence of WMLs and hy-
pertrophic cardiomyopathy [5,26,41] or WMLL and arrhythmias
[5,41]. One follow-up study reported a relation between the left ven-
tricular posterior wall thickness and WMLL at baseline and during
follow-up [14].

Of two studies reporting on the Mainz Severity Score Index (MSSI)
in relation to WMLs, one article found no significant differences be-
tween patients with WMLs and patients without WMLs on MSSI-scores
[26]. The second study found that WMLL and MSSI-scores were mod-
erately related [50].

3.7.5. Relations to other clinical parameters and patient characteristics
Ten studies assessed the relation between other clinical parameters,

patient characteristics and WMLs (Supplementary Table E). No relation
between WMLL and neuropsychological test scores or depression fre-
quency and severity was found. However, during follow-up a relation
was found between increased WMLL and decreased performance on an
executive task.

The presence of WMLs was not related to residual enzyme ac-
tivity, nor to the presence of antibodies against recombinant agal-
sidase A. On the other hand, high lysoGb3 level, a biomarker in FD,
was related to an increased risk of developing WMLs in men.
Subsequently, reduction in lysoGb3 and Gb3 predicted a decreased
risk of WML development in the first year of treatment in both men
and women with FD. Finally, some genetic polymorphisms related to
cerebral ischemia in the general population were related to presence
of WMLs in FD while others were not.

4. Discussion

WMLs are present in almost half of the patients with FD and their
prevalence increases with age. In the majority of FD patients a mild
WMLL is found (Fazekas 0–1), but 16% of FD patients have a substantial
WMLL with (beginning) confluent WMLs (Fazekas ≥2). In the general
population WMLs are commonly found, especially in the elderly [67].
However, the prevalence and severity of WMLs reported in FD

Table 4
White matter lesion volume per study.

First author,
group (Sex)

Patients per
study, n
(men)

Age (years),
median/
mean

Volume
WMLs (ml),
mean

Volume
WMLs (ml),
range

Marino et al.
[20], All

8 (4) 40.0 2.8 0.9–18.2

Men 4 31.0 1.1 0.9–3.5
Women 4 50.0 4.6 18.2

Rost et al. [5], All 223 (91) 39.2 4.7 0.3–61.2
Men 91 34.7 4.7 –
Women 132 42.3 4.9 –

Duning et al.
[27], All
(Mixed)

23 (12) 46.0 3.0 –

Fellgiebel et al.
[40,42], All
(Mixed)

25 (10) 36.5 2.0 0–24.1

Lelieveld et al.
[41]*, All
(Mixed)

14 (4) 46.1 1.0 0–2.8

* Provided eight-year follow-up data on 14 patients from the earlier studies by
Fellgiebel et al [40,42]. WMLs = white matter lesions, ml=milliliter,
−=Not available
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corresponds to that found in individuals in the general population that
are at least one to three decades older [67,68].

When combining all studies, prevalence, severity and progression of
WMLs are comparable in men and women. However, men were sig-
nificantly younger compared to women at time of the WML assessment
(approximately 6–7 years), supporting the concept that men are more se-
verely affected than women, since WMLs tend to progress over time.
Perhaps an even larger difference exist as most studies in the general
population point to an increased risk of WMLs in women [68]. It is likely
that phenotype plays a role as well: classically affected males have faster
disease progression than classical females or non-classical patients. Most
studies did not take phenotype into consideration, but a single report di-
viding patients by sex and phenotype suggests that indeed phenotype does
play a role in the risk of WML development in FD [1].

To establish their role as a biomarker of cerebral involvement in FD,
WMLs should be linked to clinically relevant endpoints. In the general
population WMLs are related to stroke, cognitive dysfunction and mor-
tality [69]. We found that, despite not uniformly shown in every study,
WMLs and WMLL are most probably related to the occurrence of stroke in
FD. Of importance is whether there is a link between high WMLL and
cognitive dysfunction. This is currently being investigated at our center. In
contrast, renal and cardiac disease were not found to be related to the
presence and severity of WMLs. Conversely, decreased renal function is
related to increased WMLL in the general population [70]. It is possible
that men with classical FD (who are prone to develop kidney failure) have
a higher WMLL, since studies did not incorporate phenotype in their
analyses and studies lacked power to detect this relation. Of clinical im-
portance is the fact that two studies found no relation between ar-
rhythmias and WMLs, because supraventricular rhythm disturbances, in
particular atrial fibrillation, is a risk factor for ischemic stroke.

No specific location and distribution of WMLs can be established in FD:
the frontoparietal and temporal white matter are most often affected and
both the periventricular and deep white matter are involved. Despite early
reports that the posterior circulatory areas are most severely affected in
FD, this was not confirmed by analysis of the location and distribution. A
major feature of posterior circulation alterations in FD, an increased ba-
silar artery diameter, was also not related to WML development in FD. It is
expected in FD that WMLs originate from pathological changes of the
small cerebral vessels, and that large vessel abnormalities might play little
to no role in the origin of WMLs. In the general population both peri-
ventricular and deep WMLs have been attributed to small vessels pa-
thology, but with regional differences in pathology [71,72].

Follow-up of WML development was performed in a minority of stu-
dies, despite the possible role of WMLs as biomarker for cerebral in-
volvement in FD. We found that a quarter of patients show progression of
WMLs during three years follow-up irrespective of sex and treatment
status. Evaluating the effect of ERT on WMLs is unreliable due to four
points: 1) most follow-up cohorts are subgroups of bigger cohort studies
and no background characteristics are provided for these subgroups, 2)
there is a treatment bias, with more severely affected patients being
treated earlier, 3) there are very little follow-up data of untreated patients,
4) most RCTs comparing ERT to a placebo did not incorporate WML de-
velopment. In a post-hoc analysis of a RCT comparing agalsidase-beta to a
placebo, significant progression of WML diameter was seen, comparable in
the treated versus untreated group [14]. Most of these patients were male,
with advanced FD. In patients under 50 years old less progression of WML
diameter and a more stable WMLL was found in the agalsidase-beta group
compared to the placebo group. However, the subgroup included only
38% of the original patient cohort and the analysis of this subgroup was
not predefined. A consensus document on treatment in FD stated that ERT
“may be considered” for the treatment of WMLs (evidence class IIB) [73],
a conclusion that cannot be changed after this systematic review. Un-
fortunately, none of the future, ongoing or recently published trials men-
tion cerebral MRIs or WMLs as their primary or secondary outcome on
ClinicalTrial.gov, except for a German observational prospective cohort
study of patients treated with chaperone therapy [74].

In the general population, hypertension is considered the biggest risk
factor for WML development, next to age [75]. Surprisingly, only one of
five articles reported a relation between cerebrovascular risk factors and
WMLs in FD. Since the frequency of hypertension is similar to the general
population (Korver et al., unpublished analysis based upon Arends [76]),
the WMLs we see in the majority of younger patients with FD probably
have a different pathological origin. Naturally, vascular risk factors are still
very important to address in patients with FD, especially as with treatment
and supportive care patients become older.

The pathophysiology of WML in FD is probably complex.
Glycosphingolipid accumulation in the smooth muscle cell of the vessel
wall may lead to a less compliant vascular wall due to fibrosis and
impairment of autoregulation of cerebral perfusion [66,77]. The shear
stress due to a hyperdynamic circulation and an incompliant vessel wall
might then lead to endothelial dysfunction. Combined with storage in
the endothelium, especially prevalent in classical male patients, in-
creases in reactive oxygen species and pro-thrombotic/pro-in-
flammatory cytokines as well as upregulation of the renin–angiotensin
system are the result [77,78]. Changes in regional metabolism, cerebral
blood flow, MD and FA were found beyond the borders of the WMLs. As
was previously hypothesized [66], this might indicate a pathological
continuum extending into the NAWM, compatible with findings in the
general population [75,79]. In addition to the described vascular/per-
fusion pathology, non-ischemic contributors to WML development that
have been found in the general population are glial dysfunction, neuro-
inflammation, blood-brain barrier disruption and genetic predisposition
and these factors may also contribute to WML development in FD [79].
Post mortem studies in FD have shown widespread glycosphingolipid
accumulation in the brain itself [80–82]. Swelling of neurons, axons
and glial cells was also noted [81,82]. One post mortem study in a man
with progressive cognitive complaints and severe WMLs on MRI
showed astrocytic swelling and increased astrocytic processes, in-
dicating glial dysfunction in FD [82]. Moreover, increased protein le-
vels have been found in the cerebral spinal fluid of FD patients that
were described as having aseptic meningitis and in patients mis-
diagnosed as having multiple sclerosis [83,84]. This could indicate
blood-brain barrier dysfunction. In the Fabry mouse a disruption of the
autophagy-lysosome pathway has been described in the brain, possibly
adding to axonal pathology [85]. A study by Altarescu et al. [52]
showed that a number of genetic polymorphisms contributed to the risk
of WML development in FD patients.

Pathology studies in cell or mouse models and brain tissue samples
obtained post mortem could further explore potential pathways re-
sulting in WML development in FD.

Some included studies extensively described the definition and
criteria to determine WMLs, while most did not. It might therefore be
possible that some lacunar infarctions were classified as WMLs. We did
not exclude studies with limited description of WML methods since: 1)
we would be left with a small group of studies, 2) we expect that WMLs
and lacunar infarctions might represent a spectrum of cerebral disease
and have similar pathology in FD and 3) the differentiation between
WMLs and lacunar infarctions is difficult, even with extensive defini-
tions [86]. However, we do encourage future studies to provide well
defined definitions and criteria for WMLs.

In this study we systematically reviewed WMLs in FD. It is clear that
many unresolved questions remain, which have been summarized in
Table 6 including proposals for future research directions.

5. Conclusions

A significant group of FD patients has confluent WMLs and a sub-
stantial WMLL, which progresses over time. As expected, men with FD
start developing WMLs earlier compared to women and patients with
classical disease are more severely affected compared to non-classical
patients. WMLs seem to be related to stroke, represent cerebral small
vessel dysfunction but systematic studies fail that address influence of
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treatment as well as important clinical outcomes such as cognitive
function. Traditional cerebrovascular risk factors probably have a
minor effect on development of WMLs in patients. Future studies should
focus on longitudinal follow-up using modern imaging techniques, with
emphasis on the clinical consequences of WMLs and use of WMLs in
treatment trials. Last but not least, ischemic and non-ischemic pathways
resulting in WML development should be studied.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ymgme.2018.08.014.
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