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ABSTRACT

Objective: Using a semiautomated volumetric MRI assessment method, we aimed to identify de-
terminants of white matter hyperintensity (WMH) burden in patients with Fabry disease (FD).

Methods: Patients with confirmed FD and brain MRI available for this analysis were eligible for
this protocol after written consent. Clinical characteristics were abstracted from medical re-
cords. T2 fluid-attenuated inversion recovery MRI were transferred in electronic format and
analyzed for WMH volume (WMHV) using a validated, computer-assisted method. WMHV was
normalized for head size (nWMHV) and natural log-transformed (lnWMHV) for univariate and
multivariate linear regression analyses. Level of significance was set at p , 0.05 for all
analyses.

Results: Of 223 patients with FD andWMHV analyzed, 132 (59%) were female. Mean age at MRI
was 39.26 14.9 (range 9.6–72.7) years, and 136 (61%) patients received enzyme replacement
therapy prior to enrollment. Median nWMHV was 2.7 cm3 (interquartile range 1.8–4.0). Age
(b 0.02, p 5 0.008) and history of stroke (b 1.13, p 5 0.02) were independently associated with
lnWMHV. However, WMH burden—as well as WMHV predictors—varied by decade of life in this
cohort of patients with FD (p , 0.0001).

Conclusions: In this largest-to-date cohort of patients with FD who had volumetric analysis of
MRI, age and prior stroke independently predicted the burden of WMH. The 4th decade of life ap-
pears to be critical in progression of WMH burden, as novel predictors of WMHV emerged in pa-
tients aged 31–40 years. Future studies to elucidate the biology of WMH in FD and its role as
potential MRI marker of disease progression are needed. Neurology® 2016;86:1880–1886

GLOSSARY
CMP 5 cardiomyopathy; ERT 5 enzyme replacement therapy; FD 5 Fabry disease; FLAIR 5 fluid-attenuated inversion
recovery; GI 5 gastrointestinal; ICA 5 intracranial area; IQR 5 interquartile range; nWMHV 5 normalized white matter
hyperintensity volume; SIFAP1 5 Stroke in Young Fabry Patients; WMH 5 white matter hyperintensity; WMHV 5 white
matter hyperintensity volume; WML 5 white matter lesion.

Cerebrovascular disease, including stroke, is a significant source of morbidity in patients with
Fabry disease (FD), an X-linked lysosomal storage disorder characterized by reduced activity
of the enzyme a-galactosidase A.1 Burden of MRI-detectable white matter hyperintensity
(WMH) has been linked to risk of stroke,2 poor poststroke outcome,3 and functional disability
in aging adults4; however, there are no systematic studies of WMH in patients with FD.

Previously, nonquantitative studies have documented WMH lesions in adults with FD,5,6

pediatric patients,7 and the Fabry Outcome Survey registry participants.8 A comparison of CT
and MRI findings in patients with FD suggested the potential utility of a rating scale in this
population.9 The recently published Stroke in Young Fabry Patients (SIFAP1) study10 showed
detailed neuroimaging MRI characteristics including WMH assessed using a validated ordinal
scale11,12; however, it failed to identify any FD-specific MRI characteristics.
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Although the pathogenesis of cerebral vas-
culopathy in FD is poorly understood, white
matter changes may at least in part reflect
the disease biology in FD. Therefore, we
hypothesized that the severity of WMH may
serve as a marker of disease progression in
FD, and that a reliable, quantitative assess-
ment of WMH burden in FD may yield novel
determinants of disease severity. In this analy-
sis, we aimed to identify determinants of
WMH burden in a large cohort of patients
with FD, using a validated semiautomated vol-
umetric MRI assessment method.

METHODS Standard protocol approvals, registrations,
and patient consent. All participating participants or their sur-
rogate provided informed consent to be enrolled as part of this

ongoing prospective cohort study. All aspects were approved by

participating institutional review boards.

Study design, setting, and patient population. We retro-

spectively analyzed the multicenter, international cohort of pa-

tients with FD, recruited through the specialized care clinics in

the United States, Germany, Argentina, France, and Brazil

between 2009 and 2014, who consented to participate in this

study of MRI-detectable WMH. Diagnosis of FD was confirmed

using biochemical or genetic testing, and both male and female

participants were approached to participate, without age

limitations. All patients with FD with brain MRI available in

electronic format were approached for consent at the local centers,

where recruitment fliers were available to all potential participants.

Indications for brain MRI varied between and within centers

including routine screening scans, headache, transient neurologic

symptoms, and acute stroke evaluations. When multiple brain

MRI scans were available for same participants, the baseline scan

corresponding to the time of clinical variable collection was used

in this analysis. All enrolled participants had an alphanumeric

code assigned, and all medical and digitized MRI information was

labeled with this code. Medical history information relevant to

FD was collected from the participant’s medical record or through

personal communication with the participant, or a surrogate, at the

onset of participation.

Clinical variables. Age was recorded at the time of study

MRI scan. Adult age range was prespecified as$21 years. Hyper-

tension, diabetes mellitus, cardiac arrhythmia, cardiomyopathy

(CMP), renal failure, proteinuria, and migraine (including with

aura) were recorded based on the prior diagnosis at each special-

ized care center participating in this study. History of Fabry-

associated pain in hands and feet, decreased sweating, and

gastrointestinal (GI) problems characteristic for FD were re-

corded for each participant. History of prior stroke or TIA,

hemodialysis, renal or cardiac transplant, current use of tobacco

or alcohol, as well as treatment with enzyme replacement therapy

(ERT) were abstracted from medical records or obtained in direct

interview with the patient or the surrogate.

Neuroimaging analysis. Image collection. All MRI available

in electronic format were collected, securely stored, and analyzed

centrally (Massachusetts General Hospital). T2 fluid-attenuated

inversion recovery (FLAIR) axial MRI were converted to Ana-

lyze format using MRIcro (www.mricro.com) for computer-

assisted determination of WMH volume (WMHV).13–15

WMH volumetric analysis. The volumetric analysis method

used to assess WMH severity in this cohort was published previ-

ously.16 All images in this study were analyzed by research staff

(N.S.R., L.C., K.M.F., A.S.K.), extensively trained in the volu-

metric method with the intraclass correlation coefficient for

WMHV equal to 0.97.

All WMHV were adjusted for differences in head size by

using a validated method for calculating intracranial area (ICA)

as a surrogate measure of intracranial volume.17 Normalized

WMHV (nWMHV) is calculated by dividing the patient’s

WMHV by the ratio of the patient’s ICA to the mean ICA of

the study population.

The total WMHV was computed as a sum of WMHV

from each hemisphere, unless WMHV assessment was

impeded by a large hemispheric FLAIR hyperintensity artifact

from an acute or chronic infarction, in which case the total

WMHV was derived by doubling the WMHV from a hemi-

sphere unaffected by stroke (n 5 2, both with history of prior

stroke).

Statistical analysis. WMHV values were log-transformed

(lnWMHV) for all analyses in this study. All variables were

reported as either a mean value (6SD), a median value with an

interquartile range [IQR] or a proportion/percentage of total.

Univariate linear regression analysis was used to assess the

association between WMHV and clinical variables. Those

variables that reached a p value ,0.10 in univariate analysis

were used in the multivariate linear regression analysis of

WMHV. Statistical significance was set at p , 0.05 in all

analyses. Quantitative variables were treated as continuous

variables. The statistical analysis was conducted using the SAS

9.1 statistical package (SAS Institute, Cary, NC).

RESULTS There were 223 patients with FD enrolled
in this study: 85 (38.1%) from Germany, 59 (26.5%)
from Argentina, 55 (24.7%) from the United States,
13 (5.8%) from France, and 11 (4.9%) from Brazil.
Of these, 132 (59.2%) were women. Mean age was
39.2 (SD 14.9) years, ranging from 9 to 72.7 years;
however, on average, men were younger (mean age
34.7 years) as compared to women (mean age 42.3
years). Median nWMHV was 2.7 cm3 (IQR 1.8–
4.0), ranging from 0.3 to 61.2 cm3. Table 1 summa-
rizes baseline patient characteristics.

Average WMH burden was similar between men
(mean nWMHV 5 4.7 cm3) and women (mean
nWMHV 5 4.9 cm3), as well as those exposed and
nonexposed to ERT (p . 0.05). However, average
WMHV differed between pediatric patients (age,21
years, mean nWMHV 5 2.3 cm3) and adults (age
$21 years, mean nWMHV 5 5.3 cm3; p 5 0.05).

In univariate analysis, age at the time of MRI
(b 0.03 per year, p , 0.0001), history of CMP
(b 1.01, p , 0.0001), and renal failure (b 0.78,
p 5 0.03) were associated with lnWMHV (table 2).
In the multivariable model including age, as well as
history of CMP, renal failure, cardiac arrhythmia, hemo-
dialysis, prior stroke, TIA, or current tobacco use (all
p, 0.1 in univariate analysis), only age (b 0.02 per year,
p5 0.008) and history of stroke (b 1.13, p5 0.02) were
independent predictors of lnWMHV (table 2).
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There was a difference in WMH burden, as mea-
sured by WMHV among the patients with FD based
on the decade of age at MRI: ,21 years (n 5 28),
mean nWMHV 2.35 cm3; 21–30 years (n5 41), mean
nWMHV 2.26 cm3; 31–40 years (n 5 43), mean
nWMHV 3.7 cm3; 41–50 years (n 5 51), 4.4 cm3;
51–60 years (n5 33), 8.3 cm3; 61–70 years (n5 19),
11.53 cm3 (p , 0.0001; figure).

The determinants of WMH burden varied by
decade of age: ,21 years, age (p 5 0.0008); 21–30
years, none of the variables reached the nominal
p value in univariate association with lnWMHV;
31–40 years, CMP (b 0.6, p 5 0.01), prior stroke
(b 0.8, p 5 0.03), cardiac arrhythmia (b 0.6, p 5

0.11), ERT (b20.3, p5 0.14); 41–50 years, female
sex (b 20.6, p 5 0.02), prior stroke (b 0.9, p 5

0.02), CMP (b 0.4, p 5 0.09), cardiac arrhythmia
(b 0.5, p5 0.09), Fabry-associated pain in hands and
feet (b 0.4, p 5 0.12), GI problems (b 0.3, p 5

0.16); 51–60 years, proteinuria (b 0.7, p 5 0.03),
GI problems (b 0.8, p5 0.07), Fabry-associated pain
in hands and feet (b 0.5, p 5 0.09), female sex
(b 20.5, p 5 0.15); 61–70 years, CMP (b 1.5,

p 5 0.005), proteinuria (b 1.2, p 5 0.02), TIA
(b 1.4, p 5 0.05), ERT (b 0.9, p 5 0.09), age
(b 0.1, p 5 0.18) (table 3).

In a multivariable linear regression model includ-
ing CMP, prior stroke, cardiac arrhythmia, and
ERT, history of CMP was independently associated
with increased lnWMHV (b 0.6, p5 0.04), whereas
prior exposure to ERT was independently associated
with decreased lnWMHV (b 20.5, p 5 0.04) in
patients with FD aged 31–40 years. In a multivariable
linear regression model including sex, prior stroke,
CMP, cardiac arrhythmia, Fabry-associated pain in
hands and feet, and GI problems, only prior stroke
was independently associated with increased
lnWMHV (b 0.9, p 5 0.01) in patients with FD
aged 41–50 years (table 3).

DISCUSSION In this largest-to-date, multicenter,
international cohort of patients with confirmed FD
and volumetric MRI analysis, we demonstrated that
age and history of stroke were independent
predictors of WMH burden. Furthermore, the
effect of age on WMH burden, as well as predictors
of WMHV, varied significantly by decade of life of
patients with FD. In particular, novel markers of
WMH burden have emerged for patients with FD
in their 4th decade of life, when CMP appeared to
be independently associated with increased
WMHV, while exposure to ERT was independently
associated with lesser WMH load.

These novel findings may have implications for
future studies of disease biology in FD and for clinical
guidance in FD diagnosis and management. FD has
long been regarded as a prototype monogenic disor-
der with distinct cerebrovascular pathology including
risk of stroke.18,19 While etiology of stroke in FD is
relatively well-defined and is thought to include both
extrinsic (i.e., cardioembolism due to atrial fibrilla-
tion) and intrinsic (cerebral large-vessel atherosclero-
sis and small-vessel arteriopathy) mechanisms of
cerebral ischemia,18,20 the pathophysiology of diffuse
white matter abnormalities detected on T2 FLAIR
MRI as WMH remains poorly understood. A small,
nonquantitative analysis of 8 patients, studied before
and after ERT, suggested deep white matter lesions
(WMLs) may precede neurologic events,21 whereas
a case report noted amelioration of WMLs in a single
patient with FD in the context of ERT.22 Further-
more, a longitudinal MRI analysis based on manual
measurement of the WML diameters in 41 patients
with FD suggested that these WMLs were more likely
to remain stable in patients on ERT.23 These data
point to potential FD-specific mechanisms of
WMH, which may in fact be affected by ERT, and
are possibly explained by changes of the CNS result-
ing from lysosomal storage.20

Table 1 Clinical characteristics of 223 patients
with Fabry disease and brain MRI

Variables Values

Age, y, mean 6 SD 39.2 6 14.9

Female, n (%) 132 (59.2)

Hypertension, n (%) 22 (17.6)

Diabetes mellitus, n (%) 1 (0.8)

ERT, n (%) 136 (61.0)

Decreased sweating, n (%) 58 (35.4)

Fabry-associated pain, n (%) 137 (61.4)

Migraine, n (%) 21 (26.6)

Migraine with aura, n (%) 2 (3.0)

Prior stroke, n (%) 18 (8.1)

Prior TIA, n (%) 17 (10.4)

Gastrointestinal problems, n (%) 59 (36.0)

Proteinuria, n (%) 98 (44.0)

Cardiomyopathy, n (%) 87 (39.0)

Cardiac arrhythmia, n (%) 24 (14.6)

Renal failure, n (%) 20 (9.0)

Hemodialysis, n (%) 7 (5.1)

Current tobacco use, n (%) 20 (16.0)

Current alcohol use, n (%) 12 (18.2)

Creatinine, mL/min, median (IQR) 0.8 (0.8–1.0)

nWMH volume, cm3, median (IQR) 2.7 (1.8–4.0)

Abbreviations: ERT 5 enzyme replacement therapy; IQR 5

interquartile range; nWMHV 5 normalized white matter hy-
perintensity volume.
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Our data indicate that the processes affecting
WMH burden might be significantly more complex.
First, age emerged as a strong independent predictor
of WMHV in the cohort of 223 patients with FD,
whose age ranged from 9 to 72 years. Age is the most
powerful and consistent predictor of WMH severity
across all and any populations studied systematically
since its evolvement as a marker and manifestation
of diffuse cerebrovascular disease and a risk factor
for stroke, cognitive impairment, and functional dis-
ability.2,24,4 This indicator of effect consistency by age
on WMHV is especially significant considering the
lack of direct comparison studies of WMH burden
between general populations and patients with cere-
brovascular disease. An average WMHV reported for
stroke-free participants of the Framingham Offspring
Study (mean age 58 6 10 years) was 0.05 cm3;25

however, virtually no data exist with regard to
WMHV in the young with exception of patients with
early-onset stroke (mean age 46.1 6 7.5 years) with
average WMHV reported at 0.9 cm3.26 While no
direct comparison could be made between these very
different populations, mean WMHV of the relatively

young FD cohort (mean age 39.2 6 14.9 years) ap-
pears to be significantly greater at 4.7 cm3 in this
analysis, on average.

Second, history of prior stroke was significantly
associated with WMHV in this FD cohort. While
no systematic data on prior stroke subtypes in these
patients were available, WMH severity is known to
be strongly linked to small-vessel (lacunar) stroke sub-
type in ischemic stroke patients without FD.16 One
mechanism by which small-vessel infarcts may con-
tribute to the overall burden of WMHV is by the
long-term evolution of white matter lesion imaging
appearances on T2 MRI.27 Thus, our findings may
potentially point to the etiology of prior strokes
among the patients with FD in this analysis; however,
future dedicated analyses of stroke subtypes in pa-
tients with FD will be needed to fully assess this
question.

Third, variability in WMH burden and its deter-
minants emerged in the analysis of WMHV by
decade of life of the patients with FD. It appears that
at different disease stages, unique FD comorbidities
may be associated with WMH accumulation reflect-
ing the underlying mechanisms of pathobiology of
progression. Children and adolescents under age 21
had the lowest WMHV, as expected; however, with
the rise in prevalence of FD-specific comorbidities
over time, WMH burden appeared to increase as well.
In fact, the first 3 decades of life may represent the
vulnerable period, during which the FD-related
injury to the brain might accumulate along with
injury to other organs such as heart, but ultimately
manifest in patients with FD aged 31–40 years, when
cardiac pathology (CMP) is independently linked to
WMH severity. In the same age group, ERT exposure
appears to decrease WMHV. Given that diffusion
tensor imaging–detected microstructural damage to
white matter in FD is known to exist,28 one might
hypothesize that patients exposed to ERT prior to the
4th decade of life might exhibit lesser burden of
WMH. Similarly, the effect of other interventions
in FD might delay WML progression during this
period; however, dedicated studies are needed to fur-
ther test this hypothesis.

Beyond the 4th and 5th decade of life in patients
with FD, several other Fabry comorbidities emerge in
association with WMHV, possibly reflective of the
shared disease pathology contributing to multiorgan
damage: heart (CMP, cardiac arrhythmia), kidney
(proteinuria), GI problems, Fabry-associated pain
(small fiber neuropathy), and symptomatic cerebral
ischemia (prior stroke and TIA). Interestingly, female
sex was associated with lower WMHV in patients
with FD aged 41–60, albeit not independently, pos-
sibly pointing toward a protective property of a het-
erozygous status. However, female participants in this

Table 2 Determinants of white matter hyperintensity volume in 223 patients
with Fabry disease

Univariate model Multivariable model

b p b p

Age 0.03 ,0.0001b 0.02 0.008b,c

Sex 20.02 0.92

ERT 0.09 0.62

Fabry-associated pain 0.05 0.80

Migraine with aura 0.93 0.40

Migraine 0.03 0.92

Prior stroke 0.62 0.06a 1.13 0.02b,c

Prior TIA 0.64 0.09a 0.31 0.50

Hypertension 0.37 0.12

Cardiomyopathy 1.01 ,0.0001b 0.13 0.69

Proteinuria 0.18 0.29

Diabetes mellitus 20.72 0.45

Gastrointestinal problems 20.05 0.86

Cardiac arrhythmia 0.58 0.10a 0.08 0.83

Decreased sweating 20.06 0.83

Renal failure 0.78 0.03b 0.18 0.85

Hemodialysis 0.68 0.08a 22.8 0.07

Current tobacco use 0.47 0.07a 0.96 0.06

Current alcohol use 20.28 0.44

Abbreviation: ERT 5 enzyme replacement therapy.
aNominally significant values (p , 0.1) to include in the multivariable model.
bp Value , 0.05 (statistically significant).
c Independent predictors of log-transformed normalized white matter hyperintensity
volume.
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study were not tested for X chromosome inactivation
and prior studies have shown that female patients
who seek medical attention are more severely affected
by FD than their counterparts.29 Otherwise, with
exception of history of stroke being an independent
predictor of WMHV in the 5th decade of life, the
profile of WMH burden determinants appears to
reflect the spectrum of accumulating comorbidities
typical in the lifetime of FD. Overall, caution should
be exercised in interpreting the results of subset anal-
yses, which were exploratory in nature and based on

a relatively small number of patients included in per
stratum analysis, limiting the power to discover sig-
nificant associations with the outcome.

There are several limitations of this study. Patients
were recruited from multiple sites; thus, the specifics
of each individual site operations including the diag-
nosis and management of FD might have potentially
influenced the recruitment and enrollment process.
An effort to create a minimum dataset of relevant
clinical FD variables resulted in the informative data-
base for this analysis. However, a number of

Table 3 Determinants of white matter hyperintensity burden per decade of life in patients with Fabry disease

Univariate model Multivariable model

<21 y Age (b 0.1, p 5 0.0008) None

21–30 y None None

31–40 y CMPa (b 0.6, p 5 0.01); prior strokea (b 0.8, p 5 0.03); cardiac arrhythmiab

(b 0.6, p 5 0.11); ERTb (b 20.3, p 5 0.14)
CMPa,c (b 0.6, p 5 0.04); ERTa,c

(b 20.5, p 5 0.04)

41–50 y Female sexa (b 20.6, p 5 0.02); prior strokea (b 0.9, p 5 0.02); CMPb

(b 0.4, p 5 0.09); cardiac arrhythmiab (b 0.5, p 5 0.09); Fabry painb

(b 0.4, p 5 0.12); GI problemsb (b 0.3, p 5 0.16)

Prior strokea,c (b 0.9, p 5 0.01)

51–60 y Proteinuriaa (b 0.7, p 5 0.03); GI problemsb (b 0.8, p 5 0.07); Fabry painb

(b 0.5, p 5 0.09); female sexb (b 20.5, p 5 0.15)
None

61–70 y CMPa (b 1.5, p 5 0.005); proteinuriaa (b 1.2, p 5 0.02); TIAb (b 1.4, p 5 0.05);
ERTb (b 0.9, p 5 0.09); ageb (b 0.1, p 5 0.18)

None

Abbreviations: CMP 5 cardiomyopathy; ERT 5 enzyme replacement therapy; GI 5 gastrointestinal.
ap Value , 0.05 (statistically significant).
bNominally significant values (p , 0.2) to include in the multivariable model.
c Independent predictors of log-transformed normalized white matter hyperintensity volume.

Figure White matter hyperintensity (WMH) burden in Fabry disease varies by decade of life

WMH volumes (y axis) assessed on the brain MRI of 223 patients with Fabry disease vary by decade of life (x axis). The trend
line and mean WMH volume values per each decade are shown. Wilcoxon rank-sum test p value , 0.0001.
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important characteristics were not systematically cap-
tured across different sites, including, for example,
plasma cholesterol levels, prior stroke subtypes, tim-
ing of prior strokes, and indication for brain MRI.
This variability in data collection is a typical, albeit
significant, limitation of the retrospective study
design, and does pose a risk of confounding in our
analysis. If this were the case, the variability would
have effectively modified the results of association
in favor of a null hypothesis.

Another limitation of this study is the lack of sys-
tematic data with regard to the native enzyme activity
among the patients with FD included in this analysis.
As a result, we are unable to identify a proportion of
potential FD variants within this cohort, and there-
fore, not able to further evaluate the effect of classic
vs variant FD subtype on the overall burden of
WMH measured on brain MRI. Future analyses of
larger FD cohorts, with detailed biochemical charac-
terization, will be needed to assess this specific
question.

Furthermore, we were limited by the lack of
detailed information on the duration and consistency
of ERT in this cohort, including potential ERT inter-
ruption due to shortages in the United States from
September 2010 to March 2012. In the absence of
these data, as well as a very limited longitudinal set
of brain MRI, no meaningful cohort conclusions
could be made regarding white matter disease pro-
gression and the potential modifying effects of ERT.

Strengths of this study include the following: (1) it
is the largest-to-date cohort of patients with FD with
brain MRIs; (2) the study was coordinated centrally,
including the standardization of the clinical variable
data abstraction and MRI analysis; and (3) the MRI
scans were analyzed using a validated, semiautomated
volumetric method, which has been adapted to the
analysis of clinical scans and conducted by highly
trained neuroimaging research analysts.

Current markers of CNS disease burden in FD are
limited to event histories (such as TIA or stroke), and
although clinically significant and not infrequent,
these events represent an inadequate measure of dis-
ease burden and ongoing disease progression or
improvement. Using a validated, quantitative MRI-
based method of WMH analysis, we have been able
to demonstrate that age and prior stroke are indepen-
dent predictors of WMHV in patients with FD. Fur-
thermore, we discovered that burden of WMH, as
well as its determinants, varies by decade of life in this
unique cohort of patients. These data highlight the
lifelong CNS effects of FD-specific processes, and
the potential timeline for intervention with disease-
modifying treatments. Quantitative WMH analysis
offers an opportunity for an accurate MRI-based bio-
marker such as WMHV to be used in natural history

assessment, hypothesis-driven testing of associated
FD comorbidities, and in the future, as a potential
marker of efficacy of proposed therapies.
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