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Abstract: Enzyme replacement therapy with �-galactosidase A has
been used to treat Fabry disease since 2001. This article reviews the
published evidence for clinical efficacy of the two available enzyme
preparations. We focused on heart, kidney, and nervous system mani-
festations, which impact both quality of life and overall prognosis. A
literature search was undertaken to identify prospective open or ran-
domized controlled trials of enzyme replacement therapy in patients
with Fabry disease published since 2001. To date, no definitive conclu-
sion can be drawn from studies that have directly compared therapeutic
responses between the two commercially available enzyme prepara-
tions. Significant clinical benefits of enzyme replacement therapy have
been demonstrated, mainly in patients at an early phase of the disease,
with beneficial effects on heart, kidneys, pain, and quality of life in
treated patients. Incidence of antibodies against agalsidase alfa and
agalsidase beta observed during major clinical studies suggests a greater
antigenic response to agalsidase beta. Further studies are required to
confirm the long-term clinical benefits of enzyme replacement therapy.
More studies with female patients are needed as are investigations of

early initiation of enzyme replacement therapy to determine the optimal
time to start treatment to prevent irreversible organ damage. The value
of adjunctive and supportive therapies should also be rigorously
analyzed. Genet Med 2010:12(11):668–679.
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Fabry disease is an X-linked metabolic disorder caused by a
deficiency in the lysosomal enzyme, �-galactosidase A (�-gal

A) (OMIM #301500).1 As a consequence, the enzyme’s primary
incompletely catabolized substrate, globotriaosylceramide (Gb3),
accumulates in cells and organs throughout life. This accumulation
leads to multiorgan pathology that most seriously affects the kid-
neys, heart, and cerebrovascular system.2–4 The initial signs and
symptoms of Fabry disease emerge during childhood and adoles-
cence and typically include neuropathic pain crises, angiokerato-
mas, hypohidrosis, and gastrointestinal problems, including diar-
rhea, constipation, abdominal pain, and nausea and vomiting.5–7

However, because these signs and symptoms are not specific to
Fabry disease, these patients are frequently misdiagnosed, and the
correct diagnosis may be delayed.

Major organ involvement typically has its clinical presentation
between the age of 20 and 30 years. Kidney dysfunction occurs in
nearly all men with Fabry disease and usually presents with mild
proteinuria followed by progressive loss of glomerular filtration
rate (GFR).8 By the age of 40 years, end-stage renal disease is
usually reached.9–12 Cardiac disease, including progressive devel-
opment of left ventricular hypertrophy (LVH), valve thickening,
and conduction abnormalities leading to dysfunction, is common.13

Stroke is common, with a prevalence of up to 7.0% in Fabry patient
registries.14,15 Despite their usual indolent behavior, these major
organ pathologies are the principal cause of morbidity and prema-
ture mortality in patients with Fabry disease.8,15,16 Major organ
involvement has also been reported in children and adolescents,
including substantial reduction in GFR and proteinuria,6,17

LVH,7,18 and stroke.19,20 Themajor organ involvement combinedwith
the other pathologies of Fabry disease also result in a significantly
decreased quality of life for both affected adults21–23 and children.5

ENZYME REPLACEMENT THERAPY FOR FABRY
DISEASE

Enzyme replacement therapy (ERT) with �-gal A has been
commercially available since 2001. Two different forms are
available. Agalsidase alfa (Replagal®, Shire Human Genetic
Therapies, Inc., Cambridge, MA) is produced in a human cell
line by gene activation.24,25 It is administered by intravenous
infusion at 0.2 mg/kg every other week (EOW) over approxi-
mately 40 minutes, usually without routine premedication.
Agalsidase beta (Fabrazyme®, Genzyme Corporation, Cam-
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bridge, MA) is produced in Chinese hamster ovary cells by
recombinant techniques25 and is administered by intravenous
infusions EOW at a dose of 1.0 mg/kg. Premedication (antipy-
retic and/or antihistamine) is routinely used. Both enzymes are
available in Europe and many other countries.26,27 Agalsidase
alfa failed to gain US Food and Drug Administration approval
for marketing, and therefore, only agalsidase beta is available in
United States. In February 2008, European Union approval of
agalsidase beta under exceptional circumstances was lifted to
normal approval.28

The regulatory approval of both drugs was based on the results
of randomized, placebo-controlled clinical trials of each prepara-
tion. In a group of 26 adult male patients, agalsidase alfa reduced
the severity of neuropathic pain compared with placebo after 6
months and seemed to stabilize renal function during up to 4.5
years of treatment.29,30 A significant reduction in QRS-complex
duration was also observed. In a second study, 6 months of agal-
sidase alfa reduced left ventricular mass (LVM) in adult men
compared with placebo.31 The results of a third randomized clinical
trial of agalsidase alfa in adult men have been combined with the
results of the two studies cited above in a summary analysis of the
effects of agalsidase alfa on kidney function as assessed by mea-
sured GFR.32 This analysis demonstrated that GFR was stabilized
in patients with mild-to-moderate kidney dysfunction at baseline
and that this benefit was primarily seen in patients with baseline
proteinuria �1 g/day.

Agalsidase beta has been the subject of two randomized
clinical trials. In a group of 56 men and two women with Fabry
disease, agalsidase beta cleared Gb3 deposits from skin and
heart after 6 months33 and seemed to stabilize kidney function
during the 4-year, open-labeled extension study.34 The second
study was conducted with a patient population with evidence of
kidney dysfunction, and the group treated with agalsidase beta
demonstrated an increase in the time to first major renal, car-
diac, or cerebrovascular event compared with placebo (P �
0.06).35 This benefit was most prominent in patients with base-
line proteinuria �1 g/day.

The availability of ERT has led to an increased interest in Fabry
disease and its treatment as evidenced by the nearly 5-fold increase
in the number of articles published per year from 2001, when the
results of the initial clinical trials of ERT for Fabry disease were
published, to the first 6 months of 2009 (Fig. 1). In addition to case
reports and review articles, these articles include descriptions of
investigator-initiated studies in adult men and in children19,36,37 and
women38 with Fabry disease. The purpose of the present report is
to provide a comprehensive review of the literature on the clinical
efficacy of ERT in the treatment of Fabry disease.

MATERIALS AND METHODS

In April 2009, Shire Human Genetic Therapies, Inc. (Shire
HGT, Cambridge, MA) invited an international group of phy-
sicians from Europe, North America, Australia, and South
America who have extensive clinical experience in the manage-
ment and treatment of Fabry disease to a meeting in Frankfurt,
Germany, to discuss evidence relating to the use of ERT in
treatment of Fabry disease and to propose treatment goals. The
idea for and the decision to write this review and the companion
article discussing therapeutic goals of ERT in the treatment of
Fabry disease39 was made by the physician members of this
advisory board.

A systematic search of the PubMed database was conducted
using the following search strategy: (“Fabry* disease”) AND
(“agalsidase” OR “enzyme replacement” OR “Replagal” OR
“Fabrazyme”). The search was restricted to the period starting
January 1, 2001, and ending December 31, 2009. Case reports
and review articles were excluded from this summary, as were
retrospective studies (with the exception of studies that retro-
spectively analyzed data collected during the conduct of ran-
domized clinical trials) (e.g., Refs. 32 and 40). In addition,
studies that reported only biochemical changes during ERT
were excluded from the summary. Finally, the regulatory doc-
uments that have been filed with the European Medicines
Agency were also reviewed for any additional information that
may have not yet been published.

RESULTS

A total of 499 articles meeting the search criteria were
identified. Forty-eight of these reports described prospective
clinical studies of ERT for Fabry disease: 22 described the use
of agalsidase alfa, 22 described the use of agalsidase beta, and
four described pooled results of patients treated with either
preparation.41–44

Table 1 presents a summary of the results of these studies,
focusing on major organ involvement, including kidney dys-
function, cardiac structure and function, and cerebrovascular
changes and other symptoms that adversely affect quality of
life, including neuropathic pain and gastrointestinal problems.
In the remainder of this report, we will present a summary of
these studies and their results. We present them in an order that
has relevance in terms of the goals of ERT in Fabry disease.
These primary treatment goals include (1) preservation of kid-
ney function; (2) improvement of cardiac structure and func-
tion; (3) improvement of neurologic symptoms, mainly preven-
tion of stroke; and (4) improvement of quality of life by
reducing the prevalence and severity of pain.

Kidney function
Kidney dysfunction is nearly universal in men with Fabry

disease. Initial presentation is typically with microalbuminuria
or proteinuria with an age of onset as early as 7 years77 and a
prevalence exceeding 50% by the age of 35 years.78 A progres-
sive loss of filtering capacity begins at about the same age and
will usually advance to end-stage renal disease by an average
age of between 37 and 42 years.9 The loss of filtering capacity
may be preceded by a period of abnormally high GFR, or
hyperfiltration, in some patients.32 Female heterozygotes may
also experience kidney disease, but it is usually less severe and
progresses more slowly than in men.8 Of note, about 12% of
patients with Fabry disease on hemodialysis are women in both
American and European cohorts.9,80
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Fig. 1. The number of Fabry disease-related articles pub-
lished in the medical literature from 1970 to 2009.
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Table 1 Overview of clinical efficacy of enzyme replacement therapy for Fabry disease

Agalsidase alfa Agalsidase beta

Neuropathic pain ● Significant reduction in pain scores
compared with placebo29

● Small, insignificant decrease45

● Reduction in pain in both active and placebo groups33

Acroparesthesia ● Significant reduction in prevalence from
baseline41a

Nerve function ● Significant improvement in cold and heat
sensation threshold in the foot46

● Significant improvement in nerve function47

● No change in thermal threshold in the thigh48

Vestibular/auditory ● Improved vestibular function with no
change in auditory function48

● Improved hearing50

Kidney ● Stability of measured GFR more than 2 yr of
treatment, no effect on proteinuria, proteinuria
�1 g/day predicts continued decline in GFR32

● Stability of creatinine clearance and proteinuria51

● Stability of eGFR in men with Stage 1 or 2
CKD30 during a 4.5-yr period

● Stability of eGFR and proteinuria52b

● Improved creatinine clearance compared
with placebo.29 Stability of measured GFR

● Reduction in major clinical events (primarily renal).
Proteinuria �1 g/day predicts continued decline in
eGFR35

● Stable or improved eGFR in women,
improved proteinuria in women with
baseline exceeding 300 mg/day38

● Stable eGFR with 4.5 yr ERT. Proteinuria �1 g/
day predicts continued decline in eGFR34,53

● Proteinuria � 1 g/day or GFR � 90 predicted
continued loss of GFR during ERT54

● Sustained reduction in proteinuria when combined
with ACE inhibitors or ARBs55

Dialysis—transplant patients ● Slight increase in eGFR in transplant patients56 ● Reduction in pain and GI involvement57

● Increase in LVM in dialysis patients, decrease in
transplant patients44c

Heart ● No change in LVM, small increase in
fractional shortening41

● Reduction in heart rate and reduction in LVEDV.
No change in LVM58

● Significant reduction in MRI-measured
LVM compared with placebo31

● No change in LVM59

● Improved cardiac conduction29 in one case ● Reduction in MRI-measured LVM and LV wall
thickness60

● Significantly reduced LVM in women with
LVH, improved NYHA scores38

● Reduction in LVM and improved LV function and
exercise capacity in patients without fibrosis61

● Significantly improved heart rate variability
in boys19

● Reduction in LVM62

● Reduction in LVM and improvement in regional
wall function63

● Significant reduction in LV wall thickness in
patients with preserved kidney function54

● Reduction in LVM in patients without fibrosis, no
effect in patients with fibrosis64

● No effect on LVM65

QoL ● Significantly improved QoL in women66 ● No change58

● Improvements in SF-36 Health Status Survey—
General Health, Mental component45

● Improvements in both active and placebo groups33

(Continued)
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Some children and adolescents also have kidney dysfunction.
For example, in the Fabry Registry study of children with Fabry
disease, 2 of 71 boys and 1 of 73 girls had estimated GFR (eGFR)
�90 mL/minute/1.73 m2.17 Proteinuria was found in 4 of 42 boys
and 5 of 44 girls for whom 24-hour urinary protein measurements
were available. Of interest is a report that glomerular and renal
vascular morphological changes were clearly present in renal bi-
opsy samples from nine children with Fabry disease aged 7–18
years who demonstrated microalbuminuria or proteinuria.76

Effect of agalsidase alfa
In an open-labeled extension study, mean eGFR did not

change significantly in 20 adult male patients with baseline
eGFR �60 mL/minute/1.73 m2 during 4–4.5 years of agalsi-
dase alfa, although two of eight patients with baseline eGFR
between 60 and 90 mL/minute/1.73 m2 demonstrated loss of
eGFR to below 60 mL/minute/1.73 m2 during the study.30

West et al.32 have recently combined the renal results of the
above study with the results of two other randomized clinical
trials of agalsidase alfa in adult male patients. During a 6-month
placebo treatment period, GFR measured by inulin or radiola-
beled tracer techniques in 54 patients with baseline GFR below

135 mL/minute/1.73 m2 declined at an average rate of 7.0 �
32.9 mL/minute/1.73 m2/year (mean � SD). During 1–4.5
years of agalsidase alfa (mean 2.1 � 1.1 year), the mean rate of
decline in GFR was 2.9 � 8.7 mL/minute/1.73 m2/year (n �
85). No statistical analysis of these rates was reported. Thirty-
six patients who had GFR �135 mL/minute/1.73 m2 before or
during the placebo period were also treated with agalsidase alfa
for at least 12 months. In this subgroup of patients, GFR
declined at a rate of 10.5 mL/minute/1.73 m2/year during the
placebo period, but after switching to agalsidase alfa, GFR
remained stable, declining by only 0.1 mL/minute/1.73 m2/year
(P � 0.097 compared with placebo). Agalsidase alfa had no
effect on proteinuria during this study. An important finding in
this study was that baseline proteinuria �1 g/day was signifi-
cantly associated with continued and rapid loss of GFR during
treatment with agalsidase alfa (Fig. 2). This summary analysis is
the only study to report on the renal effects of ERT in Fabry
disease using measured GFR rather than eGFR. This fact is
important because the use of eGFR has never been validated in
Fabry disease, and the West study showed that eGFR overesti-
mated measured GFR by about 25% in adult men.

Table 1 Continued

Agalsidase alfa Agalsidase beta

CNS ● Strokes occur during treatment30 ● Strokes occur during treatment53

● Increase in number of white matter lesions67 ● Increase in number of white matter lesions43

● Appearance and disappearance of white matter
lesions68

● Correction of abnormally elevated cerebral
blood flow and cerebrovascular responses69,70

Sweat function ● No change 2 days or 2 weeks after treatment71

● Improved sweat function46

● Apparent improvement in sympathetic skin
response72

GI ● Reduced severity and frequency of GI pain73

MSSI ● Significant reduction in total, general,
neurologic, and cardiovascular scores74

● Improvement in total, neurologic, and
cardiovascular scores in women38

● Significant reduction in MSSI in men and
women75

Cardiopulmonary function ● Improvement in NYHA classification in
women38

● No significant changes76

Children ● Well tolerated, appears to decrease pain36 ● Well tolerated, GI involvement improved37

● Significantly improved heart rate variability in
boys, decrease in pain medication19

Women ● Improved LVM and QoL66

● Improvements in heart, kidney, pain, and
MSSI38

aTwenty-two of 27 treated with agalsidase alfa.
bDose decreased from 1.0 to 0.3 mg/kg EOW after Week 24.
cThirty of 33 patients were treated with agalsidase beta.
GFR, glomerular filtration rate; eGFR, estimated GFR; CKD, chronic kidney disease; ERT, enzyme replacement therapy; ACE, angiotensin converting enzyme; ARBs,
angiotensin receptor blockers; GI, gastrointestinal; LVM, left ventricular mass; MRI, magnetic resonance imaging; LVEDV, left ventricular end diastolic volume; NYHA,
New York Heart Association; LV, left ventricular; QoL, quality of life; SF-36, Short Form-36; GI, gastrointestinal; MSSI, Mainz Severity Score Index.
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In a 4-year study in 36 women with Fabry disease, eGFR
remained stable in patients with baseline eGFR �90 mL/
minute/1.73 m2 or with baseline eGFR between 30 and �60
mL/minute/1.73 m2.38 In patients with baseline eGFR between
60 and �90 mL/minute/1.73 m2, mean eGFR increased from
76.6 � 8.5 (mean � SEM) at baseline to 85.5 � 13.2 after 1
year (P � 0.01) and remained significantly elevated throughout
the remainder of the study. Proteinuria was significantly re-
duced after 3 years of agalsidase alfa in the 11 patients with
baseline protein excretion in excess of 300 mg/day.

Effect of agalsidase beta
Germain et al.34 reported that eGFR declined by about 1.1

mL/minute/1.73 m2/year in 58 adult patients with normal pre-
treatment eGFR treated with agalsidase beta for a mean of 52.2
months. Baseline proteinuria �1 g/day was significantly asso-
ciated with continued progressive loss of eGFR during the study
(Fig. 2). Median proteinuria did not change during the study.

In a randomized, double-blinded, placebo-controlled study,
agalsidase beta was associated with delayed time to first major
clinical event (a composite of renal, cardiac, or cerebrovascular
event or death, hazard ratio � 0.47, P � 0.06). When censored
for failure to comply with the protocol, ERT was associated
with a significant delayed time to first major clinical event,
hazard ratio � 0.39, P � 0.034.35 Although the majority of
events in both the placebo and agalsidase beta groups were renal
(i.e., a 33% increase in serum creatinine), no change in mean
eGFR, serum creatinine, or proteinuria was seen in either group
during the median 18.5-month study period.

The role of baseline severity of renal dysfunction in relation to
ERT response was also studied by Breunig et al.54 Baseline eGFR
categorized as above or below 90 mL/minute/1.73 m2 had no
apparent effect on the change in eGFR during 2 years of agalsidase
beta. However, from data presented in the article, the influence of
baseline proteinuria on rate of loss of eGFR could be estimated.
Figure 2 shows that effect of baseline proteinuria on loss of eGFR
was consistent with the other studies of ERT in Fabry disease.

The results of a recent study suggest that aggressively targeting
proteinuria with angiotensin converting enzyme (ACE) inhibitors

and/or angiotensin receptor blockers (ARBs) may improve the
renal response to agalsidase beta in patients with mean baseline
eGFR �60 mL/minute/1.73 m2.55 Nevertheless, severe complica-
tions were observed during this study of 11 patients (eight men and
three women), including three patients with hypotension, three
patients with hyperkalemia with serum K� �6.0 mEq/L, and three
patients requiring intracardiac defibrillator devices. In addition, one
patient received a kidney transplant and another progressed to
end-stage renal disease during the treatment period.

Cardiac involvement
Cardiac involvement in Fabry disease is common and in-

cludes LVH, valvular dysfunction, and conduction abnormali-
ties.13 The majority of male and female patients develop
LVH,13,81 with an onset between the age of 20 and 30 years.13

As the disease progresses, myocardial fibrosis is common.82

Systolic function assessed by conventional methods typically
remains normal,81 although subtle changes in systolic function
can be detected with tissue Doppler imaging.83 Cardiac involve-
ment is the most common cause of premature mortality in men
and women with Fabry disease.15,16

Effect of agalsidase alfa
Two prospective studies of the effect of agalsidase alfa on

LVM have been reported and are summarized in Table 2.
Hughes et al.31 conducted a double-blinded, placebo-controlled
study of agalsidase alfa in adult men (n � 15) with baseline
LVH using magnetic resonance imaging to assess LVM. After
6 months of treatment, LVM had decreased by 11.5 g in the
agalsidase alfa group and had increased by 21.8 g in the placebo
group, a difference that was statistically significant (P � 0.043).
During the 2-year, open-labeled extension of this study, LVM
was not significantly changed compared with baseline, but
significant decreases in LV posterior wall and septal wall thick-
ness suggested that cardiac remodeling had occurred while on
treatment with agalsidase alfa.

Whybra et al.38 treated 36 women with Fabry disease for 4
years and found sustained reductions in LVM regardless of

Fig. 2. A summary of rates of change of glomerular filtration rate (GFR) in Fabry disease with or without enzyme
replacement therapy (ERT). Referenced in this figure: West (agalsidase alfa, 2.1 yrs)32, Breunig (agalsida beta, 1.9 yrs)54,
Germain (agalsidase beta, 4.3 yrs)34, West (0.5 yrs)32, Schwarting (1 yrs)79, Branton (4 yrs)78. Adapted from J Am Soc
Nephrol. 2009;20:1132–1139, with permission from the American Society of Nephrology.
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baseline LVM. For example, nine patients with baseline LVM
indexed to height between 60 and 85 g/m2.7 demonstrated a
reduction from 76.3 � 9.9 g/m2.7 at baseline to 57.4 � 13.3
g/m2.7 after 1 year (P � 0.001). This significant reduction was

sustained throughout the 4 years of treatment. Similar reduc-
tions were observed in subgroups with baseline LVM between
48 and 60 g/m2.7 and �85 g/m2.7. In addition to the morpho-
logical improvement, the average New York Heart Association

Table 2 A summary of the effect of ERT on left ventricular mass

Study N M/F
Age
(yr)

Study
design

Control
group Method

Blinded
evaluation

Treatment time

Baseline 6 12 18 24

Agalsidase alfa,
0.2 mg/kg EOW

Hughes et al.31 7 7/0 37 DB Placebo MRI NR 276 g 265ga b b b

7 7/0 37 248 g 270 g

Whybra et al.38 36 0/36 47 OL, P None Echocardiogram NR 131.9 98.1c 98.1c

(9) 76.3 57.4c 56.5c

(9) 56.0 44.0c 44.0c

(8) 40.7 35.3d 35.3d

(11) g/m2.7 g/m2.7 g/m2.7

Agalsidase beta
1.0 mg/kg EOW

Pisani et al.57 6 ND ND OL, P None Echocardiogram Yes 73 g/m2.7 74 g/m2.7 75 g/m2.7

Elliott et al.59 5 5/0 53.8 OL, P None PET NR 226.3 g/m2 226.7 g/m2

Kalliokoski
et al.65

7 4/3 38.5 OL, P None Echocardiogram NR 151 g/m2 156 g/m2

Weidemann
et al.63

10 ND ND OL, P None MRI NR 208 g 180 ge

Spinelli et al.62 9 7/2 40.8 OL, P None Echocardiogram Yes 183 g/m2 170 g/m2d

Vedder et al.42 8f NR NR OL, P None Echocardiogram NR NRg �65 ge

6h NR NR �77 ge

Breunig et al.54 9i 5/4 38.2 OL, P None Echocardiogram Yes 11.7 mmj 10.7 mme

16k 14/2 43 14.0 mm 13.4 mm

Beer et al.64 8l ND ND OL, P None MRI NR 211 g 195 g

9m ND ND 160 g 145 gd

Weidemann
et al.61

12m NR 36 OL, P None Echocardiogram Yes 238 g 213 g 202 gn

11 NR 42 OL, P 275 g 244 g 244 gn

9l NR 50 OL, P 303 g 255 g 247 gn

Imbriaco et al.60 11 8/3 35 OL, P None MRI NR 188 g 153c,o

Reprinted from Clinical Therapeutics. 2009;31:1966–1976 (Kampmann et al.), with permission from Excerpta Medica, Inc.
aP � 0.05 for the comparison of changes observed in the agalsidase alfa group and the placebo group.
bNo change from baseline for the 10 patients who participated in open-label treatment.
cP � 0.001 compared with baseline.
dP � 0.01.
eP � 0.05.
fIgG antibody negative at the end of the study.
gAverage LVM for 18 patients treated with agalsidase beta.
hIgG antibody positive at end of study.
iGlomerular filtration rate (GFR) � 90 mL/min/1.73 m2.
jPosterior wall thickness.
kGFR � 90 mL/min/1.73 m2.
lMyocardial fibrosis at baseline.
mNo myocardial fibrosis at baseline.
nThirty-six months time point. P � 0.01 for the overall effect of ERT over time.
o45 months.
M/F, male/female; ERT, enzyme replacement therapy; EOW, every other week; DB, double blind; MRI, magnetic resonance imaging; NR, not reported; OL, open label;
P, prospective; ND, cannot be determined from data presented in the article; PET, positron emission tomography.
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heart failure classification was improved significantly during
treatment with agalsidase alfa.

Effect of agalsidase beta
The effect of agalsidase beta on LVM has been investigated

in 10 open-labeled clinical studies (Table 2). Three of the
studies reported no change in LVM after 1 or 2 years of
agalsidase beta treatment.57,59,65 Of note, the primary endpoint
of two of these studies was to assess myocardial blood flow and
coronary flow reserve59 and myocardial perfusion reserve.65

The remaining studies found a significant decrease in LVM in
either the entire study population or in one or more sub-
groups.42,54,60–64 Of interest are the two studies in which pa-
tients were grouped according to the presence or absence of
myocardial fibrosis. Myocardial fibrosis is seen in the late stages
of Fabry cardiomyopathy and is associated with increased LVM
and a reduction in function.84 Beer et al.64 used gadolinium-
enhanced magnetic resonance imaging to detect the presence of
increased myocardial collagen content. LVM in the eight pa-
tients with evidence of fibrosis at baseline did not change
significantly after 1 year of treatment. In contrast, LVM of the
nine patients without fibrosis declined from 160 � 23 g at
baseline to 145 � 27 g at 1 year (P � 0.008). Weidemann et
al.61 conducted a similar study in which they compared the
response to 3 years of agalsidase beta in patients with no
fibrosis, mild fibrosis, and severe fibrosis at baseline. Posterior
wall thickness and LVM decreased significantly in all three
groups. Radial and longitudinal function measured by color
Doppler imaging was reduced at baseline in each of the three
groups. During the 3 years of agalsidase beta, a significant
increase in peak systolic strain rate of the posterior wall was
seen only in patients with no fibrosis. This group also demon-
strated a small but significant improvement in exercise capacity
during the study. These results were interpreted to support early
initiation of ERT by the investigators.

Neurologic involvement
Patients with Fabry disease experience a variety of neuro-

logic symptoms, including neuropathic pain, impaired sweating,
and hearing deficit.3 Stroke is the most important contributor to
morbidity and premature mortality with an overall prevalence of
6.9–9.0% in men and 4.3–5.2% in women in patient registries
(3800 patients in all).14,15

Effect of agalsidase alfa
Schiffmann et al.29 reported that agalsidase alfa reduced the

severity of neuropathic pain in a 6-month, double-blinded clin-
ical trial. However, methodological problems with the study,
including imbalance in baseline pain scores in the two groups
and the requirements for intermittent withdrawal from pain
medications during assessment, raise concerns about this anal-
ysis. During the open-labeled extension of this study, the pa-
tients in the original placebo group demonstrated a drop in the
Brief Pain Inventory (BPI) “pain at its worst” score from 6.9 to
4.5 after 6 months of agalsidase alfa (P � 0.015).46 In women,
BPI “pain at its worst” scores were significantly reduced after 1
year of treatment, and this benefit was sustained throughout the
4-year study.38 Evidence exists for a positive effect on pain in
children, including the reduction in need for pain medications19

and reduction in pain scores.36

Evaluation of the effect of agalsidase alfa on peripheral nerve
function has yielded inconsistent results. Schiffmann et al.46

reported an improvement in hot and cold sensation in the foot
and sweating during up to 3 years of agalsidase alfa therapy but
no increase in intraepidermal innervation density, suggesting

that epidermal nerve fibers do not regenerate during agalsidase
alfa treatment.48

Several studies have demonstrated significant functional
changes in the vasculature of the brain with agalsidase alfa,69,70,85

but no effect on the incidence of stroke has been observed. Indeed
stroke has been observed in some patients during treatment with
agalsidase alfa in clinical trials (e.g., Refs. 29 and 38). Increases in
the number of white matter lesions detected by magnetic resonance
imagine during agalsidase alfa have been reported.43,67,68

A small study of adult male patients with Fabry disease reported
on the effect of agalsidase alfa on hearing.50 Eleven of 15 men had
bilateral or unilateral high-frequency sensorineural hearing loss of
at least 30 dB at baseline. During the course of 30 months of
agalsidase alfa, a significant improvement was reported in the 10
patients who remained in the study. Palla et al.49 studied 37 patients
treated with agalsidase alfa and reported an improvement in ves-
tibular function within the first year of ERT, whereas auditory
function did not improve during the 5-year study.

Effect of agalsidase beta
Eng et al.33 reported significant reductions in pain scores

during a 6-month, double-blinded study, but baseline scores
were low, and similar significant reductions were also seen in
the placebo group. Hilz et al.47 found improvements in vibra-
tory, cold, and heat-pain detection thresholds after 18 or 23
months of agalsidase beta, but some patients exhibited no
change or worsening of threshold during treatment, suggesting
that they had experienced irreversible changes before initiation
of ERT.

No effect on the incidence of stroke has been reported for
agalsidase beta, and strokes have been reported during treatment
with agalsidase beta (e.g., Ref. 53). Increase in number of white
matter lesions have also been reported during treatment with
agalsidase beta.43

Quality of life
Men and women with Fabry disease experience decreased

health-related quality of life compared with the general popu-
lation, primarily as the result of pain, stroke, and cardiac and
renal disease.21–23,66,86 A single study in women that used the
Short Form-36 to assess quality of life showed that 6 months of
agalsidase alfa significantly improved the physical summary,
role-physical, and general health scores.66 No comprehensive
quality of life studies in men treated with agalsidase alfa have
been reported. A study of 13 men treated with agalsidase beta
for 20 weeks showed statistically significant improvement in the
Short Form-36 General Health and Mental Component Scale
scores compared with baseline.45

Gastrointestinal involvement
Gastrointestinal disturbances, primarily abdominal pain

and diarrhea, are common in men and women with Fabry
disease.87,88 A single study of 11 patients treated with agal-
sidase alfa for 6 months observed that the frequency and
severity of abdominal pain were significantly reduced and
five of six patients with baseline diarrhea experienced an
improvement.73 Wraith et al.37 reported that children treated
with agalsidase beta for 48 weeks experienced significant
reductions in the prevalence of postprandial pain and vom-
iting compared with baseline.

General improvement
The Mainz Severity Score Index (MSSI) is an instrument for

quantifying the overall severity of the signs and symptoms of
Fabry disease.75 The MSSI assigns scores based on the presence
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and severity of signs and symptoms in four areas: general,
neurologic, cardiovascular, and renal. In a study including 30
patients (23 men and 7 women) who were treated for 1–5 years
with agalsidase alfa, total MSSI scores were significantly im-
proved compared with baseline (P � 0.0001).74 Whybra et al.38

reported that total MSSI scores in a group of 36 women were
significantly reduced after 1 year of agalsidase alfa and re-
mained significantly reduced throughout the 4 years of treat-
ment. Improvements in the neurologic and cardiovascular sub-
scores were responsible for most of the improvement. No
similar studies of the effect of agalsidase beta on the general
response to ERT using the MSSI or other instrument (e.g.,
Giannini et al.89) have been published.

Women with Fabry disease
Fabry disease has been considered historically to affect only

men, but heterozygous females may experience all the signs and
symptoms of Fabry disease. The phenotypic expression of
Fabry disease typically emerges about 10 years later in women
than in men and has a more varied expression in terms of
severity and rate of progression.86,87,90,91 In contrast to men,
heterozygous women usually have �-gal A levels that are within
the normal range and do not correlate with the severity of the
signs and symptoms.38

A single study, specifically designed to investigate the
effect of ERT in symptomatic women with Fabry disease has
been reported. Whybra et al.38 treated 36 symptomatic
women with agalsidase alfa for 4 years. Significant improve-
ments were seen in severity of pain, MSSI score, LVH, and
proteinuria. These responses have been described in more
detail in the appropriate sections above. Women have been
included in the study populations of clinical trials of agalsi-
dase beta (e.g., Refs. 33 and 35), but too few have been
included (two in one study and 10 in the other) for robust
subgroup analyses to be performed. No studies specifically
designed to investigate the effects of agalsidase beta in
women have been reported.

Children with Fabry disease
The signs and symptoms of Fabry disease typically emerge

during childhood and adolescence.5–7,17,36 In a review of the
prevalence of Fabry disease manifestations in children, Pintos-
Morell and Beck92 reported that the most common symptoms
include neuropathic pain (63% of boys and 46% of girls),
hypohidrosis (34% of boys and 14% of girls), and gastrointes-
tinal problems (33% of boys and 19% of girls). Major organ
involvement, including LVH, kidney dysfunction, and stroke
may also occur in these young patients.92

Two studies of agalsidase alfa in children have been reported.
Ries et al.19 treated 19 boys and 5 girls for 6 months. Agalsidase
alfa was generally well tolerated, and 6 of 11 patients who were
taking anticonvulsant medication for neuropathic pain at baseline
were able to discontinue these medications. Sweat function was
assessed by quantitative sudomotor axon reflex testing in 13 pa-
tients and showed an increase in sweat volume from 0.48 �L/mm2

at baseline to 0.73 �L/mm2 at 6 months (P � 0.06). Boys have
decreased heart rate variability (HRV) compared with the non-
Fabry population,18 and in this study, all time-domain indices of
HRV were improved in boys treated with agalsidase alfa.19 This

study has been extended to 4 years of agalsidase alfa.93 The effect
on HRV persisted throughout the extended period, and significant
improvement in BPI “pain at its worst” scores were observed after
1 year of ERT. A similar open-labeled study was conducted by
Ramaswami et al.,36 who treated nine boys and four girls for 23
weeks. BPI pain scores tended to decrease in the study.

One study of agalsidase beta in children has been reported.
Wraith et al.37 treated 14 boys and 2 girls for 48 weeks and
reported a decrease in the prevalence of postprandial pain and
vomiting compared with baseline.

Antibodies and their influence on efficacy
Exogenous �-gal A would be viewed as “foreign” by most

men with Fabry disease, and thus, an immune response on
repeat dosing would be expected. IgG antibodies have been
reported in patients treated with either agalsidase alfa or agal-
sidase beta (Table 3). According to data on file with the Euro-
pean Medicines Agency (which was supplied by Shire HGT and
Genzyme Corp.), 24% of men treated with agalsidase alfa
develop IgG antibodies and 89% of patients treated with agal-
sidase beta develop IgG antibodies.26,27 IgG antibodies have not
been reported in women treated with agalsidase alfa (e.g., Ref.
38), whereas about 40% of adult women treated with agalsidase
beta develop IgG antibodies (Table 3). To date, IgE antibodies
have only been reported in patients treated with agalsidase beta
(Table 3).

Although the information presented in Table 3 suggests that
agalsidase alfa is less immunogenic than agalsidase beta, this
comparison is problematic because these patients were studied
in different trials under different conditions, and different meth-
ods may have been used to detect antibodies in plasma. In
addition, the larger dose of agalsidase beta compared with
agalsidase alfa may explain some of the difference in antige-
nicity. A single head-to-head trial has been conducted and found
that more patients treated with the approved dose of agalsidase
beta (1.0 mg/kg EOW) developed IgG antibodies (8 of 10) than
patients treated with the approved dose of agalsidase alfa (0.2
mg/kg EOW; 4 of 10; P � 0.005). Nevertheless, this difference
did not seem to be entirely due to the larger dose of agalsidase
beta, as patients treated with a lower dose (0.2 mg/kg EOW) of
agalsidase beta also developed IgG antibodies at a higher rate
(six of eight patients).42

Little evidence exists to suggest that the presence of IgG
antibodies directed against either agalsidase alfa or agalsidase
beta influences the clinical response to ERT. For example, in a
study of adult men treated with agalsidase alfa, the presence of
IgG antibodies did not affect the rate of change of eGFR during
4–4.5 years.30 In a retrospective analysis of the results of the
two major clinical trials of agalsidase beta,34,35 Bénichou et al.40

found no association between peak antibody titer and the rate of
change of eGFR or the time to first clinical event.

Biochemical evidence has been reported that suggests that
IgG antibodies may attenuate some of the response to ERT.
Schiffmann et al.30 reported that patients on agalsidase alfa who
were persistently IgG positive did not demonstrate a reduction
in urine sediment Gb3 levels, although no effect on the reduc-
tion in plasma Gb3 levels was seen. Vedder et al.42 found no
influence of antibodies on the reduction of urine Gb3 levels in
patients treated with the approved dose of agalsidase beta in
contrast to the attenuated response seen in the pooled cohort
treated with either agalsidase alfa or agalsidase beta at 0.2
mg/kg EOW. Again, the presence of IgG antibodies did not
affect the response of plasma Gb3 during ERT. In contrast to the
results of Vedder et al., other investigators have reported an
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attenuation of biochemical responses in IgG-positive patients
treated with agalsidase beta at 1.0 mg/kg EOW. Bénichou et
al.39 investigated the effect of antibodies on the clearance of
Gb3 from dermal endothelial cells in patients treated with
agalsidase beta and found that the largest percentage of nonzero
score was found in the group of patients with the highest
antibody titers. A delayed and attenuated normalization of urine
Gb3 levels was found by Ohashi et al.94 in patients treated with
agalsidase beta who were IgG positive compared with the
patients who remained IgG negative. Lubanda et al.52 found that
mean urine Gb3 levels did not decline after 6 months of agal-
sidase beta in patients with the highest antibody titers. It must be
emphasized that the measurements of Gb3 in urine, plasma, or
tissue noted above do not represent biomarkers, because their
magnitudes do not correlate with either the severity of the
symptoms of Fabry disease or any clinical response to ERT.95,96

Thus, no conclusions about the influence of antibodies on the
clinical response to ERT can be inferred from these biochemical
observations.

It is important to note that IgG antibodies directed against
one form of �-gal A are reported to cross-react with the other
form.97 Although the impact of these antibodies on clinical
response remains unresolved, at least one case of a severe
infusion reaction has been reported in an IgG-positive patient
who switched from agalsidase alfa to agalsidase beta.98 This
patient developed low-titer IgG antibodies (titer � 200) during
therapy with agalsidase alfa and experienced an anaphylactoid
reaction during his second infusion of agalsidase beta and again
on rechallenge. No antiagalsidase beta IgE antibodies were
found, and skin tests were negative.

DISCUSSION

Agalsidase alfa and agalsidase beta are similar, but not identical,
formulations of �-gal A for the treatment of Fabry disease.25

Ideally, the results of head-to-head clinical trials would be used to
compare the clinical efficacies of the two drugs. Two studies have
reported on patients treated with either agalsidase alfa or agalsidase
beta.42,43 In the first study,42 the administered dose of agalsidase
beta (0.2 mg/kg EOW) was lower than the approved regimen. In
the second study, the results of agalsidase alfa at its approved dose
(0.2 mg/kg EOW) were pooled with those of agalsidase beta at 0.2
mg/kg EOW for the comparison with agalsidase beta at 1.0 mg/kg
EOW.42 One head-to-head clinical study, The Canadian Fabry
Disease Initiative, was initiated in 2007.99 This study involves a
randomized assignment of ERT-naïve patients with Fabry disease
to either agalsidase alfa or agalsidase beta at their respective
standard doses and routinely monitors major organ involvement.
Preliminary results from this study have been posted on the
Canadian Institute of Health Research website (available at:
http://www.cihr-irsc.gc.ca/e/39674.html), but no peer-reviewed re-
sults have been published from this study.

The results of the present review did not reveal any clear
differences in clinical responses among patients treated with
agalsidase alfa or agalsidase beta. To date, there have been more
published studies of agalsidase alfa than agalsidase beta in
special populations such as female patients and young patients.
The reported results in treated patients support the benefits of
early initiation of ERT. For example, both drugs stabilize kid-
ney function in patients with moderate kidney disease but seem
to have less effect in patients with advanced disease as evi-

Table 3 Incidence of antibodies observed during major clinical studies of agalsidase alfa and agalsidase beta

Study Study population Duration IgG IgE or positive skin test

Agalsidase alfa

Schiffmann et al.29,30 Adult men 4–4.5 yr 14/25 (56%) 0/25

Hughes et al.31 Adult men 2–2.5 yr 3/15 (20%) 0/15

Ries et al.19 Boys 6 mo 1/19 (5.3%) 0/19

Girls 0/5 0/5

Ramaswami et al.36 Boys 6 mo 1/9 (11%) 0/9

Girls 0/4 0/4

Whybra et al.38 Adult women 4 yr 0/36 0/36

Agalsidase beta

Germain et al.34 Adult men 4–4.5 yr 51/56 (91%) 4/56 (7.1%)

Adult women 1/2 (50%)

Banikazemi et al.35 Adult men 1 yr 41/55 (75%) 3/63 (4.8%)

Adult women 3/8 (38%)

Lubanda et al.52 Adult men 6 moa 18/21 (86%)a NA

Wraith et al.37 Boys 6 mo 8/11 (73%) b

Girls 0/2 0/2
aPatients were treated with agalsidase beta at 1.0 mg/kg EOW for the first 6 mo of the study and then switched to 0.3 mg/kg EOW. These results reflect only the first
6 mo of the study.
bOne boy tested positive for IgE after leaving the study to be treated with commercial product.
NA, not available.

Lidove et al. Genetics IN Medicine • Volume 12, Number 11, November 2010

676 © 2010 Lippincott Williams & Wilkins



denced by proteinuria �1 g/day (Fig. 2).32,34 Similarly, a better
cardiac response was seen in patients without evidence of
myocardial fibrosis at baseline.61,64 Conceptually, early initia-
tion of ERT, even before major organ damage is evident, should
provide optimal benefit, but no evidence yet exists that this
strategy will result in better long-term outcomes.

ERT is but one part of the overall management of Fabry
disease. Adjunct therapy should be considered when appropri-
ate. For example, anticonvulsant drugs may be used to treat
neuropathic pain; dietary restrictions, H2 blockers, and proton
pump inhibitors may relieve some gastrointestinal problems;
and antiplatelet agents may reduce the risk of myocardial in-
farction and stroke. Of great interest is the use of ACE inhibitors
or ARBs. These drugs are now considered standard of care for
patients with nephropathy, regardless of the etiology, and may
reduce proteinuria independent of their effect on blood pres-
sure.100 A single small study of these agents has been conducted
with patients with Fabry disease receiving agalsidase beta, and
its results suggest that adding this treatment to ERT may extend
the benefits of ERT to patients with more advanced kidney
dysfunction.55 A prospective observational study is underway in
which patients with Fabry disease with kidney disease and
proteinuria who are currently receiving agalsidase beta will be
treated with an ACE inhibitor or an ARB (available at: http://
www.clinicaltrials.gov/ct2/show/NCT00446862?term � fabrazyme&
rank�13). The primary purpose of this study is to determine
whether titrating the dose of an ACE inhibitor or ARB to reduce
urine protein/creatinine to a ratio below 0.5 will slow the
decline in GFR over 24 months. In the early studies of ERT in
Fabry disease, the use of ACE inhibitors or ARBs was not
dictated by protocol, and their effect on renal outcomes could
not be formerly assessed.30,32,34,35,54 It should be noted that
patients with Fabry disease typically have normal blood pres-
sure, and some patients may not tolerate the hypotensive activ-
ity of these agents.

ERT for Fabry disease has been commercially available for
more than 8 years, and randomized, placebo-controlled clinical
trials will be difficult to conduct because few patients will be
ERT naïve. In addition, ethical concerns exist about enrolling
patients in a placebo-controlled trial when approved treatment is
available. Patient registries and outcome surveys have the po-
tential to add to our assessment of the safety and efficacy of
ERT because they have the goal of acquiring data from a large
number of patients at various stages of the disease process over
long periods of follow-up. Despite this potential, it must be
noted that the patient population enrolled in these registries may
not reflect the entire Fabry disease population because asymp-
tomatic patients may be underrepresented. In addition, data
collection in these registries is often incomplete, and there is
little standardization of test methods. Despite these limitations,
reports from the Fabry Outcome Survey (FOS) generally con-
firm the results of the prospective clinical studies of agalsidase
alfa. For example, in the most recent report from FOS, Mehta et
al.101 reported that during 5 years of treatment with agalsidase
alfa, stabilization or improvement was seen in men and women
for LVM, mean fractional shortening, health-related quality of
life, and neuropathic pain. Beneficial effects of agalsidase alfa
have also been reported in FOS for health-related quality of
life,102 gastrointestinal problems,103 and hearing.104 Other re-
ports on the effects of agalsidase beta in the Fabry Registry are
anticipated. Long-term registry and survey data may provide
additional useful information about the safety and efficacy of
ERT. Importantly, periodic reports from these surveys and
registries are requested by the regulating authorities for their
continuing evaluation of ERT for Fabry disease.

CONCLUSIONS

ERT represents an important milestone in the management of
Fabry disease, and this review of clinical outcomes illustrates
several important points. The published reports strongly support
clinical benefit with ERT, but considerable variation in the
response to ERT exists. Such variation is not surprising given
the heterogeneous phenotypic expression in patients of all ages
with Fabry disease and the lack of clear guidelines about which
patients to treat and when to initiate treatment. It will be
important to establish treatment guidelines and therapeutic
goals for the various patient populations to manage expectations
and to aid in the evaluation of the results of ERT in the clinical
practice environment. The potential difference in antigenicity
between the two approved drugs and the influence of antibodies
on the clinical responses have not been conclusively addressed.
Until these issues are resolved, clinical responses remain a
better indicator than biochemical changes when evaluating the
response to ERT.

Much remains to be learned about ERT and Fabry disease.
For example, the optimum time to initiate ERT has not yet been
determined, and no guidance about when or if to switch patients
from one drug to the other in the face of apparent clinical failure
or intolerance has been published. It is hoped that future studies
will address these important issues.

Limitation of this review
This report is based on a review of the published literature,

which itself is subject to bias. For example, negative or neutral
studies are less likely to be published. With the exception of the
four double-blinded, placebo-controlled studies,29,31,33,35 the
quality of the remaining studies was variable. Patients included
in randomized clinical trials could have been included in the
FOS or Fabry Registry. For this reason, results from these
registries were only included in the commentary section. This
article was read by Shire HGT for statutory reasons. All the
authors certify that the manuscript was not modified in any way
after this reading.
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ropathy. Neurology 2004;62:1066–1072.

48. Schiffmann R, Hauer P, Freeman B, et al. Enzyme replacement therapy and
intraepidermal innervation density in Fabry disease. Muscle Nerve 2006;
34:53–56.

49. Palla A, Hegemann S, Widmer U, Straumann D. Vestibular and auditory
deficits in Fabry disease and their response to enzyme replacement therapy.
J Neurol 2007;254:1433–1442.

50. Hajioff D, Enever Y, Quiney R, Zuckerman J, Mackermot K, Mehta A.
Hearing loss in Fabry disease: the effect of agalsidase alfa replacement
therapy. J Inherit Metab Dis 2003;26:787–794.

51. Choi JH, Cho YM, Suh KS, et al. Short-term efficacy of enzyme replace-
ment therapy in Korean patients with Fabry disease. J Korean Med Sci
2008;23:243–250.

52. Lubanda JC, Anijalg E, Bzduch V, Thurberg BL, Benichou B, Tylki-
Szymanska A. Evaluation of a low dose, after a standard therapeutic dose,
of agalsidase beta during enzyme replacement therapy in patients with
Fabry disease. Genet Med 2009;11:256–264.

53. Wilcox WR, Banikazemi M, Guffon N, et al. Long-term safety and efficacy
of enzyme replacement therapy for Fabry disease. Am J Hum Genet
2004;75:65–74.

54. Breunig F, Weidemann F, Strotmann J, Knoll A, Wanner C. Clinical benefit
of enzyme replacement therapy in Fabry disease. Kidney Int 2006;69:
1216–1221.

55. Tahir H, Jackson LL, Warnock DG. Antiproteinuric therapy and Fabry
nephropathy: sustained reduction of proteinuria in patients receiving en-
zyme replacement therapy with agalsidase-beta. J Am Soc Nephrol 2007;
18:2609–2617.

56. Pastores GM, Boyd E, Crandall K, Whelan A, Piersall L, Barnett N. Safety
and pharmacokinetics of agalsidase alfa in patients with Fabry disease and
end-stage renal disease. Nephrol Dial Transplant 2007;22:1920–1925.

57. Pisani A, Spinelli L, Sabbatini M, et al. Enzyme replacement therapy in

Lidove et al. Genetics IN Medicine • Volume 12, Number 11, November 2010

678 © 2010 Lippincott Williams & Wilkins



Fabry disease patients undergoing dialysis: effects on quality of life and
organ involvement. Am J Kidney Dis 2005;46:120–127.

58. Koskenvuo JW, Hartiala JJ, Nuutila P, et al. Twenty-four-month alpha-
Galactosidase A replacement therapy in Fabry disease has only minimal
effects on symptoms and cardiovascular parameters. J Inherit Metab Dis
2008;31:432–441.

59. Elliott PM, Kindler H, Shah JS, et al. Coronary microvascular dysfunction
in male patients with Anderson-Fabry disease and the effect of treatment
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