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Abstract
This study was performed to determine whether adult male patients with Fabry disease who
demonstrate a continuing decline in renal function despite 2 to 4 yr of conventionally dosed agalsidase
alfa therapy (0.2 mg/kg every other week [EOW]) show an improved slope of decline with weekly
administration using the same dosage. Eleven (27%) of 41 adult male patients with Fabry disease
who participated in long-term agalsidase alfa clinical trials and who had demonstrated a slope of
decline in estimated GFR (eGFR) of ≥5 ml/min per 1.73 m2/yr while receiving long-term treatment
with agalsidase alfa at the currently recommended dosage of 0.2 mg/kg, infused EOW, were enrolled
in this open-label, prospective study. Patients were switched from EOW to weekly infusions and
followed for an additional 24 mo. Before switching to weekly dosing, eGFR was 53.7 ± 6.3 ml/min
per 1.73 m2 (mean ± SEM), and mean rate of change in eGFR was −8.0 ± 0.8 ml/min per 1.73 m2/
yr. During the 24-mo follow-up period after switching to weekly dosing, the mean rate of change in
eGFR was observed to slow to −3.3 ± 1.4 ml/min/1.73 m2/yr (P = 0.01 versus EOW). After switching
to weekly dosing, three patients demonstrated an improvement in eGFR and six patients demonstrated
a slowing in the rate of eGFR decline; only two patients failed to improve their eGFR slope. A
multiple regression model confirmed that the weekly infusion regimen was the strongest explanatory
variable for the change in eGFR (P = 0.0008), with a weaker contribution from the concomitant use
of angiotensin converting enzyme inhibitors/angiotensin receptor blockers (P = 0.02). These results
suggest that weekly infusions of agalsidase alfa at a dosage of 0.2 mg/kg may be beneficial in the
subgroup of patients who have Fabry disease and whose kidney function continues to decline after
2 to 4 yr or more of standard EOW dosing.

Fabry disease is an X-linked glycosphingolipid disorder that is caused by an insufficient
activity of the lysosomal enzyme α-galactosidase A (GALA) (1). This deficiency results in a
systemic accumulation of α-D-galactosyl conjugates, particularly globotriaosylceramide
(Gb3), in vascular endothelial cells, pericytes, and smooth muscle cells of the vascular system;
renal epithelial cells; myocardial cells; and dorsal root ganglion neuronal cells (2). The
incidence of Fabry disease in male individuals has been estimated to be 1:117,000 births (3).

Hemizygous male patients with Fabry disease have a subtle but characteristic facial appearance
(4). Clinical onset of the disease in both male hemizygotes and female heterozygotes typically
occurs during childhood or adolescence with recurrent episodes of severe, often debilitating
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neuropathic pain in the extremities (5). However, the age of symptom onset and the age of
diagnosis tend to be approximately 10 yr later in female compared with male individuals (6).
Hypohidrosis and neuropathic pain contribute to poor tolerance to exercise and to heat (7,8).
Proteinuria and progressive renal deterioration develop in nearly all male patients with Fabry
disease (9,10) and are the result of intraglomerular deposition of Gb3, which is associated with
histopathologic findings of mesangial widening and ultimately segmental and global
glomerulosclerosis (10–12). Hypertrophic cardiomyopathy and coronary and cerebrovascular
disease also contribute to early death in men at a median age of death of 50 to 55 yr (9).

In recent years, enzyme replacement therapy (ERT) has become part of the standard medical
care for Fabry disease (13,14). Although ERT reduces neuropathic pain and improves thermal
sensing threshold (15) and gastrointestinal symptoms (16), its long-term effects on the
progressive kidney dysfunction, the incidence of stroke, and progressive cardiac disease have
not been established (13,15,17,18). Patients in controlled clinical trials showed significant
reductions in certain biomarkers: Approximately 50% lowering of Gb3 levels in plasma as well
as of Gb3 in urinary sediment and in renal interstitial capillary endothelium (13,19). Reduction
of Gb3 storage in renal vascular endothelial cells was associated with an overall improvement
in glomerular morphology, as assessed by a significant decrease in the percentage of glomeruli
with mesangial widening and a significant increase in the percentage of normal glomeruli
(13). Despite this histologic evidence of a renal benefit during ERT, conclusive evidence that
ERT slows the progressive decline in renal function in Fabry disease has not been reported. In
the long-term, open-label extensions of pivotal clinical trials, renal function remained stable
in the majority of patients with Fabry disease who were treated with agalsidase alfa or
agalsidase beta for up to 4 yr (20,21). Most of the patients in these studies had relatively normal
kidney function at baseline and might not be expected to experience a decline in kidney function
during the studies. However, there are patients who demonstrated a continued progressive
decline in renal function despite administration of either form of ERT (agalsidase alfa or beta)
administered every other week (EOW) (20,21). Nevertheless, the rate of decline in the subgroup
of patients with more severe renal dysfunction at pretreatment baseline did seem to be slower
with agalsidase alfa treatment compared with the rate of decline in a comparable cohort of
patients with untreated Fabry disease (10,20). In this study, we report the results of a clinical
trial that was designed to test the hypothesis that increasing the frequency of ERT with 0.2 mg/
kg agalsidase alfa from EOW to weekly could improve the slope of decline of estimated GFR
(eGFR) in patients who have Fabry disease and whose eGFR had continued to decline at a
relatively high rate despite treatment with agalsidase alfa 0.2 mg/kg EOW for 2 to 4 yr.

Materials and Methods
Study Design

This study was an open-label, prospective clinical trial. The screened population consisted of
41 adult hemizygous male patients who had Fabry disease and had received agalsidase alfa
(Replagal; Shire Human Genetic Therapies, Cambridge, MA) at 0.2 mg/kg EOW in long-term
(2 to 4 yr) clinical trials. Patients who demonstrated a rate of decline of eGFR of 5 ml/min per
1.73 m2 or more per year while receiving this conventional EOW dosing were eligible for
inclusion in this study. The choice of this threshold for eGFR slope was based on its being
<50% of the published mean rate of decline in eGFR of −12.2 ml/min per 1.73 m2/yr after the
onset of chronic renal failure (defined by reaching a serum creatinine of >1.5 mg/dl) in
untreated adult male patients with Fabry disease [10]). Patients who were included in this study
could also have been receiving medications for hypertension and/or angiotensin-converting
enzyme (ACE) inhibitors or angiotensin receptor blockers (ARB) for renoprotection. However,
these treatment regimens must have remained stable for at least the 6 mo before beginning
weekly agalsidase alfa therapy. ACE inhibitors or ARB were not to be initiated during the
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study period unless rapid deterioration of kidney function mandated their use. All patients gave
written informed consent to the protocol, which was approved by the institutional review board
of the National Institute of Neurologic Disorders and Stroke.

Intervention
Patients received weekly doses of agalsidase alfa at 0.2 mg/kg body wt administered over 40
min. The initial evaluation and the first weekly infusion were conducted at the National
Institutes of Health. Thereafter, patients received their weekly infusions of agalsidase alfa at
their local clinic or hospital under physician supervision.

Efficacy Assessments
Blood samples were obtained at baseline and after 1, 2, 4, 8, 12, 24, 36, 48, 62, 76, 90, and 104
wk of treatment for estimation of GFR, determination of plasma Gb3 levels, and measurement
of the presence of anti–agalsidase alfa antibodies. Twenty-four-hour urine collections were
obtained at baseline and every 6 mo thereafter for measurement of urine sediment Gb3 levels
and urine protein levels. Plasma and urine sediment Gb3 levels were analyzed at Shire Human
Genetic Therapies as described previously (22,23). Anti–agalsidase alfa antibodies were
determined by ELISA at Shire Human Genetic Therapies, as described previously (13).

The primary outcome measure was mean rate of change in eGFR during the 2-yr weekly
treatment period compared with the rate of change of eGFR during the preceding 2 to 4 yr of
EOW infusions in the same patients. eGFR was calculated using the four-variable Modification
of Diet in Renal Disease (MDRD) formula (24). Sweat function was evaluated at baseline and
periodically during the study by the quantitative sudomotor axon reflex test as described
previously (15).

Safety
All patients underwent a baseline evaluation that included a physical and neurologic
examination, clinical laboratory tests (including complete blood count and platelet count), and
urinalysis. Throughout the study, vital signs, weight, and use of concomitant medications were
assessed at the weekly visits, as were any treatment-emergent adverse events (AE). The
baseline evaluations were repeated periodically throughout the study. All laboratory
parameters with exception of plasma Gb3 and anti–agalsidase alfa antibody determinations
were done at the clinical-pathologic laboratory of the Clinical Center of the National Institutes
of Health.

Statistical Analyses
Methods of descriptive statistics were applied. The slope of change of eGFR during EOW and
weekly treatment in each patient was determined by linear regression using all available data
points. The slope of change before and after switching from EOW to weekly dosing was
compared with a paired t test. Testing for normal distribution of data was performed using the
method of Kolmogorov and Smirnov. To account for possible effects of anti–agalsidase alfa
antibodies or concomitant ACE inhibitors or ARB, we fitted a multivariate model, using eGFR
as the outcome measure and ERT frequency (weekly/biweekly), antibody status (negative,
transiently positive, permanently positive), ACE inhibitor/ARB status, and mean arterial
pressure (MAP) as explanatory variables. MAP was calculated as diastolic BP + (systolic BP
− diastolic BP)/3. The model was then tested for multicollinearity. Other statistical tests are
noted in the text. All analyses were two-tailed using a significance level of 0.05. All values are
expressed as means ± SD unless otherwise noted.
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Results
Patients and Demographics

Twelve (29%) of 41 adult male patients with Fabry disease who were screened for inclusion
had demonstrated a rate of decrease in eGFR in excess of 5 ml/min per 1.73 m2/yr during
standard EOW treatment with agalsidase alfa and were enrolled in this study. All patients had
the classic form of Fabry disease with no residual GALA activity. All patients were white: 10
of non-Hispanic and two of Hispanic ethnicity. Eleven of 12 patients completed the study. The
12th patient was excluded from the efficacy analysis because he reached ESRD shortly after
starting weekly dosing. This patient’s creatinine clearance had already declined to 15 ml/min
at the time that he switched to weekly dosing, and he started on peritoneal dialysis after only
3 mo of weekly dosing. This patient died of cardiac causes shortly after the initiation of dialysis.
Overall compliance with weekly dosing was high, with only 4% of infusions being missed.
The median age of patients was 44 yr (range 24 to 53 yr).

Effect on eGFR
The individual eGFR and the slopes of change of eGFR are presented in Tables 1 and 2 and
Figure 1. Before beginning any therapy with agalsidase alfa, mean eGFR was 77.8 ± 30.4 ml/
min per 1.73 m2, and at the time of switching from EOW to weekly dosing, mean eGFR had
declined to 53.7 ± 21.0 ml/min per 1.73 m2. During EOW dosing, the mean rate of change of
eGFR was −8.0 ± 2.8 ml/min per 1.73 m2/yr (−0.67 ± 0.23 ml/min per 1.73 m2/mo), and during
2 yr of weekly dosing, the mean rate of change of eGFR was observed to slow to −3.3 ± 4.7
ml/min per 1.73 m2/yr (−0.27 ± 0.40 ml/min per 1.73 m2/mo; P = 0.01, paired t test).

Multivariate analysis revealed that the observed slope of change in eGFR could be explained
by the following equation: eGFR slope = −2.353 + 0.6486 × ERT frequency − 0.1184 ×
antibody status − 0.4337 × ACE inhibitor or ARB status + 0.01417 × MAP (P = 0.006, R2 =
0.55, n = 11).

The variables ERT frequency (weekly versus EOW; P = 0.0008), ACE-I/ARB medication
(P = 0.02), and MAP (P = 0.03) all contributed significantly to this model. Antibody status
had no significant effect.

Proteinuria and Metabolic Effects
Before beginning EOW dosing with agalsidase alfa, six patients demonstrated proteinuria in
excess of 300 mg/24 h. For the entire study population, mean baseline urinary protein excretion
was 1217 ± 1246 mg/24 h (range 122 to 3909 mg/24 h; median 1027 mg/24 h). Individual
urinary protein excretion measurements are shown in Table 2 and Figure 2. Mean urinary
protein excretion was 1485 ± 1295 mg/24 h after long-term EOW dosing and was not
significantly decreased after 2 yr of weekly dosing (1271 ± 1131 mg/24 h; P = 0.41, Wilcoxon
sign-rank test).

Baseline urine sediment Gb3 levels were elevated in all patients. The response of urine sediment
Gb3 to EOW and weekly dosing of agalsidase alfa is shown in Figure 3. During EOW dosing,
average urine sediment Gb3 had decreased from 2839 ± 1862 (median 2490) to 1318 ± 901
(median 1515) nmol/g creatinine. After 2 yr of weekly dosing, mean urine sediment Gb3 had
decreased to 913 ± 340 (median 395) nmol/g creatinine. The urine sediment Gb3 levels
measured during EOW or weekly dosing were significantly less than baseline levels (P < 0.001)
but were not significantly different from each other (P = 0.12, Wilcoxon sign-rank test).

Before beginning EOW, agalsidase alfa therapy plasma Gb3 was elevated in all patients, and
mean plasma Gb3 was 11.8 ± 3.6 nmol/ml. After 2 to 4 yr of EOW dosing, plasma Gb3 had
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declined to 4.2 ± 1.6 nmol/ml. The small further decline to a mean value of 3.7 ± 1.3 nmol/ml
during 2 yr of weekly dosing was not statistically different from that seen at the end of EOW
dosing. The plasma Gb3 levels measured during EOW or weekly dosing were significantly less
than baseline values (P < 0.05) but were not significantly different from each other (ANOVA
followed by Newman-Keuls test).

Sweat Function
At the time of switching to weekly dosing, the average sweat excretion before receiving the
infusion of agalsidase alfa (7 d after the previous dose) was 0.29 ± 0.22 μl/mm2. No significant
differences from baseline were observed at any time during the study. At the final quantitative
sudomotor axon reflex test evaluation (2 yr, n = 9; 1.5 yr, n = 2), average sweat volume was
0.76 ± 0.98 μl/mm2 (P = 0.55, paired t test). Increases in sweat volume were observed in seven
patients, and decreases were seen in four patients.

Safety
AE—No infusion reactions to agalsidase alfa were observed after patients were switched from
EOW to weekly dosing. The AE that occurred while on weekly dosing all were expected
manifestations or complications of Fabry disease. Serial routine blood tests did not suggest
any agalsidase alfa–related laboratory abnormalities.

Serious AE—A total of 10 serious AE (SAE) were reported in six patients. None was deemed
by the primary investigator to be related to agalsidase alfa. In addition to the excluded patient
described in Patients and Demographics, who accounted for a total of five of the 10 SAE,
another patient was hospitalized for chest pain and right leg pain, which resolved after 12 h
and was thought possibly to represent a transient ischemic attack. Another patient had an
overnight hospital admission after a syncopal episode that occurred while he was lifting weights
in a gym. An additional patient was admitted overnight twice, once for nausea and vomiting
and once for a pain crisis. One other patient underwent an elective mitral valve annuloplasty.

Antibody Status—Five patients had developed positive IgG anti–agalsidase alfa antibody
titers with EOW dosing. No additional patients developed IgG anti–agalsidase alfa antibodies
after switching to weekly dosing. In the five antibody-positive patients, there was no trend for
a change in titer in either direction as a result of increasing the frequency of agalsidase alfa
infusions. No IgE anti–agalsidase alfa antibodies were found with either EOW or weekly
dosing.

Discussion
In this study, increasing the frequency of dosing with agalsidase alfa from EOW to weekly in
a subgroup of patients with Fabry disease whose eGFR continued to decline at rapid rate while
being treated EOW significantly slowed the rate of decline in eGFR. Nine (82%) of 11 patients
demonstrated either a positive eGFR slope (n = 3, 27%) or a slowing in their rate of decline
(i.e., less negative eGFR slope; n = 6, 55%) after switching to weekly administration of
agalsidase alfa. Only two patients failed to improve their slope after switching from EOW to
weekly dosing.

The original dosage and frequency of dosing of agalsidase alfa (0.2 mg/kg EOW) were chosen
on the basis of a theoretical calculation of the metabolic load of Gb3 produced in the body and
the specific catalytic activity of agalsidase alfa, coupled with the demonstration that a single
infusion of enzyme markedly reduced Gb3 levels in the liver and urinary sediment in patients
with Fabry disease (23). In addition, the EOW dosing regimen was chosen for practical reasons
and was based on previous experience with ERT in Gaucher disease (25). Despite the clinical
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benefits reported here with EOW dosing of agalsidase alfa, this EOW frequency regimen may
be suboptimal in some patients. Less than 1% of the maximal plasma concentration of
agalsidase alfa is detectable 8 h after infusion (data on file, Shire Human Genetic Therapies),
and the intracellular half-life of the enzyme is estimated to be 24 to 48 h (23). Therefore, little
or no enzyme would be expected to be present in the targeted tissues during the second
postinfusion week, leaving susceptible cells “unprotected.” This conclusion may be consistent
with clinical observations by some patients who report a return of some of their Fabry disease
symptoms, such as neuropathic pain and lack of sweating as well as loss of energy or vitality
in the second week after their EOW infusions compared with the first postinfusion week. Some
of our patients in this study also reported improvement in these symptoms with weekly infusion
of enzyme.

The onset of renal insufficiency is significantly delayed in hemizygous male patients with a
small but measurable residual GALA enzyme activity (e.g., 2 to 8% of normal) (10). This delay
suggests that the continuous presence of even low enzyme activity levels in cells may be
sufficient to reverse substantially the metabolic defect and slow or delay the progression to
renal failure in male patients with Fabry disease. Therefore, more frequent weekly dosing
would be expected to help maintain intracellular enzyme levels in the kidney as well as in other
target organ tissues.

Complete or partial clearance of Gb3 from renal interstitial capillary endothelial cells as well
as other renal cell types has been reported with both agalsidase alfa and agalsidase beta therapy
(13,19). Both agalsidase alfa and agalsidase beta have also been reported to stabilize renal
function in patients who had Fabry disease and participated in long-term, open-label extension
studies of their respective randomized clinical trials (20,21). However, in both of those studies,
the vast majority of patients enrolled had relatively normal renal function (i.e., normal eGFR)
at baseline. In the large Fabry Outcome Survey (FOS), which records postmarketing experience
with agalsidase alfa, multivariate analysis of data from 201 male and female patients with Fabry
disease showed that the duration of treatment with agalsidase alfa was a significant factor in
affecting a slowing in the rate of decline in eGFR (26). A subset of 12 patients in the FOS study
who had stage 2 chronic kidney disease at the time of starting ERT had serial eGFR estimations
(26). During the year before beginning agalsidase alfa, mean eGFR had dropped from 83.7 ±
3.7 to 71.9 ± 2.2 ml/min per 1.73 m2 (mean ± SEM; P < 0.05), representing an average rate of
decline in GFR of 11.8 ± 2.5 ml/min per 1.73 m2/yr. During 1 yr of agalsidase alfa treatment,
eGFR remained constant (mean 72.8 ± 2.5 ml/min per 1.73 m2), providing evidence of a
renoprotective effect of ERT. In the subset of eight patients in the FOS study (26), who had
stage 3 chronic kidney disease at baseline, eGFR had declined by 3.0 ± 2.4 ml/min per 1.73
m2 per in the year before beginning agalsidase alfa but continued to decline in the first year of
ERT by a similar rate (−4.5 ± 1.5 ml/min per 1.73 m2/yr). However, it is noteworthy that this
slope of decline in eGFR while on agalsidase alfa therapy was still slower than the slope (−12.2
ml/min per yr) reported in a comparable cohort of untreated stage 3 patients reported by Branton
et al. (10). It is possible that these patients might also have benefited by switching from EOW
to weekly dosing of agalsidase alfa. In addition, one might hypothesize that initiation of ERT
at an early stage may prevent progression to severe organ dysfunction.

Further evidence of a renoprotective effect of ERT in Fabry disease comes from a recent
randomized, placebo-controlled clinical trial of agalsidase beta (1.0 mg/kg, EOW) in patients
with elevated serum creatinine levels (≥1.2 and <3.0 mg/dl) or reduced eGFR (<80 ml/min) at
baseline (27). Although the results favored agalsidase beta in the intention-to-treat analysis of
time to first clinical event (a composite of renal, cardiac, or cerebrovascular events and death)
adjusted for baseline proteinuria, the trend failed to reach statistical significance (hazard ratio
0.47; 95% confidence interval 0.21 to 1.03; P = 0.06). When only the 74 protocol-adherent
patients were analyzed, the reduction in risk for a clinical event with agalsidase beta was
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statistically significant. A post hoc secondary analysis suggested that the apparent benefit on
the primary outcome was stronger in patients with baseline serum creatinine levels ≤1.5 mg/
dl or with baseline eGFR >55 ml/min per 1.73 m2.

It was somewhat surprising that three patients (patients 3, 7, and 9) demonstrated an increase
in eGFR after switching from EOW to weekly dosing of agalsidase alfa, because the renal
pathologies are thought to be irreversible (11) and therefore the optimum response that would
be expected is the stabilization of kidney function. However, these three patients had low
proteinuria measurements upon switching to weekly dosing (Table 2). Proteinuria is a well-
established prognostic factor for progression of kidney disease in type 2 diabetes (28) and was
recently shown to be an important risk factor for progression of kidney dysfunction in Fabry
disease (27). Although this observation suggests that patients with low baseline proteinuria
may be better candidates for a positive response after switching to weekly dosing, five of seven
patients with baseline proteinuria in excess of 1000 mg/24 h also showed a substantial slowing
of the loss of eGFR after switching to weekly dosing.

Changing the dosing frequency from EOW to weekly had no substantial effect on either plasma
or urine sediment Gb3 levels, which had already been maximally reduced during EOW dosing.
Neither plasma Gb3 levels nor urine sediment Gb3 levels was significantly correlated with any
signs and symptoms of Fabry disease (29). In addition, no studies have yet been reported to
show a correlation between the magnitude of decrease in these Gb3 levels and clinical efficacy.
Therefore, the decrease in plasma and urine sediment Gb3 levels that was seen in this study is
an indication of in vivo enzyme activity and not evidence of clinical efficacy (29,30)

Individualized dosing of ERT has been reported and is favored in Gaucher disease (31,32),
another lysosomal storage disorder, but the appropriate dosage that results in an optimal clinical
response remains controversial (33,34). Individualization of ERT in Fabry disease is a
paradigm often proposed, but the lack of an appropriate surrogate marker in Fabry disease by
which to assess efficacy imposes practical challenges for the clinician (17). In this study, we
have demonstrated the use of a true clinical outcome measure (eGFR slope) to assess
individualized ERT in patients with Fabry disease.

Study Limitations
This study was exploratory in nature and was further limited because of the open-label design
and the relatively small number of patients studied. The patients studied were referred to the
National Institutes of Health, a tertiary biomedical research institution, and may not necessarily
reflect the nonreferral Fabry population. As demonstrated in the multivariate analysis, changes
in concomitant medications (ACE inhibitors or ARB) may have influenced the outcome, such
that the results may not be solely due to the change in the frequency of enzyme infusions but
may be due, at least in part, also to optimization of concomitant mediations. Renal biopsies
may add to the assessment of the effect of increasing the dosing frequency on renal function,
but this invasive procedure may hinder the ability to recruit patients into this study. In addition,
neither the amount nor the type of glomerular Gb3 deposition has been correlated with degree
of renal dysfunction (35). Although Fabry disease is rare and exhibits a considerable phenotypic
heterogeneity, both of which make it challenging to find and study a uniformly affected
population of patients with comparable renal involvement, this study provides a first step in
systematically approaching the individualization of ERT in Fabry disease.
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Figure 1.
The effect of changing the dosing frequency of agalsidase alfa from every other week (EOW)
to weekly in patients whose estimated GFR (eGFR) declines at >5 ml/min per 1.73 m2/yr during
long-term EOW therapy. Each symbol represent an individual patient, and the squares represent
the mean ± SEM during EOW and weekly dosing.
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Figure 2.
Effect of EOW and weekly agalsidase alfa treatment on urinary protein excretion. The
individual symbols represent the same patients depicted in Figure 1.
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Figure 3.
The effect of EOW and weekly agalsidase alfa on urine sediment globotriaosylceramide
(Gb3) in male patients with Fabry disease. Pre indicates value before the start of EOW dosing.
The individual symbols represent the same patients depicted in Figure 1.
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