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Purpose: This 10-week study was conducted to determine the pharmacokinetics of varying doses of agalsidase alfa

and evaluate the effect of dose and dosing frequency on plasma Gb3 levels. Methods: Eighteen adult male Fabry

patients, naive to enzyme replacement therapy, were randomized to one of five regimens: 0.1, 0.2, or 0.4 mg/kg

weekly; 0.2 mg/kg every other week (the approved dose); or 0.4 mg/kg every other week. Intravenous infusion rate

was 0.1 mg/kg per 20 minutes. Plasma Gb3 levels were assessed at baseline and periodically during the study.

Results: The mean half-life was 56–76 minutes, and the mean volume of distribution at steady state was

17%–18% of body weight, with no significant association between dose and half-life, clearance, or volume of

distribution at steady state. The area under the curve was linearly proportional to the dose from 0.1 to 0.4 mg/kg.

Baseline average plasma Gb3 was 9.12 � 2.61 nmol/mL and after 10 weeks of treatment was significantly

reduced by about 50% in each group with no statistically significant differences between groups. Conclusions:

Reduction of plasma Gb3 levels was independent of dose or dose frequency in the range tested. These observa-

tions, coupled with the clinical trial experience of both agalsidase alfa and agalsidase beta, indicate that the

standard dose of agalsidase alfa is sufficient to maximally reduce plasma Gb3. However, because plasma Gb3 is

not a validated surrogate of disease severity in Fabry disease, further clinical study will be required to determine

the optimal dosing regimen for providing maximal clinical benefit. Genet Med 2007:9(8):504–509.
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Fabry disease is an X-linked inherited metabolic disorder
caused by deficiency of the activity of the lysosomal enzyme,
�-galactosidase A (�-Gal A).1 It occurs with an estimated in-
cidence of about 0.85 per 100,000,2 although a recent study
suggests a much higher incidence.3 In affected subjects, the
principal substrate of the enzyme, globotriaosylceramide

(Gb3), accumulates within tissues and organs, including skin,
heart, all cells of the kidney, vascular endothelial and smooth
muscle cells, eye, and cells of the autonomic nervous system,4,5

resulting in progressive tissue damage and associated clinical
problems. The onset of signs and symptoms of Fabry disease in
affected males is generally in childhood and adolescence6–8

usually beginning with neuropathic pain. Other signs and
symptoms of Fabry disease include poor sweating,9–11 hearing
loss,12 hypertrophic cardiomyopathy,13–15 valvular heart
disease,15 cardiac conduction abnormalities,16 progressive kid-
ney dysfunction,6–9,17,18 a high incidence of stroke and tran-
sient ischemic attacks,9,10 and impaired quality of life.19,20 The
median age at death of male Fabry disease patients has been
reported to be 50 years of age, with renal failure, stroke, and
cardiovascular disease as major contributors.9 Although the
disease is X-linked, signs and symptoms are often reported by
female heterozygotes, with the onset delayed by about 10 years
and the severity and progression more variable than in the
male Fabry population.10,21

Before the availability of enzyme replacement therapy
(ERT), management of Fabry disease was limited to symptom-
atic and supportive therapy. However, the introduction of re-
combinant human �-Gal A for ERT now makes treatment di-
rected at the basic biochemical defect of Fabry disease possible.
Two formulations of recombinant �-Gal A are currently avail-
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able for ERT of Fabry disease: agalsidase alfa and agalsidase
beta. Although the two enzymes share the same amino acid
sequence as the endogenous �-Gal A, the glycosylation pat-
terns are different,22 primarily because of their different man-
ufacturing processes. Agalsidase alfa (Replagal; Shire Human
Genetic Therapies, Inc., Cambridge, MA) is produced in a cul-
tured human cell line23 and is approved (agalsidase alfa is not
currently approved in the United States) for use at a dose of 0.2
mg/kg, infused intravenously every other week (EOW). Agal-
sidase beta (Fabrazyme, Genzyme Corporation, Cambridge,
MA) is produced by cultured Chinese hamster ovary cells and
is recommended for use at a dose of 1.0 mg/kg, infused intra-
venously EOW. Double-blind, placebo-controlled clinical tri-
als of both enzymes at their approved doses have shown clinical
benefit. Agalsidase alfa at 0.2 mg/kg EOW reduced the severity
of neuropathic pain in adult male Fabry disease patients after 6
months of treatment.24 In a median 18.5-month trial in Fabry
disease patients with evidence of kidney dysfunction, agalsi-
dase beta at 1.0 mg/kg EOW slowed the progression to the
primary endpoint, a composite of renal, cardiac, and cerebro-
vascular events.25 In vitro testing has shown that the enzymatic
activity of these two preparations is indistinguishable, prompt-
ing some to suggest that the approved dose of agalsidase alfa
(0.2 mg/kg EOW) may be insufficient for maximal clinical
benefit.22

If agalsidase alfa at 0.2 mg/kg EOW is insufficient for pro-
ducing maximal clinical benefit, increasing the dose or the fre-
quency of administration should increase its efficacy. For ex-
ample, the tissue half-life of agalsidase alfa is estimated to be
between 24 and 48 hours26; therefore, little or no enzyme
would be present in tissue and organs during the second week
after dosing. Thus, switching to weekly dosing might provide
more even cellular protection and could result in a larger clin-
ical benefit. Here we describe the results of short-term phar-
macokinetic and pharmacodynamic studies designed to eval-
uate the effect of changing the dose or dose frequency of
agalsidase alfa on the plasma Gb3 levels in male Fabry patients.

MATERIALS AND METHODS

Patients

Male ERT-naive patients 18 years or older with a confirmed
diagnosis of Fabry disease were eligible for inclusion in the
study. Fabry disease could be confirmed by mutation analysis
or by a demonstration of a deficiency of�-Gal A activity (�4.0
nmol/mL per hour in plasma or serum or �8% of the average
mean normal in leukocytes). In addition, patients must have
had at least one sign or symptom of Fabry disease, including
neuropathic pain, angiokeratoma, corneal verticillata, cardio-
myopathy, hypo- or anhydrosis, abdominal pain and/or diar-
rhea, serum creatinine �1.0 mg/dL, and proteinuria �300
mg/24 hr. Exclusion criteria included being on kidney dialysis
or having received a kidney transplant.

Study design

The study was an open-label, randomized, multicenter clin-
ical trial designed to investigate the pharmacokinetics and
pharmacodynamics of various dosing regimens of agalsidase
alfa. The protocol was approved by the institutional review
board or an independent ethics committee at each site, and all
patients signed informed consent documents before enrolling
in the study. Participating study sites included the National
Institutes of Health, Bethesda, MD (four patients); Hospital
for Sick Children, Toronto, ON, Canada (seven patients); Dal-
housie University, Halifax, NS, Canada (three patients), and
the Charles University, Prague, Czech Republic (four pa-
tients).
Patients were randomly assigned to one of five dosing

groups stratified by baseline plasmaGb3 levels (low, 4 to�11.5
nmol/mL; high, �11.5 nmol/mL). The treatment groups were
(1) 0.1 mg/kg weekly, (2) 0.2 mg/kg EOW (the standard dose),
(3) 0.2 mg/kg weekly, (4) 0.4 mg/kg EOW, and (5) 0.4 mg/kg
weekly. All doses were infused intravenously at a rate of 0.1
mg/kg per 20 minutes. The study was of 10 weeks’ duration.
Thus, patients treated weekly received 10 infusions and pa-
tients treated EOW received five infusions. Informed consent
was obtained from all patients, and the study received appro-
priate institutional review board approval.

Pharmacokinetics

Pharmacokinetics (PK) studies were performed over 8
hours after the initial infusion of each dose of agalsidase alfa.
Blood samples were taken periodically during and after the
infusion, with the timing of the samples and duration of sam-
pling determined by the dose. Blood samples were allowed to
clot andwere centrifugedwithin 30minutes, with the resulting
serum stored at �70°C until analysis. PK parameters were cal-
culated using a noncompartmental model (WinNonlin Pro-
fessional version 4.1, Model 202, Pharsight Corporation,
Mountain View, CA) andwere based on the�-Gal A activity in
serum. Serum �-Gal A activity was determined at a central
laboratory (Shire Human Genetic Therapies) and was mea-
sured with the use of the synthetic substrate, 4-methylumbel-
liferyl-�-D-galactopyranoside, and an in vitro fluorescence
assay.27 The following PK parameters were calculated: area
under the curve (AUC) extrapolated to infinity (AUC,
min • U/mL), maximum serum concentration (Cmax, U/mL),
time of Cmax (Tmax, in minutes), terminal elimination half-life
(t1/2, in minutes), mean residence time (MRT, in minutes),
serum clearance rate (Cl, mL/min), Cl normalized for body
weight (mL/min/kg), and apparent volume of distribution at
steady state (Vss, in liters).

Pharmacodynamic studies

The primary efficacy endpoint variable was change in
plasma Gb3 level from baseline to the day of the final infusion.
Plasma Gb3 was also measured weekly during the study and 7
and 30 days after the final infusion. Plasma samples were fro-
zen at �70°C until analysis. Plasma Gb3 levels were deter-
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mined at Shire HGT by an high-performance liquid chroma-
tography method previously described.23

Safety

Before the first infusion, all patients underwent a baseline
evaluation that included a physical examination; clinical labo-
ratory tests including chemistry, hematology, coagulation, uri-
nalysis, and 24-hour urine chemistry; and an electrocardio-
gram. Treatment-associated adverse events and the results of
periodic repetition of the above tests were used to evaluate
safety. Serum was analyzed for the presence of anti–agalsidase
alfa antibodies by enzyme-linked immunosorbent assays. All
samples having a time point absorbance �0.04 and a time
point/baseline absorbance ratio �2.0 were considered posi-
tive. Positive samples were further titrated to confirm the pres-
ence of antibodies.

Statistical analysis

All statistical analyses were done with SAS software, version
8.2 (Cary, NC). Analysis of variance was used to compare the
effects of various dosing regimens on plasma Gb3 or on phar-
macokinetic parameters. Other tests are indicated in the text.
Values are expressed as mean � SD.

RESULTS

A total of 18 adultmale Fabry disease patients were enrolled,
and all completed the 10-week study. Their demographic and
baseline disease characteristics are shown in Table 1. One pa-
tient was younger than 18 years old and was given an exemp-
tion to enroll in the study.

Pharmacokinetics

The serum clearance curves measured during and after the
initial doses of agalsidase alfa are presented in Figure 1, and the
calculated pharmacokinetic parameters are shown in Table 2.
The peak serum concentration (Cmax) was proportional to
dose and coincided with the end of the 20-, 40-, or 80-minute
infusion period (Fig. 1). No significant association of dose was
found for t1/2, Cl, or Vss. Mean t1/2 was approximately 65 min-
utes (range for individual patients, 56–76minutes). Themean
volume of distribution at steady state (Vss) was 17%–18% of
body weight. The AUC was linearly proportional to dose from
0.1 to 0.4mg/kg (regression analysis indicatedR 2 � 0.996, P�
0.001), indicating that serum clearance mechanisms had not

Fig. 1. Serum clearance curves after intravenous infusion of agalsidase alfa at 0.1, 0.2, or
0.4 mg/kg in male Fabry disease patients. The infusion times were 20, 40, and 80 minutes
for the 0.1, 0.2, and 0.4 mg/kg doses, respectively.

Table 1
Demographic and baseline Fabry disease characteristics

Treatment group

0.1 mg/kg weekly 0.2 mg/kg EOW 0.2 mg/kg weekly 0.4 mg/kg EOW 0.4 mg/kg weekly

No. 4 4 4 3 3

Age, yr, mean (range) 27.5 (16–36) 37.5 (33–41) 25.0 (20–32) 23.0 (21–25) 28.3 (26–30)

Time since diagnosis, yr,
mean (range)

6.9 (0.08–20) 17.4 (0.5–24) 14.4 (3.5–20) 6.0 (0.08–14) 5.5 (1.5–12)

Race (white/Hispanic) 4/0 4/0 4/0 1/2 3/0

Neuropathic pain, no. 4 4 4 3 3

Abdominal pain, no. 4 2 3 3 0

Diarrhea, no. 3 3 2 3 2

Ear signs and symptoms, no. 1 2 2 0 0

Corneal verticillata, no. 2 3 2 0 1

Renal dysfunction,a no. 2 4 1 1 1

Baseline plasma Gb3,
nmol/mL, mean (range)

9.82 (7.3–13.0) 9.72 (4.8–4.4) 8.95 (6.3–11.2) 7.76 (5.3–9.9) 8.96 (7.3–11.4)

EOW, every other week; Gb3, globotriaosylceramide; no., number of patients.
aAbnormal serum creatinine and/or proteinuria �300 mg/24 hr.
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become saturated even at the highest dose tested. Consistent
with this observation, mean Cl values (normalized for body
weight: 4.02, 3.43, 3.17 mL/min/kg for 0.1, 0.2, and 0.4 mg/kg
doses, respectively), were not statistically significantly different
(analysis of variance, P � 0.53).

Change in plasma Gb3
At baseline, the average plasma Gb3 was 9.12 � 2.61

nmol/mL (range, 4.8–14.4 nmol/mL). The average plasmaGb3
level was reduced by all dosing regimens (Fig. 2). After 10
weeks of treatment, the average plasma Gb3 was decreased by
about 50% for each dosing regimen (Fig. 3), reaching an over-
all average of 4.65� 1.62 nmol/mL (range, 3.2–9.5 nmol/mL).
For the entire pooled patient population, the average plasma
Gb3 was 51.5% � 14.3% of the baseline value (P � 0.001). No
statistically significant association between the magnitude of
the reduction in plasma Gb3 and dose or dose frequency was
found (analysis of variance). Interestingly, average plasma Gb3
levels remained reduced for at least 4 weeks after the final dose.

Safety

The majority of patients experienced one or more treat-
ment-associated adverse events. These events were all typical
manifestations or complications of Fabry disease orwere prob-
lems commonly reported in the general population. The inci-
dence of adverse events was not related to dose or dosing fre-

quency. Infusion reactions, which typically consisted of
pyrexia and/or rigors, occurred in five of the 18 patients (28%),
including three patients in the 0.1-mg/kg weekly group (one of
whom had seven mild infusion reactions) and two patients in
the 0.4-mg/kg EOW group (one of whom had three mild infu-
sion reactions). Only one infusion was interrupted and re-
started because of an infusion reaction, and no patient discon-
tinued therapy because of an infusion reaction. Two of 18 of
patients (11%), both in the 0.1-mg/kg weekly group, became
antiagalsidase alfa IgG positive during the study. No IgE anti–
agalsidase alfa antibodies were detected during the study.

DISCUSSION

In this study, five different dosing regimens of agalsidase alfa
were evaluated in male Fabry patients not previously exposed
to ERT. Each dosing regimen reduced plasma Gb3 by about
50%. Thus, the currently recommended dosing regimen, 0.2
mg/kg EOW, was as pharmacodynamically effective as the
higher doses or the more frequent doses. No dose-related
safety issues were apparent during this study. The results of the
pharmacokinetic studies, which revealed no dose-related in-
fluences on plasma half-life, Vss, or AUC, indicated that the
effectiveness of agalsidase alfa treatment on plasma Gb3 levels
at the higher doses is not likely limited by some saturable up-
take mechanism.
As noted above, two forms of human �-Gal A are available

for ERT in Fabry disease, and each is approved at a different
dose. The original dosing regimen for agalsidase alfa (0.2
mg/kg EOW) was selected based on calculations of the meta-

Fig. 3. Plasma globotriaosylceramide (Gb3) levels after 10 weeks of dosing in male
Fabry disease patients.

Table 2
Pharmacokinetic parameters from the initial dose of agalsidase alfa in male Fabry disease patients

Dose group
(mg/kg) No.

Cmax

(U/kg • 106)
AUC

(min • U/mL)
Cl

(mL/min/kg)
t1/2

(min)
Vss

(L/kg)

0.1 4 2046 � 672 84321 � 23995 4.02 � 1.03 66 � 3 0.173 � 0.049

0.2 8 3148 � 849 212296 � 74550 3.43 � 1.47 64 � 6 0.176 � 0.078

0.4 6 4168 � 418 413698 � 72559 3.17 � 0.52 65 � 4 0.169 � 0.026

All values mean � SD. (Cmax, maximum serum concentration AUC, area under the curve; Cl, serum clearance rate; t1/2 terminal elimination half-life; Vss, apparent
volume of distribution at steady state.

Fig. 2. Effect of five different dosing regimens of agalsidase alfa on mean plasma glo-
botriaosylceramide (Gb3) level in male Fabry disease patients. EOW, every other week.
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bolic load of Gb3 produced systemically combined with the
observation that liver Gb3 and urine sediment Gb3 could be
reduced with a single infusion of agalsidase alfa.23 In addition,
the use of EOW dosing was supported by the positive experi-
ence with EOW ERT in Gaucher disease.28 In the case of agal-
sidase beta, the dose of 1 mg/kg EOW appears to have been
chosen based on the results of a dose-response study that
showed a rapid reduction of plasma Gb3 levels to near normal
at this dose, coupled with a substantial reduction in Gb3 con-
tent of liver and vascular endothelial cells.29

In the pivotal clinical studies of each of these forms of �-Gal
A, the magnitude of the reduction in plasma Gb3 appeared to
be different. With agalsidase beta, plasma Gb3 levels were re-
ported to be reduced by 100% with 1 mg/kg EOW.30 In con-
trast, agalsidase alfa reduced plasma Gb3 levels by about 54%
with 0.2-mg/kg EOW dosing.24 This apparent dose response
had led some to speculate that agalsidase alfa was being used at
a suboptimal dose31; however, the results of the long-term
open-label extension study of agalsidase beta showed sustained
reductions in plasma Gb3 levels of only 50% after 18 or more
months of treatment at 1 mg/kg EOW.32 This apparent change
in potency was likely an artifact due to a change from an en-
zyme-linked immunosorbent assaymethod to amore sensitive
mass spectrometry for assaying plasma Gb3.32,33

In the current study, changes in plasma Gb3 were used as a
biomarker for the evaluation of the response to various doses
and dosing regimens of agalsidase alfa. Combined with clinical
trial experience,24,34 the results show that themaximum reduc-
tion in plasmaGb3with agalsidase alfa in Fabry disease appears
to be about 50%. In subjects without Fabry disease, plasmaGb3
levels are not zero, but are reported to average between 3.5
(range, 2–11.2)32 and 5.6 (range, 3.6–7.5)35 �g/mL using sen-
sitive high-performance liquid chromatography methods
(these mean values convert to 3.7 and 5.9�mol/mL based on a
conversion of �mol/mL � 1.05 �g/mL33). In the pooled pop-
ulation of the present study, themean plasmaGb3 level after 10
weeks of treatment with agalsidase alfa had fallen to 4.65 �
1.62 �mol/mL, a value that could be considered within the
normal range. Thus, the failure to detect a dose response in the
present study likely reflects a near complete “normalization” of
plasma Gb3 at all dosing regimens tested. The results of this
study provide no information regarding the minimum effec-
tive dose of agalsidase alfa for fully reducing plasma Gb3. The
lowest dose tested, 0.1 mg/kg weekly, is roughly equivalent to
0.2 mg/kg EOW and would be expected to have a similar effect
on plasma Gb3 level. In fact, this equivalence was demon-
strated in the study.
The cellular source of circulating Gb3 is not known, and it

likely reflects excess Gb3 shed from a variety of organs and
tissues, including the liver and vascular endothelial cells.
Schiffmann et al.23 reported that liver Gb3 content was reduced
by 30% after a single infusion of agalsidase alfa and that the
enzyme remained detectable within hepatic cells by immuno-
histochemistry 44 hours after dosing. Agalsidase alfa is primar-
ily localized to vascular endothelial cells following intravenous
administration in �-gal A knockout mice,36 and long-term

ERT with agalsidase beta completely or nearly completely
clears Gb3 from vascular endothelial cells.32,37 Thus, although
it can be speculated that the reduction in plasma Gb3 is due to
clearing of tissue stores from liver and vascular endothelial
cells, further experiments would be necessary to demonstrate
this putative link.
An interesting observation in this study was the persistence

of the reduction in plasma Gb3 levels after cessation of ERT
with agalsidase alfa. Four weeks after completing the study, the
average plasma Gb3 level was 4.55 � 1.14 nmol/mL, a value
slightly less than that seen after 10 weeks of treatment. The
persistence of this effect may reflect the prolonged time re-
quired for the reaccumulation of Gb3 in the primary cellular
source of plasma Gb3.
Although changes in plasma and tissue or cellular Gb3 levels

have been used to evaluate ERT in Fabry disease, Gb3 may not
be a surrogate marker of Fabry disease.33 A recent study of the
clinical and biochemical characteristics of 96 Dutch Fabry dis-
ease patients by Vedder and colleagues38 failed to demonstrate
a correlation between plasma Gb3 level and the severity of the
signs and symptoms of Fabry disease in patients with elevated
plasmaGb3 (although statistically significant correlations were
seen for left ventricular mass andMainz Severity Score Index39

in male and female Fabry disease patients when patients with-
out elevated plasma Gb3 levels were included in the analysis).
In addition, no clinical studies have reported on the correla-
tion between degree of reduction in plasma or cellular Gb3
level and clinical benefit. Until such studies are reported,
changes in plasma Gb3 can only be used to evaluate enzyme
activity after dosing and should not be used to infer efficacy.

CONCLUSIONS

Comparison of the dose response of agalsidase alfa on
plasmaGb3 levels seen in the present study, combined with the
observations reported for both agalsidase alfa and agalsidase
beta in clinical studies, suggests that the approved dose of agal-
sidase alfa (0.2 mg/kg EOW) is sufficient to produce maximal
reduction of plasma Gb3 levels. However, because plasma Gb3
is not a validated surrogate of disease severity in Fabry disease,
further clinical studies are needed to determine the optimum
dosing regimen of ERT required to providemaximal improve-
ment or stabilization of critical organ function and associated
clinical benefits. This concept was recently exemplified by a
study in a subpopulation of patients with advanced Fabry dis-
ease whose estimated glomerular filtration rate declined by�5
mL/min per year on a long-term conventional dosing/fre-
quency regimen of ERT. When the dosing frequency was
switched to weekly, the rate of decline in loss of estimated
glomerular filtration rate over the next 2 years was significantly
slowed.40
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