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Background: Clinical manifestations of classic Fabry disease (α-galactosidase A deficiency) usually occur in child-
hood, while complications involving major organs typically develop in adulthood. Outcomes of Fabry-specific
treatment among young patients have not been extensively reported. Our aim was to analyze clinical outcomes
amongpatients aged 5–30 years at initiation of treatmentwith agalsidase beta using data from the Fabry Registry
(NCT00196742, sponsor: Sanofi).
Methods: Reported GLA variants were predicted to be associated with the classic phenotype or not classified in
fabry-database.org. Linear mixed models were conducted to assess changes over ≥2-year follow-up in the esti-
mated glomerularfiltration rate (eGFR) stratifiedby low (LRI) and high (HRI) renal involvement (defined by pro-
teinuria/albuminuria levels), and changes in interventricular septal thickness (IVST) and left ventricular posterior
wall thickness (LVPWT) Z-scores stratified bymedian age at first treatment. Self-reports (‘yes’/‘no’) of abdominal
pain, diarrhea, chronic peripheral pain (denoting neuropathic pain), and acute pain crises at baseline were com-
pared with reports after ≥0.5-year and ≥2.5-year follow-up using McNemar's test.
Results:Male (n = 117) and female patients (n = 59) with LRI initiated treatment at a median age of 19.9 and
23.6 years, respectively, and were followed for a median of 6.3 and 5.0 years, respectively. The eGFR slopes
were −1.18 (Pfrom 0 <0.001) and −0.92 mL/min/1.73 m2/year (Pfrom 0 = 0.040), respectively. Males with HRI
Keywords:
Fabry disease
Agalsidase beta
Pain
Gastrointestinal symptoms
Glomerular filtration rate
Cardiomyopathy
hibitor; ARB, angiotensin receptor blocker; eow, every otherweek; eGFR, estimatedglomerularfiltration rate; FD, Fabrydisease;
t; IVST, interventricular septal thickness; LRI, low renal involvement; LVH, left ventricular hypertrophy; LVM, left ventricular
GFR, measured glomerular filtration rate; UACR, urine albumin-to-creatinine ratio; UPCR, urine protein-to-creatinine ratio;
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(n=23, median UPCR 1.0 g/g), who started treatment at amedian age of 26.7 years, had an eGFR slope of−2.39
mL/min/1.73 m2/year (Pfrom 0 <0.001; Pdifference = 0.055, as compared with the slope of −1.18 mL/min/1.73
m2/year for LRI males) during a median follow-up of 5.6 years. Echocardiographic variables were stable among
males, regardless of age, and among young females (median follow-up >5.5 years and ≥4.5 years, respectively).
Older females (treatment initiation atmedian age 27.5 years) had a slope of LVPWT Z-scores of 0.18/year (n=12,
Pfrom 0 = 0.028), whereas IVST Z-scores remained stable (n = 13, 0.10/year, Pfrom 0 = 0.304) during a median
follow-up of ≥3.7 years. These slopes did not significantly differ from slopes of younger females. Reports of
chronic peripheral pain and acute pain crises by males, and of diarrhea and acute pain crises by females, signif-
icantly reduced after a median follow-up of ≥4.0 years. After a median follow-up of ≥5.4 years, reports of all
four symptoms significantly decreased among males, whereas among females only reports of abdominal pain
significantly decreased.
Conclusions: During sustained treatment with agalsidase beta in young Fabry patients with a predicted classic
phenotype or with unclassified GLA variants with similar characteristics, the decline in eGFR was modest
among male and female patients with LRI. The greater decline in eGFR among older, proteinuric (i.e., HRI)
males may suggest a benefit of earlier treatment. Overall, echocardiographic variables remained stable, particu-
larly among males and younger females. Significant reductions in symptom reports occurred primarily among
males after longer follow-up and were less noticeable among females. These observed trends are suggestive of
an overall improvement after treatment in young patients, but warrant larger longitudinal studies.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Fabry disease (FD, OMIM#301500) is an X-linked lysosomal storage
disorder caused by pathogenic GLA variants [1,2]. Deficient α-
galactosidase A activity leads to accumulation of the enzyme's substrate,
globotriaosylceramide (denoted GL-3 or Gb3), in plasma, urine, and, in
many cell types, primarily within the lysosomes, as well as increased
levels of deacylated GL-3 (lyso-GL-3 or lyso-Gb3) in plasma and urine
[1–4]. Progressive cellular damage leads to early onset of symptoms
and to dysfunction and, ultimately, to fibrosis of vital organs [5].

In males with GLA variants associatedwith the classic phenotype and
minimal or noα-galactosidase A activity, progressive GL-3 accumulation
presumably starts before birth [6,7] and the first stages of organ injury
may begin at a very young age [8,9]. The array of symptoms typically
emerging during childhood or adolescence can include repeatedly occur-
ring burning peripheral (neuropathic) pain and episodic, sometimes in-
capacitating, pain crises, gastrointestinal symptoms (e.g., abdominal
pain, diarrhea), impaired sweating, hearing loss, and fatigue, all
diminishing quality of life [10–14]. Relatively early diagnostic signs
may include cornea verticillata and angiokeratomas. The risk of develop-
ing progressive chronic kidney disease, left ventricular hypertrophy
(LVH), myocardial fibrosis, arrhythmias, and strokes increases with age,
and these reduce life expectancy [1,2,15–17]. Among female patients,
the level of residual α-galactosidase A activity varies from within the
normal range to virtually absent depending on the GLA variant and X-
chromosome inactivation profiles [18] and, consequently, the severity
of the female clinical phenotype varies widely [15,19]. Onset of first
symptoms usually occurs later than among classic male patients, but fre-
quently still at pediatric ages [13,14]. Adult female patients also have a
significant risk for clinical organ involvement and decreased quality of
life and overall longevity [15,19]. Variability in phenotypic expression
of a given GLA variant exists, which may be due to the influence of
phenotype-modifying factors (e.g., genetic background, epigenetics,
and environmental conditions) [20].

Currently available enzyme replacement therapies include
agalsidase beta (Fabrazyme®, Sanofi) and agalsidase alfa (Replagal®,
Takeda Pharmaceuticals) administered intravenously at 1 mg/kg and
0.2 mg/kg every other week (eow), respectively. Agalsidase beta has
been approved for treatment of FD patients aged ≥2 years in the
United States (USA) [21] and aged ≥8 years in other countries [22].
Agalsidase alfa has been approved for patients aged ≥7 years in most
countries, although it has not been approved by the USA Food and
Drug Administration (FDA) [23]. Oral pharmacological chaperone ther-
apy with migalastat (Galafold®, Amicus Therapeutics) is restricted to
2

patients who have amenable pathogenic variants as determined by an
in vitro assay [24] and are aged ≥16 years in the USA [25] and ≥12
years in other countries [26].

There is increasing clinical recognition of the critical importance of
earlier diagnosis of patients with the classic FD phenotype and initiation
of FD-specific treatment to better moderate the impact of the disease
[27–30]. However, the evidence available for various clinical outcomes
among young patients, who are expected to increasingly develop signs
and symptoms of FD if they remain untreated, is still relatively limited
[31–33]. The objectives of our study were to evaluate kidney function,
echocardiographic variables of cardiomyopathy, and self-reported out-
comes of typical gastrointestinal and peripheral pain symptoms of FD
among male and female patients aged 5–30 years at initiation of treat-
ment with agalsidase beta.

2. Methods

2.1. Fabry Registry

We used data from the Fabry Registry (NCT00196742, sponsor:
Sanofi) as of March 4, 2022. The Fabry Registry was initiated in 2001
as a multicenter, international, longitudinal, observational program de-
signed to monitor the natural history and treatment outcomes of pa-
tients with FD. Participation of patients and investigators is voluntary.
Recommended schedules of clinical assessments are available, but
treating physicians determine the frequency of assessments. Each site
is independent and is responsible for obtaining informed written con-
sent from patients to submit their health data to the Fabry Registry
and use their anonymized data in analyses. The protocol, informed con-
sent form, and any locally required authorization documents needed for
entering patient information are reviewed and approved by the local In-
stitutional Review Board or Independent Ethics Committee unless the
site provides documentation that approval is not required or has been
waived.

2.2. Patients

Male and female patients in the Fabry Registry aged 5–30 years at
initiation of agalsidase beta treatment as their first FD-specific therapy
were included in the analyses. Only patients who had received an aver-
age dose at or near the licensed dose of 1 mg/kg (range 0.9–1.1 mg/kg)
eowwere included. The current analysis was restricted to patients with
a GLA variant categorized in the fabry-database.org database as pre-
dicted to be associated with the classic FD phenotype (herein referred

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://fabry-database.org


R.J. Hopkin, G.H. Cabrera, J.L. Jefferies et al. Molecular Genetics and Metabolism 138 (2023) 106967
to as classic patients, or patients with classic GLA variants) or unclassi-
fied variants (not entered in fabry-database.org, or entered but not clas-
sified). Thus, we excluded patients with variants classified as
pathogenic with a later-onset phenotype, (likely) benign or as a genetic
variant of uncertain significance, as well as patients whose genotype
had not been reported to the Fabry Registry.

Patients with a measurement at −12 to +3 months of first treat-
ment (baseline data) and ≥1 follow-up measurement ≥2 years apart
were included for longitudinal analysis of continuous variables. Patients
on dialysis or with a kidney transplant before baseline were excluded.

For categorical variables, a baseline assessment (within −12 to +1
month of first treatment) and an on-treatment follow-up assessment
(≥0.5-year or ≥2.5-year follow-up) were required.

2.3. Clinical outcome assessments

Kidney function was assessed by eGFR and calculated using the
creatinine-based bedside Schwartz equation, which has been reported
as less biased and showing higher precision and accuracy than the
Chronic Kidney Disease Epidemiology Collaboration equation for esti-
mating GFR in children and adolescents, regardless of the level of
eGFR, and in adults aged ≤40 years with mild-to-moderate kidney im-
pairment [34–36].

Echocardiographic assessments (either two-dimensional or M-
mode) included interventricular septal thickness (IVST) and left ven-
tricular posterior wall thickness (LVPWT). Height and weight were ac-
quired within −3/+3 months of each echocardiographic assessment
for patients aged <18 years. For patients aged ≥18 years, the same
time window (−3/+3 months from each echocardiographic assess-
ment) was used for weight measurements only, since height attained
by the age of 18 would not vary. Body surface area (BSA) was then cal-
culated as the square root ofweight (in kg)multiplied byheight (in cm),
divided by 3600.

Self-reported outcome assessments included symptoms of (symp-
tom terminology as used by the Fabry Registry) ‘abdominal pain’, ‘diar-
rhea’, ‘peripheral Fabry pain’ (herein referred to as ‘chronic peripheral
pain’ denoting chronic neuropathic pain), and ‘acute pain crises requir-
ing narcotics and/or bed rest’ (herein referred to as ‘acute pain crises’).
Binary responses (‘yes’ if present, or ‘no’ if absent) to the assessment
of each symptomwere analyzed. All assessments occurring after discon-
tinuation of agalsidase beta treatment were excluded from analyses.

2.4. Statistical methods

Descriptive statistics were calculated for total patients by sex, and
between patients with classic or unclassified GLA variants within each
of the sexes. Baseline characteristics are reported as counts and percent-
ages, or as mean (standard deviation [SD]) and medians (25th, 75th
percentiles), as appropriate. P-values were calculated using a chi-
square test for categorical variables andWilcoxon rank sum test for con-
tinuous variables.

Linear mixed models were used to estimate changes over time in
eGFR or Z-scores of IVST and LVPWT. Follow-up time was calculated
from the date of each baseline clinical measurement to the time of dis-
continuation of agalsidase beta treatment, first post-treatment renal
event (dialysis, transplant), or date of last assessment, whichever
came first. The intercept and time were considered as random effect,
and unstructured covariance matrix was selected based on the optimal
goodness of fit indices, and the Akaike's information and Bayesian infor-
mation criteria [37]. Estimated slopes for subgroups and corresponding
P-values indicatedwhether the slopeswere different fromzero (Pfrom 0).
Pdifference compared the slopes between subgroups by including a
product term of follow-up time and subgroup indicators. Predicted in-
tercepts and slopes were used to generate individual lines in figures.

The level of renal involvement was determined by using the urine
protein-to-creatinine ratio (UPCR) or, if not available, the urine
3

albumin-to-creatinine ratio (UACR) reported at treatment initiation or
the median of ratios during follow-up if baseline data were not avail-
able. Low renal involvement (LRI) was defined as UPCR ≤0.5 g/g or
UACR ≤0.3 g/g, and high renal involvement (HRI) as UPCR >0.5 g/g or
UACR >0.3 g/g [38,39]. eGFR slopes were determined for both LRI and
HRI subgroups if datawere sufficient. As an additional exploratory anal-
ysis, patients were stratified based on baseline eGFR >135 and eGFR
≤135mL/min/1.73m2, with 135 mL/min/1.73 m2 representing the cen-
ter of the 130–140 mL/min/1.73 m2 range of most reported cut-offs
used for glomerular ‘hyperfiltration’ in the medical literature [40]. A
small number of LRI patients were included in this eGFR slope analysis
that used a model adjusted for sex and included an interaction term
between sex and time.

IVSTs and LVPWTs were converted to Z-scores based on BSA cap-
tured within the time frame mentioned above [41,42]. The presence of
a Z-score ≥2 was considered abnormal. Estimated slopes of IVST and
LVPWT Z-scores were stratified by the group's median age at treatment
initiation. Additional adjustment of the model intercepts for potential
confounding by age at first treatment, renal involvement, and use of
angiotensin-converting enzyme inhibitors (ACEi) and/or angiotensin
receptor blockers (ARBs) did not, overall, change the results and, there-
fore, these variables were not included in the main analyses (modeling
data for male patients are shown in Supplementary Table 1).

Usable responses to gastrointestinal and pain symptoms were
defined as ‘yes’ or ‘no’ responses, excluding ‘unknown’ or missing
answers. P-values were calculated from McNemar's test to compare
proportions of patients reporting symptoms at last follow-up with
proportions at baseline.

For all analyses, a two-sided P-value of <0.05was considered to rep-
resent statistical significance. Statistical analyses were performed using
SAS statistical software 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Patient demographics and clinical characteristics at treatment baseline

The demographics and baseline clinical characteristics of the 524
male and 261 female patients who started agalsidase beta treatment
at ages 5–30 years and had any available data of interest are summa-
rized in Supplementary Table 2. There were neither notable differences
between the males with classic (n = 261, 49.8%) or unclassified GLA
variants (n = 263, 50.2%), nor between the females with classic (n =
128, 49.0%) or unclassified variants (n = 133, 51.0%). While treated
maleswere younger at onset of any FD symptom comparedwith treated
females (median 8.3 vs 10.3 years, P <0.001), the age at diagnosis was
similar for males and females (median 14.9 vs 15.0 years, P = 0.660).
Males had a shorter time from diagnosis to first agalsidase beta treat-
ment (median 1.2 vs 2.5 years, P <0.001) and were younger at treat-
ment start than females (median 18.0 vs 19.6 years, P = 0.027).
Amongmales, eGFR at baselinewas lower comparedwith females (me-
dian 91.7 vs 102.3 mL/min/1.73 m2, P <0.001), and Z-scores of IVST
(median 1.0 vs 0.5, P <0.001) and LVPWT (median 1.0 vs 0.4, P <
0.001)were higher. Chronic peripheral painwas themost frequently re-
ported symptom at baseline by males and females who had data avail-
able (87.8% vs 83.8%, P = 0.302), followed by abdominal pain (49.0%
vs 58.2%, P = 0.090) and diarrhea (42.1% vs 44.5%, P = 0.659). Acute
pain crises were least frequently reported (24.9% vs 13.5%, P = 0.010).

3.2. Kidney function

Of the 524 males in the overall population, 140 (26.7%) males had
the required eGFR assessments and renal involvement classification
criteria and were included in eGFR slope estimations (Table 1, Supple-
mentary Table 3). Of the 140 males, 117 (83.6%) had LRI and
23 (16.4%) had HRI. LRI males were younger at diagnosis (median age
16.1 vs 20.1 years, P = 0.041), at first treatment (median age 19.9 vs

http://fabry-database.org


Table 1
Patient demographics and estimated slopes of eGFR and IVST/LVPWT Z-scores in male and female Fabry patients aged 5–30 years at the start of agalsidase beta treatment who were in-
cluded in subgroup analyses.

Subgroup: n Predicted classic phenotype,
%

Age at first
treatmenta

Follow-upa,b Age at last
assessmenta

Slope post treatment (95%
CI)c

Pfrom 0
d Pdifference

e

Male patients
eGFR slope by renal involvementf

Low renal involvement: 117 52.9 19.9 (14.6, 24.2) 6.3 (4.1, 10.7) 27.1 (21.5, 31.4) −1.18 (−1.66, −0.71) <0.001
0.055

High renal involvement: 23 39.1 26.7 (19.5, 28.8) 5.6 (3.8, 8.3) 33.2 (23.8, 36.4) −2.39 (−3.53, −1.25) <0.001
IVST Z-score slope by median age at treatment initiation
<20.8 years: 33 57.6 16.9 (13.3, 18.5) 5.5 (3.9, 8.1) 21.9 (17.1, 25.2) −0.08 (−0.15, −0.02) 0.014

0.199
≥20.8 years: 33 63.6 25.2 (22.4, 28.4) 5.8 (4.6, 9.0) 31.5 (29.0, 34.9) −0.03 (−0.09, 0.04) 0.420

LVPWT Z-score slope by median age at treatment initiation
<21.4 years: 34 55.9 17.5 (13.7, 19.5) 5.5 (3.8, 8.3) 22.5 (18.6, 26.5) −0.03 (−0.08, 0.01) 0.156

0.161
≥21.4 years: 34 61.8 25.3 (23.0, 28.4) 5.5 (3.8, 7.4) 30.8 (28.1, 34.9) 0.02 (−0.06, 0.10) 0.478

Female patients
eGFR slope by renal involvementf,g

Low renal involvement: 59 59.3 23.6 (14.8, 26.8) 5.0 (3.7, 7.2) 28.4 (18.7, 32.6) −0.92 (−1.81, −0.04) 0.040
IVST Z-score slope by median age at treatment initiation
<23.4 years: 12 50.0 14.0 (1.8, 18.8) 4.5 (3.7, 5.9) 18.8 (15.6, 22.7) 0.003 (−0.19, 0.20) 0.977

0.469
≥23.4 years: 13 46.2 26.5 (25.9, 28.3) 4.1 (2.7, 4.9) 30.1 (28.5, 31.9) 0.10 (−0.10, 0.29) 0.304

LVPWT Z-score slope by median age at treatment initiation
<21.7 years: 10 40.0 14.0 (12.3, 16.7) 4.6 (3.7, 7.1) 18.8 (17.0, 20.5) −0.03 (−0.20, 0.14) 0.684

0.066
≥21.7 years: 12 58.3 27.5 (25.9, 28.3) 3.7 (3.0, 4.9) 30.8 (28.9, 31.9) 0.18 (0.02, 0.35) 0.028

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate; IVST, interventricular septal thickness; LVPWT, left ventricular posterior wall thickness; UACR, urine al-
bumin-to-creatinine ratio; UPCR, urine protein-to-creatinine ratio.

a Median in years (25th, 75th percentile).
b Follow-up defined as time of baseline assessment (within−12 to +3 months of first agalsidase beta treatment) to last assessment.
c mL/min/1.73 m2/year for eGFR and change in Z-score/year for echocardiographic variables.
d P-value calculated to test whether the post-treatment slope is different from zero.
e P-value calculated to test the post-treatment slope difference between subgroups.
f Renal involvement was defined as low (UPCR ≤0.5 g/g or UACR ≤0.3 g/g) or high (UPCR >0.5 g/g or UACR >0.3 g/g) using available data collected at treatment initiation or during

follow-up. eGFR as mL/min/1.73 m2. Baseline defined as within −12 to +3 months of first agalsidase beta treatment.
g Data from high renal involvement females (n = 7) were insufficient for eGFR slope analysis.
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26.7 years, P <0.001), and at last eGFR assessment (median age 27.1 vs
33.2 years, P = 0.028) than males with HRI. The eGFR slopes for these
subgroups were −1.18 (95% confidence interval [CI] −1.66, −0.71;
Pfrom 0 <0.001) vs −2.39 (95% CI −3.53, −1.25; Pfrom 0 <0.001)
mL/min/1.73 m2/year (Pdifference = 0.055) during a median follow-up
of 6.3 vs 5.6 years.

Of the 261 females in the overall population, 59 (22.6%) femaleswith
LRI had sufficient eGFR assessments for slope analysis (Table 1, Supple-
mentary Table 3). Data from female patients with HRI (n= 7) were in-
sufficient to reliably estimate the eGFR slope (data not shown). The 59
LRI females had an eGFR slope of −0.92 (95% CI −1.81, −0.04)
mL/min/1.73 m2/year (Pfrom 0 = 0.040) during a median follow-up of
5.0 years. The median ages at first treatment and last eGFR assessment
were 23.6 vs 28.4 years.

eGFR slope estimates for patients with a baseline eGFR >135
mL/min/1.73 m2 were based on small numbers of patients with LRI.
Only one patient (female) with HRI had a baseline eGFR above this
threshold and was excluded from the analysis. The eGFR slopes among
the seven male and six female LRI patients were −2.95 (95% CI −6.01,
0.12; Pfrom 0 = 0.057) vs −3.20 mL/min/1.73 m2/year (95% CI −9.71,
3.32; Pfrom 0 = 0.140) (Pdifference = 0.893) during a median follow-up
of 4.9 vs 5.8 years. The median baseline eGFRs were 148.4 vs 138.0
mL/min/1.73 m2, and the patients had started treatment at a median
age of 15.5 vs 12.9 years. For the male patients, the patient demograph-
ics and clinical characteristics (other than baseline eGFR) did not signif-
icantly differ fromdata for LRImaleswith a baseline eGFR ≤135mL/min/
1.73m2 (Supplementary Table 4). The LRI females with a baseline eGFR
>135 mL/min/1.73 m2 were younger at diagnosis (median 7.3 vs 15.5
years, P = 0.019) and at initiation of treatment (median 12.9 vs 23.7
years, P = 0.006) compared with LRI females with a baseline eGFR
≤135 mL/min/1.73 m2.

The individual eGFR simple regression slopes for the male and
female patients are plotted against patient age in Supplementary
Fig. 1.
4

3.3. Echocardiographic variables of cardiomyopathy

The analysis of IVST Z-scores for male patients included 33 males
who were younger and 33 males who were older than the overall
group's median age of 20.8 years at treatment initiation (median age
16.9 vs 25.2 years, P < 0.001). The slopes of Z-scores of IVST were
−0.08 (95% CI −0.15, −0.02; Pfrom 0 = 0.014) vs −0.03 (95% CI
−0.09, 0.04; Pfrom 0 = 0.420) per year (Pdifference = 0.199) (Table 1).
The IVST Z-scores at baseline were similar (median 1.2 vs 1.0, P =
0.622). Nine younger and six older patients had a Z-score of ≥2 at base-
line. The follow-up durationswere similar (median 5.5 vs 5.8 years, P=
0.489) and the last IVST assessment was performed atmedian ages 21.9
vs 31.5 years (P <0.001) (Supplementary Table 5A).

The slopes of Z-scores of LVPWT for younger males (<21.4 years,
n = 34) and older males (≥21.4 years, n = 34) were −0.03 (95% CI
−0.08, 0.01; Pfrom 0 = 0.156) vs −0.02 (95% CI −0.06, 0.10; Pfrom 0 =
0.478) per year (Pdifference = 0.161) (Table 1). The median ages at first
treatment, follow-up durations, and the ages at last assessment were
comparable to those for IVST Z-score assessments. The LVPWT Z-
scores at baseline for younger and older males were similar (median
1.1 vs 1.3, P = 0.961) (Supplementary Table 5A). Six younger and two
older patients had a Z-score of ≥2 at baseline.

Comparedwithmale patients, fewer females had IVST and LVPWT Z-
score data available. The slopes of IVST Z-scores for younger (<23.4
years, median age 14.0 years, n = 12) and older females (≥23.4 years,
median age 26.5 years, n = 13) were 0.003 (95% CI −0.19, 0.20;
Pfrom 0 = 0.977) vs 0.10 (95% CI −0.10, 0.29; Pfrom 0 = 0.304) per year
(Pdifference = 0.469) (Table 1). The median IVST Z-scores at baseline
were 0.7 vs −0.2 (P = 0.034). None of the females had a Z-score of
≥2 at baseline. Follow-up durations were similar (median 4.5 vs 4.1
years, P = 0.568) and the median ages at last IVST assessment were
18.8 vs 30.1 years (P < 0.001) (Supplementary Table 5B).

The slopes of Z-scores of LVPWT for younger (<21.7 years, n = 10)
and older females (≥21.7 years, n = 12) were − 0.03 (95% CI −0.20,
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0.14; Pfrom 0 = 0.684) vs 0.18 (95% CI 0.02, 0.35; Pfrom 0 = 0.028) per
year (Pdifference= 0.066) (Table 1). Themedian LVPWT Z-scores at base-
line were 0.3 vs −0.6 (P = 0.065). One older patient had a Z-score of
≥2 at baseline. The median ages at first treatment, follow-up durations,
and ages at last assessment were similar to those for IVST assessments
(Supplementary Table 5B).
3.4. Self-reported symptoms of Fabry disease

Among male patients with ≥0.5-year follow-up (specific symptom
median follow-up range 4.0–4.6 years), reports of chronic peripheral
pain (−6.9%, P=0.028) and acute pain crises (−9.5%, P<0.008) signif-
icantly reduced, compared with baseline. The changes in ‘yes’ reports of
abdominal pain (−7.5%, P = 0.101) and diarrhea (−7.5%, P = 0.071)
were not significant. After longer (≥2.5-year) follow-up (median
follow-up range 5.4–6.1 years), all observed reductions in symptom re-
ports were statistically significant (abdominal pain−13.9%, P= 0.011;
diarrhea−11.1%, P=0.029; chronic peripheral pain−8.7%, P=0.025;
acute pain crises−12.3%, P = 0.005) (Table 2).

Among female patients with ≥0.5-year follow-up (specific symptom
median follow-up range 3.9–4.4 years), significant reductions in reports
of diarrhea (−12.5%, P = 0.035) and acute pain crises (−6.6%, P =
0.046) were documented. The changes in reports of abdominal pain
(−9.1%, P = 0.114) and chronic peripheral pain (−6.5%, P = 0.194)
were not statistically significant. After longer follow-up (median
follow-up range 5.4–6.1 years), reports of abdominal pain significantly
reduced (−14.0%, P = 0.034), whereas other changes were not signifi-
cant (diarrhea −10.3%, P = 0.128; chronic peripheral pain −8.7%, P =
0.144; acute pain crises−6.6%, P = 0.109) (Table 2).

The vast majority of the males and females with ‘no’ responses for
abdominal pain, diarrhea, and acute pain at treatment baseline also re-
ported absence of these symptoms at last follow-up (Supplementary
Fig. 2).
Table 2
Changes in self-reported Fabry disease symptoms after ≥0.5 and ≥2.5 years of follow-up in ma

Parametersa Baseline ≥0.5-year follow-up % Changeb

Male patients
Abdominal pain
‘Yes’ response, n/N (%) 66/146 (45.2) 55/146 (37.7) −7.5
Follow-up, years – 4.4 (2.3, 7.9) –

Diarrhea
‘Yes’ response, n/N (%) 62/147 (42.2) 51/147 (34.7) −7.5
Follow-up, years – 4.6 (2.0, 8.0) –

Chronic peripheral pain
‘Yes’ response, n/N (%) 143/160 (89.4) 132/160 (82.5) −6.9
Follow-up, years – 4.0 (1.9, 7.4) –

Acute pain crises
‘Yes’ response, n/N (%) 42/168 (25.0) 26/168 (15.5) −9.5
Follow-up, years – 4.3 (2.0, 8.2) –

Female patients
Abdominal pain
‘Yes’ response, n/N (%) 62/110 (54.4) 52/110 (47.3) −7.1
Follow-up, years – 4.2 (2.7, 6.3) –

Diarrhea
‘Yes’ response, n/N (%) 50/112 (44.6) 36/112 (32.1) −12.5
Follow-up, years – 4.1 (2.7, 6.3) –

Chronic peripheral pain
‘Yes’ response, n/N (%) 93/108 (86.1) 86/108 (79.6) −6.5
Follow-up, years – 3.9 (2.5, 6.3) –

Acute pain crises
‘Yes’ response, n/N (%) 16/121 (13.2) 8/121 (6.6) −6.6
Follow-up, years – 4.4 (2.6, 6.5) –

a Only patients with usable responses defined as ‘yes’ or ‘no’ to the symptom assessmentwer
up as median (25th, 75th percentile).

b Percent change in the proportion of patients reporting presence of abdominal pain after ≥
c P-value calculated from McNemar's test to compare the last reported values with baseline
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4. Discussion

This longitudinal Fabry Registry analysis examined important clini-
cal outcomes among male and female patients with FD aged 5–30
years at initiation of agalsidase beta treatment and GLA variants associ-
ated with the classic phenotype of FD or unclassified variants. We
assessed changes in kidney function and echocardiographic variables
of cardiomyopathy following long-term treatment. In addition,we eval-
uated self-reported outcomes (binary ‘yes’/’no’ responses) of selected
hallmark symptoms of FD. Our findings suggest that sustained treat-
ment with agalsidase beta in male and female patients with LRI was as-
sociated with a modest decline in eGFR. A greater decline was observed
for older proteinuric (HRI) males. Overall, echocardiographic variables
remained stable, particularly amongmales and younger females. Signif-
icant reductions in reports of FD symptoms were particularly observed
among males; after longer follow-up, reports of all analyzed FD symp-
tomswere significantly reduced. Therewere fewer changes in symptom
reports by female patients.

Clinical experience with FD-specific treatments now exceeds 20
years, but most studies report clinical outcomes after relatively late ini-
tiation of treatment when substantial irreversible pathological changes
in major organs may already have developed [32,33]. Moreover, a very
limited number of studies have evaluated outcomes after early initiation
of agalsidase beta treatment at 1 mg/kg eow or at lower doses in pedi-
atric patients [31,43,44]. The findings emerging from this comprehen-
sive analysis of clinical outcomes substantially contribute to bridging
the gap in understanding the clinical outcomes associated with
agalsidase beta treatment among pediatric, adolescent, and young
adult patients with this complex genetic disorder, which is progressive
if left untreated [15,45].

In classically affected children with FD, early and substantial accu-
mulation of GL-3 in multiple kidney cell types (e.g., vascular, glomeru-
lar, interstitial, and tubular cells, podocytes) progressively leads to
cellular damage and secondary injury to kidney tissues [43,46–48].
Pathologic kidney damage is typically present before onset of
le and female Fabry patients aged 5–30 years at the start of agalsidase beta treatment.

Pc Baseline ≥2.5-year follow-up % Changeb Pc

0.101 54/108 (50.0) 39/108 (36.1) −13.9 0.011
– – 6.0 (4.0, 10.2) – –

0.071 50/108 (46.3) 38/108 (35.2) −11.1 0.029
– – 6.1 (4.0, 10.4) – –

0.028 103/115 (89.6) 93/115 (80.9) −8.7 0.025
– – 5.4 (3.7, 10.6) – –

0.008 29/122 (23.8) 14/122 (11.5) −12.3 0.005
– – 6.1 (3.9, 10.6) – –

0.114 51/86 (59.3) 39/86 (45.3) −14.0 0.034
– – 5.4 (3.7, 6.8) – –

0.035 39/87 (44.8) 30/87 (34.5) −10.3 0.128
– – 5.4 (3.7, 6.8) – –

0.194 69/81 (85.2) 62/81 (76.5) −8.7 0.144
– – 5.3 (3.6, 7.0) – –

0.046 13/91 (14.3) 7/91 (7.7) −6.6 0.109
– – 5.4 (3.8, 7.1) – –

e included in analysis; patients with ‘unknown’ ormissing answerswere excluded. Follow-

0.5 and ≥2.5 years of follow-up, compared with baseline.
values.
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progressive decline in GFR and increasing proteinuria. The initial renal
functional abnormality, microalbuminuria, has also been reported for
children with FD [49]. A study in untreated FD patients has demon-
strated an association between eGFR and age among males aged ≥18
yearswith a predicted classic FD phenotype [15]. Amonguntreated clas-
sic female patients, this relationship was also present, although less
strong.

We evaluated kidney function according to the extent of renal in-
volvement (i.e., LRI or HRI) primarily defined by the level of protein-
uria reported at treatment initiation or during follow-up, as this is a
strong and independent risk factor for progression of chronic kidney
disease in patients with and without FD [45,50–53]. For LRI patients,
we found a modest eGFR decline among 117 males and 59 females
(1.18 vs 0.92 mL/min/1.73 m2/year). These patients were followed
till the median ages of 27.1 vs 28.4 years. Compared with LRI males,
treatment with agalsidase beta was initiated at significantly older
age in the 23 HRI males (median age 19.9 vs 26.7 years). The HRI
males had a median UPCR (1.0 g/g), indicative of significant kidney
dysfunction [54], and an increased rate of eGFR decline of 2.39 mL/
min/1.73 m2/year (last assessments at median age 33.2 years) with-
out a significant difference compared with the slope among LRI
males. Previous studies of agalsidase beta have reported a statisti-
cally significantly more rapid decline among adult HRI patients com-
pared with adult LRI patients [55,56]. One of these studies evaluated
10-year (median) agalsidase beta treatment outcomes among 52
classic adult FD patients (50 males, two females) classified as LRI or
HRI based on the UPCR and on the percentage of sclerotic glomeruli
on kidney biopsy [55]. LRI males had a marginally higher age at
first treatment (median 22.5 vs 19.9 years) and a higher rate of
eGFR decline (1.89 vs 1.18 mL/min/1.73 m2/year) compared with
LRI males in the current study. HRI males in the previous study
were considerably older at first treatment (median 36.6 vs 26.7
years) and eGFR decline was more rapid (6.82 vs 2.39 mL/min/1.73
m2/year) compared with HRI males in the present study.

A Fabry Outcome Survey study reported a significant decline in eGFR
of 1.12mL/min/1.73m2/year among 84male patients aged 18–30 years
at start of agalsidase alfa treatment who had a normal mean eGFR
(118.6 mL/min/1.73 m2) at baseline [57]. However, the analysis did
not stratify patients by the level of renal involvement and predicted
phenotype. Another study in mostly classic FD patients reported a
mean decline in eGFR of 1.5 mL/min/1.73 m2/year among 21 patients
(males and females) aged 18–29 years at the start of either agalsidase
alfa or agalsidase beta treatment, whereas the decline in measured
GFR (mGFR) was 0.1 mL/min/1.73 m2. The mean eGFR and mGFR at
baseline were 132 vs 101 mL/min/1.73 m2 [50].

Tøndel et al, using both mGFRs and eGFRs, concluded that most
‘hyperfiltration’ eGFRs of young patients with FD could not be con-
firmed by mGFRs and were likely spurious [58]. Our exploratory analy-
sis, which stratified patients based on a baseline eGFR below and above
the ‘hyperfiltration’ threshold [40], included small numbers of LRI pa-
tients. The decline in eGFR among patients with a baseline eGFR >135
mL/min/1.73 m2 was 2.95 (seven males) and 3.20 mL/min/1.73
m2/year (six females) with wide 95% CIs. The patient demographics
and clinical characteristics, compared with LRI patients with a baseline
eGFR ≤135mL/min/1.73m2, were similar for themales, whereas the fe-
males were significantly younger at diagnosis and at initiation of treat-
ment. A more rapid ‘decline’ in patients with a high baseline eGFR
(Supplementary Fig. 1) may represent regression toward the mean or
other non-true GFR variables related to increases in muscle mass be-
cause of greater exercise capability consequent to agalsidase beta treat-
ment and the effects of puberty, or related to the imprecision of eGFR vs
mGFR methods at higher GFRs [58–60]. Although it has been proposed
that hyperfiltration is a common early-stage sign indicating glomerular
damage in FD patients [61], the concept of hyperfiltration in patients
with this disorder should be used with caution until validated with
mGFRs vs eGFRs [58].
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Progressive GL-3 accumulation within the heart affects various car-
diac cell types, including vascular endothelial and smooth muscle
cells, cardiomyocytes, conduction system tissue, and valvularfibroblasts
[62]. Specific trophic factors, cardiomyocyte injury, and microcircula-
tory ischemia are believed to contribute to tissue injury leading to in-
flammation and development of LVH and cardiac replacement fibrosis
[5]. Evidence of LVHmaybe present amongpediatric and adolescent pa-
tients [63–65]. A study in untreatedmale patients aged ≥18 years with a
predicted classic phenotype reported an association between age and
left ventricular mass (LVM). Moreover, a Fabry Registry study showed
that LVM progressively increased among untreated male patients aged
18–29 and 30–39 years (not stratified by predicted phenotype) with
slope estimates of 9.5 vs 8.4 g/year [66].

In the current analysis, we found overall stable Z-scores of IVST and
LVPWT over time among younger and older males who were followed
till the median ages of ∼22 vs 31 years. Data for female patients were
more limited. Younger females had stable Z-scores, whereas results for
the older females were mixed (stable Z-scores of IVST, significant in-
crease in Z-scores of LVPWT). However, the slopes did not statistically
differ from slopes of younger females. The median ages at last follow-
up were 18.8 vs ∼30 years.

The aforementioned registry studies found that LVM decreased sig-
nificantly among 31 males aged 18–29 years following agalsidase beta
treatment [66], and LVM (indexed) did not significantly progress
among 38 males aged 18–30 years at start of agalsidase alfa treatment
who had a normal mean LVM (≤50 g/m2.7) at baseline [57].

Abdominal pain and diarrhea are believed to result from GL-3-
induced enteric small-fiber neuropathy and ganglionopathy, vasculopa-
thy in structures of the gastrointestinal tract, and inflammatory pro-
cesses [67,68]. GL-3 accumulation in dorsal root ganglia and
endothelial cells of the vasa nervorum have been proposed as possible
causes of the length-dependent small-fiber neuropathy, which may in-
duce a variety of neurological symptoms, including chronic neuropathic
pain and acute pain crises [69–71].

The frequencies of occurrence of abdominal pain and diarrhea
among patients in this study substantially exceeded those reported for
young untreated FD patients of both sexes [12,13]. Significant reduc-
tions in reports of abdominal pain and diarrhea by males were only
found after longer follow-up. Among females, the reduction in reports
of abdominal pain was only statistically significant after longer follow-
up, whereas the change in reports of diarrhea, albeit significant in the
first follow-up analysis (median 4.1 years follow-up), was not signifi-
cant after longer follow-up.Most patients reporting absence of gastroin-
testinal symptoms at treatment baseline also reported their absence at
last follow-up.

A few small studies evaluated gastrointestinal symptoms among FD
patients starting agalsidase beta treatment at a young age. Among 16
pediatric patients (14 males) enrolled in a 48-week open-label study
of agalsidase beta, patient reports showed significant reductions in
post-prandial pain, nausea, and vomiting after 6 months of treatment
initiated at a median age of 11.7 years [72]. In another pediatric study,
10 patients (six males) started agalsidase beta treatment at a mean
age of 12.3 years. Five of the seven patients reporting abdominal pain
at baseline had decreased pain (assessed using a Visual Analog Scale)
during a maximum follow-up of 8 years [73].

Chronic neuropathic pain (chronic peripheral pain) was the most
frequently reported symptom by male and female patients included in
our analyses, and reports of acute pain crises were the least frequent.
We found significant reductions in reports of chronic peripheral pain
and acute pain crises bymales in both follow-up analyses, and in reports
of acute pain crises by females in the first follow-up analysis but not
after longer follow-up. Changes in reports of chronic peripheral pain
by females were not significant.

The previously mentioned pediatric study by Borgwardt et al
assessed pain outcomes after agalsidase beta initiation using a Visual
Analog Scale, and found decreased neuropathic pain in eight of
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10 pediatric patients [73]. Another study reported a reduction in the
mean total symptom score for neuropathic pain among 22 classic
male patients initiating agalsidase beta treatment at a mean age of
27.9 years [74].

The classic phenotype of FD is characterized by early and progressive
disease manifestations, and the underlying pathogenic mechanisms are
complex. Organ-specific goals of FD-specific treatment and appropriate
non-specific adjunctive therapies have been developed by a European
panel of experts in FD [30]. The goals particularly relevant to patients
aged 5–30 years include stabilization of eGFR or reduction in the slope
of eGFR decline, prevention of LVH,mitigation of gastrointestinal symp-
toms and, rather than eliminating pain, reduction in the intensity of
chronic neuropathic pain to manageable levels and reduction in the in-
tensity and frequency of pain crises. Our findings suggest an overall im-
provement of the analyzed variables after longer term treatment with
agalsidase beta in patients in this age category. However, since longitu-
dinal studies providing sufficient detail on the evolution and progres-
sion of kidney dysfunction, cardiomyopathy, and common early
symptoms during childhood, adolescence, and early adulthood have
not been reported, the present study is limited in drawing firm conclu-
sions about the disease-moderating impact of agalsidase beta treatment
in young patients with FD.

Strengths and limitations of the present study should be weighed
carefully. Our analyses comprehensively investigated several important
clinical outcomes among young FD patients receiving agalsidase beta
treatment. To ensure reliable eGFR, IVST Z-score and LVPWT Z-score
slope estimations based on sufficient numbers of male and female pa-
tients, we includedpatientswithGLA variants predicted to be associated
with classic FD or with unclassified variants in the analyses. For both
males and females in these two variant groups, the demographics and
clinical characteristics of patients were overall similar (Supplementary
Table 2) and, therefore, the impact of phenotype heterogeneity on the
analyses is expected to be minimal. However, patient-specific data on
clinical presentation, residual α-Gal A activity, and biochemical param-
eters, required to confirm genotype-phenotype correlations in these pa-
tients, beyond the scope of this manuscript, were not analyzed.
Moreover, we were unable to determine which patient-specific clinical
considerations led to initiation of treatment in individual patients.
Therefore, it cannot be concluded that all these patients consistently
showed the features of the more severe, classic phenotype of FD ex-
pected to occur during childhood, adolescence, or early adulthood
prior to initiation of agalsidase beta treatment. The interpretation of
data is limited by the lack of an appropriately matched control group.
The treated female patients included in the analysesmay havemore un-
favorable patterns of skewing of X-chromosome inactivation, and may
not be representative of the overall population of young female FD pa-
tients. For female patients, sufficient data for eGFR slope estimation
were mostly available for patients with LRI, and estimations of slopes
of echocardiographic variables were based on relatively small numbers
of patients. In addition, Z-scores of IVST and LVPWT were computed
based on values derived from a study population limited to individuals
aged ≤18 years [41,42]. This may have introduced some measurement
errors in patients aged >18 years that could have affected the precision
of the slope, thus widening the 95% CIs of the estimated slopes. We
lacked sufficient data on LVM, cardiovascular risk factors, and on bio-
markers of FD (e.g., plasma or urinary GL-3, lyso-GL-3 [3,4]) for assess-
ment of biochemical responses. Furthermore, interpretation of changes
in FD symptoms is limited by using binary responses of ‘yes’ (present)
and ‘no’ (absent) to describe self-reported outcomes, rather than vali-
dated symptom rating scales. These rigorous endpoints prevented any
relative symptom improvements or deteriorations from being analyzed
(data on changes in intensity and frequency of symptoms were insuffi-
cient). Moreover, the analyses did not assess non-FD-related causes of
the symptoms. Data on the timing of ACEi/ARB initiation (if applicable)
and the uniformity in their use, including dose and titration, were
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lacking. Because ACEi/ARBs are presumably prescribed as
nephroprotective agents and could be seen as confounding by indica-
tion, these data were not included in our analyses. The use of gastroin-
testinal agents and pain control agents (which use for chronic pain
may be restricted till the age of 14 years) may have influenced the re-
sults, but could not be analyzed due to limiteddata in the Fabry Registry.
Finally, although regular monitoring of serum anti-α-galactosidase A
IgG antibody levels is recommended as part of the routine care for pa-
tients with FD receiving agalsidase beta treatment, the study did not in-
clude this information due to limited antibodydata availability formany
patients that precluded meaningful analyses of IgG antibody titer
changes as related to eGFR, IVST Z-score, or LVPWT Z-score changes
over time.

5. Conclusions

During sustained treatment with agalsidase beta in young FD pa-
tients with classic or unclassified GLA variants who had similar charac-
teristics, the decline in eGFR was modest among male and female
patients with LRI. Older, proteinuric (HRI) males had a greater decline
in eGFR, whichmay suggest a benefit of earlier treatment. Overall, echo-
cardiographic variables remained stable, particularly among males and
younger females. Among older females, the results varied, but slopes
of echocardiographic variables did not statistically differ from slopes of
younger females. After longer follow-up, reports of all analyzed FD
symptoms significantly reduced among males, whereas changes
among females were less noticeable. These findings extend the current
limited clinical data regarding therapeutic outcomes among young FD
patients and suggest an overall improvement of the analyzed variables
after sustained treatment in patients in this age category. The observed
trends are informative for clinical care decisions for these young pa-
tients directed toward reducing the burden of FD and improving the
overall clinical outcomes. However, the findings merit caution in their
interpretations, given the study limitations, and warrant larger longitu-
dinal studies.
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