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A B S T R A C T

Fabry disease is an X-linked inherited, progressive disorder of lipid metabolism resulting from the deficient
activity of the enzyme α-galactosidase. Enzyme replacement therapy (ERT) with recombinant agalsidase, with
intravenous infusions of either agalsidase beta or agalsidase alfa, is available and clinical experience now ex-
ceeds 15 years. There are very few randomised, placebo-controlled clinical trials evaluating the outcomes of
ERT. Data are often derived from observational, registry-based studies and case reports. Pooled analysis of data
from different sources may be limited by the heterogeneity of the patient populations, outcomes and treatment.
Therefore, comprehensive systematic literature reviews of unpooled data are needed to determine the effects of
ERT on disease outcomes. A systematic literature search was conducted in the Embase and PubMed (MEDLINE)
databases to retrieve original articles that evaluated outcomes of ERT in patients with Fabry disease; the out-
come data were analysed unpooled. The literature analysis included the full range of published literature in-
cluding observational studies and case series/case reports. Considerable heterogeneity was found among the
studies, with differences in sample size, statistical methods, ERT regimens and patient demographic and clinical
characteristics. We have demonstrated the value of performing an unpooled systematic literature review of all
published evidence of ERT outcomes in Fabry disease, highlighting that in a rare genetic disorder like Fabry
disease, which is phenotypically diverse, different patient populations can require different disease management
and therapeutic goals depending on age, genotype, and disease severity/level of organ involvement. In addition,
these findings are valuable to guide the design and reporting of new clinical studies.

1. Introduction

Fabry disease (OMIM #301500) is an inherited X-linked lysosomal
storage disorder caused by pathogenic variants in the GLA gene and the
resulting loss of function of the lysosomal enzyme α-galactosidase. The
disease is caused by the accumulation of glycosphingolipids within
tissues that progressively affect multiple organ systems. In classic Fabry
disease, patients experience neuropathic pain, hypohidrosis, and gas-
trointestinal discomfort at a young age, followed by early kidney
failure, cardiac disease, and stroke (Germain, 2010). Patients with
Fabry disease can be treated with enzyme replacement therapy (ERT)
with recombinant human α-galactosidase. There are two forms of ERT
available: agalsidase alfa (Replagal®, licensed dose 0.2mg/kg every

other week) and agalsidase beta (Fabrazyme®, licensed dose 1.0mg/kg
every other week). Agalsidase alfa and agalsidase beta are both avail-
able in many countries; agalsidase beta is available in the USA (Desnick,
2004; Ortiz et al., 2018).

Fabry disease is a rare disease. With such small patient numbers, it
is challenging to design sufficiently powered randomised, placebo-
controlled clinical trials. Consequently, publications derived from dis-
ease registries and case studies are common. However, Fabry disease is
also very heterogeneous, with different clinical manifestations in pa-
tients with GLA variants associated with classic versus late-onset dis-
ease, in males versus females, and even within females depending on
their level of X-chromosome inactivation (Echevarria et al., 2016).
Therefore, the interpretation of the published evidence is hindered by
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the lack of robust trials and heterogeneity of patients included within
each study.

In other diseases, pooled analyses or meta-analyses of randomised
clinical trial data are used. To perform such analyses, the study type,
patient population and endpoints need to be comparable across all the
studies included. In Fabry disease, pooled analyses of randomised
clinical data resulted in very scant conclusions (El Dib and Pastores,
2010; El Dib et al., 2013, 2016). When the same authors pooled data
from 77 cohort studies they acknowledged the limitations of their ap-
proach, considering the variability in patient characteristics (e.g.
gender, genotype), baseline disease severity and type of ERT (not al-
ways specified) (El Dib et al., 2017).

Therefore, the objective of our analysis was to provide the rationale
for performing a systematic literature review of all published literature
regarding the effect of ERT in Fabry disease where all the data are
unpooled. The comprehensive systematic literature review that was
performed provided the foundation for three other publications which
report the actual unpooled outcomes in different patient populations
(Germain et al., 2018; Germain et al., 2019a,b; Spada et al., 2019) and
the resulting therapeutic goals development (Wanner et al., 2018). It is
hoped that the information gained from this analysis of unpooled data
can inform the design of future clinical studies in patients with Fabry
disease.

2. Methods

An international panel of specialists from 10 subspecialties (cardi-
ology, endocrinology, metabolic disease, haematology, internal medi-
cine, genetics, nephrology, neurology, paediatrics and statistics) con-
vened twice to examine the results of the systematic review of literature
on ERT in Fabry disease.

2.1. Literature searches

The initial literature search was conducted on 9th September 2014,
using the Embase® database and the following search terms: (“agalsi-
dase” OR “recombinant alpha galactosidase” OR “recombinant alfa
galactosidase” OR “recombinant human alpha galactosidase” OR “re-
combinant human alfa galactosidase” OR “Fabrazyme” OR “Replagal”
OR “enzyme replacement therapy” OR “enzyme replacement thera-
pies”) AND (“Fabry disease” OR “Fabry's disease” OR “Anderson Fabry
disease” OR “morbus Fabry” OR “angiokeratoma corporis diffusum”)
NOT “conference abstract”. No limits were set on publication dates or
publication types for the initial search. The systematic literature search
was repeated twice, on 1st September 2015 and 31st January 2017, to
identify additional published articles describing treatment outcomes in
patients with Fabry disease who were treated with ERT. The pharma-
cological chaperone migalastat was approved in Europe in 2016 and in
the USA in 2018; however, a decision was taken not to include miga-
lastat studies in this systematic literature review because of the limited
experience with this new therapy and the scarce published literature at
the time of the literature search. Therefore, this systematic literature
review only included publications regarding the effect of ERT on pa-
tients with Fabry disease.

Although the Embase database should include all articles indexed in
the National Center for Biotechnology Information's PubMed®

(MEDLINE®), the same search was conducted using the PubMed data-
base to identify any publications that may not have been included in
Embase, e.g. publications ahead of print.

2.2. Literature screening

All articles identified during the literature searches were screened
by two independent reviewers to select relevant articles for inclusion.
Screening was based on the abstract; if no abstract was available, then
the full-text article was obtained for screening. For each publication,

the title and abstract were screened, and a decision was made regarding
whether to include the article based on the prespecified inclusion/ex-
clusion criteria. All articles that reported outcomes data on patients
with Fabry disease treated with either agalsidase beta or agalsidase alfa
were eligible for inclusion. As a result, the analysis included reports
from randomised clinical trials (RCTs), non-randomised clinical trials,
open-label clinical trials, prospective observational studies, retro-
spective cohort studies, retrospective database studies, registry studies,
case series, and case reports. Preclinical studies that evaluated bio-
markers were also eligible for inclusion if data were presented in the
context of patient outcomes. Narrative review articles, systematic re-
views, pooled analyses, and meta-analyses that did not present new
data were excluded as were studies that did not report outcomes fol-
lowing ERT, quantifiable endpoints, or outcomes in patients with Fabry
disease. Studies that reported treatment outcomes associated with a
single dose of ERT, studies published in a non-English language journal,
studies on non-human subjects, and preclinical studies that did not
present findings in the context of clinical outcomes were also excluded.

2.3. Data extraction

Data were extracted from all eligible studies based on the reported
study information, the endpoint data, and the robustness of the data.
The study information that was recorded included design, patient po-
pulation, percentage of male and female participants, total number of
patients, number of patients lost to follow-up, ERT type [drug name]
and dosage, any dose changes or drug switches, patient age at ERT
initiation or dose/ERT switch, duration of treatment, genetic variants,
disease severity, concomitant medications and α-galactosidase activity.
The extracted outcome/endpoint data included plasma and urinary
(lyso-)GL-3/Gb3 (abbreviated as GL-3) levels or heart and kidney GL-3
accumulation scores; cardiac echocardiographic, magnetic resonance
imaging (MRI) and electrocardiogram measures; glomerular filtration
rate (GFR); proteinuria/albuminuria and serum creatinine levels;
measures of the autonomic, central and peripheral nervous systems;
and other outcomes, such as pain, gastrointestinal outcomes, quality of
life and immunogenicity/seroconversion. Data on clinical outcomes
were recorded as described in the article and any validated assessment
scales, if used, were noted. Outcome measures at baseline and at end-
point were extracted for all treatment outcomes; the change between
baseline and endpoint and any statistical evaluations of this change
were recorded where possible.

Study data were assimilated into different sections and analysed in
the following patient subgroups: paediatric population, adult female
population, adult male population, and gender-mixed population.
Patient populations were classified as 'gender mixed' if they were de-
rived from studies that included both male and female patients but did
not specify outcomes separately. It is important to note that the adult
female and adult male publication sets are not mutually exclusive since
some publications presented ERT data on both adult female and adult
male patients. Data from registry studies and studies investigating
variable ERT dosing were assimilated into different sections and ana-
lysed separately.

2.4. Level of evidence

A variation of the levels of evidence classification published by the
Oxford Centre for Evidence-Based Medicine was used to grade all
publications included in the literature analysis (CEBM, 2009). In sum-
mary, the levels of evidence were as follows:

• Grade 1a publications described RCTs with the use of an active
comparator or placebo

• Grade 1b publications covered non-RCTs

• Grade 1c publications included open-label or single-arm clinical
trials
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• Grade 1a/1c publications reported both RCT and open-label exten-
sion data

• Grade 2 publications described prospective observational studies
(the distinction between a Grade 1c single-arm trial and a Grade 2
study was made based on the mention of a protocol in the Methods
section or a description of the study as a trial [i.e. Grade 1c], or
prospective studies being defined as those in which Fabry patients
were not randomised or assigned to a treatment [i.e. Grade 2])

• Grade 3 publications described retrospective observational studies,
registry studies, and database analyses

• Grade 4 publications described case series

• Grade 5 publications described case reports.

In the publications that report the outcomes from this literature
analysis (Germain et al., 2018, 2019a,b; Spada et al., 2019), ERT out-
come data from clinical trials (Grade 1a-c) and observational studies
(Grade 2–5) were analysed and reported separately, in recognition of
the different clinical ‘weight’ that can be ascribed to the findings from
controlled studies compared to observational and registry data.

2.5. Risk of bias assessment

All Grade 1–3 publications were assessed for risk of bias based on
the Cochrane tool for assessing bias originally developed for rando-
mised trials (Table 1; Higgins et al., 2011). Grade 4 and Grade 5 pub-
lications were excluded from the assessment. Grade 1a publications
were graded according to a high or low risk of selection, performance,
and detection bias. Risk of attrition bias, reporting bias, and other bias
possibilities (e.g. low samples sizes, lack of comparator group, im-
balance between comparator groups, incomplete reporting of patient
characteristics) were assessed in all Grade 1–3 publications. Pharma-
ceutical sponsorship of a study was also noted. When insufficient data
were available to make a judgment, the item was noted as a potential
risk.

3. Results

3.1. Summary of screening process

A total of 2655 articles were identified by the literature searches in
Embase and PubMed. Following the removal of 977 duplicate records,
1678 articles were screened for inclusion. The identification, screening
and reasons for exclusion of publications are summarised in Fig. 1. A
total of 269 publications were eligible for inclusion and were used to
inform the analysis (Supplementary Table S1).

3.2. Publication characteristics

The 269 publications included in the data analysis reported clinical
outcomes of agalsidase beta treatment (n= 97), of agalsidase alfa
treatment (n= 90), and outcomes of both therapies used inter-
changeably or alongside each other (n=59); 23 publications did not
specify the ERT type (Fig. 2).

Grade 2 prospective observational studies were the most prevalent
type of publication (n= 80): 30 on outcomes with agalsidase beta and
19 on outcomes with agalsidase alfa (Fig. 2A). Grade 5 case reports
were the next most common group of publications (n= 65), followed
by Grade 3 publications of retrospective observational studies (n=55).
There were 25 Grade 1c publications reporting outcomes of single-arm
clinical studies; 9 on agalsidase beta and 14 on agalsidase alfa. A total
of 24 publications described Grade 4 case series.

Nine publications were classified as Grade 1a RCTs, including 1
reporting outcomes of agalsidase beta, 7 of agalsidase alfa and 1 that
used both drugs. Finally, 11 publications reported outcomes from Grade
1a/1c studies including an open-label extension phase as well as a
randomised design (6 on agalsidase beta treatment and 5 on agalsidase
alfa). No publication was classified as a Grade 1b non-RCT. It should
also be noted that certain studies gave rise to more than 1 publication,
with separate articles reporting different clinical outcomes in the same
patient population.

3.3. Risk of bias assessment

Of the 269 included publications, 180 articles that were classified as
Grade 1–3 were included in the risk of bias assessment; 89 case series or
case report articles were classified as Grades 4 and 5, respectively, and
thus excluded from this assessment. A summary of the risk of bias as-
sessment of the aggregate publications categorised according to popu-
lation is provided as a supplemental figure (Figs. S1A–D).

Varying levels of risk for the different types of bias were observed
for each patient population. In all populations, the majority of pub-
lications were graded to have high risks of 'other' types of bias. In
publications with adult male data, risks for selection, performance and
detection bias were relatively high; most of the adult male data pub-
lications demonstrated low risks for attrition and reporting bias.
Compared with adult male publications, publications with adult female
data and gender-mixed data demonstrated similar risk patterns, but
lower risks of detection bias were observed. Due to the absence of
placebo-controlled RCTs in paediatric patients, risk of selection and
performance bias could not be assessed. Detection bias in three open-

Table 1
Cochrane Collaboration tool for assessment of the risk of bias in clinical studies (adapted from Higgins et al., 2011).

Type of bias Source of bias Assessment of bias (rank as low, unclear or high risk of bias)

Selection bias Random sequence generation Biased allocation to intervention (e.g. treatment) present if there is inadequate generation of a randomised
sequence

Concealed allocation of patients Biased allocation to intervention present if there is inadequate concealment of allocations before assignment
Performance bias Blinding of participants and study

personnel
Present if there is knowledge of allocated interventions by participants and/or study personnel/investigators
during the study

Detection bias Blinding of outcome assessment Present if participants/personnel become aware of the interventions by outcome assessment
Attrition bias Incomplete outcome data Due to amount, nature or handling of incomplete outcome data
Reporting bias Selective reporting Due to selective reporting of outcomes

Fig. 1. Flow diagram of identification, screening and inclusion of articles in the
systematic review. ERT, enzyme replacement therapy; FD, Fabry disease.
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label single-arm clinical studies in paediatric patients was found to be
of low to moderate risk. Risk patterns of attrition, reporting and other
bias in publications with paediatric data were similar to the other po-
pulations.

3.4. Patient populations

The most common population sample comprised adult male patients
(Fig. 2B); 145 publications providing data on ERT outcomes in adult
male patients were identified, including Grade 1a RCT (n=6, all on
agalsidase alfa), Grade 1c single-arm study (n= 12) and Grade 1a/1c
publications (n=4, all on agalsidase alfa). Grade 2 (n= 33) and Grade
3 publications (n=33) had similar numbers using either agalsidase
beta or agalsidase alfa as the investigational drug. The remaining 57
publications were Grade 4 case series (n= 16) and Grade 5 case reports
(n= 41).

Eighty-one publications provided data on ERT outcomes in adult
female patients (Fig. 2C). Publications included one Grade 1a RCT on
agalsidase alfa, Grade 1c single-arm studies (n=5), Grade 2 (n=20)
and Grade 3 studies (n=28). The remaining publications were Grade 4
case series (n= 12) and Grade 5 case reports (n=15).

There were 35 publications reporting paediatric patient data, in-
cluding Grade 1c single-arm study publications (n= 6; 1 on agalsidase
beta, 5 on agalsidase alfa), Grade 4 case series (n=7) and Grade 5 case
reports (n= 10) (Fig. 2D). The remaining publications were Grade 2
studies (n=6) and Grade 3 studies (n= 6).

Eighty-four publications reported ERT outcomes in a gender-mixed
population, with the large majority describing Grade 2 (n=43) and
Grade 3 studies (n=23) (Fig. 2E).

3.5. Organ system-specific data

The numbers of Grade 1–5 publications identified for biomarker
outcomes or outcomes in different organ systems are summarised in
Table 2. The majority of publications with data for biomarkers reported

Fig. 2. Number of publications by study population and study grade. (A) All
publications (N = 269). (B) Adult male publications (n = 145). (C) Adult fe-
male publications (n = 81). (D) Paediatric publications (n = 35). (E) Gender-
mixed publications (n = 84). *There may be more than 1 publication derived
from a single study. Grade 1a, RCTs; Grade 1a/1c, RCTs with single-arm open-
label extensions; Grade 1c, open-label or single-arm trials; Grade 2, prospective
observational studies; Grade 3, retrospective observational studies; Grade 4,
case series; Grade 5, case reports; RCT, randomised clinical trial; NR, not re-
ported.

Fig. 2. (continued)
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the effect of ERT on plasma GL-3 levels (n= 50), followed by urinary
GL-3 (n=32) and kidney GL-3 accumulation (n= 19). A lower number
of publications reported about plasma or urinary lyso-GL-3 (n=13
versus n= 1). With regards to kidney outcomes, most of the publica-
tions (n= 93) reported the effect of ERT on GFR or estimated GFR
(eGFR), followed by proteinuria (n= 63) and serum creatinine
(n=41). Measures of heart morphology were also commonly reported
outcomes: echocardiographic data (n=102) were reported more often
than MRI data (n= 18). Cardiac function outcomes were reported in 13
publications. Most of the publications reporting nervous system

Table 2
Number of Grade 1–5 publications reporting biomarker- or organ system-spe-
cific outcomesa.

Publication grade

Overall 1a 1c 1a/1c 2 3 4 5

Biomarker
Plasma GL-3 50 5 16 2 14 4 5 4
Plasma lyso-GL-3 13 0 2 0 4 6 1 0
Urinary GL-3 32 2 14 0 11 2 2 1
Urinary lyso-GL-3 1 0 0 0 0 1 0 0
Kidney GL-3 19 3 3 2 3 0 2 6
Other organ GL-3 14 1 3 6 0 2 0 2

Kidney
GFR/eGFR 93 3 15 3 25 29 8 10
Proteinuriab 63 2 9 0 14 10 8 20
Serum creatinine 41 0 4 2 8 8 5 14
Creatinine clearance 11 1 2 0 3 0 1 4
Protein:creatinine ratioc 21 1 4 1 4 7 1 3
Renal function 11 0 2 0 3 2 3 1
Renal histologyd 14 1 1 1 2 0 2 7
Otherse 6 1 0 0 1 2 1 1

Heart
Echocardiogram 102 3 9 1 30 29 10 20
MRI 18 1 0 0 10 1 0 6
ECG 43 2 8 1 12 9 4 7
Functionf 13 1 2 0 5 2 1 2
Othersg 14 0 0 0 3 2 1 8

Nervous system
ANSh 55 1 8 2 15 12 6 11
CNSi 31 1 3 2 11 3 6 5
PNSj 75 3 11 5 18 10 11 17

Grade 1a, RCTs; Grade 1a/1c, RCTs with single-arm open-label extensions;
Grade 1c, open-label or single-arm trials; Grade 2, prospective observational
studies; Grade 3, retrospective observational studies; Grade 4, case series; Grade
5, case reports.
α1M, alpha-1-microglobulin; AMDA, asymmetric dimethylarginine; ANS, au-
tonomic nervous system; BNP, brain natriuretic peptide; CKD, chronic kidney
disease; CNS, central nervous system; ECG, electrocardiogram; EDTA, ethyle-
nediaminetetraacetic acid; eGFR, estimated glomerular filtration rate; GFR,
glomerular filtration rate; IgG, immunoglobulin G; MRI, magnetic resonance
imaging; NYHA, New York Heart Association; PNS, peripheral nervous system;
RBP, retinol-binding protein; RCT, randomised clinical trial.

a A single publication may report more than one organ system-specific out-
come.

b Proteinuria also includes microalbuminuria and albuminuria.
c Protein:creatinine ratio includes albumin:creatinine ratio, IgG:creatinine

ratio, α1M:creatinine ratio, RBP:creatinine ratio, transferrin:creatinine ratio
and total protein:creatinine ratio.

d Not including renal GL-3 accumulation.
e Others include inulin clearance, chromium-51-EDTA clearance, cystatin C,

CKD staging and plasma urea.
f Function includes atrial fibrillation, stress tests and NYHA classification.
g Others include cardiac markers such as AMDA and BNP, and histology.
h ANS parameters include sweat testing, heat intolerance, baroreceptor re-

flux studies, blood pressure and gastrointestinal symptoms.
i CNS parameters include brain lesions on MRI, cerebral blood flow esti-

mates, and auditory and vestibular function.
j PNS parameters include nerve conduction studies, acroparesthaesia and

pain outcomes.

a

b

c

d

(caption on next page)
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outcomes described peripheral nervous system pathology outcomes
(n=75), followed by outcomes in relation to the autonomic nervous
system (n= 55) and central nervous system (n=31).

3.6. Study heterogeneity

The heterogeneity of the studies according to duration of treatment
and age at treatment initiation is illustrated in Fig. 3. In studies in adult
male, adult female and adult gender-mixed populations the age at ERT
initiation varied widely (18 to 76 years). Less variation in age at ERT
initiation was seen in paediatric populations. Similarly, the study
duration of ERT had a wide range, with most studies (79%) reporting
treatment for< 5 years, regardless of the age or gender of the popu-
lation. The heterogeneity of the studies regarding study sample size is
summarised in Fig. 4. In each of the paediatric, male and female po-
pulations analysed, most studies had a small number of patients (≤20
patients); most of the gender-mixed studies included≤40 patients. Full
details of the studies analysed for the male, female and paediatric po-
pulations are provided as supplemental tables in the published out-
comes papers for the respective populations (Germain et al., 2018,
2019a,b; Spada et al., 2019).

4. Discussion

Systematic reviews provide a transparent, stepwise approach to
literature analysis that is replicable and can be updated. A good-quality
systematic review employs clearly stated methods that are predefined
in a protocol that formally sets out the required stages and records the
data search algorithm, describes rigorous criteria and conduct with
regard to the identification and selection of individual studies, and
provides justification of the selection criteria. To reduce any selection
bias, the study selection process in a systematic review should be per-
formed by experts in the disease area. The systematic review process is
designed to analyse published data only and therefore the contribution
of any unpublished data cannot be assessed using this approach.
Therefore, while experts involved in the systematic literature review

process may be aware of potentially important unpublished data this
cannot be included in the analysis; instead, the expert panel encourages
publication of any relevant unpublished data to ensure the clinical
picture is as complete as possible.

Observational studies provide the majority of clinical outcomes data
in rare disease settings. Due to the open nature of their design, this
introduces potential bias that may impact the assessment or reporting
of clinical events and changes in symptom severity. Nevertheless, ob-
servational studies are more feasible than RCTs in rare disorders like
Fabry disease, and they can provide a useful measure of background
factors such as genetic variants, residual enzyme activity, sex differ-
ences, clinical presentation and disease severity. If observational stu-
dies are excluded from systematic reviews in Fabry disease, as has been
the case in the past (Alegra et al., 2012; El Dib and Pastores, 2010; El
Dib et al., 2013, 2016; Rombach et al., 2014), there is a risk of losing
important clinical insights in relation to the above-mentioned factors.

Registries have been used as source data for many retrospective
observational studies on Fabry disease. The value of registry studies is
that they include larger population sizes, represent different patient
subgroups, and have longer follow-up periods that are vital for the
evaluation of therapies administered over a lifetime. However, data
available per patient may be incomplete due to inconsistency in clinical
monitoring, including the frequency and type of assessments (per-
formed at the discretion of the treating physicians), rendering a study
population too small to demonstrate any significant effect.

This literature analysis was conducted in accordance with the re-
commended systematic approach and included data from the full range
of published literature. When the data were collated and analysed, it
was clear that there were inconsistencies in the reporting of findings on
the impact of ERT on Fabry disease in the published studies.
Furthermore, the homogeneity or, more likely, heterogeneity of a study
population is a key determinant of data quality and is impacted by
attributes such as patient gender, disease stage, genetic variation and
age. Indeed, we found studies that reached disparate conclusions re-
garding the long-term effects of ERT, which may have been due to
differences in sample size, statistical methods, type and dose of ERT
regimens, and patient genotypes and phenotypes (Anderson et al.,
2014; Rombach et al., 2013).

The duration of treatment is important to consider when comparing
studies of clinical outcomes. Although the review found few studies on
ERT treatment exceeding five years' duration, published data doc-
umenting up to 10 years of outcomes follow-up were identified
(Fledelius et al., 2015; Germain et al., 2015; Kampmann et al., 2015;
Schiffmann et al., 2015), including 10-year follow-up data from

Fig. 3. Study heterogeneity by sample population as demonstrated by duration
of treatment and mean age at treatment initiation per patient population.
Publications with (A) adult male data, (B) adult female data, (C) paediatric
data, and (D) gender-mixed data. Studies that did not provide data for both
measures or that provided only range data for one measure were not included in
the figure. The figure shows data from all types of publications: Grades 1–5.
ERT, enzyme replacement therapy.

Fig. 4. Study heterogeneity by patient population as demonstrated by number of ERT-treated patients included in the studies. The figure shows data from all types of
publications: Grades 1–5.
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patients enrolled in the pivotal phase 3 study of agalsidase beta
(Germain et al., 2015). Given that ERT has only been available since
2001 in the EU and 2003 in the USA, the relative paucity of published
long-term data is not surprising. However, clinical comparisons of data
should keep this factor in mind as the impact of ERT on clinical out-
comes may only become apparent in the long term (Germain et al.,
2015; Kampmann et al., 2015; Schiffmann et al., 2015).

Variations in disease severity in a study (particularly in observa-
tional series) and between different study populations also make the
comparison of therapeutic interventions difficult. The extent of irre-
versible organ damage in patients with Fabry disease may differ ac-
cording to age, timing of diagnosis and treatment initiation. Results
from studies that do not report disease stage may be confounded by
baseline variability in disease severity. Evidence from open-label stu-
dies has shown that baseline patient characteristics, e.g. the degree of
renal impairment and the extent of cardiac pathology, significantly
impact response to ERT, highlighting the importance of early ERT in-
itiation and the need to stratify patient populations in clinical trials to
facilitate the interpretation of ERT outcomes data (Germain, 2007;
Germain et al., 2015).

Any analysis of the effects of ERT in patients with Fabry disease
must take the impact of sex into account. Female patients may manifest
a different clinical phenotype with a later onset of symptoms and slower
progression than male patients. The X-chromosome inactivation pattern
that is observed in female patients with Fabry disease correlates with
the variation in phenotype and disease course (Echevarria et al., 2016).
Fabry disease is further characterised by a large number of pathogenic
variants in the GLA gene (Germain et al., 1999), including variants
associated with the classic presentation of the disease, later onset or
atypical disease presentations (Germain, 2001; Germain et al., 1996,
2018) and of uncertain significance. Thus, pooling results from hemi-
zygous male patients and heterozygous female patients is another
source of bias in study data (Dobrovolny et al., 2005; Echevarria et al.,
2016; Germain, 2007). Caution is therefore required when interpreting
the results of studies that do not specify mutational status or report
clinical outcomes separately for male and female patients.

Confounding factors such as comorbidities and concomitant medi-
cations used for the symptomatic treatment of Fabry disease may also
impact outcome data. In this literature analysis, two publications re-
ported subgroup analyses of ERT outcomes with reference to con-
comitant medications (Feriozzi et al., 2012; Tahir et al., 2007). One
small study involving six patients with severe Fabry nephropathy used
titration of angiotensin-converting enzyme (ACE) inhibitor/angiotensin
receptor blocker (ARB) therapy to reduce levels of proteinuria to target
levels and found sustained reductions in proteinuria with stabilisation
of kidney function (Tahir et al., 2007). The other study involving 208
Fabry patients with milder stage I/II kidney disease, however, mainly
used ARBs to control blood pressure but did not generally titrate to
reach target proteinuria levels; this study reported evidence of Fabry
nephropathy stabilisation only in women (Feriozzi et al., 2012).

Finally, potential issues stem from limiting the analysis to clinical
data and excluding in vitro or animal studies. Although this is a ne-
cessary and widely used limitation in systematic reviews of clinical
settings, the risk is that important insights about pathological me-
chanisms may be missed. For example, one paper (Choi et al., 2015)
provides highly important and novel insights into the pathophysiolo-
gical relevance of increased lyso-GL-3 levels for the generation of
Fabry-associated pain. It also offers valuable information with which to
better understand the clinical observations that a reduction in ERT
dosage (Linthorst et al., 2011) or an initially low dosage of ERT is as-
sociated with increases in lyso-GL-3 (Smid et al., 2011) and deteriora-
tions in kidney function and pain in patients with Fabry disease
(Lenders et al., 2015; Weidemann et al., 2014).

5. Conclusions

A systematic literature review is a valuable analysis tool with which
to study rare disease populations. However, systematic literature re-
views are often restricted to randomised, placebo-controlled studies,
and in rare disease settings the interpretation of pooled data is limited
by considerable heterogeneity in study design, sample size, patient
demographics and clinical or genetic characteristics. In this systematic
literature review we included the full range of published literature,
including observational studies, registry studies and case reports, to
study real-world clinical outcomes as closely as possible. However, in
contrast with previously published systematic literature reviews, we
demonstrated the value of performing an unpooled analysis of all
published evidence of ERT outcomes in Fabry disease. The findings in
this study suggest that in a phenotypically diverse, inherited disorder
like Fabry disease, different patient populations may require tailored
disease management and therapeutic goals depending on character-
istics such as patient age, mutational status and disease severity. In
addition to providing the foundation for four additional publications
reporting unpooled treatment outcomes in different subsets of the Fabry
population and the subsequent development of therapeutic goals, it is
hoped that these findings will be useful in guiding the design of new
clinical studies, for example encouraging stratification of patients
within clinical trials based on clinical characteristics such as disease
severity and reporting the genotype of all patients for whom ERT out-
come data are reported.
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