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(12.4%) had 14 cardiac events: 7 patients had atrial fibrillation 
(1 of whom had 2 instances of atrial fibrillation), 1 had complete 
atrioventricular block, 1 had sinus bradycardia, 1 had chest pain, 
1 had chest pain and ventricular tachycardia and 1 had atrial 
flutter. Five patients (5.2%) had six cerebrovascular events: one 
cerebral haemorrhage, one embolic stroke and four transient 
ischaemic attacks. There were no deaths during the follow-up.

FACE incidence varied by phenotype, level of organ 
involvement, sex and age (figure 1A). In ERT-naïve and ERT-
experienced patients, incidence rates were 48.6 and 47.9 events 
per 1000 patient-years, respectively. Numerically higher inci-
dence rates were observed in men versus women, men with 
the classic phenotype vs all others and patients aged >40 years 
versus younger patients (figure  1A). ERT-naïve classic men 
(n=14) had an incidence rate of 61.5 FACEs per 1000 patient-
years and ERT-experienced men with multiorgan involvement 
(n=16) had a rate of 68.6 events per 1000 patient-years. 
Overall incidence rates for cardiac, renal and cerebrovascular 
events were 30.7, 4.4 and 13.2 per 1000 patient-years, respec-
tively (figure 1B). Three patients experienced multiple FACEs: 
one female patient experienced two transient ischaemic attacks; 

one male patient experienced ventricular tachycardia and chest 
pain and one male patient experienced two occurrences of atrial 
fibrillation.

Incidence of FACEs in patients treated with migalastat or ERT 
over 18 months
A side-by-side comparison of patients treated with migalastat or 
ERT over 18 months showed that migalastat was associated with 
a lower incidence of FACEs versus continued ERT. At baseline, 
patients in the migalastat-treated group (n=49) were older and 
more clinically affected than patients in the ERT-treated group 
(n=15; online supplemental table 2). Following 18 months 
of treatment, in the overall migalastat population versus the 
continued ERT population, incidence rates were 60.6 vs 326.6 
per 1000 person-years, respectively. In men with multiorgan 
involvement receiving migalastat (n=16) versus those receiving 
ERT (n=5), incidence rates were 89.6 vs 138.5, respectively. For 
men with non-multiorgan involvement and all women receiving 
migalastat (n=33) versus those receiving ERT (n=10), incidence 
rates were 45.7 vs 422.2 per 1000 patient-years, respectively.

Figure 1  FACE incidence per 1000 patient-years by ERT status and baseline characteristics while receiving migalastat, (A) overall and (B) by event 
category. Incidence rates of FACEs while receiving migalastat. (A) For overall FACEs, shown as events per 1000 patient-years for all patients and for ERT-
naïve patients* or ERT-experienced patients,† both further analysed by sex and age (≤40 or >40 years) and by phenotype (classic man or other) in ERT-naïve 
patients or by multiorgan involvement or other in ERT-experienced patients. Circle size correlates with number of events. Overall FACEs included all cardiac, 
cerebrovascular and renal events (as previously defined) and death due to FACE. (B) For individual renal, cardiac and cerebrovascular events, shown as 
events per 1000 patient-years, for all patients, sex, age (≤40 years or >40 years) and by ERT status, which were further analysed by phenotype (classic 
man or other) for ERT-naïve patients* or by men with multiorgan involvement or other in ERT-experienced patients.† Classic men are defined as men with 
multiorgan involvement (ie, at least two organs of the renal system, cardiac system, central nervous system, peripheral nervous system and gastrointestinal 
system are affected) and baseline white blood cell α-Gal A<3% of wild type. ‘Other’ patients include non-classic men and all women. *ERT naïve is defined 
as never having received ERT or not having received ERT for >6 months. †ERT experienced is defined as having initiated ERT>12 months prior to study. ERT, 
enzyme replacement therapy; FACE, Fabry-associated clinical event.
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Time to first FACE
Kaplan–Meier analysis of time-to-first composite event showed 
that there was no statistically significant difference in the 
time-to-composite-event Kaplan–Meier curves between ERT-
naïve and ERT-experienced patients (p=0.22; Figure  2A) or 
between male and female patients (p=0.24; Figure 2B). There 
was a trend of decreased time to composite event in patients 
aged>40 years relative to those aged ≤40 years, but this did not 
reach statistical significance (online supplemental figure S2A; 
p=0.06). Among ERT-naïve patients, 71% of male patients with 
the classic phenotype and 79% of all others remained event-
free on migalastat treatment; there was no statistically signif-
icant difference in time-to-composite-event curves between 
classic men and all others (p=0.60; online supplemental figure 
S2B). Similarly, there was no statistically significant difference 
in time-to-composite-event curves between ERT-experienced 
men with multiorgan involvement and other ERT-experienced 
patients (p=0.46; online supplemental figure S2C). Overall, 
91 patients with non-missing covariates were included in the 

Cox model, 15 of whom experienced at least one FACE. In this 
group, median time to first FACE was 2.6 years from start of 
migalastat therapy (ERT naïve: 3.8 years, ERT experienced: 0.9 
years).

Association between baseline variables and rate of FACEs
A Cox proportional hazards regression model was used to iden-
tify factors associated with rate of composite FACEs. For most 
baseline variables assessed individually in the Cox regression 
model in this study (patient age, time from diagnosis, prior clin-
ical events, baseline proteinuria and baseline LVMI), the 95% 
confidence intervals (CIs) of hazard ratios (HRs) included one 
(figure  3; online supplemental table 3), suggesting these vari-
ables are not associated with FACEs in this relatively small popu-
lation. The only baseline variable associated with rate of FACEs 
was eGFR; higher baseline eGFR (per 10 mL/min/1.73 m2) was 
associated with lower rate of composite FACEs in the overall 
population (HR: 0.68; 95% CI=0.55, 0.85; figure 3).

Figure 3  Influence of baseline variables on the risk of FACE occurrence (time to first FACE) during migalastat treatment. This analysis included only 
patients with non-missing covariates (n=91). HR for each baseline factor (left side of the graph) is assessed for its influence on time to first FACE during 
migalastat treatment using Cox regression. HR>1 indicates increased risk of FACE and HR<1 indicates decreased risk of FACE. FACE included renal, cardiac 
or cerebrovascular events (as previously defined) or death due to FACE. See online supplemental table 3 for associations between baseline variables and the 
risk of FACEs (composite events). eGFR, estimated glomerular filtration rate; ERT, enzyme replacement therapy; FACE, Fabry-associated clinical event; LVMI, 
left ventricular mass index.

Figure 2  Kaplan-Meier analysis of time to first composite event by (A) prior treatment status and (B) sex. Time to first composite event by (A) ERT-naïve 
and ERT-experienced patients and (B) sex, which was further analysed according to ERT status. Composite event included cardiac, cerebrovascular and renal 
events (as previously defined) and death due to FACE. Number of subjects with events at time 0 is 0. ERT, enzyme replacement therapy.
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Summary of FACE definitions and outcomes across Fabry 
studies
Summaries of definitions of FACEs used in the current anal-
ysis and in relevant literature are included in table 2 and online 
supplemental table 4. While cross-trial comparisons should only 
be made with caution due to disparate patient populations and 
procedures, the incidence of FACEs with migalastat treatment 
appears to be comparable to that observed in similar datasets of 
ERTs. Definitions of FACEs varied between studies, highlighting 
the need for a standardised definition of FACEs.

DISCUSSION
In this study, we used integrated data from clinical trials to assess 
the long-term treatment effects of migalastat on the occurrence 
of severe clinical complications of Fabry disease or FACEs and 
identified the risk factors associated with FACEs in patients with 
amenable GLA variants.

This analysis measured clinically meaningful events that 
indicate serious renal, cardiac and cerebrovascular outcomes 
in patients and assessed the incidence of FACEs as a measure 
of both long-term efficacy and safety of migalastat. FACEs are 
disease-related symptoms; typically, the natural course of Fabry 
disease is associated with an increase in FACEs as patients age 
and the extent of organ involvement increases.1 Effective disease 
management may reduce the incidence of FACEs. The fact that, 
in our analysis, FACE incidence was low both overall and in each 
individual FACE category during long-term migalastat treatment 
may support long-term multisystemic efficacy with migalastat 
(figure 4).

The incidence of renal, cardiac and cerebrovascular events 
during migalastat treatment has been reported in the randomised, 
ERT-controlled Phase III ATTRACT study, using definitions 
consistent with short-term clinical monitoring goals.9 14 During 
the 18-month randomised treatment period of ATTRACT, 
despite the small sample size and heterogeneity, the percentage 
of patients who experienced renal, cardiac or cerebrovascular 
events (according to the definition in the previous analysis) was 
numerically lower with migalastat compared with ERT (29% 
vs 44%).9 These results were maintained over the 30-month 
open-label migalastat extension, with few patients experiencing 
FACEs during the extension period.14 In contrast, the defini-
tion of FACEs in the current analysis was chosen with the aim 
of evaluating long-term clinical outcomes of patients receiving 
migalastat treatment and comparison with the body of historical 
data on ERT. At baseline, the migalastat and ERT groups were 
similar overall, with the migalastat cohort having lower eGFR, 
higher age and higher LVMI at the beginning of migalastat treat-
ment compared with the ERT cohort. When we reanalysed the 
ATTRACT data using the current definition of FACEs, miga-
lastat was associated with lower incidence of FACEs per 1000 
patient-years compared with continuing ERT up to 18 months 
of treatment (61 vs 327 per 1000 patient-years, respectively), 
although it should be noted that the number of patients on ERT 
was relatively small (15 ERT vs 49 migalastat).

It is important to consider our findings, in which we report 
the first long-term FACE outcomes for migalastat in an amenable 
population in the context of data from other studies, although 
direct comparisons cannot be made. Two independent studies 
showed that 27% of patients receiving agalsidase beta or agalsi-
dase alfa over a median follow-up of 5 years experienced 
FACEs.15 16 In a study of clinical events in agalsidase-beta-
treated patients, Ortiz et al reported 111 first-time FACEs per 
1000 patient-years during the first 6 months; the incidence rate 

subsequently decreased and remained stable at 40–58 FACEs per 
1000 patient-years.17 The overall incidence rate over the entire 
5-year follow-up was 61 events per 1000 patient-years17 (vs 
48.3 per 1000 patient-years in the current study), with higher 
incidence rates in male patients and patients aged ≥40 years at 
ERT initiation. Overall, 17% of patients experienced first-time 
FACEs within 5 years of treatment initiation.17 The current 
analysis demonstrates that 17.5% of migalastat-treated patients 
experienced FACEs with a median 5-year follow-up (online 
supplemental table 4). Direct comparisons are flawed due to 
differences in baseline characteristics, participants’ GLA vari-
ants, varying FACE definitions, statistical analyses (eg, Ortiz et 
al only counted first event in any predefined categories, whereas 
the current study counted all events including recurrent ones) 
and study settings.17 The different methods for data collection 
in these studies should also be noted. The current analysis used 
prospectively collected clinical trial data. In contrast, Arends et al 
was a retrospective study and its data were not collected through 
a uniform protocol; Ortiz et al was based on the Fabry Registry, 
which was limited by missing data and a lack of standard timing 
of assessments.17 18 Various composite clinical outcomes with 
different definitions of clinical events and different methods of 
analyses have been used in various studies of patients with Fabry 
disease.9 14 16–22 This highlights the clear need for standardising 
the definitions of FACEs to allow for better evaluation of treat-
ment outcomes across studies,23 as well as the need for data 
sharing across multiple industry and academic partners.

Similar to previous reports on ERT-treated patients,17 our 
analysis observed higher incidence of FACEs principally among 
men overall and ERT-naïve men with the classic phenotype, in 
men with multiorgan involvement at baseline and in patients who 
were older at treatment initiation. We observed similar FACE 
incidence among ERT-naïve and ERT-experienced patients. It 
should be noted that ERT-naïve patients had to have urine Gb3 
levels at least four times the upper limit of normal at screening 
to be enrolled in FACETS; thus, the FACETS population was 
enriched for patients with renal involvement.12 This is reflected 
by the higher median urinary protein level and higher percentage 
of ERT-naïve patients versus ERT-experienced patients with 
eGFR <60 mL/min/1.73 m2 in our analysis. Additionally, 29.2% 
of ERT-naïve patients were being treated with angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers 
or renin inhibitors, compared with 53.1% of ERT-experienced 
patients, highlighting a difference in the management of their 
renal disease at baseline. This suggests that these patients had 
more advanced renal involvement at baseline, so they were more 
likely to experience renal events and all FACEs.3 24

There is an unmet need for predictors of treatment 
outcomes with migalastat as well as biomarkers used for 
clinical monitoring. For example, the incidence of cardiac 
events observed in migalastat-treated patients in this study 
points to the need for more robust prognostic cardiac 
biomarkers that may be able to predict incidence of cardiac 
FACEs in this patient population. Additionally, Bichet et al 
showed that, despite its wide use, plasma lyso-Gb3 is not a 
predictor of FACEs in patients receiving migalastat for Fabry 
disease.24 Interestingly, both that study and the current 
analysis also showed that only baseline eGFR was able to 
predict the incidence of FACEs during long-term migalastat 
treatment, highlighting the importance of managing renal 
disease.24 Alternatively, lower eGFR at baseline may be 
reflective of Fabry disease that is further along the clinical 
continuum. Furthermore, there is evidence to suggest that 
significant cardiac involvement impacts renal function and 
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vice versa and patients with secondary cardiorenal syndrome 
are at higher risk of clinical events.25 Migalastat demon-
strated long-term stabilisation of renal measures regardless 
of sex or phenotype in both ERT-naïve and ERT-experienced 
patients with Fabry disease and amenable GLA variants who 
were treated with migalastat for at least 2 years and up to 
8.6 years.11 Timely treatment initiation may be necessary 
to stabilise or slow the decline in renal function in Fabry 
disease,26 given that renal podocytes are terminally differ-
entiated cells and their potentially irreversible injury occurs 
in early childhood.20 27 28 However, further investigation is 
needed to determine the impact and optimal time of treat-
ment initiation of Fabry therapies, including migalastat.

This study has several limitations. Although the data were 
prospectively collected, this is a posthoc analysis, which may be 
biased in its statistical methods and selection of outcomes. The 
study was not powered to show differences in patient subgroups 
and the patient numbers in some subgroups were small. Assess-
ment of prior clinical events was based on medical history 
collected during screening and may be incomplete, so could not 
be determined in the same quantitative way as the prospective 
analysis. Events were reported at the treating physician’s discre-
tion and according to local treatment norms. As such, cardiac 
biomarkers and ECG may not have been recorded at the time 
of events. Interpretation of the findings is limited by a lack of 
an appropriate parallel untreated control group. Additionally, a 
change in serum creatinine levels, which were used as a FACE 
outcome in this study, may not be secondary to treatment effect 
and could instead be in response to other factors, including 
dehydration or use of non-steroidal anti-inflammatory drugs.

The impact of migalastat on renal, cardiac and cerebro-
vascular events shown in the current study may be partly 
attributed to its broad distribution in the body, particu-
larly in Fabry-disease-relevant tissues such as the kidneys, 

heart, brain and gastrointestinal tract, some of which 
may be difficult for ERT to penetrate.9 29–31 All patients, 
regardless of ERT-naïve and ERT-experienced status, had 
amenable variants in this study and similar characteristics 
at baseline; therefore, the low incidence of events cannot 
be attributed to a selective difference arising from the 
difference in migalastat action. Overall, the incidence rate 
of FACEs observed in this study is likely to be an accu-
rate estimate of the event rate experienced by a migalastat-
treated amenable patient population within a clinical 
setting. Additionally, migalastat, which is an orally deliv-
ered, non-immunogenic iminosugar with a high volume of 
distribution,32 33 has the effect of stabilising and chaper-
oning endogenously produced enzymes, thereby increasing 
enzyme activity without any potential to generate anti-
enzyme antibodies.32 33 These properties may have influ-
ence on the long-term clinical outcomes reported herein. 
Further assessment of the benefit of migalastat treatment 
on FACEs and other clinical measures relative to no treat-
ment and ERT will be investigated in the ongoing followME 
registry (ENCEPP registration: EUPAS20599).

CONCLUSION
In this posthoc analysis of data from 97 patients with 
amenable GLA variants who were enrolled in Phase III 
clinical trials of Fabry disease, the incidence rate of FACEs 
remained low for ERT-naïve and ERT-experienced patients 
receiving migalastat treatment for up to 8.6 years. Baseline 
eGFR was found to be a significant predictor of composite 
FACEs. Preservation of renal function and timely treatment 
initiation may be important factors in reducing the risk of 
FACEs.

Figure 4  Graphical abstract.

 on F
ebruary 7, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g-2022-108669 on 21 D
ecem

ber 2022. D
ow

nloaded from
 

http://jmg.bmj.com/


9Hughes DA, et al. J Med Genet 2022;0:1–10. doi:10.1136/jmedgenet-2022-108669

Therapeutics

Author affiliations
1Lysosomal Storage Disorders Unit, Royal Free London NHS Foundation Trust and 
University College London, London, UK
2Hôpital du Sacré Coeur, University of Montréal, Montréal, Quebec, Canada
3Medical Genetics Service, HCPA, Department of Genetics, UFRGS, DASA and 
INAGEMP, Porto Alegre, Brazil
4Division of Human Genetics, College of Medicine, Department of Pediatrics, 
Cincinnati Children’s Hospital and University of Cincinnati, Cincinnati, Ohio, USA
5Clinical Development, Amicus Therapeutics Inc, Philadelphia, Pennsylvania, USA
6Department of Nephrology, Royal Melbourne Hospital, University of Melbourne, 
Parkville, Victoria, Australia
7Cardiomyopathy Unit, Careggi University Hospital, Florence, Italy
8Department of Medical Endocrinology and Metabolism, Rigshospitalet, National 
University Hospital, Copenhagen University, Copenhagen, Denmark
9Department of Pediatrics, Osaka University Graduate School of Medicine, Suita, 
Japan
10Division of Nephrology and Dialysis, Department of Medicine III, Medical University 
of Vienna, Vienna, Austria
11Inherited Renal Disorders, Nephrology Department, Fundació Puigvert, IIB Sant Pau, 
Universitat Autònoma de Barcelona, Barcelona, Spain
12Department of Human Genetics, Emory University, Atlanta, Georgia, USA

Acknowledgements  Editorial assistance was provided by Caroline Wadsworth, 
PhD (Cence, an AMICULUM® agency, UK) and was funded by Amicus Therapeutics, 
Inc. Authors thank Kathryn Strong, PharmD, Amicus Therapeutics, Inc, for the 
compiled literature review; Biliana Veleva-Rotse, PhD, Amicus Therapeutics, Inc 
for contributions to manuscript development and Veronica Ruvolo, Precision for 
Medicine for statistical programming.

Contributors  Study investigation and data acquisition: DAH, DGB, RG, RJH, KN, IO, 
UF-R, NSa, GSP, RT, WRW. Posthoc analysis design, methodology, data curation and 
formal analysis: NSk, EK. Data interpretation: all authors. All authors critically revised 
the manuscript, approved the submitted version and agreed to be accountable for all 
aspects of the work in ensuring that questions related to the accuracy or integrity of 
any part of the work are appropriately investigated and resolved. Guarantor: DAH.

Funding  This study is supported by Amicus Therapeutics, Inc.

Competing interests  DAH reports advisory board participation, consulting fees 
and honoraria for Takeda, Sanofi, Amicus Therapeutics, Inc., Idorsia, Freeline and 
Protalix. DGB reports advisory board participation, consulting fees, speakers’ bureau 
fees and honoraria from Amicus Therapeutics, Inc. and Sanofi/Genzyme. RG reports 
consulting fees from Abeona, Amicus Therapeutics, Inc., Chiesi, Denali, Inventiva, 
JCR, Novartis, PTC, Protalix, RegenxBio and Sobi; speakers’ bureau fees from 
BioMarin, Amicus Therapeutics, Inc., Chiesi, Idorsia, Janssen, Novartis, Pfizer, PTC, 
Sanofi and Takeda; research funding from Allievex, Avrobio, Azafaros, JCR, Lysogene, 
Paradigm, PassageBio, RegenxBio, Sanofi, Sigilon, Takeda and Ultragenyx. RJH reports 
consulting fees from Alexion, Amicus Therapeutics, Inc., Avrobio, Chiesi, Sangamo, 
Sanofi/Genzyme and Takeda; advisory fees from Alexion, Amicus Therapeutics, Inc. 
and Sanofi/Genzyme; speakers’ bureau fees from Alexion and Sanofi/Genzyme and 
grants/research funding from Alexion, Amicus Therapeutics, Inc., Idorsia, Protalix, 
Sangamo, Sanofi/Genzyme and Takeda. EK reports consulting fees from Amicus 
Therapeutics, Inc. KN reports advisory board participation for Amicus Therapeutics, 
Inc., Takeda and Sanofi/Genzyme; consulting fees from Amicus Therapeutics, Inc. 
and Takeda and research funding from Amicus Therapeutics, Inc., Takeda, Sanofi/
Genzyme, Idorsia and Avrobio. IO reports advisory board participation for Amicus 
Therapeutics, Inc., Bristol Myers Squibb, Bayer, Astra Zeneca and Cytokinetics; 
contracted research for Amicus Therapeutics, Inc., Menarini International, Shire-
Takeda, Bristol Myers Squibb, Boston Scientific and Sanofi-Genzyme and speaker’s 
bureau fees from Boston Scientific, Bristol Myers Squibb and Sanofi/Genzyme. 
UF-R reports advisory board participation from Amicus Therapeutics, Inc., Freeline, 
Sanofi/Genzyme and Takeda; speakers’ fees and travel support from Amicus 
Therapeutics, Inc., Sanofi/Genzyme and Takeda and research funding from Sanofi/
Genzyme and Takeda. NSa reports speakers’ bureau fees from Amicus Therapeutics, 
Inc., Takeda, JCR and Sanofi and research funding from JCR and Sanofi. NSk was 
an employee and stockholder in Amicus Therapeutics, Inc. at the time of drafting 
this manuscript and determining the analysis plan. GS-P reports advisory board 
participation for Amicus Therapeutics, Inc. and Sanofi, research grants/funding 
from Amicus Therapeutics, Takeda, Idorsia and Freeline and honoraria from Amicus 
Therapeutics, Inc. and Sanofi. RT reports advisory board participation, consulting 
fees and honoraria for Takeda, Sanofi, Amicus Therapeutics, Inc. and Chiesi. WRW 
reports advisory board participation for Sanofi/Genzyme, Takeda, Chiesi, Alexion/
Astra Zeneca and BioMarin; research funding from Amicus Therapeutics, Inc. and 
Takeda; consulting fees from Amicus Therapeutics, Inc. and Spark; contracted clinical 
study research from Amicus Therapeutics, Inc., Alexion/Astra Zeneca, BioMarin, 
Chiesi, Freeline, Orphazyme, Pfizer, Protalix, Sangamo, Sanofi/Genzyme, Takeda and 
4D Molecular Therapeutics.

Patient consent for publication  Not applicable.

Ethics approval  The IRB/EC approval documentation was collected as 
paper documents and has been archived. A list of study site numbers with the 
corresponding investigator name and name of the IRB/EC that gave approval at 
each site is available. Participants gave informed consent prior to participating in the 
study.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available on reasonable request. Requests 
for access to data may be submitted to Amicus Therapeutics, Inc.

Author note  At the time of the study, Eva Krusinska was working as a consultant 
under the contract of Pharmaland Consulting Group. Nina Skubanwas at the 
affiliation indicated within the affiliation list during the study and manuscript 
development.

Supplemental material  This content has been supplied by the author(s). 
It has not been vetted by BMJ Publishing Group Limited (BMJ) and may not 
have been peer-reviewed. Any opinions or recommendations discussed are 
solely those of the author(s) and are not endorsed by BMJ. BMJ disclaims all 
liability and responsibility arising from any reliance placed on the content. 
Where the content includes any translated material, BMJ does not warrant the 
accuracy and reliability of the translations (including but not limited to local 
regulations, clinical guidelines, terminology, drug names and drug dosages), and 
is not responsible for any error and/or omissions arising from translation and 
adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Derralynn A Hughes http://orcid.org/0000-0003-4531-9173
Ulla Feldt-Rasmussen http://orcid.org/0000-0002-5903-3355

REFERENCES
	 1	 Germain DP. Fabry disease. Orphanet J Rare Dis 2010;5:30.
	 2	 Rozenfeld P, Feriozzi S. Contribution of inflammatory pathways to Fabry disease 

pathogenesis. Mol Genet Metab 2017;122:19–27.
	 3	 Ortiz A, Germain DP, Desnick RJ, Politei J, Mauer M, Burlina A, Eng C, Hopkin RJ, Laney 

D, Linhart A, Waldek S, Wallace E, Weidemann F, Wilcox WR. Fabry disease revisited: 
management and treatment recommendations for adult patients. Mol Genet Metab 
2018;123:416–27.

	 4	 Sugarman M, Choudhury J, Jovanovic A. An atypical p.N215S variant of Fabry disease 
with end-stage renal failure. Mol Genet Metab Rep 2018;15:43–5.

	 5	 Di Stefano V, Mancarella M, Camporeale A, Regalia A, Ferraresi M, Pisaniello M, 
Cassinerio E, Pieruzzi F, Motta I. Migalastat treatment in a kidney-transplanted 
patient with Fabry disease and N215S mutation: the first case report. Pharmaceuticals 
2021;14.

	 6	 Waldek S, Patel MR, Banikazemi M, Lemay R, Lee P. Life expectancy and cause of 
death in males and females with Fabry disease: findings from the Fabry registry. Genet 
Med 2009;11:790–6.

	 7	 Mehta A, Clarke JTR, Giugliani R, Elliott P, Linhart A, Beck M, Sunder-Plassmann 
G, Investigators FOS, FOS Investigators. Natural course of Fabry disease: changing 
pattern of causes of death in FOS - Fabry Outcome Survey. J Med Genet 
2009;46:548–52.

	 8	 Arends M, Wanner C, Hughes D, Mehta A, Oder D, Watkinson OT, Elliott PM, Linthorst 
GE, Wijburg FA, Biegstraaten M, Hollak CE. Characterization of classical and 
nonclassical Fabry disease: a multicenter study. J Am Soc Nephrol 2017;28:1631–41.

	 9	 Hughes DA, Nicholls K, Shankar SP, Sunder-Plassmann G, Koeller D, Nedd K, Vockley 
G, Hamazaki T, Lachmann R, Ohashi T, Olivotto I, Sakai N, Deegan P, Dimmock D, 
Eyskens F, Germain DP, Goker-Alpan O, Hachulla E, Jovanovic A, Lourenco CM, Narita 
I, Thomas M, Wilcox WR, Bichet DG, Schiffmann R, Ludington E, Viereck C, Kirk J, Yu J, 
Johnson F, Boudes P, Benjamin ER, Lockhart DJ, Barlow C, Skuban N, Castelli JP, Barth 
J, Feldt-Rasmussen U. Oral pharmacological chaperone migalastat compared with 
enzyme replacement therapy in Fabry disease: 18-month results from the randomised 
phase III ATTRACT study. J Med Genet 2017;54:288–96.

	10	 Germain DP, Nicholls K, Giugliani R, Bichet DG, Hughes DA, Barisoni LM, Colvin RB, 
Jennette JC, Skuban N, Castelli JP, Benjamin E, Barth JA, Viereck C. Efficacy of the 
pharmacologic chaperone migalastat in a subset of male patients with the classic 
phenotype of Fabry disease and migalastat-amenable variants: data from the phase 
3 randomized, multicenter, double-blind clinical trial and extension study. Genet Med 
2019;21:1987–97.

	11	 Bichet DG, Torra R, Wallace E, Hughes D, Giugliani R, Skuban N, Krusinska E, Feldt-
Rasmussen U, Schiffmann R, Nicholls K. Long-term follow-up of renal function in 
patients treated with migalastat for Fabry disease. Mol Genet Metab Rep 2021;28.

 on F
ebruary 7, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g-2022-108669 on 21 D
ecem

ber 2022. D
ow

nloaded from
 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-4531-9173
http://orcid.org/0000-0002-5903-3355
http://dx.doi.org/10.1186/1750-1172-5-30
http://dx.doi.org/10.1016/j.ymgme.2017.09.004
http://dx.doi.org/10.1016/j.ymgme.2018.02.014
http://dx.doi.org/10.1016/j.ymgmr.2018.01.006
http://dx.doi.org/10.3390/ph14121304
http://dx.doi.org/10.1097/GIM.0b013e3181bb05bb
http://dx.doi.org/10.1097/GIM.0b013e3181bb05bb
http://dx.doi.org/10.1136/jmg.2008.065904
http://dx.doi.org/10.1681/ASN.2016090964
http://dx.doi.org/10.1136/jmedgenet-2016-104178
http://dx.doi.org/10.1038/s41436-019-0451-z
http://dx.doi.org/10.1016/j.ymgmr.2021.100786
http://jmg.bmj.com/


10 Hughes DA, et al. J Med Genet 2022;0:1–10. doi:10.1136/jmedgenet-2022-108669

Therapeutics

	12	 Germain DP, Hughes DA, Nicholls K, Bichet DG, Giugliani R, Wilcox WR, Feliciani C, 
Shankar SP, Ezgu F, Amartino H, Bratkovic D, Feldt-Rasmussen U, Nedd K, Sharaf El 
Din U, Lourenco CM, Banikazemi M, Charrow J, Dasouki M, Finegold D, Giraldo P, 
Goker-Alpan O, Longo N, Scott CR, Torra R, Tuffaha A, Jovanovic A, Waldek S, Packman 
S, Ludington E, Viereck C, Kirk J, Yu J, Benjamin ER, Johnson F, Lockhart DJ, Skuban 
N, Castelli J, Barth J, Barlow C, Schiffmann R. Treatment of Fabry’s disease with the 
pharmacologic chaperone Migalastat. N Engl J Med 2016;375:545–55.

	13	 Benjamin ER, Della Valle MC, Wu X, Katz E, Pruthi F, Bond S, Bronfin B, Williams H, Yu 
J, Bichet DG, Germain DP, Giugliani R, Hughes D, Schiffmann R, Wilcox WR, Desnick 
RJ, Kirk J, Barth J, Barlow C, Valenzano KJ, Castelli J, Lockhart DJ. The validation 
of pharmacogenetics for the identification of Fabry patients to be treated with 
migalastat. Genet Med 2017;19:430–8.

	14	 Feldt-Rasmussen U, Hughes D, Sunder-Plassmann G, Shankar S, Nedd K, Olivotto I, 
Ortiz D, Ohashi T, Hamazaki T, Skuban N, Yu J, Barth JA, Nicholls K. Long-term efficacy 
and safety of migalastat treatment in Fabry disease: 30-month results from the 
open-label extension of the randomized, phase 3 ATTRACT study. Mol Genet Metab 
2020;131:219–28.

	15	 Arends M, Körver S, Hughes DA, Mehta A, Hollak CEM, Biegstraaten M. Phenotype, 
disease severity and pain are major determinants of quality of life in Fabry disease: 
results from a large multicenter cohort study. J Inherit Metab Dis 2018;41:141–9.

	16	 Sirrs SM, Bichet DG, Casey R, Clarke JTR, Lemoine K, Doucette S, West ML, 
investigators C, CFDI investigators. Outcomes of patients treated through the 
Canadian Fabry disease initiative. Mol Genet Metab 2014;111:499–506.

	17	 Ortiz A, Abiose A, Bichet DG, Cabrera G, Charrow J, Germain DP, Hopkin RJ, 
Jovanovic A, Linhart A, Maruti SS, Mauer M, Oliveira JP, Patel MR, Politei J, 
Waldek S, Wanner C, Yoo H-W, Warnock DG. Time to treatment benefit for 
adult patients with Fabry disease receiving agalsidase β: data from the Fabry 
registry. J Med Genet 2016;53:495–502.

	18	 Arends M, Biegstraaten M, Wanner C, Sirrs S, Mehta A, Elliott PM, Oder D, Watkinson 
OT, Bichet DG, Khan A, Iwanochko M, Vaz FM, van Kuilenburg ABP, West ML, Hughes 
DA, Hollak CEM. Agalsidase alfa versus agalsidase beta for the treatment of Fabry 
disease: an international cohort study. J Med Genet 2018;55:351–8.

	19	 Banikazemi M, Bultas J, Waldek S, Wilcox WR, Whitley CB, McDonald M, Finkel R, 
Packman S, Bichet DG, Warnock DG, Desnick RJ, Fabry Disease Clinical Trial Study 
Group. Agalsidase-beta therapy for advanced Fabry disease: a randomized trial. Ann 
Intern Med 2007;146:77–86.

	20	 Hopkin RJ, Cabrera G, Charrow J, Lemay R, Martins AM, Mauer M, Ortiz A, Patel 
MR, Sims K, Waldek S, Warnock DG, Wilcox WR. Risk factors for severe clinical 
events in male and female patients with Fabry disease treated with agalsidase 
beta enzyme replacement therapy: data from the Fabry registry. Mol Genet Metab 
2016;119:151–9.

	21	 Germain DP, Charrow J, Desnick RJ, Guffon N, Kempf J, Lachmann RH, Lemay R, 
Linthorst GE, Packman S, Scott CR, Waldek S, Warnock DG, Weinreb NJ, Wilcox WR. 
Ten-year outcome of enzyme replacement therapy with agalsidase beta in patients 
with Fabry disease. J Med Genet 2015;52:353–8.

	22	 Weidemann F, Sanchez-Niño MD, Politei J, Oliveira J-P, Wanner C, Warnock DG, Ortiz 
A. Fibrosis: a key feature of Fabry disease with potential therapeutic implications. 
Orphanet J Rare Dis 2013;8:116.

	23	 Moreno-Martinez D, Aguiar P, Auray-Blais C, Beck M, Bichet DG, Burlina A, Cole 
D, Elliott P, Feldt-Rasmussen U, Feriozzi S, Fletcher J, Giugliani R, Jovanovic A, 

Kampmann C, Langeveld M, Lidove O, Linhart A, Mauer M, Moon JC, Muir A, 
Nowak A, Oliveira JP, Ortiz A, Pintos-Morell G, Politei J, Rozenfeld P, Schiffmann 
R, Svarstad E, Talbot AS, Thomas M, Tøndel C, Warnock D, West ML, Hughes 
DA. Standardising clinical outcomes measures for adult clinical trials in Fabry 
disease: a global Delphi consensus. Mol Genet Metab 2021;132:234–43.

	24	 Bichet DG, Aerts JM, Auray-Blais C, Maruyama H, Mehta AB, Skuban N, Krusinska 
E, Schiffmann R. Assessment of plasma lyso-Gb3 for clinical monitoring of 
treatment response in migalastat-treated patients with Fabry disease. Genet Med 
2021;23:192–201.

	25	 Siegenthaler M, Huynh-Do U, Krayenbuehl P, Pollock E, Widmer U, Debaix H, Olinger 
E, Frank M, Namdar M, Ruschitzka F, Nowak A. Impact of cardio-renal syndrome 
on adverse outcomes in patients with Fabry disease in a long-term follow-up. Int J 
Cardiol 2017;249:261–7.

	26	 Warnock DG, Ortiz A, Mauer M, Linthorst GE, Oliveira JP, Serra AL, Maródi L, Mignani 
R, Vujkovac B, Beitner-Johnson D, Lemay R, Cole JA, Svarstad E, Waldek S, Germain 
DP, Wanner C, Fabry R, Fabry Registry. Renal outcomes of agalsidase beta treatment 
for Fabry disease: role of proteinuria and timing of treatment initiation. Nephrol Dial 
Transplant 2012;27:1042–9.

	27	 Najafian B, Svarstad E, Bostad L, Gubler M-C, Tøndel C, Whitley C, Mauer M. 
Progressive podocyte injury and globotriaosylceramide (GL-3) accumulation in young 
patients with Fabry disease. Kidney Int 2011;79:663–70.

	28	 Biegstraaten M, Arngrímsson R, Barbey F, Boks L, Cecchi F, Deegan PB, Feldt-
Rasmussen U, Geberhiwot T, Germain DP, Hendriksz C, Hughes DA, Kantola I, Karabul 
N, Lavery C, Linthorst GE, Mehta A, van de Mheen E, Oliveira JP, Parini R, Ramaswami 
U, Rudnicki M, Serra A, Sommer C, Sunder-Plassmann G, Svarstad E, Sweeb A, Terryn 
W, Tylki-Szymanska A, Tøndel C, Vujkovac B, Weidemann F, Wijburg FA, Woolfson P, 
Hollak CEM. Recommendations for initiation and cessation of enzyme replacement 
therapy in patients with Fabry disease: the European Fabry Working group consensus 
document. Orphanet J Rare Dis 2015;10:36.

	29	 Khanna R, Soska R, Lun Y, Feng J, Frascella M, Young B, Brignol N, Pellegrino 
L, Sitaraman SA, Desnick RJ, Benjamin ER, Lockhart DJ, Valenzano KJ. 
The pharmacological chaperone 1-deoxygalactonojirimycin reduces tissue 
globotriaosylceramide levels in a mouse model of Fabry disease. Mol Ther 
2010;18:23–33.

	30	 Wu YS, Khanna R, Schmith V, Lun Y, Shen J-S, Garcia A, Dungan L, Perry A, Martin 
L, Tsai P-C, Hamler R, Das AM, Schiffmann R, Johnson FK. Migalastat tissue 
distribution: extrapolation from mice to humans using pharmacokinetic modeling and 
comparison with agalsidase beta tissue distribution in mice. Clin Pharmacol Drug Dev 
2021;10:1075–88.

	31	 Mauer M, Sokolovskiy A, Barth JA, Castelli JP, Williams HN, Benjamin ER, Najafian 
B. Reduction of podocyte globotriaosylceramide content in adult male patients with 
Fabry disease with amenable GLA mutations following 6 months of migalastat 
treatment. J Med Genet 2017;54:781–6.

	32	 Germain DP, Giugliani R, Hughes DA, Mehta A, Nicholls K, Barisoni L, Jennette 
CJ, Bragat A, Castelli J, Sitaraman S, Lockhart DJ, Boudes PF. Safety and 
pharmacodynamic effects of a pharmacological chaperone on α-galactosidase A 
activity and globotriaosylceramide clearance in Fabry disease: report from two phase 
2 clinical studies. Orphanet J Rare Dis 2012;7:91.

	33	 McCafferty EH, Scott LJ. Migalastat: a review in Fabry disease. Drugs 
2019;79:543–54.

 on F
ebruary 7, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g-2022-108669 on 21 D
ecem

ber 2022. D
ow

nloaded from
 

http://dx.doi.org/10.1056/NEJMoa1510198
http://dx.doi.org/10.1038/gim.2016.122
http://dx.doi.org/10.1016/j.ymgme.2020.07.007
http://dx.doi.org/10.1007/s10545-017-0095-6
http://dx.doi.org/10.1016/j.ymgme.2014.01.014
http://dx.doi.org/10.1136/jmedgenet-2015-103486
http://dx.doi.org/10.1136/jmedgenet-2017-104863
http://dx.doi.org/10.7326/0003-4819-146-2-200701160-00148
http://dx.doi.org/10.7326/0003-4819-146-2-200701160-00148
http://dx.doi.org/10.1016/j.ymgme.2016.06.007
http://dx.doi.org/10.1136/jmedgenet-2014-102797
http://dx.doi.org/10.1186/1750-1172-8-116
http://dx.doi.org/10.1016/j.ymgme.2021.02.001
http://dx.doi.org/10.1038/s41436-020-00968-z
http://dx.doi.org/10.1016/j.ijcard.2017.09.027
http://dx.doi.org/10.1016/j.ijcard.2017.09.027
http://dx.doi.org/10.1093/ndt/gfr420
http://dx.doi.org/10.1093/ndt/gfr420
http://dx.doi.org/10.1038/ki.2010.484
http://dx.doi.org/10.1186/s13023-015-0253-6
http://dx.doi.org/10.1038/mt.2009.220
http://dx.doi.org/10.1002/cpdd.941
http://dx.doi.org/10.1136/jmedgenet-2017-104826
http://dx.doi.org/10.1186/1750-1172-7-91
http://dx.doi.org/10.1007/s40265-019-01090-4
http://jmg.bmj.com/

