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ARTICLE INFO ABSTRACT

Background: Enzyme replacement therapy (ERT) slows disease progression of Fabry disease (FD), especially
when initiated before the onset of irreversible organ damage. However, with the clinically asymptomatic pro-
gression of renal, cardiac and cerebral disease manifestations spanning decades, optimal timing of ERT initiation
remains unclear.
Methods: In this cross-sectional retrospective study, seven male FD patients with a classical disease phenotype
(cFD) who started treatment with agalsidase-beta in childhood were evaluated after 10 years of treatment (me-
dian age at evaluation 24 years, range 14-26). Cardiac imaging (echocardiography and MRI), electrophysiological
and biochemical data of these patients were compared to those of untreated male cFD patients (n = 23, median
age 22 years, range 13-27).
Results: Albuminuria was less common and less severe in treated patients (albumin to creatinine ratio, ACR
0-8.8 mg/mmol, median 0.4) compared to untreated patients (ACR 0-248 mg/mmol, median 3.7, p = 0.02).
The treated group had a lower left ventricular mass, measured using echocardiography (median 80 g/m? versus
94 g/m?, p = 0.02) and MRI (median 53 g/m? versus 68 g/m?, p = 0.02). Myocardial fibrosis was absent in all
included patients. eGFR was normal in all treated patients whereas 7/23 (30%) of untreated patients had abnor-
mal eGFR. Cerebral manifestations did not differ.
Conclusions: Start of treatment with ERT before age 16, in male cFD patients is associated with reduced occur-
rence of renal and cardiac manifestations of FD, as assessed by intermediate endpoints. Confirmation that this
approach delays or even prevents renal failure and cardiac events requires another decade of follow-up.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Fabry disease (FD, OMIM 301500) is a rare hereditary lysosomal stor-
age disease (LSD) caused by a mutation in the X chromosome-located GLA
gene, leading to a deficiency of the enzyme alpha-galactosidase A (oGAL

Abbreviations: ADA, Anti-drug antibodies; «GAL A, Alfa-galactosidase A (enzyme);
ERT, Enzyme replacement therapy; FD, Fabry disease; GB3, globotriaosylceramide; GLA,
Alfa-galactosidase A (gene); iADA, Inhibiting anti-drug antibodies; LysoGb3,
Globotriaosylsphingosine; r- ®GAL A, Recombinant Alfa-galactosidase A (enzyme).

* Corresponding author at: Department of Endocrinology and Metabolism, Amsterdam
UMC, F5-165, Meibergdreef 9, 1105 AZ Amsterdam, the Netherlands.
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A, EC 3.2.1.22). The accumulation of its substrate, globotriaosylceramide
(Gb3), and its deacylated form, globotriaosylsphingosine (lysoGb3), is
associated with progressive damage to small nerve fibers, vascular endo-
thelium, renal and cardiac cells [1]. Male FD patients with the classical dis-
ease phenotype (cFD), in whom there is absent or very little residual
aGAL A activity, are the most severely affected [2]. These patients pre-
dominantly present with neuropathic pain in hands and feet in childhood.
In this phase of the disease there is increasing tissue accumulation of Gb3,
but clinical renal, cardiac and cerebral complications do not yet occur [3,
4]. During adolescence and early adulthood, cardiac left ventricular (LV)
mass gradually increases and many male cFD patients develop albumin-
uria [5,6]. Later on, ECG changes become apparent and cerebral white
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matter lesions (WML) appear on MR], this is followed by the develop-
ment of myocardial- and glomerular sclerosis, during the 3rd and 4th de-
cade of life, leading to cardiac complications and renal failure [7].
Ultimately the cardiac, renal and cerebrovascular complications cause
severe morbidity and premature death, in the vast majority of patients be-
fore the age of 60 [5]. Almost two decades ago, two recombinant prepara-
tions of aGAL A became available for treatment of FD. Agalsidase-alfa
(Replagal, Shire/Takeda) registered at a dose of 0.2 mg/kg/every other
week (eow) and agalsidase-beta (Fabrazyme, Sanofi-Genzyme) regis-
tered at a dose of 1 mg/kg/eow. In the pivotal trials that led to the
registration of agalsidase-alfa and -beta it was shown that enzyme-
replacement therapy (ERT) resulted in a clear biochemical response
with reduction of Gb3 in plasma and urine [8-10]. ERT was shown to
clear storage material from endothelial cells and several renal cell types
including vascular, interstitial and mesangial cells [11,12]. Podocyte clear-
ance was also observed in several patients, especially in patients treated
with agalsidase-beta that started treatment at a young age [13] and in pa-
tients that were treated for a longer period of time [14]. In a subset of pa-
tients, treatment with ERT resulted in a stabilization of renal function, a
reduction of cardiac mass [15] and a delay of clinical events [16], but re-
sponse to treatment was highly variable and in most patients the disease
progressed despite treatment [15]. Especially in patients with declined
renal function, proteinuria and/or myocardial fibrosis at the time of treat-
ment initiation, disease markedly progressed despite treatment with ERT
[15,17]. Patients that started treatment relatively early in their disease
course, that is to say with an estimated glomerular filtration rate
(eGFR) > 60 ml/min/1.73 m2 and no significant myocardial fibrosis at
the time of treatment initiation, tended to have more favorable outcomes
[18-24]. This led to the international clinical consensus [5,25,26] that in
male patients with the classical disease phenotype, treatment with ERT
should be started early, even before clear clinical disease manifestations
in kidney or heart are present. To date, a more precise advice regarding
optimal age of treatment initiation in this patient group is not possible,
as there are no trials comparing effects of starting treatment in early child-
hood versus adolescence/young adulthood. Some studies suggested a
beneficial effect of starting ERT in childhood, since a more pronounced
substrate reduction in podocytes was observed in FD patients that started
ERT in early childhood [23]. However, ERT is costly and the biweekly infu-
sions may pose a significant treatment burden, especially for young chil-
dren. In addition, male cFD patients are at risk to develop infusion related
reactions such as hyperthermia, cold chills, skin rashes, dyspnea or in the
worst case scenario anaphylactic shock, requiring treatment with immu-
nosuppressive drugs to tolerate the infusions [8,27,28]. Therefore, clinical
evidence to guide timing of ERT initiation is clearly needed. In 2019 the re-
sults of the FIELD study, evaluating the effect of childhood initiation of low
dose ERT (5 years of treatment) were published. The FIELD study showed
treatment resulted in reductions in plasma and urine Gb3 levels and a
mixed response on histopathological endpoints (e.g. reduction in intracel-
lular Gb3 depositions in most, but not all patients). The downside of this
study was that it lacked an untreated control group [12], hampering a
solid conclusion on treatment effect. The patients that were originally
treated in this study at our centers have now been treated for a decade
(continuation after study ended). They form a unique cohort of FD pa-
tients that started treatment in childhood and in the current study we
compared clinical, imaging, biochemical and electrophysiological param-
eters of these patients after 10 years of treatment with ERT to a group of
untreated Fabry patients with the same phenotype (classical) and of
comparable age.

2. Methods
2.1. Patients
All included patients were male and classified as having the classical

Fabry disease phenotype based on the residual enzymatic activity (leu-
cocyte a-Gal A activity <5% of the median of the reference range) and
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the presence of one or more characteristic symptoms of FD (Fabry spe-
cific neuropathic pain, angiokeratoma, and/or cornea verticillata) [2,29].

2.1.1. Treated group

This group consists of male cFD patients who participated in the
FIELD study [12]. The FIELD study was a randomized controlled trial
assessing the effect of different dosing regimens of agalsidase-beta in
pediatric FD patients. There was no untreated group in the original
study. All patients were treated with a lower then registered dose,
only the interval differed. One group was treated with 0.5 mg/kg bi-
weekly (3 patients in our study) the other with 1.0 mg/kg once a
month (4 patients in our study), no differences in outcome were
found between these 2 groups). The study ran from September 2008
to June 2015 (NCT00701415) [12]. All patients that were enrolled in
the FIELD study at the Amsterdam University Medical Centers (UMC)
Amsterdam, the Netherlands (n = 5) and Haukeland University Hospi-
tal (UH), Bergen, Norway (n = 2) were included in the current analysis.
All patients continued treatment on study dose directly after the study
ended and had been treated for approximately 10 years at time of as-
sessment. 6/7 patients switched to full dose (1 mg/kg biweekly) after
a median treatment duration of 9 years (range 8.3-10).

2.1.2. Untreated group

We conducted a search in the clinical database at the Amsterdam
UMC for patients with the same sex and phenotype as the treated pa-
tients (male FD patients with the classical disease phenotype), of
whom treatment naive data were available between the age of 12 and
27 (£2 years of the age range in the treated group). Twenty-three pa-
tients fitted these criteria. If data of more than one time point was avail-
able for an individual patient (n = 3), the time point was chosen to best
match the median age at evaluation of the treated patients. In three un-
treated patients, reduced renal function or severe proteinuria was pres-
ent at the time of referral to the Fabry expertise center and the main
reason for performing diagnostics. No other reason than FD for kidney
disease was found. As we could not rule out potential inclusion bias,
we ran two analyses on renal parameters, one including and one ex-
cluding these patients.

This retrospective, cross-sectional study compared clinical manifes-
tations of FD in adolescent and young adult classical male Fabry patients
after 10 years of treatment with ERT (the treated group) to untreated
classical male FD patients in the same age range (untreated group).
The study was conducted in accordance with the principles of the Hel-
sinki Declaration, as revised in 2013. All included patients signed in-
formed consent for the use of their data at start of clinical follow up.

2.2. Imaging

2.2.1. Echocardiography

Echocardiography was performed at the Amsterdam UMC (NL) and
Haukeland UH (NO). If original images were available (for 20 patients),
they were reassessed by a specialized cardiologist (AH) blinded for
treatment status. If images were not available, data from the original re-
port were used (6 patients). Echocardiography data were missing from
4 patients. LV mass was estimated with the Devereux and Reichek
“cube” formula as recommended by the American Society of
Echocardiography's Guidelines [30] and corrected for BSA using the Du-
Bois formula (recommended and best validated according to the
American Society of Echocardiography's Guidelines).

2.2.2. Cardiac MRI

Cardiac MRIs were performed at the Amsterdam UMCon a 1.5 T clin-
ical MR system (Magnetom Avanto, Siemens, Erlangen, Germany) and
reassessed by a specialized cardiologist (AH) blinded for treatment sta-
tus. The protocol included a complete cine short-axis stack covering the
whole LV from base to apex, acquired using a balanced steady-state free
precession sequence. Furthermore, 2-dimensional late gadolinium
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enhancement images were performed 10-20 min after contrast and vi-
sually scored for the presence or absence of late gadolinium enhance-
ment. For the assessment of LV mass, endocardial and epicardial
contours were manually traced in end-diastole and end-systole on the
cine short-axis stack according to Society for Cardiovascular Magnetic
Resonance guidelines on image post-processing [31]. Papillary muscles
were separately traced and included in the LV mass. LV mass was
corrected for BSA using the DuBois formula. Analyses were performed
using QMass software version 8.1 (Medis Medical Imaging Systems
bv). Due to the potential influence of post-processing software, inter-
observer variations as well as differences in the in- or exclusion of pap-
illary muscles on LV mass, only patients of whom original images were
available for re-evaluation (n = 17) were included. Cardiac MRI data
were missing for 3 treated patients (no cardiac MRI performed because
the patient was either <18 years old or original imaging not available
for re-evaluation) and 10 untreated patients (no MRIs were performed
before 2008 or in patients <18 years old).

2.2.3. Brain MRI

Brain MRIs were performed locally at the Amsterdam UMC (NL) and
Haukeland UH (NO). MRI data from the Amsterdam UMC were obtained
using 3 T scanners. Scans before October 2012 on the Philips Intera sys-
tem (Philips Medical Systems, Best, The Netherlands) and scans after
October 2012 on the Philips Ingenia system (Philips Medical Systems,
Best, The Netherlands). Data from the original clinical reports were
used. White matter lesions (WML), defined as hyper intensities on
axial T2-weighed and FLAIR-weighed imaging, were visually scored
using the Fazekas scale (ranging from 0, no WMLs to 6, severe confluent
WMLs) [32,33]. MRI brain was missing in 1 patient.

2.3. ECGs

If original ECG was available (21 patients), these were analyzed by a
specialized cardiologist (AH). If original ECG was not available (N = 7),
the clinical report of the ECG was checked to see if any anomalies were
described. ECG data were missing for one patient.

2.4. Biochemical analyses

To account for the inclusion of both adolescence and adults, the Full
Age Spectrum equation for eGFR was used with a correction for age
(FASage) to estimate the glomerular filtration rate [34,35]. Serum creat-
inine values were obtained from the electronic patient records. Full
formula and table with age adjusted correction are added to the supple-
mental material. Normal eGFR range was defined as 90-140 ml/min/
1.73 m? Albuminuria was depicted as Urinary albumin/creatinine
ratio (uACR, mg/mmol) and categorized into A1, A2 and A3 according
to the Kidney Disease Improving Global Outcomes (KDIGO) guidelines
[36]. For analyses uACR was included as a continues variable. If the uri-
nary albumin levels were below the level of detection (<3 mg/l), uACR
was entered as 0.

Plasma lysoGb3 (nmol/l) was measured with tandem mass spec-
trometry, as previous described [3,4]. The presence of inhibiting anti-
drug-antibodies (iADAs) to r-aGAL A activity was measured as previ-
ously described [5]. iADA titers represent the dilution factor of plasma
resulting in 50% inhibition of the r-aGAL A activity. Patients are consid-
ered iADA-positive if the inhibition titer was >6.

2.5. Statistical analyses

We used R (version 3.4.3) for all statistical analysis. Non-normal
distribution was assumed in all analyses due to the small number of ob-
servations. Continuous variables were assessed using Mann-Whitney-
Wilcoxon test and categorical variables with Fisher exact test.
Spearman's rank was used to assess correlations.
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Missing values could be explained by known variables in the major-
ity of cases (missing at random) and had no relation to disease severity.
Missing values were dealt with through case wise deletion. Reasons for
missing data are mentioned in the results.

P values < 0.05 were considered statistically significant.

3. Results
3.1. Patient characteristics

Patient characteristics are outlined in Table 1. There were no signif-
icant differences in age, mutation type, classical FD features, reason for
diagnosis (based on clinical features or through family screening) or
height of untreated lysoGb3 concentrations (although there was a
trend for higher baseline lysoGb3 in the treated group).

3.2. Renal disease manifestations

Albuminuria (Fig. 1a) occurred at a younger age and was more
pronounced in the untreated patients (median: 3.7 mg/mmol, range:
0-248 mg/mmol) compared to treated patients (median: 0.4 mg/mmol,
range: 0-8.8 mg/mmol, p = 0.02). For three patients in the untreated
group renal insufficiency and/or severe proteinuria was the main
cause for performing FD diagnostics. To remove the effect of a potential
inclusion bias, we ran the test again excluding these patients resulting in
a median ACR of 3.3 mg/mmol (range: 0-200 mg/mmol) in untreated
patients, with the same distribution in treated patients. Results re-
mained statistically significant (p = 0.04). Median eGFR, as a represen-
tation of renal function did not differ between groups. The treated group
had a median eGFR of 116 ml/min/1.73 m? (range: 92-132) while the
untreated patients also had a median eGFR of 116 ml/min/1.73 m?
(range: 46-165 p = 0.96). It should be noted however that both
reduced renal function (defined as an eGFR <90, n = 4) and

Table 1

Patient characteristics. Categorical variables are depicted as number (percentage) and
continuous variables as median (range). Missing values (if any): presence of cornea
verticillata (n = 2), reason unknown.

Treated Untreated P-value
No of patients 7 23
Age at evaluation (years) 24 (14-26) 22 (13-27) 0.7
Treatment duration (years) 104 -

(9.5-10.7)

Mutation type

Nonsense/Frameshift 4/7 (57%) 10/23 (43%) 1.0

Missense 3/7 (43%) 11/23 (48%)
Other 0/7 (0%) 2/23 (9%)
Reason for diagnosis
Family screening 5/7 (71%) 10/23 (43%) 0.5
Acroparesthesia 2/7 (29%) 10/23 (43%)
Renal insufficiency or albuminuria® 0/7 (0%) 3/23 (13%)
Untreated plasma lysoGb3 (nmol/I) 118 102 0.07
(89-215)° (65-137)

Clinical features of classical FD (at
diagnosis)
Acroparesthesia
Angiokeratomas
Cornea verticillata
Hypertension
Use of ACEi or ARB

7/7 (100%)
4)7 (57%)
6/7 (86%)
0/7 (0%)
0/7 (0%)

22/23 (96%) 1.0
17/23 (74%) 06
17/21 (81%) 1.0
123 (4%)° 1.0
4/23 (17%) 05

¢ Renal insufficiency or albuminuria was the reason for performing Fabry diagnostics in
these patients. The presence of renal involvement as the primary reason for Fabry diagnos-
tics was deemed a potential risk factor for bias of patient selection between the treated
and untreated patient groups. Therefore all analyses were done with and without inclu-
sion of these patients.

b Untreated plasma LysoGb3 levels were used. In the treated group lysoGb3 levels at
start of treatment initiation are represented. LysoGb3 levels from Haukeland UH were
measured in ng/ml and converted using the formula: (lysoGb3(ng/ml)*1000) / 785,9.

¢ One patient was diagnosed with hypertension, eGFR of this patient was normal (118
ml/min/1.73 m?). Echocardiography and cardiac MRI data were missing for this patient.
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Fig. 1. Renal disease manifestations. (a) albumin to creatinine ratio (ACR) in urine in mg albumin/mmol creatinine (p = 0.02). Dashed lines represent the shifts in classification of
albuminuria; A1 (<3 mg/mmol, normal to mildly increased), A2 (3-30mg/mmol, moderately increased) and A3 (>30 mg/mmol, severely increased). ACR >220 mg/mmol (arced in
yellow) falls within the nephrotic range. (b) eGFR calculated by FASage (p = 0.96). Dashed lines represent upper (140 ml/min/1.73 m?) and lower (90 ml/min/1.73 m?) limit of
normal eGFR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

* For three patients, renal disease was the presenting symptom leading to the FD diagnosis. Analyses were performed with and without inclusion of these patients. Excluding these patients

did not significantly change the outcome of the analyses.

hyperfiltration (defined as an eGFR >140, n = 3) only occurred in the
untreated group (Fig. 1b). Exclusion of patients that were diagnosed be-
cause of renal involvement had no significant effect on the results.
ACR was missing in 1 patient (untreated group, no urine sample at
time of evaluation).
Additional disease influencing renal function were excluded in all 3
patients that were diagnosed due to renal involvement.

3.3. Cardiac disease manifestations

Estimated median LV mass based on echocardiography measure-
ments was 94 g/m? (59-149 g/m?) in the untreated group versus
80 g/m? (67-84 g/m?) in the treated group (p = 0.02) (Fig. 2a). Median
LV mass measured by MRI (including papillary muscles) was 68 g/m?
(53-99 g/m?) in the untreated group versus 53 g/m? (46-59 g/m?) in
the treated group (Fig. 2b, p = 0.02). Analyses were repeated after ex-
cluding patients diagnosed due to renal involvement, this did not
change the outcome. Mass measured by echocardiography and MRI cor-
related well (0 = 0.72, p = 0.002). None of the patients had late gado-
linium enhancement on MRI. Cardiac MRIs were missing in 13 patients.
Reason for missing were a) original data not available for re-evaluation
(n = 2) or b) analyses performed before 2008 (n = 11) since cardiac
MRI as part of the routine follow-up of FD patients was introduced in
2008 at the Amsterdam UMC.

All ECGs that were reevaluated (n = 21) showed sinus rhythm and
normal PR-, QRS- and QTc-intervals were observed. An incomplete
right bundle branch block was present in five of 16 patients (31%) in
the untreated group and in 0 of 5 patients (0%) in the treated group
(p = 0.3). Sinus bradycardia (defined as a resting heart rate below
60 bpm) was present in 1 of 7 patients (14%) in the treated group,

compared to 11 of 21 patients (52%) in the untreated group. Median
heart rate did not differ between groups (p = 1). No anomalies were de-
scribed in the clinical reports from patients of whom original ECG was
not available for reevaluation.

3.4. Cerebral disease manifestations

Cerebral involvement was minimal in both groups. Six out of 22 un-
treated patients had white matter lesions (all Fazekas 1). In the treated
group one out of seven patients had white matter lesions (Fazekas
1) (p = 0.6). In one patient (untreated group) a lacunar infarction
was described, in another patient (untreated group) microbleeds were
found. Cerebral MRI was missing in one patient (reason unknown).

3.5. Adverse events of treatment with ERT

Four of the seven treated patients developed inhibiting anti-drug an-
tibodies (iADA) during treatment. These patients showed a trend for
higher plasma lysoGb3 levels during treatment compared to the three
treated patients without iADAs (p = 0.06). In one of these patients
treatment with ERT caused serious infusion related reactions with py-
rexia and cold chills, requiring treatment with antihistamines and corti-
costeroids prior to infusions to continue treatment.

4. Discussion

This study shows that young adult male cFD patients that have been
treated with ERT for 10 years have significantly less albuminuria and a
lower cardiac mass compared to untreated patients from the same age
group. No difference was found in median eGFR between the treated
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Fig. 2. Cardiac mass measured by echocardiography (A) and MRI (B), in both panels corrected for BSA. Differences between untreated and treated patient groups were significant in both

comparisons (A: p = 0.02, B: p = 0.02).

* For three patients, marked in the figure, renal disease was the presenting symptom leading to the FD diagnosis. Analyses were performed with and without inclusion of these patients.

Excluding these patients did not significantly change the outcome of the analyses.

and untreated group. However, it deserves to be mentioned that seven
out of 23 patients (30%) in the untreated group had eGFR values outside
the normal reference range (e.g. 90-140 ml/min/1.73 m?) versus none
of the patients in the treated group. Three of these patients had
hyperfiltration at the time of evaluation and four had reduced renal
function. It should be mentioned, however, that for 3 of the 4 patients
with reduced renal function, renal manifestations were the reason for
referral and Fabry diagnostics. To reduce potential inclusion bias, all
analyses were repeated excluding these patients. This did not affect
the outcome.

Previous studies showed that higher uACR is the strongest risk factor
for the development of renal failure in FD [6]. For nephropathy caused
by more common disorders, such as diabetes and hypertension, positive
effects of early interventions (e.g. normalization of blood glucose and
blood pressure) are well established. Most nephropathies have a
‘point of no return’, after which renal decline progresses despite ade-
quate treatment of the underlying condition [37]. This is in concordance
with the observation in FD that ERT has a limited benefit on renal de-
cline in patients with reduced eGFR at start of ERT (Fig. 3) [15]. Renal bi-
opsy studies suggest that higher doses and a younger age at start of ERT
are related to more sustained reduction of Gb3 in podocytes [13,23].
This may be clinically relevant since podocyte Gb3 inclusions in male
cFD patients correlate with albuminuria, progressive podocytes loss
and worse renal outcome [4,38] and a greater reduction of podocyte in-
clusions is related to a reduction in microalbuminuria [13]. In other ne-
phropathies albuminuria is also strongly related to an accelerated renal
decline and a reduction of albuminuria after treatment with anti-
proteinuric drugs generally correlates with the preservation of renal
function [39]. Finally, the occurrence of hyperfiltration may represent
another early FD disease manifestation [40] and has been found to pre-
dispose for renal decline in other nephropathies [41], but in FD this has
not been evaluated yet. In summary, the previous mentioned findings in
literature combined with the observations from our study, demonstrate
a beneficial effect of starting ERT in childhood on albuminuria, with a
funded expectation for preservation of, or less decline in, renal function.

Evaluation of the benefit of early treatment initiation on cardiac
manifestations of FD is more complicated for several reasons. Most
importantly, although cardiac LV mass was on average higher in the
untreated group, for most included patients, cardiac mass was still

within the reference ranges of normal [30,42-44]. Up to date there are
no long-term longitudinal studies showing the prognostic value of
(mildly) increased left ventricular mass on the occurrence of cardiac
complications in FD. However, both in the general population [45] and
in FD, LVH is an independent short term predictor for cardiac events
such as arrhythmias, heart failure and cardiac death [46]. But the fact
that female patients can still develop cardiac fibrosis and complications
despite having a normal LV mass indicates that maintenance of a normal
cardiac mass does not automatically means protection from the devel-
opment of fibrosis and/or the occurrence of clinical complications [47].
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Fig. 3. Influence of treatment with ERT on disease course. From previous studies we know
that treatment initiation after the onset of irreversible organ damage does not alter disease
course. Starting treatment in an early symptomatic phase (e.g. first signs of organ
involvement) slows disease progression. Based on the findings in this study combined
with published results of early treatment on histopathological endpoints, we expect that
earlier start of treatment (e.g. before the age of 16) in male FD patients with the
classical disease phenotype will lead to a more pronounced inhibition of disease
progression.
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Furthermore, the effect of ERT on cardiac fibrosis formation is not yet
known. In patients with fibrosis at start of treatment, its formation pro-
gresses despite treatment [17]. Whether or not ERT slows down the
progression of fibrosis or prevents it in patients without detectable fi-
brosis at treatment initiation, is yet unknown. Finally, cardiac biopsies
showed no clear reduction of Gb3 inclusions in cardiomyocytes in re-
sponse to ERT [48], questioning the accessibility of these cells for recom-
binant enzyme. However, Gb3 accumulation alone does not explain all
aspects of the pathophysiology in FD cardiomyopathy [49]. Circulating
lysoGb3, for example, has been shown to promote inflammation [50]
and hypertrophy [51-53] and is effectively lowered upon treatment
with ERT. As secondary disease processes are set in motion well before
they lead to clinical manifestations [49], we hypothesize that earlier in-
tervention will modify progression, leading to a more attenuated dis-
ease course (Fig. 3). Nonetheless, to confirm the effect of early
treatment on the development clinical endpoints of FD such as conduc-
tion disorders, arrhythmias and heart failure, validation of intermediate
endpoints and longer follow-up are required [54].

The development of anti-drug antibodies (ADAs) against recombi-
nant aGAL A can limit the effect of ERT. ADAs limit cellular uptake of
the recombinant enzyme [55], reduce cellular Gb3 clearance [12] and
result in an accelerated renal decline [56]. In addition, ADAs are respon-
sible for the majority of adverse reaction to ERT [14] and may even re-
sult in anaphylactic reactions. The risk of ADA development and
potential infusion reactions should also be taken into account when
weighing the pros and cons of ERT, especially in pediatric patients. Fu-
ture studies assessing different approaches to minimize ADA risks may
also help in this regard.

This study was not without its limitations: a relatively small number
of early treated patients are included and patients were treated with a
lower than registered dose at the time of treatment initiation (e.g.
0.5 mg/kg/biweekly or 1 mg/kg/month). However, the fact that these
results were found whilst the treated group received a suboptimal
dose, does not weaken the conclusion. In fact, based on earlier studies
showing a better effect of higher dosed ERT [57], using the full regis-
tered dose can be expected to lead to a more pronounced treatment ef-
fect. Potential reasons for (selection) bias were reduced as much as
possible by comparing all known variables that could be related to dis-
ease severity (a.0. untreated plasma lysoGb3, mutation type, the pres-
ence of classical symptoms etc.) and by having original imaging
reassessed by a blinded physician. Unfortunately we could not assess
the effect of early treatment initiation on native T1 values [58], as
most cardiac MRIs in the untreated group were conducted before the
routine native T1 assessment was implemented at our site.

Strengths of the study are the precise phenotyping of the patients,
making them as comparable as possible, the long treatment duration
(10 years) and the standardized analysis of disease manifestations in
both patient groups.

Overall, this study is the first to provide clinical evidence that treat-
ment of male cFD patients before the age of 16 has a beneficial impact
on progression of clinical renal and cardiac manifestations of FD, as
assessed by intermediate endpoints.
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