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Fabry disease is a progressive, X-linked-inherited disorder
secondary to reduced or absent activity of the lysosomal
enzyme o-galactosidase A, resulting in an intracellular ac-
cumulation of globotriaosylceramide (Gb3) in a wide range
of organs (1). Cardiac involvement is the leading cause of
death (2,3). The hallmarks of Fabry disease cardiomyopa-
thy are the myocardial accumulation of Gb3 in the early
stages, left ventricular hypertrophy (LVH), myocardial fi-
brosis, and inflammation in more advanced stages (4-6).
Cardiac MRI is the main imaging tool to noninvasively as-
sess and stage cardiac involvement in Fabry disease because
it can precisely measure left ventricular mass (LVM) and
maximum left ventricular wall thickness (MLVWT) (7) as
well as depict indirect signs of myocardial Gb3 accumula-
tion and fibrosis through reduced native T1 mapping values

(8,9) and late gadolinium enhancement (LGE) (10). The
introduction of Fabry disease—specific enzyme replacement
therapy (ERT) has changed the natural history of Fabry dis-
ease by delaying, halting, or reverting Gb3 accumulation
in various organs (11). Early ERT seems essential because
initiation of therapy after irreversible organ damage might
be ineffective (3,12—15). Pharmacologic chaperone therapy
(PCT) is a recent promising alternative to ERT (16,17).
However, because of the low incidence of Fabry disease,
studies addressing the effect of ERT or PCT on morpho-
functional, structural, and tissue-related features of cardiac
involvement in the disease have been limited by small sam-
ple sizes (18-30). Therefore, there is no robust evidence re-
garding the effects of ERT on cardiac MRI parameters. The
current systematic review and meta-analysis was performed
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Abbreviations

ERT = enzyme replacement therapy, Gb3 = globotriaosylceramide,
GRADE = Grades of Recommendation, Assessment, Development
and Evaluation, LGE = late gadolinium enhancement, LVH = left
ventricular hypertrophy, LVM = left ventricular mass, MLVWT

= maximum left ventricular wall thickness, PCT = pharmacologic
chaperone therapy

Summary

Patients with Fabry disease undergoing enzyme replacement therapy
showed stabilization of left ventricular mass and native T1 map-
ping, whereas the extent of late gadolinium enhancement slightly
increased.

Key Points

» In this systematic review and meta-analysis of 445 patients with
Fabry disease who underwent baseline and follow-up cardiac MRI
after enzyme replacement therapy, pooled analysis revealed no
changes in native T1 mapping (mean difference, 6 msec [95% CI:
-2, 15]), slightly decreased left ventricular mass (mean difference,
-18 g [95% CI: -33, -3]), and increased late gadolinium enhance-
ment extent (mean difference, 1% [95% CI: 1, 1]) between time
points.

= There was no evidence of effect modification according to presence
of late gadolinium enhancement on left ventricular mass changes
(mean difference, 12; 95% CI: -36, 60; P = .62).

= Prospective studies are needed to evaluate the clinical benefits of
enzyme replacement therapy according to baseline cardiac MRI
findings.
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to assess the effect of ERT and/or PCT on cardiac MRI findings
in patients with Fabry disease.

Materials and Methods
'This study was performed in accordance with the checklist of the
Preferred Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) 2020 statement (31) (Table S1). The study protocol
was registered in the PROSPERO database (CRD42022336223).

Search Strategy

Two independent investigators (S.E, six published meta-
analyses; K.S., no published meta-analyses) performed a sys-
tematic review of the literature exploring the effect of ERT
and/or PCT on cardiac MRI parameters in patients with
Fabry disease. The PubMed, ClinicalTrials.gov, Embase, and
Cochrane Library databases were searched using the follow-
ing Medical Subject Heading terms: “Fabry disease” and
“Enzyme Replacement Therapy” in various combinations
with other keywords in free-text format: “Cardiac MRI,”
“Cardiac Magnetic Resonance,” “Cardiovascular Magnetic
Resonance,” “CMR,” “ERT,” and “Chaperone.” The date
parameters were January 1, 2000, through January 1, 2024.
Articles were initially screened by title and abstract content.
In addition, backward snowballing (ie, a review of refer-
ences from identified articles and pertinent reviews) was
used to identify any additional citations.

Study Eligibility

Full-length original publications in peer-reviewed journals
that assessed patients with Fabry disease undergoing baseline
cardiac MRI and, after treatment with ERT and/or PCT,
follow-up cardiac MRI, were retrieved. We excluded studies
that included the following: () patients without a genetically
confirmed diagnosis of Fabry disease; (4) patients with Fabry
disease who were younger than 18 years of age; and (¢) patients
undergoing follow-up cardiac MRI earlier than 1 month from
baseline. We also excluded reviews, editorials, case reports,
experimental studies, and conference abstracts. No language
or sample size restrictions were applied. Each eligible article
meeting the inclusion criteria was reviewed by two indepen-
dent reviewers (S.F. and K.S.). Disagreements were resolved by
consensus or in combination with a third investigator (G.G.,
36 published meta-analyses).

Data Extraction

The following descriptive data were independently extracted
by two investigators (S.E and K.S.) using a standardized data
extraction form: (z) study: first author, year of publication,
number of patients; (4) sociodemographic and clinical fac-
tors: age, sex, body surface area, cardiovascular risk factors;
and (¢) cardiac MRI parameters: left ventricular ejection frac-
tion, left ventricular end-diastolic volume, left ventricular
end-systolic volume, right ventricular ejection fraction, right
ventricular end-diastolic volume, right ventricular end-sys-
tolic volume, MLVWT, LVM, left atrial volume, right atrial
volume, native T1 mapping, and LGE presence and extent.
Cardiac MRI parameters were extracted from baseline and
follow-up examinations.

Quality of Evidence and Grading of Evidence

Two researchers (S.E and K.S.) independently assessed the
quality of the included studies and risk of bias according to the
ROBINS-I tool (32). The certainty of evidence for the effect
of ERT on cardiac MRI parameters was evaluated by imple-
menting the Grades of Recommendation, Assessment, De-
velopment and Evaluation (GRADE) Working Group system
(33). In brief, we took into account the five GRADE Working
Group considerations (risk of bias, consistency of effect, im-
precision, indirectness, and publication bias) and adjudicated
the certainty of the body of evidence separately for each cardiac
MRI parameter evaluated. We combined quality of evidence
across all fields and defined four categories (high, moderate,
low, or very low).

Data Synthesis and Statistical Analysis

Mean differences between baseline and follow-up cardiac
MRI parameters were used as summary statistics for study
outcomes. SDs for mean differences, if not reported in the
original studies, were extracted from Cls, P values from para-
metric tests of changes, and using the correlation coefficient
of changes from the baseline measurements, as described in
the Cochrane handbook (34). When no information for the

variability of the mean difference was given, the correlation
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Figure 1: Study screening flow diagram.
coefficient (%) between the two time points was retrieved for
imputing the SD of the mean change. Subsequently, in case
of missing correlations, the imputation of SD was based on
correlations from other included studies with the largest pos-
sible number of patients and similar follow-up times (34).
The study end points represented within-group changes of
the following cardiac MRI parameters: LVM (in grams); LVM
indexed for body surface area (in grams per meters squared);
MLVWT (in millimeters), LGE (percentage of LVM), and
native T1 myocardial mapping (in milliseconds) between
baseline and follow-up cardiac MRI. Changes in LGE extent
were evaluated in patients with Fabry disease showing LGE at
baseline cardiac MRI.

We implemented the Sidik and Jonkman (35) heterogeneity
estimator for the between-studies variance instead of the stan-
dard DerSimonian and Laird estimator, which often underper-
forms with a small number of studies (36). Heterogeneity among
studies was assessed using the Cochrane Q test and the 7 statistic
to distinguish whether a random or fixed-effects method should
be implemented. When significant heterogeneity was observed,
a random-effects model was used.

For studies including a control group of patients with Fabry
disease not undergoing ERT, we retrieved the difference in
mean cardiac MRI changes between follow-up and baseline
for treated (a) and untreated (b) patients. We then subtracted
(b) from (a) to quantify the difference in cardiac MRI changes
between treated and control patients. We determined measures
of dispersion for these differences, and a separate meta-analysis
with these studies was conducted using both a fixed and ran-
dom-effects model.

Publication bias was assessed using the Egger test, with sig-
nificant bias defined as a P value less than .1. When publication
bias was adjudicated as significant, the “trim and fill” method
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was used to examine whether hypothetical missing studies would
change the derived estimates.

We also sought to quantify the effect of specific covariates on
the pooled estimates for LVM and MLVWT changes by ERT by
implementing exploratory meta-regression analyses. Confound-
ers assessed in the meta-regression analyses included mean age,
the percentage of male patients (to conceptualize the effect of
sex), follow-up times in months, and presence of LGE as binary
variable. Meta-regression analysis was not performed for changes
in LGE extent because of the limited number of retrieved studies
(37). Funnel and Baujat plots were produced for the detection of
outlying or influential studies.

Statistical analysis was performed with R software, version
4.2.1 (2022-06-23), and STATA package, version 11.1 (Stata).
All tests were two-tailed. Statistical significance was set at a P
value less than .05.

Results

Literature Search

The flowchart of the meta-analysis (Fig 1) displays the lit-
erature search results. Initially, 249 articles were identi-
fied, and 192 (duplicated and nonrelevant articles) were
subsequently excluded through screening of the title and
abstract. Fifty-seven articles were evaluated as full-text ar-
ticles. Eleven were deemed eligible for quantitative analysis
of ERT effects on cardiac MRI parameters (18-28). Native
T1 values were derived from regions of interest drawn in
the septum (24), in the mid left ventricular wall (25) or not
further specified (26). Two studies were deemed eligible for
quantitative analysis of PCT effects on cardiac MRI param-
eters (29,30). Thus, a meta-analysis was not feasible in this
group of patients.
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Study Characteristics

Eleven studies including 445 patients with Fabry disease (277
[62%] male, 168 [38%] female) treated with ERT and un-
dergoing baseline and follow-up cardiac MRI were selected
for quantitative analysis (Tables 1 and 2). The mean age + SD
of the included patients was 41 years + 11, and the median
follow-up time was 45 (IQR, 24-58) months. At baseline,
LVM ranged from 95 to 270 g, LVM indexed ranged from
53 to 176 g/m?* and MLVWT ranged from 10 to 18 mm. T1
values ranged from 902 to 940 msec and LGE extent, from
0.6% to 5.6%. The largest population included 203 patients
(23) and the smallest, six (26). Data regarding changes between
baseline and follow-up cardiac MRI of LVM were reported in
seven studies (18-22,26,28), LVM indexed in four studies
(23,24,26,28), MLVWT in six studies (19-22,24,27), native
T1 mapping in two studies (24,25), and LGE extent in three
studies (18,22,27). General and baseline cardiac MRI charac-
teristics of the studies included in the present meta-analysis are
shown in Tables 1 and 2. The risk of bias was moderate for
most included studies, except for two studies that had serious
risk of bias (18,26) and one that had low risk of bias (19).
The complete assessment with the ROBINS-I tool is shown in
Table S2.

Meta-Analyses

Effect of ERT on LVM and MLVWT.— Analysis for LVM in-
dexed showed no changes with the random-effects model, with
a mean difference of -1 g/m?* (95% CI: -6, 3; four studies, 290
patients, 2 = 81%) (Fig 2A). The results derived by the fixed-
effects model are reported in Appendix S1 (Fig S1). ERT was
associated with minimal LVM decrease (mean difference, -18 g
[95% CI: -33, -3]; seven studies, 107 patients, F = 96%) (Fig
2B). After removal of studies on LVM with imputed SDs of the
mean difference (18,21,22), the random-effects pooled esti-
mate did not retain statistical significance (mean difference, -6
g [95% CI: -28, 16]; four studies, 34 patients, /* = 93%) (Fig
S2). ERT was associated with minimal decrease in MLVWT
(mean difference, -1 mm [95% CI: -2, -0.02]; six studies, 151
patients, 2 = 90%) (Fig 2C). However, upon exclusion of the
studies with imputed SD of the mean difference (21,22,27),
the combined estimate of ERT on MLVWT did not reach sta-
tistical significance (mean difference, -0.5 mm [95% CI: -1.5,
0.5]; three studies, 38 patients, = 64%), and the heterogene-
ity was reduced by 26% (% P = .40) (Fig S3).

Effect of ERT on native T1 mapping and LGE extent.— Analysis
for native T1 mapping showed no changes, with a mean dif-
ference of 6 msec (95% ClI: -2, 15; two studies, 70 patients,
F = 88%), with the random-effects model (Fig 3). In patients
exhibiting LGE at baseline cardiac MRI, we found a minimal
increase of LGE extent equal to a mean difference of 0.8% of
LVM (95% CI: 0.5, 1.1; three studies, 114 patients, Z = 85%)
with the random-effects model (Fig 4).

Patients receiving ERT versus controls.— Four studies
(19,24,25,27) included a control group of patients with Fabry

disease not undergoing ERT. Among them, one study (27) re-
ported on LGE extent changes and two (24,25) reported on
T1 changes over time in treated and untreated patients with
Fabry disease.

An exploratory meta-analysis assessing specific cardiac MRI
changes in treated versus untreated patients with Fabry disease
was feasible only for LVM indexed, the changes for which in
both groups were provided by three studies (19,24,27). A ran-
dom-effects model showed a beneficial effect of ERT on LVM
indexed, although this result did not reach statistical significance
(mean difference, -8 g/m? [95% CI: -18, 1]) (Fig S4). The re-
sults derived by the fixed-effects model are reported in Appendix
S1 (Fig S4).

Meta-Regression Analyses

None of the parameters of the meta-regression model on LVM-
indexed data reached statistical significance. Application of the
same model to MLVWT revealed a significant effect modifi-
cation according to follow-up time, with a 0.07-mm decrease
(95% CI: -0.1, -0.03) in the effect size of ERT on MLVWT
(Tables S3 and S4; Figs S5 and S6). In addition, LGE pres-
ence increased the effect size by 3 (95% CI: 1, 5). There was
no evidence of ERT effect modification on MLVWT changes
according to male sex (0.4 mm [95% CI: -2, 2]) (Table $4).

Publication Bias and Grading of Evidence

No publication bias was detected for LVM indexed by the Eg-
ger test (P = .80) (Table S5). Furthermore, there was no visual
evidence of asymmetry on the funnel plot (Fig S7). Regarding
LVM, there was borderline evidence of small-study bias (Egger
test P = .08) (Table S5), and we identified an outlying study by
Frustaci et al (26) on the funnel plot (Fig S8) and Baujat plot
(Fig S9). After we removed this study from the analysis, the
mean difference remained significant and was determined at
-21 g (95% CI: -37, —4; six studies, 101 patients, ° = 94%)
(Fig $10). However, when the “trim and fill” method was used,
the pooled estimate did not retain statistical significance, with
a mean difference of -6 g (95% CI: -25, 14; nine studies, 163
patients, 2= 97%) (Fig S11). Studies assessing MLVWT, na-
tive T1 mapping values, and LGE showed no significant bias
by Egger tests (Table S5). In addition, funnel plots for other
cardiac MRI parameters did not provide any visual evidence
that could indicate small study bias (Figs S12-S14).

According to the GRADE Working Group system (33), the
level of certainty for the association between ERT and cardiac
MRI was low in all parameters but LGE extent and T'1 mapping,
which were adjudicated to be very low (Table S6).

Di on
The present meta-analysis provides pooled adjusted estimates
on cardiac MRI parameter changes in 445 patients with Fabry
disease after ERT. We found a minimal decrease in LVM (mean
difference, -18 g [95% CI: -33, -3]) and MLVWT (mean dif-
ference, -1 mm [95% CI: -2, -0.02]) whereas LGE slightly
increased (mean difference, 1% [95% CI: 1, 1]), with no mod-
ification of T1 relaxation time (mean difference, 6 msec [95%

CI: -2, 15]) (Fig 5).
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Figure 2: Effect of enzyme replacement therapy on left ventricular mass indexed (LVMi), left ventricular mass (LVM), and maximum left ventricular
wall thickness (MLVWT). Forest plots: meta-analyses on (A) left ventricular mass indexed (in grams per millimeter squared), (B) left ventricular mass
(in grams), and (€) maximum left ventricular wall thickness (in millimeters) with Sidik and Jonkman correction. Effect sizes: differences in means be-
tween baseline and follow-up measurements. LGE = late gadolinium enhancement, LVH = left ventricular hypertrophy.

Cardiac involvement is the main cause of impaired quality of
life and death in patients with Fabry disease (4). Cardiac MRI
allows staging of cardiomyopathy in Fabry disease (4,5,13): (2)
early Gb3 accumulation yielding T1 relaxation time lowering;
(6) T1 lowering associated with LVH; and (¢) fibrosis or inflam-
mation (ie, LGE starting in the basal posterior wall) associated
with LVH and pseudonormalization of native T1 values in the
areas of fibrosis but not in remote areas. This scenario can differ
in some patients with Fabry disease, particularly female patients,
who may show LGE before LVH (38). Notably, LVH, low T1
values, and LGE at cardiac MRI have all been associated with
adverse clinical outcomes (4,13,39).

ERT has the potential to slow or revert Fabry disease or-
gan involvement (2). In a double-masked study, Eng et al (40)
demonstrated that ERT resulted in histologic clearance of the
deposits of Gb3 from cardiac cells. This phenomenon aligns
with LVM and MLVWT regression after ERT, which was ini-
tially observed in echocardiography-based studies (41,42). No-
tably, cardiac MRI is more accurate than echocardiography in
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measuring LVM and MLVWT. Cardiac MRI does not depend
on patients’ acoustic window in measuring MLVWT; rather, it
directly quantifies LVM, regardless of mathematical assump-
tions (43), and it considers left ventricular trabeculae and
papillary muscles, which are typically abnormally increased in
Fabry disease (7).

We found discordance among studies in the direction of the
effect size of ERT on LVM changes. This aspect underscores the
necessity of a meta-analysis to derive pooled inference, especially
given the absence of large studies that would affect clinical prac-
tices. Overall, our results show mass stabilization during ERT
over time of almost 4 years. In fact, the analyses on LVM, LVM
indexed, or MLVWT between baseline and follow-up cardiac
MRI indicated no changes or minimal reduction of these param-
eters, excluding an increase of mass indexes. Notably, preventing
LVH development or progtession is considered a main therapeu-
tic goal in patients with Fabry disease (44).

In our analysis, the thinning of left ventricular wall thickness
observed in late Fabry disease stages characterized by myocardial
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Study Total T1 mapping (msec) Difference inmeans  95% C.L

Vijapurapu, 2020, MALES 32 - -2.40 [-4.65; -0.15]
Vijapurapu, 2020, FEMALES 18 — 6.20 [ 2.00; 10.40]
Nordin, 2019, LVH - 8 HE 8.00 [-12.79; 28.79]

Nordin, 2019, LVH + 12 f—a— 18.00 [ 7.25; 28.75]

Random effects model 70 _— 6.12 [ -2.39; 14.62]

Heterogeneity: I? = 88%, v* = 53.8983, p < 0.01 I I I
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Figure 3:

Effect of enzyme replacement therapy on T1 mapping. Forest plot: meta-analysis of native T1 mapping (in milliseconds) with Sidik and

Jonkman correction. Effect size: difference in means between baseline and follow-up measurements. LVH = left ventricular hypertrophy.

Study Total LGE % Difference in means 95% C.l.
Beer, 2006 17 f 0.60 [0.08; 1.12]
Weidemann, 2013 40 —— 0.60 [0.38;0.82]
Kramer, 2014 57 - 1.10 [0.92: 1.28]
Random effects model 114 —~— 0.80 [0.47; 1.14]

Heterogeneity: /% = 85%, ©° = 0.0642, p < 0.01 I
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Effect of enzyme replacement therapy on extent of late gadolinium enhancement (LGE). Forest plot: meta-analysis of extent of late

Figure 4:

I I I I 1
1.2

gadolinium enhancement (LGE; percentage of left ventricular mass) with Sidik and Jonkman correction. Effect size: difference in means between

baseline and follow-up measurements.

fibrosis (45) was unlikely to influence our results on LVM because
the changes in this parameter were not influenced by the presence
of LGE, although the latter affected MLVWT changes. Accord-
ingly, our findings indicate that the effect of ERT on mass stabi-
lization might persist throughout the progressive stages of Fabry
disease cardiomyopathy. Three studies reported data on LVM-
indexed changes in patients treated with ERT versus untreated
patients (19,24,27). An exploratory meta-analysis conducted on
these studies with a fixed-effects pooled estimate showed a fa-
vorable effect of ERT in significantly reducing IVM indexed in
treated patients as compared with an increase of LVM indexed in
untreated patients. In contrast, Vijapurapu et al (25) and Hughes
et al (28) observed an increase in IVM in treated patients with
Fabry disease. Notably, these studies included patients already re-
ceiving ERT before study initiation. This limitation might have
prevented the authors from considering an effect of ERT on LVM
occurred before study enrollment. The results in this subgroup of
patients compared with a control group align with previous echo-
cardiographic findings (46) and with the main results of our study
in supporting an effective role of ERT in LVM stabilization in pa-
tients with Fabry disease, excluding LVM increase during therapy.

Unfortunately, we could not assess whether these results
translate into clinical patient benefits because of a lack of data
in the available literature. LVH characterizes advanced stages of
Fabry disease cardiomyopathy and has been consistently associ-
ated with poorer clinical outcomes related to heart failure and
malignant arrhythmias (4). By demonstrating an association be-
tween ERT and stabilization in LVM, independently from the
presence of underlying myocardial fibrosis, our data suggest a fa-
vorable effect in preventing LVH; still, dedicated studies remain
necessary to test whether the effects of ERT on LVM translate
into clinically relevant benefits.

Low native T1 values represent myocardial Gb3 accumula-
tion, which occurs in 85% of patients with Fabry disease with

LVH and up to 59% of LVH-negative patients. Native T1 val-
ues are lower in patients with LVH than those without LVH
(6). Thus, it is believed that myocardial storage occurs early but
moves forward and evolves in more advanced stages (5,47,48).
In our analysis, native T1 mapping values did not significantly
change between baseline and follow-up cardiac MRI. Thus, ERT
might be effective in attenuating or stopping T1 lowering, al-
though it might not be effective in reverting T1 alterations. This
discrepancy could be related to two main factors. First, addi-
tional mechanisms of action on top of Gb3 clearance by ERT
might prevent LVH, including hindering downstream altera-
tions in myocardial perfusion secondary to Gb3 storage. In fact,
the sole role of ERT on Gb3 cell clearance might be secondary
in preventing LVH because it mainly concerns endothelial cells,
which have a small contribution to mass (24). Second, the ERT
effects on T1 that we measured may have been affected by the
T1 value increase in patients with LVH (24). In these patients,
an increased value of T'1 at follow-up (ie, pseudonormalization)
might occur, given the development of replacement myocardial
fibrosis (4). Discrepancies in myocardial regions evaluated for T'1
mapping analysis among studies might also contribute to dis-
cordant ERT effects on T'1 values compared with other cardiac
MRI parameters, which will have to be addressed explicitly by
dedicated prospective studies with a homogeneous methodo-
logic approach.

LGE in Fabry disease was initially interpreted as an increase
in extracellular space secondary to replacement myocardial fibro-
sis; the current belief is that it also underlies active inflammation
with troponin release (4,24,47). According to our analysis, ERT
was ineffective in decreasing or halting LGE in patients showing
it at baseline. Remarkably, our study design precludes us from
inferring any effect of ERT in preventing LGE. Our results align
with current recommendations to start ERT early (15) because
LGE is more common in advanced stages (4,5,49). Accordingly,
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Figure 5:
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Effects of enzyme replacement therapy (ERT) on cardiac MRI parameters in patients with Fabry disease. Changes in

maximum left ventricular wall thickness (MLVWT), left ventricular mass (LVM), nafive T1 mapping, and extent of late gadolinium en-
hancement (LGE) are reported in patients with Fabry disease undergoing baseline and follow-up cardiac MRI after ERT. Three basal
short-axis cardiac MRI scans of patients with Fabry disease are shown (left): cine steady-state-free precession (top left), precontrast
shortened modified Look-Locker inversion recovery (center left), and postcontrast inversion recovery fast gradient echo (bottom left);
the images are used to measure, respectively, MLVWT/LVM, native T1 mapping, and extent of LGE (bottom left, red arrows). Car-
diac MRI changes under ERT are reported as pooled mean differences (95% Cls) for each parameter (right).

a phase 4 ERT study focusing on renal function showed the
highest benefit in patients starting with better renal function
(50). Once a substantial amount of myocardial fibrosis is pres-
ent, a self-maintaining irreversible vicious cycle might prevent
any influences of ERT from reverting or stopping underlying
mechanisms promoting its growth and expansion, which may
follow independent and parallel pathways to those regulating
LVM response to ERT (51). Our findings, showing LGE in-
crease in patients with LGE, call for prospective studies assessing
the effect of ERT on cardiovascular outcomes in those patients.
At the same time, the lack of efficacy of ERT in LGE regression
encourages novel and alternative treatments for the same pur-
pose (51). Emerging cardiac MRI parameters sensitive to cardiac
involvement in Fabry disease, including extracellular volume (6)
and native T2 mapping (24), might be used along with LGE to
refine and tailor therapy for patients with Fabry disease.

Our meta-analysis had several limitations. First, the absence of
a control group not undergoing ERT in all but four (19,24,25,27)
of the included studies hinders comparisons of the evolution of
cardiac MRI parameters in treated and untreated patients. Sec-
ond, given the lack of dedicated studies, it is unknown whether
the observed variations in cardiac MRI parameters translate into
improved cardiovascular outcomes for treated patients. Regarding
LGE extent, only one study (24) measured it as grams per meters
squared. LGE extent was mainly evaluated as changes in percent-
age of LVM; however, in doing so, changes in LVM can poten-
dally affect this measurement independently from variation of
myocardial fibrosis. One study (23) did not clearly specify whether
follow-up cardiac MRI was performed using the same MRI scan-
ner and acquisition protocol as the baseline examination, open-
ing to potential discrepancies in cardiac MRI parameters highly
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sensible to equipment characteristics (ie, T1 mapping). Frustaci
et al (26) reported no changes in T1 mapping between baseline
and follow-up cardiac MRI, so we assumed that the values at base-
line and follow-up were identical. However, minor changes in T'1
values are likely due to the intra- and interobserver variability of
the method. Overall, we included observational studies with an
intrinsic risk for selection bias that can detect associations but not
ascribe causality. Moreover, some studies included in the meta-
analysis presented significant heterogeneity concerning patient
samples. We sought to explore heterogeneity by meta-regression
models on baseline confounders. Still, because of a limited num-
ber of synthesized studies, meta-regression results should be cau-
tiously interpreted (52); a prespecified number of confounders
based on biologic plausibility and availability of summary data
were tested for effect modification, but only linear meta-regression
analyses were conducted. Moreover, the patients included in the
study of Vijapurapu et al (25) and Hughes et al (28) had already
been treated with ERT before baseline cardiac MRI, and 23 of
293 (8%) patients in the study of Arends et al (23) were assessed
at follow-up cardiac MRI after discontinuation of ERT. These
limitations might account for the potential underestimation of the
effects of ERT on cardiac remodeling.

Finally, cardiac phenotype is likely not the only variable af-
fecting ERT response; sex, ERT-specific drug, duration, and
induced antibodies might influence ERT effects on cardiac
involvement in Fabry disease (4). These phenomena, together
with novel cardiac MRI markers of Fabry disease cardiomyopa-
thy (ie, T2 mapping, global longitudinal strain, and left atrial
sizes and function) (24,53-55), could not be adjudicated as eli-
gible for meta-analysis given the scarcity of data available. Fu-
ture investigations that include imaging and clinical follow-up
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are needed for a more granular framework for predicting ERT
response, allowing physicians to tailor the best treatment for
each individual patient.

In conclusion, ERT in patients with Fabry disease was as-
sociated with stabilization of LVM and T1 mapping values,
whereas LGE extent slightly increased. These results should
be cautiously interpreted in view of significant heterogeneity
across investigations and the low level of certainty for the as-
sociation between ERT and cardiac MRI parameter changes.
Longitudinal studies are needed to assess the effect of ERT on
cardiovascular outcomes.
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