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BACKGROUND: Cardiac involvement is the main determinant of adverse outcomes in Fabry disease. The study aimed to
investigate cardiovascular outcomes in patients with Fabry disease.

METHODS: This was a multicenter, retrospective, longitudinal study of consecutively referred adult patients with Fabry disease.
The primary end point was the occurrence of major adverse cardiovascular events defined as a composite of cardiovascular
death, major arrhythmic events, bradyarrhythmias requiring pacemaker implantation, and stroke.

RESULTS: A total of 680 patients (age, 42.3+15.9 years; 41.0% male; 68.7% on disease-specif ic 1 h‘?erapy) were included.
During a median follow-up of 7.1 (interquartile range, 3.9-11.6) years, 92 patients (13.5%) expenenced’ a major adverse
cardiovascular event. At 10 years, freedom from major adverse cardiovascular event was 85.1% (95% Cl, 81.3-88.2) and
was lower in males compared with females (76.1% [95% Cl, 68.9=81.9] versus 91.3%:[95% Cl, 87.0-94.2]; log-rank
¥?=26.9; ”<0.001). On multivariable analysis, age (hazard ratio, 1.04{95% CI, 1.01-1.06] per 1 year; ”<0.001), estimated
glomerular filtration rate (hazard ratio, 0.99 [95% Cl, 0.98-0.99] per 1 mL/min per 1.73 m?, ”<0.001), QRS interval (hazard
ratio, 1.02 [95% Cl, 1.01-1.03] per 1 ms; P=0.002), and left ventricular mass index (hazard ratio, 1.01 [95% Cl, 1.00-1.01]
per 1 g/m? P=0.032) were independent predictors of majoradverse cardiovascular events during follow-up.

CONCLUSIONS: This study shows that the prevention and treatment of cardiovascular disease remain an unmet need for
patients with Fabry disease.
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age disorder caused by pathogenic variants in the

GLA gene, which encodes the enzyme a-Gal A
(a-galactosidase A)." Reduced a-Gal A activity leads
to the progressive accumulation of glycosphingolipids
in various tissues' and a complex cellular pathophysiol-
ogy that includes mitochondrial and sarcomere dysfunc-
tion, apoptosis, impaired autophagy, and inflammation.?®
These abnormalities translate into a wide spectrum of
disease phenotypes.'

Fabry disease (FD) is a rare X-linked lysosomal stor-

Inindividuals carrying classic GLA variants, symptoms
typically emerge during childhood and include chronic
neuropathic pain, hypohidrosis, angiokeratomas, gas-
trointestinal disturbances, sensorineural hearing loss,
tinnitus, and cornea verticillata." Progressive involve-
ment of the kidneys, heart, and central nervous system
generally occurs in adulthood.! Conversely, patients
harboring late-onset GLA variants often remain under-
diagnosed due to the absence of classic disease fea-
tures and isolated organ involvement, most frequently
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Nonstandard Abbreviations and Acronyms
eGFR estimated glomerular filtration rate
ERT enzyme replacement therapy

FD Fabry disease

HR hazard ratio

Lv left ventricle

LVMi left ventricular mass index

MACE major adverse cardiovascular event
MLVWT  maximal left ventricular wall thickness
NSVT nonsustained ventricular tachycardia
a-Gal A  a-galactosidase A

left ventricular (LV) hypertrophy.?* In females, clinical
expression could be influenced by both the specific
GLA variant and the pattern of X-chromosome inacti-
vation.? In addition, methylation and other genetic and
nongenetic factors may further modulate phenotypic
variability.®

Disease-specific therapy in the form of enzyme
replacement and, more recently, oral pharmacological
chaperone therapy has been available for >2 decades.”®
Recommendations for treatment initiation vary accord-
ing to sex, clinical manifestations, and type of GLA vari-
ant'%"'2 Early initiation of treatment:is associated ‘with
improved symptoms, as well ‘as slowing and possibly
preventing end-organ damage.'® However, several stud-
ies report progression of cardiac manifestations in FD'in
spite of therapy.'*'°

The aim of this multicenter collaboration was to inves-
tigate cardiovascular outcomes in patients with FD.

METHODS

This was a multicenter, retrospective, longitudinal study of
consecutively referred patients diagnosed with FD between
January 1, 1998, and December 2022. The participating
centers were University College London/St. Bartholomew's
Hospital, London, United Kingdom; Royal Free London NHS
Foundation Trust, London; Inherited and Rare Cardiovascular
Diseases, Department of Translational Medical Sciences,
University of Campania Luigi Vanvitelli Monaldi Hospital,
Naples, Italy; Sant'Orsola Hospital, University of Bologna,
Bologna, Italy; Careggi University Hospital, Florence, Italy;
Catholic University of the Sacred Heart, Rome, ltaly; and
Federico Il University, Naples. These centers maintain lon-
gitudinal databases that capture clinical, genetic, and out-
come data. Internal review board approval was obtained at
each participating site. The study adheres to the principles of
Good Clinical Practice and the Declaration of Helsinki. The
data, analytic methods, and study materials will not be made
available to other researchers for purposes of reproducing
the results or replicating the procedure because of institu-
tional and ethical restrictions.
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Eligibility Criteria

Patients with a genetic diagnosis of FD, defined by the pres-
ence of a pathogenic or likely pathogenic variant in the GLA
gene, were eligible for inclusion. Exclusion criteria included (1)
patients with a clinical or biochemical diagnosis of FD with-
out genetic confirmation or those carrying a variant of uncer-
tain significance, (2) patients with a follow-up duration of <12
months, and (3) patients with missing data at baseline or dur-
ing follow-up evaluations. Eligible patients were identified by
the principal investigators at each site using multiple sources,
including medical records and medical databases.

Clinical Investigations and Data Collection
Anonymized clinical data, including nonidentifiable demo-
graphics, family history, symptoms, resting 12-lead ECG,
2-dimensional, Doppler, and color transthoracic echocardiog-
raphy, 24-48 ambulatory ECG monitoring, and genetic test
results, were collected. Patients underwent planned clinical
reviews every 6 to 18 months according to the center pro-
tocol and clinical need. Hypertension was defined as a clinic
systolic blood pressure >140 mmHg and a diastolic blood
pressure 290 mmHg.'® Recorded 12-lead ECG parameters
included rhythm, PR, and QRS interval. 2D and Doppler echo-
cardiographic measurements were made according to con-
temporary guidelines.”” Recorded aétiables. included left atrial
diameter, LV end-diastolic diamete*,ﬂl’/ %jef’é@fﬁion fraction, maxi-
mal LV wall thickness (MLVWT), diastolic interventricular septal
thickness, and diastolic posterior LV wall thickness. LV mass
was calculated- usingthe- Cube. formula (0.8[1.04([LV end-
diastolic diameter+diastolic posterior LV wall thickness+diastolic
interventricular septal thickness)3—[LV end-diastolic diam-
eter]3)]+0.6 g) indexed to body surface area to obtain the LV
mass index (LVMi).'” In accordance with the American Society
of Echocardiography statement, LV hypertrophy was defined
as an LVMi =116 g/m?2 in men and =95 g/m? in women."”
MLVWT was defined as the greatest thickness in any single
LV segment.'®

Genetic Testing and Variant Classification
Genetic testing was performed after obtaining informed writ-
ten consent. Variants in GLA were reclassified as pathogenic
or likely pathogenic using the American College of Medical
Genetics and Genomics criteria.’® Subjects with variants clas-
sified as variant of uncertain significance, likely benign, or
benign were excluded. The reevaluation of variants was per-
formed in January 2025. GLA variants were classified as
classic or late-onset according to international databases (fabry-
database.org/mutants/).

Outcomes
The primary end point was the occurrence of a major adverse
cardiovascular event (MACE), defined as a composite of car-
diovascular death, appropriate implantable cardioverter defi-
brillator shock, second- or third-degree atrioventricular block,
or sinus node dysfunction requiring pacemaker implantation,
and stroke.

The secondary end points were cardiovascular death, major
arrhythmic events, defined as a composite of sudden cardiac
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death, resuscitated ventricular fibrillation, and appropriate
implantable cardioverter defibrillator shock, bradyarrhythmias
requiring pacemaker implantation, and stroke.

Sudden cardiac death was defined as witnessed sudden
death with or without documented ventricular fibrillation or
death within 1 hour of new symptoms or nocturnal deaths with
no antecedent history of worsening symptoms.?® Sinus node
dysfunction was defined in the presence of symptomatic sinus
bradycardia, sinoatrial block, sinus node arrest, tachycardia-
bradycardia syndrome, or chronotropic incompetence.?'

All adverse events were adjudicated by experienced car-
diologists at each center. Follow-up data to December 2022
were collected through the medical records of the last outpa-
tient evaluation or hospital admission at the referral center or
by telephone interview.

Statistical Analysis

Normally distributed continuous variables are presented as
meanxSD; comparisons between groups were performed
using an unpaired 2-tailed Student t test. Normality of continu-
ous variables was assessed using graphical methods (ie, histo-
grams) and the Shapiro-Wilk test. Skewed data are presented
as median (interquartile range), with 2-group comparisons per-
formed using the Wilcoxon rank-sum test. Categorical variables
are reported as numbers (percentages), with group comparison
performed using the y? test. A significance level (P value) of
0.05 (2-sided test) was used for all the comparisons.

The time to end point was defined as the time to the first
event or censored at the end of follow-up if no event occurred.
Estimates of freedom from the primary end point were obtained
using the Kaplan-Meier product limit method. Log-rank tests
were performed to compare patient survival between sub-
groups. Comparison between subgroups-was performed after
stratifying patients for sex and type of GLA variant (classic ver-
sus late onset).

Univariable and multivariable Cox regression models were
used to investigate the association between clinically relevant
variables and the end-point.-For each.model, a univariate analy-
sis of clinically relevant characteristics was performed first.
Then, a backward stepwise regression approach, incorporating
variables with a univariate P value of <0.05 and the highest
Wald test statistic, was used to build the multivariable model.
Proportional hazards assumptions were verified by testing inter-
actions with log(time). Results are presented as hazard ratios
(HRs), 95% Cls, and 2-sided P values. All statistical analyses
were performed using IBM SPSS Statistics for Macintosh, ver-
sion 29.0, and GraphPad Prism, version 10.4.1, for macOS.

RESULTS
Enroliment and Baseline Characteristics

From a total of 712 individuals, we excluded 22 individu-
als who carried a GLA variant of uncertain significance or
had no genetic confirmation and 10 patients with miss-
ing follow-up data. The remaining 680 patients with FD
constituted the final study cohort. The clinical character-
istics of the study population are shown in Table 1. The
list of genetic variants for the study cohort is provided in
Table S1.
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Table 1. Clinical Characteristics of the Study Population.
Data Are Presented as MeantSD, Median (IQR), or n (%)

Overall

cohort Males Females
Clinical features | (n=680) (n=279) (n=401) P value
Age at baseline,y | 42.3£15.9 | 43.2£15.9 41.7£16.9 | 0.216
Age at diagnosis, y | 41.7£15.9 | 42.1£15.9 41.4+15.8 | 0.545
Variants 0.940

Classic 452 (66.5) 185 (66.3) 267 (66.5)

Late onset 228 (33.5) 94 (33.7) 134 (33.4)
Unexplained 39 (5.7) 16 (5.7) 23 (5.7) 0.885
syncope
NYHA class <0.001*

| 544 (80.0) 204 (73.1) 340 (84.8)

Il 121 (17.8) | 68(24.3) 53 (13.2)

1] 15 (2.2) 7 (2.5) 8(2.0)

NSVT 49 (7.2) 35 (12.5) 14 (3.5) <0.001*
Hypertension 158 (23.2) | 83 (29.7) 75 (18.7) <0.001*
Diabetes 25 (3.7) 11 (3.9) 14 (3.5) 0.758
Atrial fibrillation 53 (7.8) 30 (10.7) 23 (5.7) 0.016*
eGFR, mL/min per | 95.5£29.8 91.1+£35.3 98.9+24.3 | 0.003*
1.73 m?

ERT or chaperone | 467 (68.7) 236 (i "’4,6) 231 (57.6) <0.001*
therapy W

ERT 405 (59.6) 211 (75.6) 194 (48.4)

Migalastat 62 (9.1) 25 (9.0) 37 (9.2)

ECG data

PR interval, ms 148126 151+27 147425 0.036*

QRS interval, ms | 97+21 107124 90£15 <0.001*
Echocardiographic data

MLVWT, mm 1214 1415 10£3 <0.001*

LAD, mm 367 397 3416 <0.001*

LVEF, % 6416 6317 6516 <0.001*

LVMi, g/m? 105+51 133159 85+35 <0.001*

LVH 272(40.0) 155 (55.6) 117 (29.2) <0.001*
Follow-up, y 7.1 6.7 74 0.589

(3.9-11.6) (3.5-11.8) (4.2-11.5)

ECG indicates electrocardiography; eGFR, estimated glomerular filtration rate;
ERT, enzyme replacement therapy; IQR, interquartile range; LAD, left atrial diam-
eter; LVEF left ventricular ejection fraction; LVH, left ventricular hypertrophy; LVMi,
left ventricular mass index; MLVWT, maximal left ventricular wall thickness; NSVT,
nonsustained ventricular tachycardia; and NYHA, New York Heart Association.

XXX

The mean age at the first evaluation was 42.3£156.9
years; 279 (41.0%) patients were male. A total of 452
patients (66.5%) carried a pathogenic or likely patho-
genic GLA variant associated with a classic pheno-
type, and 228 (33.5%) carried a variant associated
with a late-onset phenotype. At baseline, 467 patients
(68.7%) were receiving enzyme replacement ther-
apy (ERT) or oral chaperone therapy. Compared with
females, male patients had a higher prevalence of non-
sustained ventricular tachycardia (NSVT), hyperten-
sion, and atrial fibrillation. Males had a lower estimated
glomerular filtration rate (eGFR), were more frequently
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on ERT or chaperone therapy, and had greater PR and
QRS intervals, MLVWT, left atrial diameter, and LVMi.
Males had a lower LV ejection fraction than females
(Table 1).

Compared with male patients with a classic variant,
those with a late-onset variant were older, had a higher
prevalence of NSVT and diabetes, had a worse New
York Heart Association class, and exhibited longer PR
and QRS intervals, as well as greater MLVWT (Table 2).
In contrast, females with classic and late-onset variants
were similar in age and had comparable ECG charac-
teristics at baseline. However, women with classic vari-
ants had greater MLVWT, left atrial diameter, and LVMi
and were more often receiving ERT or chaperone ther-
apy compared with those carrying late-onset variants
(Table 2).

Primary End Point

During a median follow-up of 7.1 (interquartile range,
3.9-11.6) years, 92 patients (13.5%) experienced an
MACE (Table S2). At 10 years, freedom from MACE was
85.1% (95% Cl, 81.3%—-88.2%) and was lower in males
compared with females (males, 76.1% [95% Cl, 68.9%—
81.9%)]; females, 91.3% [95% Cl, 87.0%—-94.2%]; log-
rank %?=26.9; ”<0.001; Figure 1).

When further stratified by sex and GLA variant, the
10-year freedom from MACE was 75.2%-(95% Cl,
66.4%—-82.0%) in males with a classic variant, 78.9%
(95% ClI, 63.9%—87.4%) in males with a late-onset vari-
ant, 88.2% (95% Cl,-82.2%-92.3%) in females ‘with
a classic variant, and 98.3% (95% ClI, 93.2%—-99.6%)
in females with a late=onset variant (log=rank %?=30.2;
P<0.001). No significant difference in the 10-year free-
dom from MACE was observed between males with a
classic versus a late-onset:variant (log-rank %*=0.5;
P=0.486). In contrast, a difference emerged among
females (log-rank y?=4.2; P=0.041).

At baseline, patients who later experienced an MACE
were older, more likely to be male and carry classic GLA
variants, and to have unexplained syncope, NSVT, and
hypertension. They also had a lower eGFR, larger PR and
QRS intervals, larger MLVWT, left atrial diameter, and LVMj,
and a lower LV ejection fraction, and were more commonly
receiving ERT or chaperone therapy compared with those
who did not experience an MACE (Table S3).

On multivariable analysis, age (HR, 1.04 [95% ClI,
1.01-1.06] per 1 year; £/<0.001), eGFR (HR, 0.99 [95%
Cl, 0.98-0.99] per 1 mL/min per 1.73 m? F<0.001),
QRS interval (HR, 1.02 [95% CI, 1.01-1.03] per 1 ms;
P=0.002), and LVMi (HR, 1.01 [95% CI, 1.00-1.01]
per 1 g/m? P=0.032) were independent predictors of
MACEs during follow-up (Table 3).

A sensitivity analysis including patients with a follow-
up between 5 and 10 years was performed, and the
results are shown in Table S4.
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Secondary End Points

During a median of 7.1 (interquartile range, 3.9-11.6)
years of follow-up, 36 patients (5.3%) experienced a car-
diovascular death (mean age at death, 62.7£14.2 years),
22 patients (3.2%) experienced a major arrhythmic
event, 42 patients (6.2%) required pacemaker implanta-
tion for sinus node dysfunction or atrioventricular block,
and 33 patients (4.9%) experienced a stroke (Figure 2).
Noncardiovascular death occurred in 24 patients (3.5%;
mean age at death, 60.7+14.9 years).

Clinical characteristics according to the occurrence of

secondary end points are reported in Tables Sb through S8.

Results of the univariate analysis are reported in Tables

S9 through S12. On multivariable analysis (Table 4; Fig-
ure 3), the following holds.

1. Age, LV ejection fraction, and LVMi were indepen-
dent predictors for cardiovascular death.

2. NSVT and QRS interval were independent predic-
tors of major arrhythmic events.

3. Age, eGFR, PR interval, and QRS interval
were independent predictors of pacemaker
implantation.

4. QRS interval and atrial fibrillation were indepen-

Ameri

dent predictors of stroke"‘-\d@f;irgg;;‘f@uow—u p.

DISCUSSION

This=study describes the ‘incidence of adverse cardio-
vascular events in a contemporary multicenter cohort of
patients with'FD." MACEswere more common in males
and were associated with ‘age-at baseline evaluation,
eGFR; QRS interval, and LVMi (Figure 3). The rate of
MACEs was similar in men with classic and late-onset
variants, but women carrying late-onset variants had
lower rates of events than those with classic variants.
These results show that the prevention and treatment
of cardiovascular disease remain an unmet need for
patients with FD.

Incidence and Risk Factors for Cardiovascular
Events

In recent years, several studies have sought to determine
risk factors for MACEs in patients with FD.222¢ How-
ever, due to the rarity of the disease and the relatively
low number of events during follow-up, designing a pow-
ered cohort capable of identifying risk factors for adverse
events has been challenging. This has led to the use of
composite outcomes, including mild adverse events,
such as atrial fibrillation or NSVT. Here, we used a more
stringent definition of MACE, including only hard events
such as cardiovascular death, major arrhythmic events,
bradyarrhythmias requiring pacemaker implantation, and
stroke. This approach allows for a better assessment of
the impact of cardiovascular complications and provides
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Table 2. Clinical Characteristics of the Patients According to Sex and GLA Variant. Data Are Presented as Mean+SD, Median

(IQR), or n (%)
Overall cohort (n=680) Males (n=279) Females (n=401)
Classic Late onset Classic Late onset Classic Late onset
Clinical features (n=452) (n=228) P value (n=185) (n=94) P value (n=267) (n=134) P value
Age at baseline, y 41.0+15.5 45.0+16.5 0.002* 39.9+14.1 49.8+17.3 <0.001* 41.7+16.4 41.8+15.1 0.972
Age at diagnosis, y 40.1+£15.4 44.7£16.4 <0.001* 38.6t£14.1 49.1+£171 <0.001* 41.2+16.2 41.7+£15.1 0.800
Unexplained syncope 24 (5.3) 15 (6.6) 0.783 8 (4.3) 8 (8.5) 0.248 16 (6.0) 7 (5.2) 0.545
NYHA class 0.513 0.044* 0.598
| 367 (81.2) 177 (77.6) 144 (77.8) 60 (63.8) 223 (83.5) 117 (87.3)
1l 75 (16.6) 46 (20.2) 37 (20.0) 31 (33.0) 38 (14.2) 15 (11.2)
1] 10 (2.2) 5(2.2) 4(2.2) 3(3.2) 6(2.2) 2 (1.5)
NSVT 27 (5.9) 22 (9.7) 0.197 16 (8.6) 19 (20.2) 0.018* 11 (4.1) 3(2.2) 0.237
Hypertension 112 (24.8) 46 (20.2) 0.180 55 (29.7) 28 (29.8) 0.992 57 (21.3) 18 (13.4) 0.055
Diabetes 12 (2.7) 13 (5.7) 0.046* 4(2.2) 7 (7.4) 0.032* 8 (3.0) 6 (4.5) 0.446
Atrial fibrillation 36 (8.0) 17 (7.5) 0.815 18 (9.7) 12 (12.8) 0.439 18 (6.7) 5 (3.7) 0.221
eGFR, mL/min per 1.73 m? 96.6+30.8 92.7+26.5 0.189 92.3+37.3 88.0+£30.0 0.410 99.6+£22.4 96.7+£22.5 0.365
ERT or chaperone therapy 343 (75.9) 124 (54.4) <0.001* 166 (89.7) 70 (74.5) <0.001* 177 (66.3) 54 (40.3) <0.001*
ERT 312 (69.0) 93 (40.8) 155 (83.8) 56 (59.6) 157 (58.8) 37 (27.6)
Migalastat 31 (6.9) 31 (13.6) 11 (5.9) 14 (14.9) 20 (7.5) 17 (12.7)
ECG data
PR interval, ms 145124 155+28 <0.001* 145+24 165+30 <0.001* 1?91‘25 0.077
QRS interval, ms 97120 98+22 0.343 1056+23 111126 0.029* ;”réﬂiﬂ 3 0.337
Echocardiographic data
MLVWT, mm 1244 1245 0.249 1314 1515 <0.001* 103 913 0.010*
LAD, mm 36+7 367 0.953 3818 40+7 0.060 3416 33%5 0.047*
LVEF, % 6416 6416 0.820 6317 6416 0.249 6516 6415 0.146
LVMi, g/m? 10751 10152 0.141 132159 135159 0.708 90£36 77%29 <0.001*
LVH 192 (42.5) 80 (35.1) 0.063 101 (54.6) 54 (57.4) 0.650 91 (34.1) 26 (19.4) 0.002*
Follow-up, y 7.6 6.4 0.241 6.8 6.2 0.623 8.2 6.4 0.256
(41-115) | (35-11.7) (36-11.7) | (3.1-11.9) (4.4-11.4) | (4.2-11.5)

ECG indicates electrocardiography; eGFR, estimated glomerular filtration rate; ERT, enzyme replacement therapy; IOR; interquartile range; LAD, left atrial diameter;
LVEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; LVMi, left ventricular mass index; MLVWT, maximal left ventricular wall thickness; NSVT, nonsus-

tained ventricular tachycardia; and NYHA, New York Heart Association.
XXX

a clearer picture of the true burden of cardiovascular dis-
ease in patients with FD.

In this study, the incidence of MACE was =15%
at 10 years of follow-up, with significant differences
between males and females. Specifically, males had
a higher incidence of MACE (24% at 10 years) com-
pared with females (9% at 10 years), highlighting a
sex-specific difference in cardiovascular outcomes.
Risk factors for MACEs were age, eGFR, QRS inter-
val, and LVMi.

Due to the progressive nature of the disease, it is
unsurprising that age per se is a risk factor for MACE,
cardiovascular death, and bradyarrhythmias requiring
pacemaker implantation.?22%28

Renal involvement is common in FD, and kidney
dysfunction often correlates with the severity of car-
diovascular complications. In this study, it was an
independent predictor for MACE and pacemaker

Circ Genom Precis Med. 2026;19:e005361. DOI: 10.1161/CIRCGEN.125.005361

implantation during follow-up. Similarly, QRS dura-
tion is a known predictor for pacemaker implanta-
tion in patients with FD?° but was also a predictor of
MACE, arrhythmic events, and stroke, suggesting that
it serves as a useful surrogate for the severity of car-
diovascular involvement.

LVMi is a widely used marker of cardiac involvement
in FD™25 and is associated with a higher risk of cardiac
events.?” Both lower eGFR and higher LVMi have been
associated with adverse cardiovascular outcomes in FD,
suggesting a role of cardiorenal syndrome in the natural
history of the disease. The presence of LV hypertrophy
often precedes the development of more severe cardiac
manifestations,' reinforcing the importance of monitor-
ing this parameter in patients with FD. Indeed, a recent
echocardiographic study on a large FD cohort showed
that patients without LV hypertrophy exhibited a low rate
of cardiovascular events.?’
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— Male Classic 184 106 49 21
Male Late-Onset 94 50 28 11
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Genetic Variants and Clinical Presentation and
Outcome

In this study, we investigated variant-specific differences
in clinical manifestations and outcomes. Males with late-
onset GLA variants were, as expected, older at diagnosis,
but they exhibited similar cardiac involvement at base-
line as individuals with classic variants and experienced
a similar rate of adverse events. This.suggests that while
genotype influences age of onset and associated organ
manifestations, the long-term-cardiovascular. outcomes
for men are ultimately the same. In contrast, females
with classic and late-onset variants showed a similar
age at baseline evaluation, but those carrying the classic

variants had a higher LVMi and experienced a higher rate
of MACEs. This sex-related difference in clinical presen-
tation may be partly explained by different patterns of
diagnosis, with males more of 3 ) being probands, and
females are more frequently "‘di&gﬁ%;sed later through
cascade screening. However, an ascertainment bias
cannot be excluded, as females who are more severely
affected are also more likely to be on disease-modifying
therapy and to present earlier with symptoms.

Clinical Implications

Our data highlight the importance of early diagnosis and
management of cardiovascular complications in classic

Table 3. Univariate and Multivariable Analysis for MACE Predictors at a Level of 0.05

Univariate analysis Multivariable analysis
Clinical parameters HR (95% CI) P value HR (95% CI) P value
Age,y 1.07 (1.05-1.08) <0.001* 1.04 (1.01-1.06) 0.003*
Male sex 2.96 (1.92-4.54) <0.001* 1.41 (0.79-2.51) 0.239
Late-onset variant 0.79 (0.40-1.05) 0.079
eGFR, mL/min per 1.73 m? 0.88 (0.87-0.89) <0.001* 0.99 (0.98-0.99) <0.001*
Syncope 2.91 (1.61-5.27) <0.001* 1.77 (0.79-3.51) 0.177
NSVT 3.66 (2.24-5.98) <0.001* 0.98 (0.54-1.80) 0.961
Hypertension 2.30 (1.561-3.51) <0.001* 0.71 (0.42-1.21) 0.209
Diabetes 1.61 (0.65-3.98) 0.299
PR Interval, ms 1.01 (1.01-1.02) <0.001*
QRS Interval, ms 1.04 (1.03-1.05) <0.001* 1.02 (1.01-1.03) 0.002*
LAD, mm 112 (1.10-1.12) <0.001*
LVEF, % 0.92 (0.89-0.95) <0.001* 0.97 (0.94-1.01) 0.123
LVMi, g/m? 1.01 (1.01-1.02) <0.001* 1.01 (1.00-1.01) 0.032*

eGFR indicates estimated glomerular filtration rate; HR, hazard ratio; LAD, left atrial diameter; LVEF, left ventricular
ejection fraction; LVMi, left ventricular mass index; MACE, major adverse cardiovascular event; and NSVT, nonsus-

tained ventricular tachycardia.
XXX
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Figure 2. Rate of events during follow-up.
During a median of 7.1 (interquartile range, 3.9-11.6) years follow-up, 36 patients (5.3%) experienced a cardiovascular (CV) death (mean age

at death, 62.7+14.2 years), 22 patients (3.2%) experienced a major arrhythmic event (MAE), 42 patients (6.2%)
implantation for sinus node dysfunction or atrioventricular block (AVB), and 33 patients (4.9%) experienced a stroke.

and late-onset phenotypes. ECG.-parameters; in pars
ticular, are easily obtained. predictive markers of overall
and arrhythmic events, and standard ECG and dynamic
Holter ECG should be regularly-performed during follow-
up to detect PR and QRS changes and the presence

Association.

ired.pacemaker (PM)
Heart

of NSVT.-Interestingly, the number of bradyarrhythmias
requiring.pacemaker implantation exceeded the number
of major arrhythmic events. This highlights the impor-
tance of conduction disease;-with direct implications for

patient management and follow-up strategies.

Table 4. Multivariable Analysis for Secondary End Point Predictors at o Level of 0.05

Clinical parameters

Cardiovascular death

MAE

PM implantation

Stroke

HR (95% CI) P value

HR (95% CI)

P value

HR (95% CI)

P value

HR (95% CI)

P value

Age,y

1.06 (1.02-1.09) | <0.001*

1.04 (1.01-1.08)

0.009*

Male sex

Late-onset variant

eGFR, mL/min per
1.73 m?

0.98 (0.97-0.99)

0.004*

Syncope

NSVT

5.13 (2.08-12.97)

<0.001*

Hypertension

Diabetes

PR interval, ms

1.01 (1.00-1.03)

0.046*

QRS interval, ms

1.04 (1.02-1.05)

<0.001*

1.02 (1.01-1.03)

0.001*

1.08 (1.02-1.05)

<0.001*

LAD, mm

LVEF, %

0.90 (0.86-0.95) | <0.001*

LVMi, g/m?

1.01 (1.01-1.02) | <0.001*

Atrial fibrillation

3.98 (1.87-8.45)

<0.001*

eGFR indicates estimated glomerular filtration rate; HR, hazard ratio; LAD, left atrial diameter; LVEF, left ventricular ejection fraction; LVMi, left ventricular mass index;
MACE, major adverse cardiovascular event; MAE, major arrhythmic event; NSVT, nonsustained ventricular tachycardia; and PM, pacemaker.

XXX,
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Figure 3. Summary of the study resulits.

The primary end point was the occurrence of a major adverse cardiovascular event (MACE) defined as a composite of cardiovascular (CV)
death, major arrhythmic events, bradyarrhythmias requiring pacemaker (PM) implantation, and stroke. A total of 680 patients (age, 42.3+15.9
years; 41.0% males) constituted the study cohort. During a median follow-up of 7.1 (interquartile range, 3.9-11.6) years, 92 patients (13.5%)
experienced an MACE. On multivariable analysis, age, estimated glomerular filtration rate, QRS interval, and left ventricular mass index were
independent predictors of MACEs during follow-up. Risk factors for secondary end points (CV death, major arrhythmic events, PM implantation,
and stroke) are also shown. AF indicates atrial fibrillation; eGFR; estimated glomerular filtration rate; HR, hazard ratio; LVEF, left ventricular
ejection fraction; LVMi, left ventricular mass index; and NSVT, nonsustained ventricular tachycardia.

Limitations

This study has inherent limitations related to retrospec-
tive analyses, including missing data and the potential for
survival bias. In our cohort, nearly all males and approxi-
mately half of the females were receiving ERT or chaper-
one therapy at baseline evaluation or initiated treatment
during follow-up. The introduction of treatment, partic-
ularly in females, varied according to age, GLA variant
(classic or late onset), and systemic disease features
and evolved over time in accordance with contemporary
expert recommendations. As a result, it was deemed
inappropriate to model the potential impact of medical
therapy on disease progression and outcomes. In addi-
tion, cardiac magnetic resonance imaging data were
not available for this study. Previous studies reported
the significance of cardiac magnetic resonance param-
eters (including late gadolinium enhancement, LVMi, and
native T1 values) for predicting the risk of MACEs.??

Circ Genom Precis Med. 2026;19:e005361. DOI: 10.1161/CIRCGEN.125.005361

Furthermore, the role of biomarkers (including N-
terminal pro-B-type natriuretic peptide, cardiac tropo-
nins, and lyso-Gb3) was not assessed.

Several potential confounders should also be acknowl-
edged. Given the long enrollment period, advances in
treatment and diagnostic approaches may have influ-
enced outcomes. The increasing use of family screening
may also have led to the enrollment of more asymptom-
atic relatives. Moreover, all participating centers were
referral units, which may have introduced ascertainment
bias. In addition, comorbidities such as hypertension and
diabetes may have been underreported due to the reli-
ance on retrospective medical records. Finally, no correc-
tion for multiple testing was applied.

Conclusions

This study provides an analysis of the incidence and risk
factors for adverse cardiovascular events in patients

April 2026 8
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with FD. Despite important advances in therapy, cardio-
vascular disease continues to be a significant cause of
disease-related morbidity and mortality.

ARTICLE INFORMATION
Received June 25, 2025; accepted January 12, 2026.

Affiliations

Inherited and Rare Cardiovascular Diseases, Department of Translational Medi-
cal Sciences, University of Campania Luigi Vanvitelli, Monaldi Hospital, Naples,
ltaly (E. Monda, M.R, G.L.). Institute of Cardiovascular Science (E. Monda, AB,
G.L, PME) and Lysosomal Storage Disorders Unit, Royal Free London NHS
Foundation Trust (UR, D.H.), University College London, United Kingdom. Eu-
ropean Reference Network for Rare, Low Prevalence & Complex Diseases of
the Heart-ERN GUARD-Heart, Florence, ltaly (E. Monda, V.P, MAS, MR, E.B,
G.L.). Cardiomyopathy Unit, Department of Experimental and Clinical Medicine,
University of Florence, Italy (A.D.F, F.C.,, M.P). Department of Cardiovascular Medi-
cine, Fondazione Policlinico Universitario Agostino Gemelli IRCCS, Rome, Italy (R.
Lillo, M.CM,, EG.). Department of Clinical Medicine and Surgery (L.S, G.l) and
Department of Public Health (A.P), Federico Il University, Naples, Italy. Cardiology
Unit, Cardiac Thoracic and Vascular Department, IRCCS Azienda Ospedaliero-
Universitaria di Bologna, Italy (V.P, MAS, EB). Charles Dent Metabolic Unit,
National Hospital for Neurology and Neurosurgery, London, United Kingdom (R.
Lachmann, E. Murphy).

Sources of Funding

The work reported in this publication was partly funded by the Italian Ministry of
Health grant RC-2025-2794599.

Disclosures
None.

Supplemental Material
Tables $1-S12

REFERENCES

1. Germain DP. Fabry disease. Orphanet J' Rare "Dis.~2010;5:30.~doi:
10.1186/1750-1172-5-30

2. Pieroni M, Moon JC, Arbustini E, Barriales-Villa R, Camporeale A,
Vujkovac AC, Elliott PM, Hagege A, Kuusisto J, Linhart A, et al. Cardiac
involvement in Fabry disease: JACC review topic of the week. J Am Coll
Cardiol. 2021;77:922-9386. doi:-10.1016/}jacc.2020.12.024

3. Amodio F, Caiazza M, Monda E, Rubino M, Capodicasa L, Chiosi F; Simonelli V,
Dongiglio F, Fimiani F, Pepe N, et al. An overview of molecular mechanisms in
Fabry disease. Biomolecules. 2022;12:1460. doi: 10.3390/biom 12101460

4. Monda E, Diana G, Graziani F, Rubino M, Bakalakos A, Linhart A,
Germain DP, Scarpa M, Biagini E, Pieroni M, et al. Impact of GLA variant
classification on the estimated prevalence of Fabry disease: a systematic
review and meta-analysis of screening studies. Circ Genom Precis Med.
2023;16:¢004252. doi: 10.1161/CIRCGEN.123.004252

5. Echevarria L, Benistan K, Toussaint A, Dubourg O, Hagege AA, Eladari D,
Jabbour F, Beldjord C, De Mazancourt F, Germain DP. X-chromosome inac-
tivation in female patients with Fabry disease. Clin Genet 2016;89:44-54.
doi: 10.1111/cge.12613

6. Di Risi T, Vinciguerra R, Cuomo M, Della Monica R, Riccio E, Cocozza S,
Imbriaco M, Duro G, Pisani A, Chiariotti L. DNA methylation impact on Fabry
disease. Clin Epigenetics.2021;13:24.doi: 10.1186/513148-021-01019-3

7. Germain DP, Charrow J, Desnick RJ, Guffon N, Kempf J, Lachmann RH,
LemayR,LinthorstGE,PackmanS,ScottCR, etal. Ten-yearoutcome ofenzyme
replacement therapy with agalsidase beta in patients with Fabry disease. J
Med Genet. 2015;52:353-368. doi: 10.1136/jmedgenet-2014-102797

8. Hughes DA, Sunder-Plassmann G, Jovanovic A, Brand E, West ML,
Bichet DG, Pisani A, Nowak A, Torra R, Khan A, et al. Renal and multisys-
tem effectiveness of 3.9 years of migalastat in a global real-world cohort:
results from the followME Fabry Pathfinders registry. J Inherit Metab Dis.
2025;48:e12771. doi: 10.1002/jimd. 12771

9. Monda E, Bakalakos A, Rubino M, Verrillo F, Diana G, De Michele G,
Altobelli I, Lioncino M, Perna A, Falco L, et al. Targeted therapies in pedi-
atric and adult patients with hypertrophic heart disease: from molecular

Circ Genom Precis Med. 2026;19:e005361. DOI: 10.1161/CIRCGEN.125.005361

20.

21.

22.

23.

24,

Cardiovascular Outcomes in Fabry Disease

pathophysiology to personalized medicine. Circ Heart Fail. 2023;16:e010687.
doi: 10.1161/CIRCHEARTFAILURE.123.010687

. Germain DP, Fouilhoux A, Decramer S, Tardieu M, Pillet P, Fila M, Rivera S,

Deschénes G, Lacombe D. Consensus recommendations for diagnosis,
management and treatment of Fabry disease in paediatric patients. Clin
Genet. 2019;96:107—117. doi: 10.1111/cge.13546

. Ortiz A, Germain DPF, Desnick RJ, Politei J, Mauer M, Burlina A, Eng C,

Hopkin RJ, Laney D, Linhart A, et al. Fabry disease revisited: manage-
ment and treatment recommendations for adult patients. Mol Genet Metab.
2018;123:416-427. doi: 10.1016/jymgme.2018.02.014

. Limongelli G, Adorisio R, Baggio C, Bauce B, Biagini E, Castelletti S, Favilli S,

Imazio M, Lioncino M, Merlo M, et al; WG on Cardiomyopathies of SIC (Soci-
eta ltaliana di Cardiologia). Diagnosis and management of rare cardiomyopa-
thies in adult and paediatric patients. A position paper of the Italian Society
of Cardiology (SIC) and ltalian Society of Paediatric Cardiology (SICP). Int J
Cardiol. 2022;357:55-71. doi: 10.1016/j.jcard.2022.03.0650

. Monda E, Falco L, Palmiero G, Rubino M, Perna A, Diana G, Verrillo F,

Dongiglio F, Cirillo A, Fusco A, et al. Cardiovascular involvement in Fabry's
disease: new advances in diagnostic strategies, outcome prediction and
management. Card Fail Rev. 2023;9:e12. doi: 10.15420/cfr.2023.06

. Monda E, Bakalakos A, Lachmann R, Syrris P, Limongelli G, Murphy E,

Hughes D, Elliott PM. Incidence and risk factors for development of left
ventricular hypertrophy in Fabry disease. Heart. 2024;110:846-853. doi:
10.1136/heartjnl-2023-323783

. Maurizi N, Nowak A, Gruner C, Namdar M, Schmied C, Porretta AR, Barbey G,

Monzambani V, Monney P, Barbey F. Fabry disease: development and progres-
sion of left ventricular hypertrophy despite long-term enzyme replacement
therapy. Heart. 2024;110:997—1004. doi: 10.1136/heartjnl-2024-323975

. McEvoy JW, McCarthy CP, Bruno RM, Brouwers S, Canavan MD, Ceconi C,

Christodorescu RM, Daskalopoulou SS, Ferro CJ, Gerdts E, et al; ESC Sci-
entific Document Group. 2024 ESC guicuig_{jnes for the management of ele-
vated blood pressure and hyper‘tensiop.«/’ ] %@d 2024;45:3912-4018.
doi: 10.1093/eurheartj/ehae178 g

Association.

. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L,

Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, et al. Recommenda-
tions for cardiac chamber quantification by echocardiography in adults: an
update from the American Society of Echocardiography and the European
Association of Cardiovascularimaging. J Am Soc Echocardiogr. 2015;28:1—
39.e14. doi: 10.1016/j.echo.2014.10.003

. Arbelo E; Protonotarios A, Gimeno JR, Arbustini E, Barriales-Villa R,

Basso C, Bezzina CR, Biagini E, Blom NA, de Boer RA, et al; ESC
Scientific' Document Group. 2023 ESC guidelines for the manage-
ment of cardiomyopathies. Eur Heart J. 2023;44:3503-3626. doi:
10.1093/eurheartj/ehad194

. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW,

Hegde M, Lyon E, Spector E, et al; ACMG Laboratory Quality Assurance
Committee.-Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathol-
ogy. Genet Med. 2015;17:405-424. doi: 10.1038/gim.20156.30
Zeppenfeld K, Tfelt-Hansen J, de Riva M, Winkel BG, Behr ER, Blom NA,
Charron P, Corrado D, Dagres N, de Chillou C, et al; ESC Scientific Docu-
ment Group. 2022 ESC guidelines for the management of patients with
ventricular arrhythmias and the prevention of sudden cardiac death. Eur
Heart J. 2022;43:3997-4126. doi: 10.1093/eurheartj/ehac262
Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant WJ, Callans DJ,
Curtis AB, Deal BJ, Dickfeld T, Field ME, Fonarow GC, et al. 2017 AHA/
ACC/HRS guideline for management of patients with ventricular arrhyth-
mias and the prevention of sudden cardiac death: a report of the Ameri-
can College of Cardiology/American Heart Association Task Force on
Clinical Practice Guidelines and the Heart Rhythm Society. Circulation.
2018;138:272-e391. doi: 10.1161/CIR.0000000000000549
Orsborne C, Bradley J, Bonnett LJ, Pleva LA, Naish JH, Clark DG, Abidin N,
Woolfson F, Nucifora G, Schmitt M, et al. Validated model for prediction of
adverse cardiac outcome in patients with Fabry disease. J Am Coll Cardiol.
2022;80:982-994. doi: 10.1016/}jacc.2022.06.022

Patel 'V, OMahony C, Hughes D, Rahman MS, Coats C,
Murphy E, Lachmann R, Mehta A, Elliott PM. Clinical and genetic predic-
tors of major cardiac events in patients with Anderson-Fabry disease.
Heart. 2015;101:961-966. doi: 10.1136/heartjnl-2014-306782
Hanneman K, Karur GR, Wasim S, Wald RM, lwanochko RM, Morel CF. Left
ventricular hypertrophy and late gadolinium enhancement at cardiac MRI
are associated with adverse cardiac events in Fabry disease. Radiology.
2020;294:42-49. doi: 10.1148/radiol.2019191385

April 2026 9



920z ‘9 Areniged uo Aq Bio'sfeuinofeye//:dny woly pspeojumod

Monda et al

25.

26.

217.

Circ Genom Precis Med. 2026;19:e005361. DOI: 10.1161/CIRCGEN.125.005361

Patel MR, Cecchi F, Cizmarik M, Kantola |, Linhart A, Nicholls K, Strotmann J,
Tallaj J, Tran TC, West ML, et al. Cardiovascular events in patients with Fabry
disease natural history data from the Fabry registry. J Am Coll Cardiol.
2011;67:1093-1099. doi: 10.1016/jjacc.2010.11.018

Arends M, Biegstraaten M, Hughes DA, Mehta A, Elliott PM, Oder D,
Watkinson OT, Vaz FM, van Kuilenburg ABF, Wanner C, et al. Retrospec-
tive study of long-term outcomes of enzyme replacement therapy in Fabry
disease: analysis of prognostic factors. PLoS One. 2017;12:e0182379. doi:
10.1371/journal.pone.0182379

Meucci MC, Lillo R, Del Franco A, Monda E, lannaccone G,
Baldassarre R, Di Nicola F, Parisi V, Lombardo A, Spinelli L, et al.

28.

29.

Cardiovascular Outcomes in Fabry Disease

Prognostic implications of the extent of cardiac damage in patients
with Fabry disease. J Am Coll Cardiol. 2023;82:1524-1534. doi:
10.1016/jjacc.2023.07.026

Lillo R, Meucci MC, Del Franco A, Monda E, lannaccone G, Ditaranto R,
Di Nicola F, Serratore S, Lombardo A, Spinelli L, et al. Evolution of cardiac
damage staged with echocardiography in Fabry disease. J Am Heart Assoc.
2025;14:e041627. doi: 10.1161/JAHA.124.041627

O'Mahony C, Coats C, Cardona M, Garcia A, Calcagnino M, Murphy E,
Lachmann R, Mehta A, Hughes D, Elliott PM. Incidence and predictors of
anti-bradycardia pacing in patients with Anderson-Fabry disease. Europace.
2011;18:1781-1788. doi: 10.1093/europace/eur267

< .
American
Heart

Association.

April 2026 10



	Cardiovascular Morbidity and Mortality in Fabry Disease
	Methods
	Eligibility Criteria
	Clinical Investigations and Data Collection
	Genetic Testing and Variant Classification
	Outcomes
	Statistical Analysis

	Results
	Enrollment and Baseline Characteristics
	Primary End Point
	Secondary End Points

	Discussion
	Incidence and Risk Factors for Cardiovascular Events
	Genetic Variants and Clinical Presentation and Outcome
	Clinical Implications
	Limitations
	Conclusions

	ARTICLE INFORMATION
	Affiliations
	Sources of Funding
	Disclosures
	Supplemental Material

	References


