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ARTICLE INFO ABSTRACT

Keywords: Background: The common GLA gene mutation p.F113L causes late-onset phenotype of Fabry disease (FD) with pre-
Fabry disease dominant cardiac manifestations. A founder effect of FD due to this mutation was found in the Portuguese region of
Late-onset Guimardes. Our study aims to deepen the knowledge on the natural history of this late-onset variant.

F113L Methods: 203 consecutive adult Fabry patients with p.F113L mutation (79 males; mean age 46 + 18 years), from
Natural history this region, were submitted at baseline to a predefined diagnostic protocol. The occurrence of FD manifestations
Cardiac was analyzed in each decade of age in both genders.

Phenotype

Results: In males, left ventricular hypertrophy (40.2%) and late gadolinium enhancement (21.4%) arose over
30 years; heart failure (HF) (21.9%), ventricular tachycardia (8.9%) and conduction disorders over 40 years; and
bifascicular (13.1%) and complete atrioventricular blocks (5.9%) beyond 50 years of age. Cardiac manifestations
occurred more commonly and 1-2 decades earlier in males; their frequency increased with age. Septum and
posterior wall thickness, LV mass, QRS interval duration and pro-BNP levels increased with age in both genders.
Mean survival free from HF (64 = 1 vs. 76 * 2 years) and pacemaker (71 = 2 vs. 86 * 1 years) was higher in
females (p < .001). Albuminuria A2/A3 (33.7%), brain white matter lesions (50.3%) and sensorineural deafness
(44.7%) arose before 30 years of age in both genders, increasing with age. Renal failure and stroke were rare.
Lysosomal inclusions were demonstrated in podocytes of patients with proteinuria.

Conclusion: This study improves the knowledge on natural history of late-onset variants of FD, carrying major
impact on clinical decisions and guidelines.
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1. Introduction

Fabry disease (FD) (OMIM 301500) is an X-linked lysosomal storage
disorder caused by mutations in the GLA gene, leading to deficiency of
the enzymatic activity of a-galactosidase A and subsequent lysosomal
accumulation of globotriaosylceramide (GB3) and other related glyco-
sphingolipids [1]. Multiorgan damage ensues, being death mainly
driven by heart disease [2].

Mutations causing a virtually null enzymatic activity are associated
to severe and early onset classical phenotypes, while mutations leading
to a residual enzymatic activity are associated to attenuated and late-
onset phenotypes. Classical phenotypes are characterized by early de-
velopment, in childhood or adolescence, of acroparesthesias, neuro-
pathic pain, hypohydrosis, heat, cold and exercise intolerance, cornea
verticillata, angiokeratomas, gastrointestinal symptoms and proteinuria.
In adulthood, patients also suffer from sensorineural deafness and
cardiac, renal and cerebrovascular manifestations. In contrast, late-
onset variants are characterized by the development of cardiac, renal
and/or cerebrovascular manifestations in adulthood and the phenotype
may be dominated by the involvement of an organ, such as the heart or
the kidneys [1,3].

Despite being more prevalent [4], late-onset phenotypes were sig-
nificantly underdiagnosed in the past [3]. Their increased recognition
after the emergence of therapeutic options for FD raised the need to
know their natural history, in order to reach evidence-based clinical
decisions and accurately evaluate the efficacy of available therapies.
Still, knowledge on their natural history has been hampered by the
ethical issues related to the follow-up of untreated patients in a time
when therapeutic options are available. Additionally, their slower dis-
ease course, inherently biased by older age and common comorbidities
[5-71, further increases the difficulty of assessing the natural history of
a disease already characterized by a high clinical heterogeneity even
within the same genotype [5,6].

Current knowledge specifically on predominant cardiac phenotypes
is frequently based on small cohorts [8-12] or registries [12-14] that
are commonly biased by the overrepresentation of older, male, symp-
tomatic and more severely affected patients. Female under-
representation is a major issue in most previous studies [5,8-14], with a
female/male ratio far below 2, ranging from 0.3 to 1.3. Comorbidities
and concomitant medication are commonly not taken into account for
the phenotype [8,10-15]. Finally, the clinical description of cardiac
predominant phenotypes is commonly focused on left ventricular hy-
pertrophy (LVH) and evidence gaps exist on the natural history of other
cardiac and extracardiac manifestations.

The GLA gene mutation ¢.337T >C (p.F113L) results in a misfolded
enzyme that is unstable and consequently degraded at the neutral pH of
the endoplasmic reticulum, which ultimately causes a late-onset phe-
notype of FD [6,16]. We have demonstrated since 2013 the existence of
a founder effect of FD due to the p.F113L mutation in the Portuguese
region of Guimardes, based on genealogy and haplotype analysis
[6,17]. We have also reported its spread to many countries in the world
due to migration in the last century and described the late-onset phe-
notype with predominant cardiac manifestations that was presented, at
baseline, by a large cohort of patients with this mutation [6]. Aiming to
deepen the knowledge on the natural history of late-onset FD, we herein
provide a detailed description of the phenotype presented at baseline by
a larger cohort of patients with the p.F113L mutation as well as the
chronology of the clinical manifestations in both genders decade by
decade, thereby obtaining an accurate overview of the natural history
of this common late-onset FD variant.

2. Methods
2.1. Subjects

Between January 2008 and December 2018, we diagnosed, as
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previously described [6], 203 consecutive adult patients (=18 years)
with FD due to the p.F113L mutation, from 34 different family pedi-
grees, in the Reference Center of Lysosomal Storage Disorders of Hos-
pital Senhora da Oliveira — Guimaraes. They shared a common ancestor
nearly 400 years ago (Fig. S1) and lived all in the region of Guimaraes,
thereby also sharing environmental factors.

2.2. Clinical evaluation of Fabry patients

At baseline, all patients were submitted to a predefined diagnostic
protocol, including systematic = multidisciplinary = assessment
(Cardiology, Internal Medicine, Neurology, Psychiatry, Ophthalmology,
Otorhinolaryngology, Dermatology), blood and urine analysis with
quantification of serum creatinine, albuminuria on 24 h-urine and al-
bumin to creatinine ratio on random urine, estimation of glomerular
filtration rate (eGFR) by the CKD-EPI formula, electrocardiogram,
echocardiogram, cardiac MRI, 24 h-Holter, exercise stress test, brain
MRI (by neuroradiologist), electromyography, audiometry and lung
spirometry. Kidney biopsy was performed in Fabry patients presenting
proteinuria =500 mg on 24 h-urine. The enzymatic activity of a-ga-
lactosidase A in plasma and leukocytes, the urinary GB3 and the plasma
lyso-GB3 were measured as previously described [6].

2.3. Statistical analysis

Categorical variables were expressed as percentages and compared
between groups of patients by the Chi-square test. Continuous variables
were expressed as means and standard deviations and compared be-
tween groups of patients by the Student's t-test or Mann-Whitney test.
The occurrence of key clinical manifestations of FD was evaluated by
gender and age category (=< 30; 31-40; 41-50; 51-60; 61-70; 71-80;
>80 years). Polynomial regression (quadratic function) was used to
best describe the relationship between age and LV mass, inter-
ventricular septum (IVS) and posterior wall (PW) thickness and QRS
interval duration. An exponential model was used to best describe the
relationship between age and pro-BNP levels. Kaplan-Meier curves were
performed to estimate survival free from heart failure (HF) and pace-
maker. Statistical significance was considered for p < .05.

2.4. Ethical issues

This research was approved by the hospital Ethics Committee and
all patients provided signed informed consent.

3. Results

We assessed, at baseline, 203 consecutive adult patients with FD due
to the p.F113L mutation, 79 males and 124 females (female/male ratio
1.6). Mean age at diagnosis was 46 * 18 years and higher in males
(49 = 15 vs. 44 = 19, p = .021). Thirty-four patients were index
patients and the remaining were diagnosed through family screening
(83.3%).

There was no association between the enzymatic activity on plasma
or leukocytes and the development of clinical manifestations in females.

3.1. Cardiac manifestations

LVH (LV wall thickness > 12 mm) was found in 40.2% of the pa-
tients, more commonly in males (73.1% vs. 19.0%) (Table 1). In pa-
tients with LVH, mean LV mass was 147.5 = 45.1 g/m? and diastolic
dysfunction was present in 67.1%. The frequency of LVH increased with
age, arising in males over 30 years and females over 50 years and af-
fecting all males beyond 60 years and all females beyond 80 years of
age. Notably, 33.3% of males aged 31-40 years and 78.6% of males
aged 41-50 years already presented LVH, while only 15.4% of females
aged 51-60 years had LVH (Fig. 1). LV mass and IVS and PW thickness
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Table 1
Clinical phenotype of patients with late-onset FD due to the p.F113L mutation.

Clinical manifestations Fabry patients (n = 203) Fabry males (n = 79) Fabry females (n = 124) p
Age at FD diagnosis (years) (mean + SD) 46 + 18 49 £ 15 44 +19 0.021
a-GAL A activity (mean + SD)
Plasma (nmol/h/mL) 51 +5.1 04+14 82+ 42 <0.001
Leukocytes (nmol/h/mg) 16.6 = 17.4 2.0+ 3.6 26.7 = 15.9 <0.001
Disease biomarkers (mean + SD)
Urinary GB3 (ug/mmol creatinine) 91.0 + 152.1 181.7 + 208.5 30.2 + 23.1 <0.001
Plasma Lyso-GB3 (ng/mL) - 7.7 £ 3.0 <2? -
Cardiac manifestations
LVH (%) 80 (40.2%) 57 (73.1%) 23 (19.0%) <0.001
IVS thickness (mm) (mean * SD) 11.6 = 4.4 14.3 = 4.0 9.9 = 3.6 <0.001
PW thickness (mm) (mean *+ SD) 10.3 £ 3.5 12.6 + 3.5 8927 <0.001
LV mass (g/rnz) (mean =+ SD) 100.3 = 49.4 132.5 + 51.8 79.6 = 34.7 <0.001
LV ejection fraction (%) (mean + SD) 66.0 + 7.0 659 +79 66.0 = 6.3 0.710
LV diastolic dysfunction (%) 55 (27.8%) 35 (44.9%) 20 (16.7%) <0.001
Abnormal relaxation pattern (%) 32 (58.2%) 17 (48.6%) 15 (75.0%)
Pseudonormal pattern (%) 22 (40.0%) 17 (48.6%) 5 (25.0%) 0.145
Restrictive pattern (%) 1 (1.8%) 1 (2.9%) 0 (0.0%)
LVH on cardiac MRI (%) 60 (36.1%) 44 (68.8%) 16 (15.7%) <0.001
LV mass on cardiac MRI (g/mz) 72.2 + 29.2 93.8 + 29.8 58.6 + 18.8 <0.001
Late gadolinium enhancement (%) 36 (21.4%) 25 (39.1%) 11 (10.6%) <0.001
Heart failure (%) 44 (21.9%) 26 (32.9%) 18 (14.8%) 0.002
NYHA Class I (%) 34 (77.3%) 23 (88.5%) 11 (61.1%)
NYHA Class II (%) 9 (20.5%) 2 (7.7%) 7 (38.9%) 0.034
NYHA Class III (%) 1(2.3%) 1 (3.8%) 0 (0.0%)
NYHA Class IV (%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Atrial fibrillation (%) 9 (4.4%) 6 (7.6%) 3 (2.4%) 0.081
Atrial flutter (%) 3 (1.5%) 2 (2.5%) 1 (0.8%) 0.321
Non-sustained ventricular tachycardia (%) 18 (8.9%) 11 (14.1%) 7 (5.6%) 0.040
Atrioventricular block (%) 30 (14.8%) 16 (20.3%) 14 (11.3%) 0.079
1st degree (%) 19 (10.5%) 8 (12.3%) 11 (9.5%) 0.552
2nd degree (%) 9 (4.5%) 6 (7.6%) 3 (2.4%) 0.083
3rd degree (%) 12 (5.9%) 10 (12.7%) 2 (1.6%) 0.001
Right bundle branch block (%) 36 (19.6%) 26 (38.8%) 10 (8.5%) <0.001
Left anterior fascicular block (%) 42 (23.0%) 30 (45.5%) 12 (10.3%) <0.001
Left bundle branch block (%) 2 (1.1%) 1 (1.6%) 1 (0.9%) 0.668
Bifascicular block (%) 26 (13.1%) 19 (25.3%) 7 (5.7%) <0.001
Pacemaker (%) 13 (6.4%) 10 (12.7%) 3 (2.4%) 0.004
Implantable cardioverter-defibrillator (%) 2 (1.0%) 1 (1.3%) 1 (0.8%) 0.747
Myocardial ischemic events (%) 10 (4.9%) 10 (12.7%) 0 (0.0%) <0.001
Renal manifestations
Albuminuria A2 (30-300mg/24 h) (%) 48 (24.6%) 28 (36.8%) 20 (16.8%) 0.002
Albuminuria A3 (>300mg/24h) (%) 18 (9.2%) 12 (15.8%) 6 (5.0%) 0.011
Albuminuria A2 or A3 (=30mg/24h) (%) 66 (33.7%) 40 (52.6%) 26 (21.7%) <0.001
Chronic kidney disease stages
G1 (eGFR =90 mL/min/1.73m?) (%) 139 (70.6%) 45 (60.0%) 94 (77.0%) 0.011
G2 (eGFR 60-89 mL/min/1.73m?) (%) 45 (22.8%) 23 (30.7%) 22 (18.0%) 0.040
G3a (eGFR 45-59 mL/min/1.73m?) (%) 10 (5.1%) 6 (8.0%) 4 (3.3%) 0.143
G3b (eGFR 30-44 mL/min/1.73m?) (%) 1 (0.5%) 0 (0.0%) 1 (0.8%) 0.432
G4 (eGFR 15-29 mL/min/1.73m?) (%) 1 (0.5%) 1 (1.3%) 0 (0.0%) 0.201
G5 (eGFR <15mL/min/1.73m?) (%) 1 (0.5%) 0 (0.0%) 1 (0.8%) 0.432
Chronic kidney disease stage = G3 (%) 13 (6.6%) 7 (9.3%) 6 (4.9%) 0.225
Neurological and neuropsychiatric manifestations
Stroke (%) 6 (3.0%) 3 (3.8%) 3 (2.4%) 0.572
Transient ischemic attack (%) 1 (0.5%) 0 (0.0%) 1 (0.8%) 0.424
Brain white matter lesions (%) 83 (50.3%) 35 (53.8%) 48 (48.0%) 0.463
Brain haemorrhage (%) 2 (1.0%) 2 (2.6%) (0.0%) 0.073
Carpal tunnel syndrome (%) 36 (19.7%) 17 (23.9%) 19 (17.0%) 0.247
Acroparesthesias (%) 62 (30.7%) 14 (17.9%) 48 (38.7%) 0.002
Hypohidrosis (%) 3 (1.5%) 0 (0.0%) 3 (2.4%) 0.166
Cold, heat or exercise intolerance (%) 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Depression (%) 41 (20.8%) 12 (15.8%) 29 (24.0%) 0.169
Anxiety (%) 58 (29.3%) 22 (28.9%) 36 (29.5%) 0.933
Eye manifestations
Cornea verticillata (%) 19 (10.3%) 11 (15.5%) 8 (7.1%) 0.068
Cataracts (%) 25 (13.5%) 10 (14.3%) 15 (13.0%) 0.811
Retinal vessel tortuosity (%) 6 (3.3%) 2 (2.9%) 4 (3.5%) 0.814
Ear manifestations
Sensorineural deafness (%) 80 (44.7%) 46 (62.2%) 34 (32.4%) <0.001
Tinnitus (%) 30 (16.3%) 17 (23.0%) 13 (11.8%) 0.045
Dermatological manifestations
Angiokeratomas (%) 4 (2.1%) 0 (0.0%) 4 (3.5%) 0.106
Pulmonary manifestations
Lung obstructive disease (%) 29 (17.5%) 15 (22.7%) 14 (14.0%) 0.147

Gastrointestinal manifestations (%)

0 (0.0%)

0 (0.0%)

0 (0.0%)

(continued on next page)
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Table 1 (continued)
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Clinical manifestations Fabry patients (n = 203) Fabry males (n = 79) Fabry females (n = 124) p
Comorbidities

Hypertension (%) 66 (32.7%) 30 (38.0%) 36 (29.3%) 0.198
Diabetes mellitus (%) 23 (11.4%) 13 (16.5%) 10 (8.1%) 0.069
Dyslipidemia (%) 85 (42.1%) 46 (58.2%) 39 (31.7%) <0.001
Smoking (%) 21 (10.4%) 18 (22.8%) 3 (2.4%) <0.001
Concomitant medications

ACEI/ARB (%) 79 (38.9%) 41 (51.9%) 38 (30.6%) 0.002

p: Males vs. Females.
p < .05 are marked in bold.
Valid percentages are shown.

ACEI, angiotensin-converting-enzyme inhibitors; a-GAL A, a- galactosidase A; ARB, angiotensin II receptor blocker; e-GFR, estimated glomerular filtration rate; FD,
Fabry disease; IVS, interventricular septum; LV, left ventricular; LVH, left ventricular hypertrophy; NYHA, New York Heart Association; PW, posterior wall.
Reference values: Enzymatic activity of a-galactosidase A on plasma 6-19 nmol/h/mlL, and on leukocytes 36-80 nmol/h/mg; urinary GB3 0.87-13 pug/mmol crea-

tinine; plasma Lyso-GB3 0-1.9 ng/mL
2 Below lower level of quantitation of plasma lyso-GB3 (2 ng/mL).

increased with age in both genders according to a quadratic model
(Fig. 2). No correlation was found between these parameters and
plasma lyso-GB3 in males.

HF developed in 21.9%, more commonly in males (32.9% vs.
14.8%) (Table 1). In patients with LVH, it occurred in 55.0%, more
commonly in females (78.3% vs. 45.6%, p = .008). HF arose in males
over 40 years and females over 50 years. It is noteworthy that 28.6% of
the males aged 41-50 years already presented HF. Its frequency in-
creased with age, so that 80% of males over 60 years and nearly 70% of
females over 70 years suffered from HF (Fig. 1). Most patients were in
New York Heart Association (NYHA) class I or II (Table 1). pro-BNP
levels increased with age according to an exponential model in males
(R? = 0.525; p < .001) and females (R*> = 0.464; p < .001). Mean
survival free from HF was higher in females (64 = 1 vs. 76 * 2 years)
(Fig. 3).

Cardiac MRI was performed in 166 patients (81.8%; 64 males and
102 females), and in 59 patients with LVH (73.8%; 44 males and 15
females). Sixty patients (one additional patient compared to echo-
cardiography) fulfilled cardiac MRI criteria of LVH [18] (36.1%). LGE
occurred in 4.8% of patients without LVH, without gender difference
(5.3% vs. 4.7%, p = .918). In patients with LVH, LGE occurred in
52.5%, also without gender dominance (54.5% vs. 46.7%, p = .598).
LGE arose in males over 30 years and females over 40 years and its
frequency increased with age in both genders (Fig. 1). LV mass on MRI
was a predictor of LGE (p < .001). LGE was associated with ST de-
pression (p = .001) and negative T waves (p < .001) on the ECG, but
still 17.8% of the patients without ST depression and 13.4% without
negative T waves presented LGE.

24 h-Holter was performed in 185 patients (91.1%; 70 males and
115 females). Atrial fibrillation occurred in 4.4% (mean age at diag-
nosis: 70 * 10 years). Non-sustained ventricular tachycardia (VT) oc-
curred in 8.9%, mainly in males (14.1% vs. 5.6%) (Table 1), arising in
males over 40 years and females over 50 years. It is relevant that 16.7%
of the males aged 41-50 years already presented non-sustained VT. Its
frequency increased with age, so that one third of the patients over
70 years had non-sustained VT (Fig. 1). Nevertheless, only one male
and one female needed cardioverter-defibrillators for primary preven-
tion of sudden cardiac death due to severe LVH with diffuse LGE and
frequent non-sustained VT.

Left anterior fascicular block (LAFB) was found in 23.0% of the
patients, right bundle branch block (RBBB) in 19.6%, bifascicular block
(BB) in 13.1% and complete atrioventricular (AV) block in 5.9%, all
more commonly in males (Table 1). LAFB developed in both genders
since the age of 40 years and RBBB in females over 40 years and males
over 50 years. BB occurred in males over 50 years, but only in females
over 70 years. Likewise, complete AV block occurred in males since the
age of 50 years, but only in females over 80 years. The frequency of all

cardiac conduction disturbances increased with age in both genders, as
well as the duration of the QRS interval (Figs. 1 and 2). Notably, 59.1%
of the males aged 51-60 years already presented LAFB, 57.1% of them
had RBBB, 36.4% had BB and 14.8% had already suffered complete AV
block and therefore implanted pacemaker (Fig. 1). Pacemaker im-
plantation (6.4%) occurred two decades earlier in males [60 * 7
(49-71) vs. 81 + 5 (75-84), years] (Table 2), mainly in the emergency
setting of a complete AV block. Kaplan-Meier curve of survival free
from pacemaker is shown in Fig. 3.

History of myocardial ischemic events was found exclusively in
males (n = 10) (Table 1). Myocardial infarction occurred in eight and
unstable angina in six males. All patients had significant stenoses/oc-
clusions on coronary angiography, except one who had normal cor-
onary arteries and suffered a type 2 myocardial infarction in the context
of severe LVH. Six males underwent percutaneous coronary interven-
tion and two underwent coronary artery bypass graft. Mean age at first
myocardial ischemic event was 53 + 10 years (42-76). All these pa-
tients presented cardiovascular risk factors: hypertension (60%), dia-
betes mellitus (10%), dyslipidemia (90%) and smoking (40%).

3.2. Extracardiac manifestations

Albuminuria A2/A3 was found in 33.7%, mainly in males (52.6%
vs. 21.7%) (Table 1). Of note, 23.1% of the patients with normoalbu-
minuria were under angiotensin-converting-enzyme inhibitors (ACEI)
or angiotensin II receptor blockers (ARB). Conversely, 51.5% of the
patients with albuminuria A2/A3 had concomitant hypertension and
22.7% diabetes, although medically controlled. More importantly, al-
buminuria A2/A3 was found in 23.8% of the non-hypertensive non-
diabetic patients, with a male predominance (39.1% vs. 15.5%,
p = .002). Kidney biopsy showed lysosomal inclusions in podocytes of
young p.F113L patients with increased albuminuria (Fig. 4) and albu-
minuria A2/A3 was an early manifestation, affecting 22.2% of males
and 12.9% of females before the age of 30 years. In males, its frequency
increased progressively with age, reaching a peak of 71.4% in the 7th
decade. In females, its frequency slowly increased until 40 years of age,
when nearly one third of them had developed it (Fig. 5). A similar
natural course was seen in the subset of patients without hypertension
or diabetes (Fig. S2). Renal insufficiency (eGFR <60 mL/min/1.73m?)
occurred rarely (6.6%), without gender dominance, and there were no
cases of renal replacement therapy (RRT).

Brain MRI was performed in 165 patients (81.3%; 65 males and 100
females). Brain white matter lesions (WML) occurred in 50.3%, without
gender difference (53.8% vs. 48.0%) (Table 1). They were found in
patients with cardiovascular risk factors, despite medically controlled,
but also in 38.4% of the patients without these risk factors, without
gender predominance. Brain WML were an early manifestation,
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Fig. 1. Frequency of cardiac manifestations according to age category in male and female Fabry patients with the p.F113L mutation (LVH, heart failure, LGE, non-

sustained VT, LAFB, RBBB, bifascicular block, complete AV block). * p < .05.
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Fig. 2. Left panel: Relationship of IVS and PW thickness, LV mass and QRS interval duration with age, depicted by a quadratic model; Right panel: IVS and PW
thickness and LV mass per age category in male and female patients with FD due to the p.F113L mutation. The mean line is shown and means are marked on the

boxplots with an X. * p < .05.
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Fig. 3. Kaplan-Meier curves of survival free from heart failure and survival free from pacemaker in male and female Fabry patients with the p.F113L mutation.

Table 2

Mean age at diagnosis of each clinical manifestation of FD in patients with the p.F113L mutation.
Age at diagnosis (years) Fabry patients Males Females p
(Mean = SD) (Min-Max)
LVH 61 + 12 (31-89) 57 + 10 (31-78) 73 + 8 (57-89) <0.001
LGE 60 * 9 (40-76) 58 + 8 (40-76) 65 * 8 (46-74) 0.013
Atrial fibrillation 70 + 10 (52-80) 67 + 11 (52-78) 77 * 3 (74-80) 0.262
Non-sustained VT 62 = 10 (45-77) 57 + 8 (45-77) 70 + 6 (60-77) 0.003
RBBB 64 + 9 (51-85) 61 + 6 (51-78) 76 = 9 (62-85) 0.001
LAFB 63 + 11 (42-89) 60 * 7 (47-78) 72 * 14 (42-89) 0.003
BB 66 + 9 (53-85) 62 + 6 (53-78) 78 + 6 (71-85) <0.001
Complete AV block 63 = 10 (49-83) 60 + 7 (49-71) 79 + 6 (75-83) 0.036
Pacemaker 65 + 11 (49-84) 60 * 7 (49-71) 81 + 5 (75-84) 0.009
Albuminuria A2 or A3 54 + 14 (18-86) 55 + 12 (22-78) 51 + 18 (18-86) 0.222
CKD = G3 70 = 10 (50-86) 66 + 10 (50-78) 75 + 7 (66-86) 0.202
Brain WML 53 + 15 (18-89) 53 = 11 (27-75) 52 + 17 (18-89) 0.912
Stroke 53 + 12 (41-71) 48 + 5 (42-51) 59 + 16 (41-71) 0.700
Sensorineural deafness 58 + 13 (20-88) 57 + 12 (20-77) 59 + 15 (23-88) 0.380
Cornea verticillata 60 *+ 8 (43-72) 59 *+ 7 (46-68) 63 = 10 (43-72) 0.238

p: Males vs. Females.
p < .05 are marked in bold.

AV, atrioventricular; BB, bifascicular block; CKD, chronic kidney disease; LAFB, left anterior fascicular block; LGE, late gadolinium enhancement; LVH, left ven-
tricular hypertrophy; RBBB, right bundle branch block; VT, ventricular tachycardia; WML, white matter lesions.

affecting 11.1% of males and 26.9% of females under 30 years of age.
Fig. 4 shows brain WML in a young female patient without comorbid-
ities. Their frequency increased with age, being a universal finding in
both genders over 70 years (Fig. 5). Stroke was rare and occurred in
males (aged 42-51 years) and females (aged 41-71 years), all with
concomitant cardiovascular risk factors and one with atrial fibrillation.
Acroparesthesias occurred mainly in females and were predominantly
mild (Table 1).

Sensorineural deafness was common (44.7%), particularly in males
(62.2% vs.32.4%) (Table 1). It emerged early, affecting 20.0% of males
and 3.6% of females under 30 years, and its frequency increased with
age in both genders (Fig. 5). It occurred mainly at high frequencies and
hearing aids were seldom indicated. Cornea verticillata was found in
10.3% of the patients. Notably, this is a milder form of cornea verti-
cillata compared to the one that is typically observed in the classic
patients. Angiokeratomas were rare (2.1%) and solitary.

4. Discussion

This study provides a detailed description of the natural history of
the late-onset phenotype of FD due to one of the most common GLA
gene mutations, the p.F113L mutation, thereby improving the knowl-
edge on the natural history of nonclassical FD.

4.1. Cardiac manifestations

We have previously shown that, in this late-onset phenotype, car-
diac manifestations carry the highest prognostic impact [6]. This study
now shows that the first cardiac manifestations are LVH and LGE, which
arise in males over 30 years and are followed by HF, non-sustained VT
and cardiac conduction disorders, which arise in males over 40 years,
culminating with the development of bifascicular block and complete
AV block in males beyond the age of 50 years. Cardiac manifestations
are more common and arise one to two decades earlier in males and
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Fig. 4. (a) Brain MRI showing WML lesions in a 29-year old female with FD due to the p.F113L mutation, in the absence of cardiovascular risk factors or other
morbidities; (b, c¢) Electronic microscopy from a kidney biopsy showing lysosomal inclusions in renal podocytes in a 42-year old female with FD due to the p.F113L
mutation, who presented proteinuria >1 g/24 h, in the absence of other morbidities.

their frequency increases with age in both genders. Likewise, the se-
verity of LVH and cardiac blocks also increases with age, as demon-
strated by the significant increase of LV mass, IVS and PW thickness and
QRS interval with age.

LVH prevalence on cardiac predominant phenotypes has ranged
from 21-25% in the IVS4 phenotype [15,19] to 29-67% in the p.N215S
phenotype [5,8,13], which might be explained by the GLA gene mu-
tation, characteristics of the studied patients, but also different LVH
definitions. There are several echocardiographic indices of LVH [20].
We have reported LVH in nearly 40% of p.F113L patients [6], based on
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the LVH definition of LV wall thickness > 12 mm, because this criterion
carries a therapeutic impact, as it has been commonly used to establish
the presence of LVH and mandate the initiation of specific therapy in
Fabry patients [21].

Despite different LVH definitions, and similarly to our findings in
the p.F113L phenotype, LVH has been described to arise as early as the
third decade of life in patients with the p.N215S mutation [9,13] and
after 30 years of age in patients with the IVS4 mutation [19]. Likewise,
LVH prevalence increases with age in both genders in the IVS4 [19] and
the p.N215S phenotypes [5]. However, IVS and PW thickness has been
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Fig. 5. Frequency of albuminuria A2/A3, brain WML, sensorineural deafness and cornea verticillata according to age category in male and female Fabry patients with

the p.F113L mutation. * p < .05.
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reported to increase progressively with age in males, remaining only
mildly elevated in females with the p.N215S mutation [13]. In our
study, LVH severity increased with age and severe LVH developed both
in males and females with the p.F113L mutation.

Cardiac MRI is a valuable tool for the assessment of LVH and cardiac
fibrosis [22]. However, most studies on cardiac predominant pheno-
types do not provide cardiac MRI data [5,10,13-15]. In the p.N215S
phenotype, two small studies have reported LGE, respectively, in 53%
(8/15) [8] and 69% (18/26) [9], and as early as the third decade of life
[9]. In a larger cohort of 100 IVS4 patients, Hsu et al. reported LVH
based on cardiac MRI criteria in 28% and LGE in 38%. In patients
without LVH, LGE was found in 38.1% of males and 16.7% of females,
suggesting that cardiac fibrosis progressed in silence before the devel-
opment of LVH. However, in patients with LVH, LGE was found in 61%,
exclusively in males (77.3%), being surprisingly absent in females, but
the characteristics of those six females were not reported [19]. Our
study, based on a larger cohort of 166 patients who underwent cardiac
MRI, found cardiac MRI criteria of LVH in 36.1% and an apparently
lower prevalence of LGE in the overall cohort (21.4%), in patients with
LVH (52.5%) and also in patients without LVH (5.3% of males and 4.6%
of females), supporting the hypothesis of a lower frequency or later
development of LGE in this late-onset phenotype [6]. Nevertheless, LGE
was also an early manifestation in p.F113L phenotype, arising after the
30 years of age. Finally, although LGE was associated with ST depres-
sion and negative T waves on ECG, the finding of LGE in 17.8% of the
patients without ST depression and in 13.4% without negative T waves
argues against the hypothesis raised by Niemann et al. that their ab-
sence almost excludes LGE [23].

Most studies on the cardiac predominant phenotypes report on the
prevalence of LVH, but data on the specific prevalence or natural course
of HF, which is the actual clinical event associated with LVH, are very
scarce. We have previously shown that HF occurs in nearly 20% of the
p.F113L patients [6] and now we provide the first detailed data on its
natural course.

We previously published for the first time the actual frequency of
each cardiac rhythm and conduction disorder in a cardiac predominant
phenotype [6]. Now, in this study, we provide the first detailed de-
scription of the chronology of each of the major cardiac rhythm and
conduction disorders that occur and ultimately carry the highest impact
on survival in cardiac predominant phenotypes.

In our study, all myocardial ischemic events, except one, were acute
coronary syndromes in the setting of severe atherosclerotic coronary
heart disease. The only myocardial ischemic event that could eventually
be attributed to FD was a type 2 myocardial infarction that occurred in
an elderly male with normal coronary arteries and a probable im-
balance of myocardial oxygen supply and demand in the context of
severe LVH. This finding, together with the typical absence of en-
dothelial GB3 deposits in late-onset FD [24], suggests that myocardial
ischemic events secondary to FD are rare in late-onset phenotypes.
Some previous studies on late-onset FD reported myocardial ischemic
events as Fabry cardiac events [3,13], but no information was given on
coronary angiography findings or atherosclerotic risk of the patients.
Moreover, percutaneous coronary intervention and coronary artery
bypass graft have been considered cardiac events [3], despite the vir-
tually null probability of representing manifestations of late-onset FD.
Our study shows that we should cautiously attribute myocardial is-
chemic events to late-onset FD, because most of them are indeed acute
coronary syndromes secondary to atherosclerotic coronary heart dis-
ease, which is a common comorbidity with advancing age.

4.2. Extracardiac manifestations

We have previously shown that, in this cardiac predominant phe-
notype, extracardiac involvement is common [6]. Now, we show that
the earlier manifestations are extracardiac, with increased albuminuria,
brain WML and sensorineural deafness arising before 30 years of age in
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both genders and increasing thereafter.

In the p.N215S phenotype, increased albuminuria has been re-
ported, respectively, in 7.7% [9] and 50% of the patients [8] in two
small studies and proteinuria in 32.4% of males and 6.4% of females in
a larger study [5]. In the IVS4 phenotype, increased albuminuria has
been described in 20% [15]. This wide range of results may be ex-
plained by different sample sizes and definitions of pathological albu-
minuria/proteinuria. Nevertheless, like in the p.F113L phenotype, mi-
croalbuminuria has been reported as an early manifestation, occurring
before 40 years of age in the IVS4 phenotype [15] and as early as the
second decade of life in the p.N215S phenotype [5]. Also similar to the
p-F113L phenotype, its prevalence increased with age in both genders,
but stabilized in middle-aged women with the p.N215S mutation [5].
Chronic kidney disease (CKD) = G3 was reported in 21.6% of males
and 2.4% of females with the p.N215S mutation and its prevalence
increased with age. End-stage renal failure has been described in two
young p.N215S males (25 and 38 years old) (2.4%) with marked per-
sistent proteinuria [5]. In another study, 4% of p.N215S patients (males
and females) developed CKD G5 with need for RRT before 65 years of
age [13]. In the p.F113L phenotype, CKD = G3 was only found in 9.3%
of males and 4.9% of females, CKD G5 in 0.5% and no patients were
under RRT.

This study also demonstrates the presence of lysosomal inclusions in
renal podocytes of young patients presenting with increased albumi-
nuria, without any known morbidities besides late-onset FD due to the
p-F113L mutation, therefore supporting the hypothesis that increased
albuminuria in these patients is indeed caused by FD. Likewise, lyso-
somal inclusions have also been found in renal podocytes of p.N215S
patients [8,9].

Our study showed that brain WML are common manifestations
(50.3%), which arise early before 30 years of age and increase pro-
gressively thereafter, becoming a universal finding in p.F113L males
and females above 70 years of age. Small studies reported lower fre-
quencies of brain WML in IVS4 patients (32%) [11,12] and p.N215S
patients (21-32%) [8,9]. However, in a larger cohort of p.N215S pa-
tients, brain WML were found in 51.4% of males and 27.7% of females,
appearing before 40 years of age, increasing progressively thereafter
and affecting most elderly patients [5]. In the general population, brain
WML have been associated with cerebrovascular risk factors and ageing
[25,26]. A previous study reported the following age-related pre-
valences of brain WML in the general population: 3.5% (<40 years),
22% (41-50 years), 47% (51-60 years), 64% (61-70 years), 84%
(71-80 years) and 95% (>81 years) [25]. Compared to the general
population, it is striking in our FD cohort the higher prevalence of brain
WML in young patients without other comorbidities, which also sup-
ports the notion that brain WML are caused by FD and not by ageing or
other conditions. As late-onset phenotypes of FD are typically char-
acterized by the absence of endothelial GB3 deposits [24], brain WML,
particularly in young patients, are probably mainly caused by GB3
deposits in microglial cells and astrocytes and subsequent pro-in-
flammatory alterations [27]. Importantly, and in line with the absence
of endothelial GB3 deposits, stroke remained a rare event, such as in the
p-N215S [5,8,9,13], IVS4 [10-12] and overall late-onset phenotypes
[3], occurring in patients with concomitant cardiovascular risk factors.

To our knowledge, this is the first study describing the natural
course of sensorineural deafness in a cardiac predominant phenotype of
FD. Our study shows for the first time that this common manifestation
(44.7%) arises before 30 years of age in males and females with the
p.F113L mutation and increases with age, virtually affecting all the
elderly individuals.

4.3. Strengths and limitations
This study represents one of the largest cohorts of adult patients

with late-onset FD due to the same GLA gene mutation, which provides
a unique opportunity to perform a gender and age-stratified analysis
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and obtain a reliable overview of the natural history of this late-onset
variant. Most patients were diagnosed through family screening, which
allowed the diagnosis of patients from both genders, all age categories
and disease status, capturing the full spectrum of the disease. The fe-
male/male ratio was 1.6, closer to the expected ratio in an X-linked
disease, considerably reducing the bias related to female under-
representation of previous studies [5,8-14]. We analyzed baseline data
at the time of FD diagnosis, so the disease status of the patients reflects
the natural course of the disease until that moment, without the in-
fluence of FD specific therapy. We also evaluated concomitant mor-
bidities and medications and accounted for their influence on the
phenotype. Patients were systematically submitted to a predefined
multidisciplinary diagnostic protocol, which assured a high level of
completeness and detail of the data on all organ system manifestations,
overcoming common bias of retrospective studies or registries. Finally,
p.F113L is one of the most common GLA gene mutations causing late-
onset FD, so these natural history data will have an impact on the
clinical decisions of many patients.

However, the natural history presented in this study does not re-
present a longitudinal follow-up of these patients, rather it was built
based on the baseline data presented by untreated adult patients dis-
tributed through the full range of age categories. The longitudinal
follow-up of untreated patients in a time where therapies are available
raises ethical issues and, given the attenuated and slow course of the
disease, a long time of follow-up would be needed to capture its natural
history. Nevertheless, considering the large size of our cohort, the fact
that it includes all the patients diagnosed with FD within these 34 fa-
milies and the fact that most of them were diagnosed through family
screening and not because of medical attention driven by symptoms, it
is reasonable to expect that the data within each age category is a re-
liable representation of the clinical heterogeneity of the disease at each
timeframe of its natural course.

4.4. Future directions

Our study demonstrates a high clinical heterogeneity in both males
and females with this late-onset phenotype, with some patients devel-
oping an earlier and more severe phenotype than others. Studies spe-
cifically addressing the efficacy of therapies on late-onset phenotypes
are urgently needed to ascertain if all patients benefit from therapy. If
that would not be the case, the holy grail would be, within the high
clinical heterogeneity of late-onset phenotypes, to correctly select the
patients with higher risk of disease progression and faster disease
course who could benefit or benefit the most from therapy.

Moreover, the best timing to start therapy in FD is not clear, par-
ticularly in classic females and late-onset phenotypes (males and fe-
males). Current guidelines recommend to start therapy in these subsets
of patients as soon as there is evidence of target organ damage [28].
Some studies have already shown that early treatment is better than
late treatment [29,30]. However, how early should the treatment be
started is not yet defined, although from a theoretical point view it
would make sense to start treatment before target organ damage occurs.

Therefore it is essential to deepen the study on the natural history of
FD, find the determinants of phenotype and determine the predictors of
disease progression in both genders, so we could practice Precision
Medicine for each individual patient, based on factors much beyond
gender, age or GLA gene mutation, and accurately determine, for each
individual, if he is a good candidate for therapy, the best therapy and
the best timing to start it in order to avoid target organ damage.

5. Conclusion

Our study on the natural history of the p.F113L phenotype found
many similarities to the natural history of other predominant cardiac
phenotypes, suggesting a general common natural course to these FD
variants, despite the different GLA gene mutations. Nevertheless, this
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study comes to fill many evidence gaps on the natural history of these
FD phenotypes, namely on HF, cardiac rhythm and conduction dis-
turbances, ischemic myocardial events and sensorineural deafness. It
also provides cardiac and brain MRI data on a large cohort of patients
with late-onset FD. Finally, the demonstration of lysosomal inclusions
on renal podocytes of young p.F113L patients with proteinuria as well
as of brain WML in young patients without morbidities besides late-
onset FD due to the p.F113L mutation supports the hypothesis that
these clinical manifestations are caused by FD pathology. In summary,
our study improves the knowledge on the natural history of late-onset
FD, which is essential to make evidence-based clinical decisions and
guidelines and to accurately evaluate the clinical efficacy of FD thera-
pies.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ymgmr.2020.100565.
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