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A B S T R A C T   

Fabry disease (FD) is an X-linked lysosomal storage disorder caused by a deficiency in the enzyme α-galactosidase 
A due to mutations in the GLA gene. This leads to an accumulation of globotriaosylceramide (GL-3) in many 
tissues, which results in progressive damage to the kidneys, heart, and nervous system. We present the molecular 
and clinical characteristics and long-term outcomes of FD patients from a multidisciplinary clinic at the Uni
versity of California, Irvine treated with agalsidase beta enzyme replacement therapy (ERT) for 2–20 years. This 
cohort comprised 24 adults (11 males, 13 females) and two male children (median age 45; range 10–68 years). Of 
the 26 patients in this cohort, 20 were on ERT (12 males, 8 females). We describe one novel variant not pre
viously reported in the literature in a patient with features of ‘classic’ FD. The vast majority of patients in this 
cohort presented with symptoms of ‘classic’ FD including peripheral neuropathic pain, some form of cardiac 
involvement, angiokeratomas, corneal verticillata, hypohidrosis, tinnitus, and gastrointestinal symptoms, pri
marily abdominal pain. The majority of males had clinically evident renal involvement. An annual eGFR 
reduction of − 1.88 mL/min/1.73 m2/yr during the course of ERT was seen in this cohort. The most common 
renal presentation was proteinuria, and one individual required a renal transplant. Other common findings were 
pulmonary involvement, lymphedema, hearing loss, and significantly, three patients had strokes. Notably, there 
was a high prevalence of endocrine dysfunction and low bone mineral density, including several with 
osteoporosis. 

While enzyme replacement therapy (ERT) cleared plasma GL-3 in this cohort, there was limited improvement 
in renal function or health-related quality of life based on the patient-reported SF-36 Health Survey. Physical 
functioning significantly declined over the course of ERT treatment, which may be, in part, due to the late 
initiation of ERT in several patients. Further delineation of the phenotypic and genotypic spectrum in patients 
with FD and the long-term outcome of ERT will help improve management and treatment options for this disease.   
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1. Introduction 

Fabry Disease (FD, OMIM#301500) is an inherited, X-linked lyso
somal storage disorder caused by mutations in the GLA gene that result 
in deficient or absent α-galactosidase A enzyme [1]. This consequently 
leads to the progressive deposition of globotriaosylceramide (GL-3) in 
several tissues throughout the body, notably in endothelial cells, smooth 
muscle cells, podocytes, and cardiomyocytes [2]. The absence of this 
enzyme may lead to multi-organ involvement including progressive 
renal disease, cardiac disease, cerebrovascular disease, neuropathic 
pain, corneal verticillata, angiokeratomas, tinnitus, hearing loss, pul
monary involvement, and gastrointestinal complaints, including 
abdominal pain, constipation, and diarrhea. FD is pan-ethnic and the 
second most prevalent lysosomal storage disorder with an estimated 
incidence of 1 in 40,000 to 117,000 males worldwide, though newborn 
screening initiatives have revealed that the incidence is much higher 
[3–6]. This is likely due to the fact that early studies referred to the 
incidence of ‘classic’ FD, while newborn screening may identify in
dividuals on the full phenotypic spectrum. Symptoms typically present 
early during childhood or adolescence. Affected males with little or 
absent α-galactosidase A activity (<1% of mean normal) may present 
with clinical features of ‘classic’ FD. Mutations that result in residual 
enzyme activity typically cause a ‘later-onset’ form of the disease with 
variable manifestations. Heterozygous females typically present with 
milder symptoms and later-onset and less commonly have ‘classic’ FD 
due to residual enzyme activity and X-chromosome inactivation pattern. 

Management and guidelines of a newly diagnosed individual with FD 
includes documentation of symptoms, consideration of enzyme 
replacement therapy (ERT), and monitoring of disease progression 
[7,8]. ERT is provided to supplement or replace α-galactosidase A, and 
to slow the rate of disease progression. Thus, early identification of 
affected individuals is important in order to initiate ERT as early as 
possible [8–10]. Clinical evaluation during childhood is recommended if 
a familial mutation is known [11]. In the absence of a family history, a 
timely diagnosis of FD may be difficult due to the variation and unpre
dictability of clinical manifestations that can often be misdiagnosed as 
childhood growing pains. The addition of FD to newborn screening 
programs worldwide has allowed for the early detection of the disorder 
[12]. 

There are two types of enzyme replacement therapy: agalsidase alfa 
(Replagal) and agalsidase beta (Fabrazyme); however only agalsidase 
beta is an approved ERT by the US Food and Drug Administration (FDA) 
[13,14]. There is some discussion on the most appropriate infusion as 
well as the efficacy and safety of the infusions, but studies have shown 
no adverse effects in switching therapies or an increased benefit of using 
one over the other [15,16]. There is one oral pharmacological chaperone 
therapy, migalastat (Galafold), that has been approved by the FDA [17]. 
This treatment is only available for adults with FD who have amenable 
gene variants that lead to misfolded α-galactosidase A enzyme that can 
be stabilized by migalastat. Once stabilized, protein folding is improved 
and trafficking of the α-galactosidase A enzyme to the lysosome is 
restored. Other treatments currently being investigated in clinical trials 
include plant-based ERT, gene therapy, and substrate reducing 
therapies. 

We describe a cohort of 24 adults and two children with FD, 13 males 
and 13 females, who range in age from 10 to 68 years (mean age 46.1 ±
16.3). The majority of participants were on agalsidase beta ERT (20/26; 
12 males, 8 females). Each participant demonstrated different response 
rates of symptoms and disease progression with ERT, including two in
dividuals who developed adverse infusion reactions. 

The aim of this study is to present the variable molecular and clinical 
features in a cohort of FD patients on ERT, treatment outcomes across 
organ systems, and highlight patients with previously unreported vari
ants, to help improve treatment options and patient care. 

2. Methods 

2.1. Participants 

This cohort comprised 13 male and 13 female patients, including two 
male children. All participants had a confirmed molecular diagnosis of 
FD and most also had recorded enzyme activity levels measured. GLA 
variants are listed using transcript NM_000169.2. These patients were 
followed over the course of a one to 12 year period in an outpatient 
multidisciplinary clinic at the University of California, Irvine. Earlier 
data were obtained from review of past medical records and the Fabry 
Registry, if available. Written IRB informed consent approved by UC 
Irvine (#2008–6631) was obtained from each participant, and all pro
cedures were performed according to The Code of Ethics of the World 
Medical Association. 

2.2. Clinical evaluations 

Clinical surveillance visits were conducted every six months and 
included evaluations by a clinical geneticist, a cardiologist, and a 
nephrologist. The standard of care for patients with renal and cardiac 
disease from FD did not vary when compared to the management of 
other etiologies. At each visit, the following components were 
documented:  

• Quality of life surveys, including a Brief Pain Inventory (BPI) and the 
SF-36 Health Survey. These provided a scale for pain and represented 
an attempt to document how pain has influenced the quality of life of 
each individual. The SF-36 Health survey measures physical func
tion, social function, physical role, emotional role, mental health, 
energy, pain, and general health perception. Scores ranged from 
0 (worst) to 100 (best).  

• The development or change in the status of clinical features specific 
to FD including cardiac, renal, pulmonary, and nervous system 
involvement, in addition to angiokeratomas, acroparesthesia, GI 
health, hyper or hypohidrosis, hearing loss and tinnitus, lymphe
dema, and corneal whorling.  

• Plasma and urine GL-3 levels and plasma Lyso-GL-3 to assess overall 
glycolipid burden.  

• Renal status and disease progression were monitored by labs: serum 
creatinine levels to measure the mean estimated glomerular filtration 
rate (eGFR), in addition to urine creatinine, urine protein, and urine 
albumin/micro-albumin to measure proteinuria and albuminuria. 
Renal biopsy was only performed if clinically indicated. 

Evaluations performed at less frequent intervals:  

• Cardiac status was determined by echocardiography (with strain), 
electrocardiograms, and holter monitor screened at annual intervals 
in males and less frequently in females and children. Cardiac MRI 
was conducted every 2–3 years or as needed.  

• Brain imaging was performed by MRI, MRA, and CT scan.  
• Ophthalmologic exams were performed for evaluation of corneal 

whorls, vessel tortuosity, and lenticular opacities.  
• Audiometry was performed for evaluation of sensorineural hearing 

loss and tinnitus, as needed. 
• Dual-energy X-ray absorptiometry (DXA) & the World Health Orga

nization (WHO) classification of bone mineral density were used to 
classify severity. T-scores between − 1.0 and − 2.5 SD were catego
rized as osteopenia and T-scores below − 2.5 SD were categorized as 
osteoporosis. 

2.3. ERT infusions 

Agalsidase beta (Fabrazyme) recommended dosage is 1 mg/kg body 
weight given every two weeks as an intravenous infusion [14]. The 
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majority of the participants in this cohort received the infusions without 
incident, and some have transitioned to home infusions. To determine 
the effectiveness of ERT, we measured the presence of agalsidase beta 
IgG antibodies, plasma and urine GL-3 levels, and plasma Lyso-GL-3 
levels at each six-month visit. Two individuals experienced adverse re
actions to ERT infusions (patient 15 and patient 22); they both tested 
negative for IgE antibodies and showed no change in IgG antibodies. 

2.4. Statistical analysis 

We used linear mixed-effects regression analysis with varying in
tercepts and slopes to evaluate linear time trends of serum creatinine, 
eGFR, and health-related quality of life scores (SF-36 Health Survey), 
starting with the initiation of ERT (time = 0). The significance level for 
all statistical tests was set to α = 0.05. All analyses were carried out using 
the R language and environment for statistical computing, version 3.6.3. 

3. Results 

Of the 26 patients included in our study, there were 13 males and 13 
females between ages 10–68 years (mean age 46.1 ± 16.3 years). This 
cohort consisted of five families in addition to eleven unrelated in
dividuals. The majority of males (12/13, 92%) and the majority of fe
males (8/13, 62%) were treated with ERT. Ages at initiation of ERT were 
between 6 and 65 years (mean age 39.0 ± 18.3) (Supplemental Table 1). 
The majority of patients tolerated ERT well, except for two individuals 
who had adverse reactions (patient 15 and patient 22). Both patients 
were IgE-negative and showed no changes in IgG antibodies; patient 22 
was consistently IgG-positive throughout the course of ERT. Patient 15 
had the most significant adverse event during the last infusion attempt, 
which resulted in intubation in the cardiac intensive care unit due to 
difficulty breathing, tightness in chest, rigors, and convulsions, and has 
not been on ERT since. Only three males were routinely IgG-positive 
(patients 12, 13, 24) and two males had one single IgG-positive test in 
the past, but had not had another one since (patient 1 and patient 7). 

Clinical features of each patient are described in Supplemental 
Table 2. Notably, there was clinically evident renal involvement in 50% 
of participants; the most common feature was varying levels of pro
teinuria. One individual required a renal transplant. Seventy-nine 
percent of patients showed evidence of some form of cardiac involve
ment, including 46% with left ventricular hypertrophy. Two males and 
one female had a history of a stroke, and one male had a history of one 
TIA and one stroke. The most commonly observed clinical feature was 
peripheral neuropathic pain (20/26, 77%), followed by angiokeratomas 
(18/26, 69%), tinnitus (17/26, 65%), gastrointestinal symptoms, 
including abdominal pain, constipation, and diarrhea (16/26, 62%), and 
hypohidrosis/anhidrosis (16/26, 62%). Additional common findings of 
FD in this cohort include corneal verticillata (15/26, 58%), pulmonary 
involvement (6/12, 50%), lymphedema (11/26, 42%), and hearing loss 
(9/26, 35%). The adult males in this cohort had higher frequencies of 
clinical manifestations than adult females in all categories with the 
exception of neuropathic pain, white matter lesions, and corneal verti
cillata (Table 1). 

3.1. Clearance of GL-3 in plasma 

Plasma-GL-3, plasma Lyso-GL-3, and urine GL-3 are biomarkers used 
as surrogate endpoints to monitor Fabry disease severity and progres
sion in both treated and untreated patients. Longitudinal analysis of 
plasma GL-3 concentration in 17 of our patients on ERT is depicted in 
Fig. 1. The data showed significant reduction in GL-3 of − 0.25 μg/mL 
per year (95% CI: − 0.478 to − 0.030, p = 0.026) with ERT treatment. 

While there was less data available for the deacetylated form, plasma 
Lyso-GL-3, the majority showed a reduction or stabilization of plasma 
Lyso-GL-3 concentration at last visit compared to that of the earlier time 
points (N = 11, data not shown). 

3.2. Renal involvement 

There was clinically evident renal disease in 50% (13/26) of par
ticipants as defined by albuminuria, hypertension or reduced eGFR. 
Renal biopsies were not done routinely. The majority demonstrated 
proteinuria and/or albuminuria as the sole renal manifestation. Ten 
patients had elevated urine albumin-to-creatine ratios, nine with 
microalbuminuria (5 females, 4 males) and one male with 

Table 1 
Clinical manifestations of FD in this cohort.   

Adult 
Females 
N = 13 (%) 

Adult 
Males 
N = 11 
(%) 

Pediatric 
Males 
N = 2 (%) 

Total 
N = 26 
(%) 

Mean Age at Diagnosis 
(Years) 

36.2 34.3 3.5 32.8 ±
16.3 

Currently On ERT 8 (62) 10 (91) 2 (100) 20 (77) 
Mean Age ERT Initiated 

(Years) 
51 37.5 6.5 39.0 ±

18.3 
Renal Involvement 5 (38) 7 (64) 1 (50) 13 (50) 
Cardiac Involvement 9/12 (75) 9/10 

(90) 
1 (50) 19/24 

(79) 
White matter Lesions 3/10 (30) 1/6 (17) N/A 4/16 

(25) 
Neuropathic Pain 10 (77) 8 (73) 2 (100) 20 (77) 
Corneal Verticillata 10 (77) 4 (36) 1 (50) 15 (58) 
Angiokeratomas 7 (54) 11 (100) 0 (0) 18 (69) 
Hypohidrosis 5 (38) 10 (91) 1 (50) 16 (62) 
GI Involvement 8 (62) 8 (73) 0 (0) 16 (62) 
Low BMD 2/6 (33) 5/8 (63) N/A 7/14 

(50) 
Hearing Loss 3 (23) 6 (55) 0 (0) 9 (35) 
Tinnitus 7 (54) 9 (82) 1 (50) 17 (65) 
Vertigo 4/10 (40) 6/10 

(60) 
0/1 (0) 10/21 

(48) 
Pulmonary Involvement 0/5 (0) 5/6 (83) 1/1 (100) 6/12 

(50) 
Depression 3 (23) 3 (27) 0 (0) 6/26 

(23) 

Numbers provided in fractions indicate that not all patients had the corre
sponding assessment. 

Fig. 1. Plasma GL-3 clearance in patients on ERT. A linear mixed-effects 
regression analysis of plasma GL-3 with time as a predictor and varying in
tercepts and slopes. The figure shows observed GL-3 measurements (dots) 
together with model-estimated time trajectories of GL-3 for each participant 
(colored lines) and for the population (black line). Note that observations at 
time < 0 were excluded from the analysis. N = 17. 
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macroalbuminuria. Hypertension was seen in 32% (8/25) of patients 
and managed with angiotensin-converting enzyme inhibitors (ACEI) (8/ 
26), angiotensin receptor blockers (ARB) (4/26), beta-blockers (4/26), 
and diuretics (6/26). Two had stage I chronic kidney disease (CKD) 
(patient 1 and patient 12), two had stage III CKD (patient 14 and patient 
17), and one had stage IV CKD and is on hemodialysis (patient 22). 
Patient 23 underwent a deceased donor renal transplant due to ESRD at 
age 52 years and has had normal kidney function since. For those on 
ERT, only some patients maintained serum creatinine and estimated 
glomerular filtration rate (eGFR) within normal limits for age and sex. 
However, the data showed significant increase in serum creatinine levels 
of +0.02 mg/dL per year (95% CI: 0.01–0.04, p = 0.015) for both males 
and females on ERT in this cohort (Fig. 2A) and +0.038 mg/dL per year 
(95% CI: 0.01–0.06, p = 0.003, data not shown) for males alone. Further, 
the data showed an annual decrease in eGFR of − 1.88 mL/min/1.73m2 

(95% CI: − 3.36 to − 0.40, p = 0.013) on ERT in both males and females 
(Fig. 2B), and − 3.16 mL/min/1.73m2 (95% CI: − 4.97 to − 1.35, p =
0.001, data not shown) for males alone. 

3.3. Cardiac involvement 

In our cohort, 79% (19/24) of participants had some form of cardiac 
involvement. Left ventricular hypertrophy (LVH) was seen in 46% (11/ 
24) of patients, with severity ranging from borderline to severe and one 
confined to the septum. Severe LVH of patient 24 is shown in Fig. 3A. Of 
the adult males, only one was not found to have clinically evident car
diac involvement, and while his past ECGs met voltage criteria for LVH, 
his echocardiograms were normal showing no evidence of LVH. Left 
ventricular ejection fraction (LVEF) was one of the measures used to 
monitor cardiac disease progression of patients on ERT. LVEF was within 
normal range at baseline prior to ERT. Some patients fell below normal 
range over the course of treatment with the lowest recorded being 43% 
in a male patient. Of the individuals in our cohort who had cardiac 
imaging, 25% (6/24) had valvular abnormalities, including one patient 
with aortic valve sclerosis, two patients had thickened mitral valve 
leaflets, one patient with mild Systolic Anterior Motion (SAM) abnor
mality of the mitral valve, one with mitral valve prolapse, and one pa
tient required mitral valve annuloplasty after experiencing lower 
extremity edema, shortness of breath and dyspnea on exertion (patient 
22). Other cardiac manifestations are described in Table 2. Of those who 
underwent cardiac MRI, only one showed possible fibrosis of the 
myocardium (Fig. 3A). Those with cardiac abnormalities on echocar
diogram, cardiac MRI, and/or ECG did not consistently have abnormal 

cardiac biomarkers, such as brain natriuretic peptide (BNP), troponin, 
and soluble suppression of tumourigenicity 2 (ST2), though limited data 
was available. Adult FD patients can have elevated lipid levels, partic
ularly high HDL cholesterol, which may be non-responsive to long-term 
ERT [18]. Dyslipidemia was present in 48% (10/21) of patients in our 
cohort, and managed with diet, fish-oil and statins. 

3.4. Cerebrovascular complications, neurologic, and neuropsychiatric 
symptoms 

White matter lesions were present in 25% (4/16) of participants who 
had brain imaging. One male in this cohort (patient 22) has a history of 
two cerebrovascular accidents, one transient ischemic attack (TIA) at 
age 52 years and one stroke at age 60 years. Brain MRI of patient 22 
showed multifocal and adjacent gliosis within the left cerebral hemi
sphere, high left frontal and parietal lobes, as well as subcortical and 
periventricular deep white matter T2 hyperintensity without mass effect 
that is most pronounced within the parietal occipital region (Fig. 3B). 
The stroke impacted his eyesight and word-finding ability. Patient 22 
only began ERT at the age of 57 years, and passed away at the age of 63 
years due to post-operative complications of abdominal surgery. 
Another male (patient 15) and one female (patient 14) in this cohort 
have a history of TIAs while on ERT. They were not taking low dose 
aspirin at the time. 

With regard to neuropathic manifestations, 77% (20/26) of patients 
reported peripheral neuropathic pain, manifesting as burning, tingling, 
or numbness, often triggered by temperature change or strenuous ac
tivity. Of the 17 participants for whom data on the brief pain inventory 
(BPI) survey was available, the majority reported worsening or incon
sistent pain symptoms over the duration of treatment with ERT. 
Decreased quality of life has been associated with FD, in part due to the 
debilitating episodic pain crises and burden associated with having a 
chronic illness. Health-related quality of life was collected using the SF- 
36 Health survey. Bodily pain scores obtained from the SF-36 survey also 
showed no improvement over the course of ERT, though this was not 
significant (p = 0.19; Fig. 4C). For the majority of SF-36 respondents, 
pain worsened over time, which was similar to what was reported in the 
BPI survey. Notably, there was a significant decline in physical func
tioning (Est. = − 1.40, 95% CI: − 2.73 to − 0.06, p = 0.040) for patients in 
this cohort. The remaining health dimensions did not show significant 
change over time (Fig. 4A-H). 

Of the adult patients in this cohort, seven reported depression (7/24; 
29%). One patient reported a history of depression that correlated with 

Fig. 2. Serum creatinine and estimated glomerular filtration rate (eGFR) of patients on ERT. The figure shows observed serum creatinine measurements (A) and 
eGFR measurements (B) together with model-estimated time trajectories for each participant (colored lines) and for the population (black lines). Note that obser
vations at time < 0 were excluded from both analyses in figs. A-B. N = 18. 
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pain symptoms. Another patient had a history of depression with no 
current pain symptoms based on responses in the BPI and SF-36 Health 
Survey. Of note, one patient in this cohort had a history of two suicide 
attempts. On the other hand, one patient’s testimonial described 
noticeable improvement in anxiety, fatigue, and executive function 
(termed “Fabry fog”) since initiation of ERT. 

3.5. Ophthalmologic findings 

Corneal verticillata, or corneal whorling, is a unique clinical feature 
in patients of both sexes with FD and is often used as a diagnostic tool. It 
is a result of GL-3 deposits and has not been linked to vision loss. Corneal 
verticillata was noted in 58% (15/26) of individuals, at a higher prev
alence in females than males in our cohort (Fig. 3C). Vessel tortuosity is 
also associated with FD and is exacerbated by renal complications 
[19,20]. Only one patient was found to have vessel tortuosity (patient 
22); this individual had stage IV CKD. 

3.6. Skin manifestations 

Angiokeratomas are common in Fabry patients as they occur when 
GL-3 accumulates in dermal endothelial cells and lead to secondary 
ectasia. In our cohort, 69% (18/26) had angiokeratomas (Fig. 3D). 

Hypohidrosis is also a common feature of FD and may be a predis
position to acroparesthesia. In this cohort, 62% (16/26) experienced 
hypohidrosis or anhidrosis. Of those with hypohidrosis, 89% experi
enced acroparesthesia. Lymphedema of the extremities, particularly in 
the feet, was present in 42% (11/26) of patients in this study. 

3.7. Gastrointestinal involvement 

Gastrointestinal symptoms are common among FD patients and can 
manifest as diarrhea, constipation, nausea, vomiting, incontinence, and 
abdominal pain. In our cohort, gastrointestinal symptoms were present 
in 62% (16/26) and the most common complaint was abdominal pain. 
Previous studies have shown significantly improved gastrointestinal 
pain with ERT [21]. This was also reported by the patients in our study 
in the patient health survey. The majority of those on ERT reported 
either improved or stable abdominal pain and frequency of diarrhea 
based on their survey responses at last visit compared to earlier survey 
responses. Specifically, six patients reported improvement in abdominal 
pain and four reported that symptoms were stable (N = 20). Eleven 
reported improvement in diarrhea and one reported that symptoms were 
stable (N = 20). One patient’s testimonial described a frequency of 
diarrhea multiple times daily prior to ERT that has now significantly 
improved since ERT initiation. He also reported noticeable return of 

Fig. 3. Clinical features in patients with FD. (A) Cardiac MRI showing severe concentric hypertrophy of the left ventricle with reduced chamber size. There is 
subendocardial linear hyperenhancement in the basal inferolateral wall suggesting myocardial scar (white arrow), consistent with FD (patient 24); (B) Axial brain 
MRI section following TIA event (patient 22); (C) Corneal verticillata seen by slit lamp examination. Courtesy: Dr. Pinakin Davey, Western University of Health 
Sciences; (D) Cluster of angiokeratomas in the groin region (patient 24). 
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symptoms during the time of the ERT shortage. On the other hand, 
worsening or recent onset of abdominal pain (3/20) and diarrhea (2/20) 
over the course of ERT treatment were also reported by participants in 
this study. 

3.8. Auditory and vestibular involvement 

Sensorineural hearing loss, predominantly in the high frequencies, is 
a common manifestation of FD and correlates with neuropathic and 
vascular damage [22]. In our cohort, 35% (9/26) of patients reported a 
history of hearing loss. The majority of those who underwent audiology 
assessments were found to have bilateral mild to moderate sensorineural 
hearing loss. Additionally, 65% (17/26) of patients reported tinnitus. 
Some patients do not use hearing aids due to amplification by the 
presence of tinnitus. Vertigo was reported in 48% of our cohort in those 
who recorded their response in the health survey (10/21). 

3.9. Pulmonary involvement 

Respiratory involvement in FD typically includes obstructive lung 
disease, however patients may develop interstitial restrictive lung dis
ease. In our cohort, 50% (6/12) of those who have had spirometry 
testing were found to have reduced lung capacity. Of those, four had 
obstructive lung disease, one had possible obstructive lung disease, and 
one had restrictive lung disease. 

3.10. Endocrine and other clinical manifestations 

There is limited data in the literature that describes endocrine system 
involvement in FD. In our cohort, patients reported type II diabetes, 
hypothyroidism, hyperthyroidism, hyperparathyroidism, and vitamin D 
deficiency (Supplemental Table 2). Patient 8 has a history of hyper
thyroidism secondary to Graves’ disease, and a past history of a 1.9 mm 
benign thyroid nodule. Patient 21 has type II diabetes and hypothy
roidism. Patient 22 has acquired hypothyroidism and hyperparathy
roidism secondary to renal disease. One of the pediatric participants 
(patient 9) was diagnosed with growth hormone deficiency and a small 
pituitary gland. Not all participants in this study have had an endocrine 
evaluation, so this study may have missed those with subclinical endo
crine dysfunction. 

Low Bone Mineral Density (BMD) has been noted more recently to be 
a common feature of FD [23]. Impaired renal function leads to vitamin D 
deficiency and may be one of the contributing factors to reduced BMD in 
FD patients. Fifty percent of patients in this cohort who had DXA scans 
(7/14) were found to have low BMD. Of those, 57% (4/7) had osteo
penia (T score < 1.5) and 43% (3/7) had osteoporosis (T score < 2.5). 
Notably, two of the seven patients (29%) had early-onset low BMD at 
age 32 years (patient 6) and age 36 years (patient 13). There were no 
prior DXA scans to measure the rate of bone loss in these two young 
adult males. Additionally, patient 13 spends up to 40 h per week in a 
sensory deprivation floatation tank, which may have contributed to 
bone loss (described below in section 3.13. Supplemental Treatments). 
Only one patient endured an ankle fracture at the age of 65 years due to 
a mechanical fall; none of the remaining participants reported bone 
fractures. Of those with low BMD, four patients had concurrent vitamin 
D deficiency; of those four, one had secondary hyperparathyroidism due 
to renal disease. All patients in this cohort were prescribed calcium and 
vitamin D supplementation. Those with osteoporosis were managed by 
an endocrinologist and prescribed bisphosphonates. 

Hypertension is also a common adverse event in adult FD patients. 
Cardiac, renal and cerebrovascular complications increase the risk of 
uncontrolled hypertension in individuals with FD [24]. Hypertension 
was present in 32% (8/25) of patients in our cohort, the majority but not 
all of these individuals had some form of clinically evident renal 
involvement. Patients were managed on ACEIs, ARBs, beta-blockers, and 
diuretics. 

3.11. Novel GLA variant and genotype-phenotype correlations 

Our study describes 16 unique variants in the 26 total participants, 
including one novel variant and one atypical ‘later-onset’ cardiac 
variant (Table 3; Fig. 5). The novel variant c.1226_1231delCCACAG (p. 
P409_G411delinsR), an in-frame deletion located within a hot-spot, was 
identified in a 63-year-old male (patient 22) who was diagnosed later in 
adulthood at 57 years old following a renal biopsy that revealed stage IV 
chronic kidney disease. He is discussed earlier with renal, pulmonary, 
and cardiac involvement and a history of two cerebrovascular accidents. 
Additional FD-related symptoms in patient 22 include angiokeratomas, 
corneal verticillata, gastrointestinal involvement, lymphedema, hypo
hidrosis, acroparesthesia, Raynaud’s syndrome, hearing loss, tinnitus, 
and low bone mineral density (Supplemental Table 2). Cardiac work-up 
for chest pain revealed a 95% blockage of the left anterior descending 
coronary artery requiring stent placement, which resolved except for 
occasional reports of arrhythmia. Endocrine dysfunction in this patient 
includes acquired hypothyroidism and hyperparathyroidism secondary 
to renal disease. Patient 22 was particularly significant among our 
participants because of the history of one TIA and one stroke; brain MRI 
revealed significant gliosis and nonspecific white matter signal changes 
(Fig. 3B). Patient 22 is now deceased due to post-operative complica
tions of abdominal surgery for abdominal abscess and intra-abdominal 
infection. 

Though the rest of our cohort harbors variants that have been 

Table 2 
Characterization of cardiac involvement in FD patients in this cohort.   

Adult 
Females 

Adult 
Males 

Pediatric 
Males 

Total 
(%) 

Cardiac Involvement 9/12 
(75) 

9/10 
(90) 

1/2 (50) 19/24 
(79) 

Echocardiogram Findings 
Left Ventricular Hypertrophy 5/12 7/10 0/2 11/24 

(46) 
Borderline 1 2 0  
Mild 2 3 0  
Moderate 0 1 0  
Severe 0 1 0  
Septal 1 0 0  

Valvular Abnormality 2/12 4/10 0/2 6/24 
(25) 

Aortic Valve 1 0 0  
Mitral Valve 1 4 0  

Left Atrium Dilation 2/12 2/10 0/2 4/24 
(17) 

Right Atrium Dilation 1/12 0/10 0/2 1/24 (4) 
Electrocardiogram Findings 
Conduction Abnormalities 3/12 6/10 0/2 9/24 

(38) 
Right Bundle Branch Block 2 5 0  
Anterior Fascicular Block 1 1 0  
First Degree 
Atrioventricular Block 

1 0 0  

Intraventricular 
Conduction Delay 

0 2 0  

Short PR Interval 1 2 0  
Rhythm Abnormalities 5/12 8/10 1/2 14/24 

(58) 
Sinus Bradycardia 5 8 1  
Sinus Arrhythmia 1 0 0  
Premature Ventricular 
Complexes 

0 2 0  

Premature Atrial 
Contractions 

0 1 0  

Repolarization Abnormalities 5/12 3/10 0/2 8/24 
(33) 

T Wave Changes 2 1 0  
ST/STT Changes 3 2 0  

Left Axis Deviation 0/12 1/10 0/2 1/24 (4) 

One male and one female in this cohort were excluded due to no cardiac imaging 
records available. 
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previously reported in the literature, we present novel clinical data for 
certain recurrent variants. Family 3 (patients 9, 10, 11) harbor the W44C 
variant, a previously reported variant in a Chinese family of 12 affected 
members, all of whom experienced paroxysmal pain of limb extremities 
[25]. Interestingly, our family is of European/mixed descent, with no 
known Asian ancestry, and present with multi-organ involvement in 
addition to peripheral pain. We report one patient with the c.639 +

919G > A ‘later-onset’ cardiac variant, who, in addition to mild left 
ventricular hypertrophy, experiences other FD-related symptoms 
including angiokeratomas, gastrointestinal issues, pulmonary involve
ment, and hypohidrosis with heat intolerance. His mother, who also 
harbors the familial variant, has a history of strokes and presented at age 
76 years with hypertrophic cardiomyopathy. Another example of po
tential genotype-phenotype correlation in our cohort is Family 1; all 

Fig. 4. SF-36 health-related quality of life component scores of patients on ERT. The SF-36 Health survey measures (A) physical function, (B) physical role, (C) pain, 
(D) general health perception, (E) vitality, (F) social function, (G) emotional role, (H) mental health. Scores ranged from 0 (worst) to 100 (best). Observed values 
(dots) are shown together with model-estimated trajectories for individual patients (colored lines) and the population (black lines). 
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three females who harbor the G328V variant have audiologic 
involvement. 

3.12. Pediatric patients 

There were two male pediatric participants in this study (patient 7 
and patient 9). Both patients were diagnosed before the age of five and 
treated with ERT at or before the onset of symptoms. Patient 9 is a seven 
year-old male with the W44C variant. This patient was diagnosed with 
FD at age 3 and began ERT at age 7 years soon after an evaluation for 
reactive hyperemia index of 0.94 (Reference RHI value >1.68) using an 
EndoPAT (Itamar Medical) device performed on a research basis, which 
was consistent with low peripheral vascular endothelial function. He 
lacked ‘classic’ FD symptoms at the time of the procedure, but ERT was 
recommended due to concern for deteriorating endothelial function. 
Initial urine GL-3 level of 569 μg/mmol creatinine resolved during the 
course of this study while on ERT. He is developmentally normal, 
however he has a past medical history remarkable for growth hormone 
deficiency and a small pituitary gland and has been managed on 
somatropin since 3 years of age. 

Patient 7 from Family 2 first presented with acroparesthesia and 
hypohidrosis at 4 years of age and began ERT by 6 years of age. Prior to 
initiation of ERT, urine GL-3 level was at 370 μg/mmol and was cleared 
to 0 μg/mmol in less than two years on ERT. Notably, spirometry testing 
revealed mild obstructive airway disease, though it has not yet affected 
routine activity. Patient 7 and his affected mother (patient 8) present 
with variable symptoms of FD as shown in Supplemental Table 2. 

3.13. Supplemental treatments 

Several individuals in this cohort sought alternative sources for pain 
management. Effective pain management could impact the psychologi
cal consequences of FD, as there is a high rate of depression that is often 

linked to the effects of long-term pain. Patient 13 had a five-year history 
of frequent, severe pain crises, including in response to ERT infusion, 
which has led the patient to seek alternative pain management strategies 
in conjunction with ERT. This includes floatation in a sensory depriva
tion tank used for the treatment of pain and anxiety by limiting stimu
lation from gravity, sound and light while immersed in water baths 
saturated with Epsom salts to allow for buoyancy in a dark and soundless 
room. Patient 15 and Patient 16 also report benefit from this float tank. 
Important to note, extended time in the float tank may have had an 
adverse effect on patient 13’s bone density, as he reports spending up to 
40 h per week in the float tank. There was a variety of medications used 
in this cohort for the management of neuropathic pain. Patient 13 and 
15 are prescribed cannabidiol (CBD). Patient 15 and patient 26 use non- 
prescription topical and oral CBD as needed during pain crises. Use of 
tetrahydrocannabinol (THC) was also reported. Six patients are pre
scribed opioid narcotic analgesics, eight patients are managed with 
over-the-counter analgesics, two are on antidepressants, and one on an 
anticonvulsant (carbamazepine). 

4. Discussion 

The benefit, safety, and risk of ERT have been previously investi
gated, though the long-term impact continues to be studied [26–30]. 
ERT is recommended in order to curtail disease progression or when 
there is already evidence of disease progression and vital organ damage. 
In this study, 20 of the 26 participants and all but one male (patient 15) 
were consistently on ERT. 

All participants receiving ERT however, demonstrated a different 
response rate of disease progression. While ERT was shown to be 
effective in clearing plasma GL-3 and, in many patients maintaining 
serum creatinine and eGFR within normal limits in this cohort, we 
identified that many patients continued to have impairment of their 
renal function and health-related quality of life despite standard of care 

Table 3 
GLA variant details.  

Fam. No. Patient No. Ethnicity Nucleotide Change Protein Change Position Type Phenotype 

1 1,2,3,4,5,6 Hispanic c.983G > T G328V Exon 6 Missense Classic 
2 7,8 Caucasian c.1250 T > G L417R Exon 7 Missense Classic 
3 9,10,11 Caucasian c.132G > T W44C Exon 1 Missense Classic 
4 12 Caucasian c.568delG A190PfsX2 Exon 4 Small Deletion Classic 
5 13,14 Caucasian c.1041_1042insG A348GfsX27 Exon 7 Small Insertion Classic 
6 15 Hispanic c.706 T > C W236R Exon 5 Missense Classic 
7 16 Caucasian c.680G > A R227Q Exon 5 Missense Classic 
8 17 Caucasian c.816C > A N272K Exon 6 Missense Classic 
9 18 Caucasian c.730G > A D244N Exon 5 Missense Classic/ Later Onset 
10 19 Asian c.639 + 919G > A IVS4 + 919G > A Intron 4 Splicing Later Onset 
11 20 Asian c.427G > C A143P Exon 3 Missense Classic 
12 21 Hispanic c.639 + 4A > T IVS4 + 4A > T Intron 4 Splicing Classic 
13 22 Caucasian c.1226_1231delCCACAG P409_G411delinsR Exon 7 Small Deletion Classic 
14 23 Hispanic c.1088G > A R363H Exon 7 Missense Later Onset 
15 24,25 Hispanic c.1072_1074delGAG E358del Exon 7 Small Deletion Classic 
16 26 Caucasian c.1246C > T Q416X Exon 7 Nonsense Classic 

Novel variant is bolded. 

Fig. 5. Unique variants identified in the GLA gene in this cohort. A schematic representation of GLA showing the position of all variants identified, with novel variant 
in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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management. For patients with chronic kidney disease from FD, stan
dard of care did not vary when compared to that of other etiologies. The 
standard management includes the evaluation for possible reversible 
causes of renal disease (i.e. dehydration, reduced renal perfusion, 
obstruction, nephrotoxicity), management of blood pressure to a target 
≤130/80, maximally tolerated dose of renin-angiotensin-aldosterone 
system inhibitors (i.e. Angiotensin-converting enzyme inhibitors, 
angiotensin II receptor blockers, aldosterone receptor antagonist), 
smoking cessation, dietary interventions (particularly reduced sodium 
and protein restricted diet), treatment of metabolic acidosis, manage
ment of anemia of CKD with erythropoiesis-stimulating agents to target 
Hg 10–11.5 g/dL, management of mineral and bone disorders as per 
2012 KDIGO guidelines, initiation of renal replacement therapy in in
dividuals with uremic symptoms and eGFR 5–15 mL/min/1.73 m2 or in 
those with eGFR <5 mL/min/1.73 m2, and referral for kidney transplant 
evaluation in those with eGFR 20–25 mL/min/1.73 m2. 

The late initiation of ERT may have contributed to those with renal 
disease progression, as shown previously [31]. Furthermore, nearly all 
of the adult patients in this cohort had major organ involvement at 
baseline prior to initiation of ERT. Typically, renal function in FD 
gradually deteriorates to end-stage renal disease in the third to fifth 
decade in males [32,33]. Only one patient progressed to severe CKD 
requiring hemodialysis, therefore, compared to the natural history data, 
it is possible that ERT contributed to the prevention of renal failure by 
slowing disease progression. Though vital organ damage is not typically 
seen in pediatric patients (some cases have been documented), studies 
have shown evidence for the benefit of the early initiation of ERT in 
potentially reversing renal damage [10,29]. Patient 12 initiated ERT at 
age 11 years, however, developed renal involvement by age 24 years 
[34]. Therefore, we believe earlier initiation of ERT is required to limit 
deterioration of the major organs. Our two pediatric participants initi
ated ERT at ages 6 and 7 years, respectively, and one reported significant 
improvement of pain symptoms. 

Genotype-phenotype association is difficult to establish in FD for 
many reasons. Most GLA variants are unique (private mutations) and 
there are few family studies. Even within families, the phenotype may 
vary depending on the sex, age of onset, and other genetic and epige
netic factors. There are several reports in the literature of ‘later-onset’ 
isolated hypertrophic cardiomyopathy in individuals with the recurrent 
c.639 + 919G > A variant [6,35–37]. While this is often considered an 
atypical later-onset cardiac disease variant, patient 19 presented with 
several other ‘classic’ FD symptoms. Studies have explored the use of 
Amiloride as a potential treatment for FD by modulating alternative 
splicing in the context of the c.639 + 919G > A variant [35]. In our 
cohort we identified one novel variant c.1226_1231delCCACAG (p. 
P409_G411delinsR) in patient 22 with a severe, ‘classic’ FD phenotype 
[38]. This variant is absent in The Genome Aggregation Database 
(gnomAD), is located in a mutational hot-spot, and thus predicted to be 
pathogenic [39]. Two of the 26 individuals in this cohort harbor variants 
amenable to migalastat, an oral chaperone therapy, but chose not to 
switch from ERT. Long-term outcome studies for FD patients who have 
switched to migalastat will be of interest for future studies. 

In this cohort, nearly one third of adult patients reported depression 
and anxiety. Based on the patient-reported SF-36 Health Survey and 
Brief Pain Inventory survey, there is no significant improvement in 
health-related quality of life over the course of ERT. Depression, sleep 
apnea, and anxiety disorders are linked to both pathology and the effects 
of long-term pain [40]. It has been suggested that psychological coun
seling can have an impact on reversing or reducing effects, an important 
consideration to optimize patient care as needed [41]. Importantly, 
studies have proposed pain as an indicator for the need to initiate ERT 
[42]. The majority of our cohort experienced Fabry crises or acropar
asthesia. There are few data on nervous system involvement of FD in 
women [43]. Some studies have shown hippocampal volume loss and 
white matter lesions in female patients with FD [44]. While we showed 
white matter lesions in three females and one male in this cohort, we did 

not include brain imaging, electrical conduction, or quantitative sensory 
testing for every participant in this study. Further studies assessing the 
outcomes of neuropathy and CNS findings with ERT are warranted. 

Cardiac manifestation can be the primary and only symptom of FD in 
some patients and can present as early as childhood. Our study showed a 
higher prevalence of cardiac manifestations in both the males and fe
males compared to previous studies [34,45–47]. Cardiac involvement 
was observed in 83% of male patients, including one pediatric male 
patient with sinus bradycardia, and 75% of female patients in this 
cohort. Left ventricular hypertrophy (LVH) was seen in 70% of males 
and 42% of females. This data provides supporting evidence that female 
patients, even those with no obvious signs or symptoms of FD, should be 
monitored closely for evidence of cardiac involvement and be consid
ered for ERT. The standard of care for patients with hypertrophic car
diomyopathy due to FD did not vary when compared to the management 
of other etiologies and followed AHA/ACC guidelines. 

We highlight the variable endocrine dysfunction and low bone 
mineral density in this cohort, including several with osteoporosis, 
which provides further evidence for the inclusion of adequate endocrine 
work-up in the ongoing management of all patients with FD [48]. 

There is a need for comprehensive, multidisciplinary evaluation and 
management of the multi-organ system involvement. Furthermore, 
there is a need for more and improved biomarkers to monitor disease 
progression. Early identification of endothelial function or other pa
thologies can provide insight into when ERT should be initiated in order 
to slow the advancement of adverse effects [49]. Additional tools and 
biomarkers for measuring endothelial function and other indicators of 
future pathologies, such as proteomics, are needed to help prevent the 
deterioration of vital organs [50–52]. Newborn screening for FD has 
been implemented in several states and will lead to earlier detection. 
Early detection is important to proactively monitor for complications of 
the disease, initiate ERT, and prevent co-morbidity progression [53–56]. 

Since most of our participants were on ERT, we could not make 
comparisons between long-term outcomes of those on ERT compared to 
those not on ERT. Also, with the small sample size, we could not 
compare multiple age-matched individuals or genotype-specific in
dividuals other than our reported families. Another limitation to this 
study is the long-term analysis of plasma-GL-3 over time rather than 
plasma Lyso-GL-3, due to the fact that we had more data points for 
plasma-GL-3. Plasma Lyso-GL-3 has been recently determined to be a 
more accurate biomarker that correlates more closely with disease 
phenotype in male and in female patients, with higher levels associated 
with increased clinical manifestation [57]. 

5. Conclusion 

The variability of symptoms and disease progression in patients with 
FD, even within the same family, complicates the discernment of a 
genotype-phenotype correlation. ERT has been available for the treat
ment of FD since 2001 and has shown improved outcomes, especially 
when started prior to organ damage, and may reverse fatal disease 
progression. In this cohort, agalsidase beta infusions have been effective 
in clearing GL-3 levels. However, renal involvement and health-related 
quality of life has continued to progress in adult patients diagnosed late 
despite ERT infusions. 

Eight females were on ERT in this study and demonstrated significant 
symptoms of FD, and in some cases the disease progressed to a similar 
degree as in the males. This study further demonstrates that females may 
develop significant FD symptoms and should be managed appropriately 
and treated as more than carriers. 

Documentation of novel variants can contribute to future genotype- 
phenotype associations between the severity and progression of FD. 
Genotype-phenotype correlations and long-term outcome data on ERT 
and/or other FD treatments are needed, especially now that the newborn 
screening has led to an increase in diagnoses and earlier detection in 
individuals with FD. 
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