Journal of

%

Clinical Medicine

Review

Atherosclerosis in Fabry Disease—A Contemporary Review

Ashwin Roy %*, Hamza Umar 13, Antonio Ochoa-Ferraro (7, Adrian Warfield !, Nigel Lewis ¢,
Tarekegn Geberhiwot 1 and Richard Steeds

check for

updates
Citation: Roy, A.; Umar, H,;
Ochoa-Ferraro, A.; Warfield, A.;
Lewis, N.; Geberhiwot, T.; Steeds, R.
Atherosclerosis in Fabry Disease—A
Contemporary Review. J. Clin. Med.
2021, 10, 4422. https://doi.org/
10.3390/jcm10194422

Academic Editors: Karolina
M. Stepien, Christian J. Hendriksz
and Gregory M Pastores

Received: 13 August 2021
Accepted: 23 September 2021
Published: 27 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 University Hospitals Birmingham NHS Foundation Trust, Birmingham B15 2TT, UK;
hamza.umar@uhb.nhs.uk (H.U.); antonio.ochoa-ferraro@uhb.nhs.uk (A.O.-E.);
adrian.warfield@uhb.nhs.uk (A.W.); tarekegn.geberhiwot@uhb.nhs.uk (T.G.); rick.steeds@uhb.nhs.uk (R.S.)
Institute of Cardiovascular Sciences, College of Medical and Dental Sciences, University of Birmingham,
Birmingham B15 2TT, UK

3 University of Birmingham Medical School, Birmingham B15 2TT, UK

4 Gheffield Teaching Hospitals NHS Foundation Trust, Sheffield 510 2JF, UK; Nigel lewisl@nhs.net

Institute of Metabolism and System Research, College of Medical and Dental Sciences, University of
Birmingham, Birmingham B15 2TT, UK

*  Correspondence: ashwinroy@nhs.net

Abstract: Fabry disease (FD) is a lysosomal storage disorder characterised by a deficiency in the
enzyme «x-galactosidase A resulting in sphingolipid deposition which causes progressive cardiac,
renal, and cerebral manifestations. The case illustrates a patient with FD who died suddenly, and
medical examination demonstrated myocardial scarring and prior infarction. Angina is a frequent
symptom in FD. Our own data are consistent with registry data indicating a high prevalence of risk
factors for coronary artery disease (CAD) in FD that may accelerate conventional atherosclerosis.
Patients with FD also have a higher high-density lipoprotein (HDL)/total cholesterol (T-Chol) ratio
which may further accelerate atherosclerosis through expression of early atherosclerotic markers.
Patients with FD may develop CAD both via classical atherosclerosis and through formation of
thickened fibrocellular intima containing fibroblasts with storage of sphingolipids. Both mechanisms
occurring together may accelerate coronary stenosis, as well as alter myocardial blood flow. Our data
supports limited data that, although coronary flow may be reduced, the prevalence of epicardial
coronary stenosis is low in FD. Microvascular dysfunction and arterial wall stress from sphingolipid
deposition may form reactive oxygen species (ROS) and myeloperoxidase (MPO), key atherosclerotic
mediators. Reduced myocardial blood flow in FD has also been demonstrated using numerous
imaging modalities suggesting perfusion mismatch. This review describes the above mechanisms
in detail, highlighting the importance of modifying cardiovascular risk factors in FD patients who
likely develop accelerated atherosclerosis compared to the general population.
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1. Case

A 69-year-old male was seen with a history of chest pain and palpitations. He had a
background of Fabry disease (FD) with typical cardiomyopathy phenotype, hypertension,
and hypercholesterolaemia. FD was diagnosed in 2012. The patient was hemizygous for the
N215S variant mutation. He was first referred to the hypertrophic cardiomyopathy (HCM)
clinic with symptoms of angina after a transthoracic echocardiogram (TTE) identified left
ventricular hypertrophy (LVH). DNA testing for sarcomeric HCM was negative but alpha
galactosidase—A levels were 0.45 pmol/L/hour (normal range 3-20 pmol/L/hour), and
Sanger gene testing then confirmed homozygosity for the N215S variant mutation. As
well as symptoms of angina, the patient also had pain and paraesthesia in the upper limbs,
although nerve conduction studies were normal. In view of his symptoms of angina, he
underwent invasive coronary angiography in 2012. This showed moderate mid left anterior
descending (LAD) disease and significant ostial circumflex disease which was managed
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medically (Figures 1 and 2). His resting 12-lead electrocardiogram showed sinus rhythm
with first degree atrio-ventricular block and right bundle branch block.

Figure 1. Transthoracic Echocardiogram (TTE) parasternal long axis view demonstrating left ventric-
ular hypertrophy with thinning of the basal inferolateral wall, associated with impaired ventricular
function that are typical changes in Fabry disease (FD) cardiomyopathy.

Figure 2. TTE apical 4-chamber view end-systole demonstrating concentric left ventricular hypertro-
phy (LVH).
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In 2014, the patient underwent a further TTE which detected impaired left ventricu-
lar function with regional wall motion abnormalities and myocardial thinning, with an
apical thrombus. Following gadolinium-based contrast on cardiac magnetic resonance
imaging (CMR), thrombus was confirmed at the apex, with extensive subendocardial late
gadolinium enhancement (LGE). Tissue characterisation with T1 and T2 mapping were
not performed at time of presentation, and early enhancement images were not available
(Figures 3 and 4). Increased wall thickness on CMR was concordant. He had a cerebral mag-
netic resonance imaging (MRI) scan which demonstrated scattered white matter changes
and 24 h urinary protein confirmed microalbuminuria. The patient was commenced on
enzyme replacement therapy (ERT) in 2012 (agalsidase alpha). This was switched briefly
to oral chaperone therapy (Migalastat) in 2017 but he was recommenced on ERT in view
of side effects (nausea). He was treated with optimal heart failure medications, including
an angiotensin converting enzyme (ACE) inhibitor, beta blocker, and mineralocorticoid
receptor antagonist (MRA). The ventricular thrombus was managed with anticoagulation
in the form of warfarin and aspirin was discontinued.

)

A

Figure 3. Cardiac magnetic resonance imaging (CMR) vertical long-axis view demonstrating ex-
tensive apical transmural late gadolinium enhancement in a region with myocardial thinning and
akinesis, consistent with completed myocardial infarction (A).

In September 2016, the patient had an acute admission to hospital with sustained
ventricular tachycardia (VT). In view of this, he underwent repeat invasive coronary angiog-
raphy which was similar to that performed in 2012, with persistent, moderate mid-LAD
disease and significant ostial Cx disease. A decision was made to implant a dual chamber
implantable cardioverter defibrillator (ICD). In 2018, he was admitted following ICD shocks
for ventricular arrhythmia without evidence of heart failure, ischaemia, or electrolyte dis-
turbance. Despite anti-arrhythmic medication and VT ablation, he continued to have VT,
deteriorated, and subsequently died. Examination of the heart and histological assessment
demonstrated chronic myocardial scarring corresponding to previous healed regional
myocardial infarction that was consistent with the regional wall motion abnormality in a
coronary artery distribution, with myocardial thinning and late enhancement imaging that
had been performed pre-mortem (Figures 5-8). This case illustrates the point that, as Fabry
patients live longer, they are susceptible to acquired heart disease in the same way as the
general population.
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Figure 4. CMR three-chamber view demonstrating extensive apical transmural late gadolinium
enhancement in a region with myocardial thinning and akinesis (A), which could be explained by FD
with cardiomyopathy but most likely consistent with completed myocardial infarction in the LAD
and circumflex territory that was confirmed on histology. In addition, there is an apical thrombus
visible (B). There is also the region of thinning in the basal inferolateral wall with late enhancement
(C), consistent with typical fibrosis seen in FD.

Figure 5. Anterior view of embalmed intact heart prior to dissection—there is global massive
cardiomegaly (empty heart weight 950 g). Severed remnants of the ICD wires are visualised around
the base of the heart.
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Figure 6. (A) Cross sectional slice through mid-right main coronary artery demonstrating eccentric atherosclerotic plaque
with localised medial calcification. (B) Corresponding histological section of mid right main coronary artery depicting
fibro-intimal atheromatous thickening and multi-centric fractured mineralisation of tunica media (haematoxylin and eosin
stain; original magnification x1.25).

Figure 7. (A) Short axis mid-septal ventricular slice through the embalmed heart showing very considerable asymmetrical
septum/anterior wall predominant left ventricular hypertrophy (up to 32 mm thick) and right ventricular hypertrophy (up
to 8 mm thick). (B) Close-up view of healed postero-septal sub-endocardial myocardial infarct scar (the blood clot is an
artefact of embalmment; there was no microscopical evidence of more recent acute infarct extension in this region).

Figure 8. (A) Transverse slice through proximal left anterior descending coronary artery illustrating significant luminal
stenosis by eccentric atherosclerotic plaque. (B) Corresponding histological section through left anterior descending coronary
artery showing severe fibrous intimal encroachment into the lumen plus fractured focal calcification (haematoxylin and
eosin stain; original magnification x1.25).
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2. Introduction

Fabry disease (FD) is an X-linked multisystem lysosomal storage disorder caused
by a deficiency in the enzyme «-galactosidase A [1]. This results in the accumulation of
sphingolipids, including globotriaosylceramide (Gb3), and globotriaosylsphingosine (lyso-
Gb3) [2]. Progressive accumulation ultimately leads to end-organ damage and subsequent
life-threatening renal, cardiac, and cerebrovascular manifestations [3]. Over time, renal
failure has been replaced by cardiovascular disease as the most common cause of morbidity
and mortality in FD, with relative rates differing according to the source of data and defini-
tions of endpoints. The Fabry Outcomes Survey reported 38% deaths due to cardiovascular
disease, compared to 7% attributed to renal disease and 9.5% to cerebrovascular disease [4].
In comparison, the Fabry Registry identified the cause of death to be cardiovascular in
53%, renal in 10.6%, and cerebrovascular in 12% reported cases [5]. Life expectancy in
FD is limited to an average 58 years in males and 75 years in females, although 10-year
follow-up registry data suggest a modifying effect of enzyme replacement therapy (ERT)
on serious organ complications and survival [6,7]. Traditionally, atherosclerotic coronary
CAD has been considered an uncommon occurrence in FD, and symptoms such as chest
pain and shortness of breath are often attributed to microvascular dysfunction, altered
oxygen supply-demand mismatch in left ventricular hypertrophy and reduced arterial
compliance. Figures 5-8 however, show the post-mortem findings of a 69-year old male
diagnosed with FD in 2013 and treated with ERT, which confirmed myocardial infarction as
a result of occlusive thrombus complicating atherosclerotic CAD. The aim of this article is
to review symptoms, risk factors, and evidence behind the relative risks of atherosclerotic
CAD and the disease-specific causes for chest pain, myocardial ischaemia, and death in FD.
As patients live longer, clinicians caring for patients with FD need to take into account sus-
ceptibility to the risk factors and presentations of cardiovascular morbidity and mortality
that are found in the general population.

3. Angina

Sphingolipid accumulation can take place in all cardiac cell types leading to left
ventricular hypertrophy (LVH), arterial stiffness, conduction abnormalities, and valvular
disease [4,8]. Cardiac symptoms are common and include angina, dyspnoea and palpita-
tions. Angina affects between 22-23% patients at a mean age 3642 years, a frequency that
is similar in both genders but with an onset that is typically earlier in males. Symptoms
are more common in those patients on treatment than those not on treatment, presumably
reflecting more advanced disease and, in particular, greater LVH [9]. Angina is severe
enough in these cases to limit quality of life, with the majority affected having greater than
or equal to Class II limitation using the Canadian Cardiovascular Society (CCS) grading,
which means that the patient develops chest pain on vigorous activity such as walking
quickly up a flight of stairs, walking after eating or on a windy day [10]. Prevalence of
cardiac symptoms increases with age and although more common in those on ERT, appears
to be stable in the majority (26/42; 63%) when on long-term therapy for 10 years or more [9].

Although direct comparisons have not been performed, these data contrast with
the occurrence and severity of angina in the general population. For example, the large
multinational, multicentre Clarify registry included 32,703 patients with chronic coronary
syndrome from 45 countries, of whom 7212 (22.1%) had angina [11]. The mean age of
adults with angina was 64.2 + 10.5 year, with the large majority being male (78%) [11].
In those 7212 patients with angina, 29% had only Class I limitation, with the rest having
Class II or higher symptoms.

In our case, the patient presenting with angina and was found to have coronary artery
disease that was treated medically, at the same time as investigations revealed LVH that
was subsequently confirmed due to FD. In summary, angina seems to occur with a similar
frequency in FD as those with chronic coronary syndromes in the general population but is
more often found in women, impacts on quality of life at an earlier age and with a higher
proportion limited by more disabling symptoms. The diagnostic approach in patient with
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FD and angina should follow conventional methods of assessing patients with chest pain
of suspected cardiac origin with the aim to exclude conventional coronary artery disease as
a cause of symptoms [12]. In our practice, this involves clinical assessment of the nature
of the pain—whether typical, atypical, or non-anginal; consideration of the likelihood of
coronary artery disease taking into account risk factor profile; and a preference for use
of non-invasive CT coronary angiography with calcium scoring, given the limitations of
ischaemia testing in FD [13].

4. Conventional Risk Factors

The likelihood of conventional atherosclerosis increases with age, particularly in
men [14]. The large majority of major adverse coronary artery events in the general pop-
ulation are explained by the presence of conventional risk for atherosclerosis—beyond
increasing age—including hypertension, hypercholesterolaemia, smoking, diabetes, renal
impairment, and obesity [15]. Registry data in FD shows that the prevalence of hyper-
tension is 57% in men and 47% in females [16], with hypercholesterolaemia also being
frequent at 33% [17]. The prevalence of chronic kidney disease (CKD) in FD can be as high
as 42% [18], with registry data showing 26% suffer from CKD stage 3-5, and proteinuria
presenting in 44% males and 33% females [19].

Our own data support this frequency of classical risk factors in FD or active treatment
thereof (see Table 1) In a retrospective analysis of our Fabry cohort of 47 patients on
enzyme replacement therapy (average age 52.4 years; 47% female), 32/47 (68%) were
on anti-hypertensive medication, 18/47 (38%) were on a statin, and 12/47 (26%) had a
total Cholesterol (T-Chol) > 5 mmol/L. In total, 13/47 (28%) patients had stage 3-5 CKD
and 14/47 (30%) with stage 2 CKD. Moreover, 30/47 (63%) had proteinuria defined as an
albumin: creatinine ratio (ACR) > 3 mg/mmol. Given the high frequency of conventional
risk factors in adults with FD observed in registry and our own data, it is likely that these
accelerate atherosclerosis via a conventional pathophysiological process.

Table 1. Baseline characteristics of cardiovascular risk factors in a cohort of patients on ERT in a UK-based FD centre.

Characteristic N =47 (%)
Gender Male: 25 (53.2) Female: 22 (46.8)
Age (mean) Male 51.4 Female 53.6 Overall 52.4

Enzyme replacement therapy/oral chaperone therapy

Fabrazyme: 10 (21.3)
Migalastat: 20 (42.6)
Replagal: 17 (36.1)

Anti-hypertensive medication

0 anti-hypertensives 15 (31.9)
1 anti-hypertensive 20 (42.6)
2 anti-hypertensives 7 (14.9)
3 anti-hypertensives 5 (10.6)

Angiotensin converting enzyme inhibitor/angiotensin receptor blocker 27 (57.4)
Statin therapy 18 (38.3)
T-Chol (mmol/L) <5 mmol/L: 35 (74.5)

>5 mmol/L: 12 (25.5)

Systolic blood pressure (mmHg)

>140: 16 (34.0)
<140: 31 (66.0)

eGFR (mLmin)

>90: 11 (23.4)

60-89: 23 (48.9)

45-59: 10 (21.3)
30-44: 1 (2.1)
15-29: 1 (2.1)
<15:1(2.1)

ACR (mg/mmol)

<3:15(31.9)
3-30: 19 (40.4)
>30: 11 (23.4)
Not available: 2 (4.3)

Abbreviations: mmol/L—millimoles per litre; eGFR—estimated glomerular filtration rate; mmHg—millimetres of mercury); mL/min—
millilitres per minute; mg/mmol—milligrams per millimole; ACR—albumin:creatinine ratio.
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An interesting finding is that high levels of high-density lipoprotein cholesterol (HDL-
C)/T-Chol ratio have been observed in FD [20,21]. In the general population, this finding
has been associated with a lower cardiovascular risk, certainly in comparison to a raised
low-density lipoprotein cholesterol (LDL-C)/T-Chol ratio which is associated with higher
cardiovascular risk [22]. In FD however, the reverse may be true because a high HDL-
C/T-Chol ratio has been linked with high levels of vascular endothelial growth factor
(VEGF) and intracellular adhesion molecule-1 (ICAM-1) [23], both markers of early stages
of atherosclerosis [24,25]. The same study showed that patients with raised HDL-C/T-Chol
ratio and VEGF/ICAM-1 had a greater number of ocular vascular lesions identified on
ophthalmic examination (including arteriolar tortuosity, arteriolar narrowing, broadening
of the light reflex with minimal arteriolovenous compression in fundic vessels), although
no direct examination of the coronary arteries was performed in this study. Of interest,
HDL-C level did not change with enzyme replacement therapy [23]. KCa3.1 (calcium-
activated potassium channel expressed in vascular endothelial cells) is downregulated with
sphingolipid accumulation which causes endothelial dysfunction [26], suggesting that the
high HDL-C/T-Chol ratio may be due to endocytosis of LDL-C to the endothelial cells [23]
(sphingolipid accumulation may increase LDL-receptor expression [27]).

In our case, the patient was diagnosed with FD at the age of 69 years, following
appropriate invasive investigations for CAD given an adverse risk profile, including both
hypertension and hypercholesterolaemia. Conventional risk factors for atherosclerosis
are common in FD patients. Although different pathological processes may be driving
atherosclerosis, arteriosclerosis, and microvascular disease in FD, it seems logical for
aggressive risk factor modification though lifestyle and pharmacological therapy to be
promoted to minimise cardiovascular risk.

5. Histopathology

Endomyocardial biopsies in patients with FD shows the presence of perinuclear
vacuoles within cardiac cells representing sphingolipid accumulation. Myocardial fibrosis
surrounding severely narrowed intramural coronary arteries was also observed, suggesting
this as a primary mechanism for myocardial ischaemia [28]. Hypertrophy of smooth muscle
and proliferation of endothelial cells with accumulated sphingolipids may cause small
vessel obstruction and subsequent ischaemia. Replacement fibrosis seen on microscopy
with cardiomyocyte loss has been shown to be more common in FD patients with angina
compared to those without [28].

Classic atherosclerosis is characterised by formation of atheromatous plaques, which
are lesions caused by combinations of fibrous tissue and cholesterol-rich lipids. In contrast,
case reports and post-mortem findings in FD have hitherto emphasised the formation of a
thickened fibrocellular intima, which contain fibroblasts with storage of Gb3, together with
fibrosis and calcification of the media [29]. The latter has conventionally been characterised
as a different process to the formation of atherosclerotic plaques, and more akin to fibro-
muscular dysplasia or arteriosclerosis. Furthermore, there is also evidence of narrowing of
myocardial capillaries due to GL-3 inclusion bodies that contribute to a unique coronary
artery pathology in FD [30]. These data however were acquired from endomyocardial
biopsies of FD patients with an average age of 32 years, before conventional atherosclerotic
plaque, may be common.

In summary, given the frequency of conventional risk factors in FD patients—considering
the extended life expectancy of contemporary, treated patients—it is conceivable that both
sphingolipid accumulation and associated fibrosis, as well as classical atherosclerosis may
develop and contribute to increased risk in FD. In our case, histology documented typical
atherosclerotic plaque, together with evidence of chronic myocardial infarction, alongside
classical histological and cellular changes reflecting sphingolipid deposition. The my-
ocardial changes in our case, including both prior myocardial infarction and hypertrophy
with fibrosis, could be potential causes of a terminal arrhythmia in our case, although
downloads from the ICD device were not available for examination.
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6. Calcification, Computed Tomography, and Invasive Angiography

The frequency of epicardial coronary stenosis has not been explored in large scale
studies of patients with FD. There are published case reports that described the presence
of atherosclerotic coronary artery disease in patients with FD [31-33], although invasive
coronary angiography in single centre studies have tended to demonstrate a low frequency
of epicardial stenosis. In a small, single-centre study of 10 male patients with genetically
confirmed FD, average age 54 years, and no risk factors for CAD, none were found to have
significant epicardial coronary stenosis on invasive coronary angiography (ICA) [34]. This
result was replicated in a study of 38 FD patients without conventional risk factors at an
average age of 43 years (15 (39%) female; 25 (66%) asymptomatic). None were found to
have epicardial coronary stenosis on invasive coronary angiography, although coronary
flow was reduced using thrombolysis in myocardial infarction (TIMI) frame count [28].
These studies included patients both younger (aged 69 years) and without the conventional
risk factors (hypertension and hypercholesterolaemia) seen in our case.

Our own data relating to computed tomography and invasive coronary angiography
are consistent with these findings, following investigation for recent or active symptoms
(see Table 2). Within our cohort, 25/47 (53%) patients have had a formal assessment of their
coronary arteries having experienced symptoms of chest pain. 12/47 (26%) underwent
an ICA and 13/47 (28%) underwent a non-invasive computed tomography coronary
angiogram (CTCA). Of those who underwent an ICA, 7/12 (58%) had no flow-limiting
coronary artery disease but 3/12 required coronary artery bypass grafting (CABG) and 2
required percutaneous coronary intervention (PCI). Although none of the patients studied
by CTCA had flow-limiting or severe coronary artery stenosis, 7/13(54%) had either mild
or moderate coronary atheroma. 9/13 (69%) had normal calcium scores with no coronary
calcium. In contrast to the two earlier studies, the cohort studied for clinical indications
at our centre were mostly male (68%) and were older (average age 60), suggesting that
atherosclerotic coronary artery disease should be considered in the differential diagnosis of
these patients as they age.

Table 2. ICA and CTCA findings in adults with FD in a UK-based FD centre including associated cardiovascular risk factors.
Abbreviations: mmol/L (millimoles per litre).

Characteristic ICA n =12 (%) CTCA n =13 (%) Total n = 25 (%)
Gender/ Age M: 9 (75) F: 3 (25) mean age 65 M: 8 (61.5) F: 55;38.5) mean age  M: 17 (68) F: i(§32) mean age
. Normal: 5 (41.7) No coronary stenosis: 6 (46.2)  No coronary disease: 11 (44)
Mild coronary disease: 2 (16.6) . . .
. Mild coronary stenosis: 6 Mild /moderate coronar
CABG with patent grafts: 3 y y
(25) ’ (46.2) disease: 9 (36)
Angiography findings . ) Moderate coronary stenosis Coronary disease with patent
PC.I Wth patent stents: 2 (16.6) 1(7.6) grafts/stents: 5 (20)
Significant coronary disease L . T
. . Significant coronary stenosis 0 Significant/Severe coronary
(including occluded 0) disease: 0 (0)
grafts/stents): 0 (0) '
Hypertension 5(41.7) 3(23.1) 8 (32)
Diabetes 0(0) 0(0) 0(0)
<4 mmol/L: 7 (58.3) <4 mmol/L: 3 (23.1) <4 mmol/L: 10 (40)
Cholesterol 4-5 mmol/L: 3 (25) 4-5 mmol/L: 7 (53.8) 4-5 mmol/L: 10 (40)
>5 mmol/L: 2 (16.7) >5 mmol/L: 3 (23.1) >5 mmol/L: 5 (10)
Family History 2 (16.7) 2 (15.4) 4 (16)
Smoking History 1(8.3) 6 (46.2) 7 (28)

Consistent with this evidence from ICA and CTCA, there is supportive evidence of
accelerated atherosclerosis in FD. Autopsy studies of FD patients show plaques that are
more concentric with a white discolouration [35]. It is theorised that the microvascular
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endothelial dysfunction and arterial wall stress from sphingolipid infiltration results in the
formation of reactive oxygen species (ROS) [36]. ROS may increase the risk of vascular
dysfunction including superimposed atherosclerosis [37]. Myeloperoxidase (MPO) is a
peroxidase enzyme secreted by neutrophils during degranulation and is a key component
within atherosclerotic plaques [38]. Its presence within plaques is associated with lesion
apoptosis, erosion, and rupture. Elevated MPO levels have been observed in patients
with FD suggesting this could be a mediator of accelerated atherosclerosis in the FD
cohort [39]. Furthermore, in mouse models, «-galactosidase A deficiency was associated
with accelerated atherosclerosis due potentially to nitrous oxide (NO) dysregulation. Excess
NO accumulated in the atherosclerotic vessels of mice with GLA deficiency may enhance
atherogenesis [40]. The high incidence of myocardial infarction, early stroke, and transient
ischaemic attack (TIA) in FD suggest a pro-thrombotic state in those with FD [41,42].
Furthermore, due to progressive sphingolipid accumulation within the kidneys, patients
with FD often have CKD which in itself further increases thrombotic risk [43]. An interesting
observation is the concurrence of FD with the pro-thrombotic Factor V Leiden (FVL)
mutation and subsequent heightened risk of thrombosis observed (5-fold higher risk of
stroke with FD and FVL) [44].

In summary, consistent with case reports of acute coronary events, although atheroscle-
rotic lesions are not an explanation of chest pain in younger, female FD patients, in an older,
predominantly male cohort, atheroma that requires revascularisation can be found as in
our case. In those without occlusive disease, as in adults from the general population with
angina and no evidence of angiographic stenosis, symptoms may be attributed to abnor-
mal coronary flow reserve. Many of these subjects in the general population have been
shown to have subclinical coronary atherosclerosis on intravascular ultrasound (IVUS),
which has never been performed in FD patients [45]. Mechanisms underpinning coronary
flow are multifaceted with varying physiology, and those that may affect patients with
FD are highlighted in Figure 9. Supportive evidence of their impact has been found in
non-invasive imaging studies.

Heterogenous endothelial dysfunction with Increased intercapillary oxygen perfusion
risk factors + subclinical atherosclerosis distances due to hypertrophy

’ Microvascular Angina

N
/

Reduced coronary perfusion pressure across Differential hyperaemic responses of
stenosis / diffuse epicardial narrowing subendocardium / subepicardium

Figure 9. Mechanisms underpinning coronary flow in the absence of angiographic coronary stenosis [46—48].

7. Non-Invasive Imaging: Ischaemia

In the study of 38 patients studied using ICA, those with FD exhibited slow flow and
slow run off angiographically with delayed opacification of distal vasculature [28]. This
slow flow did not correlate with age, gender, or degree of LVH (all patients in the study
had LVH). The extent of small vessel disease, however, did correlate with slow coronary
flow and myocardial replacement fibrosis. The presence of slow flow in the FD group
and absence in control is consistent with microvascular disease and abnormal coronary
resistance vessels [49]. In the same study, when exposed to exercise stress, patients with
FD developed ST-depression in association with angina. During myocardial perfusion
tomography, all patients with angina had an ischaemic response to stress identified by
perfusion mismatch.
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Abnormal coronary flow in FD was confirmed in a study of 10 adult FD males using
gold-standard positron emission tomography (PET) to measure coronary flow reserve
(CFR) [34]. Nine patients had symptoms of myocardial ischaemia and underwent ICA to
exclude coronary disease as a cause. Interestingly, compared with controls, serum T-Chol
and HDL-C was higher in the FD group as has been observed in previously described stud-
ies. Resting and hyperaemic CFR and myocardial blood flow (MBF) were both significantly
reduced compared with controls with no changes with enzyme replacement therapy. The
authors suggested that myocyte hypertrophy and fibrosis secondary to Gb3 deposition
could cause increased vascular resistance and subsequent myocardial oxygen demand.
This supports the mechanism of microvascular angina due to demand—-supply oxygen
perfusion mismatch due to hypertrophy in FD (Figure 9). This mechanism is different to
that of hypertrophic cardiomyopathy where myocardial ischaemia is usually a result of
intramural arteriole remodelling [50,51].

Another study in 10 adults with FD on ERT for a duration of 12 months assessed
myocardial perfusion and perfusion reserve using PET [52]. Though coronary disease was
not excluded by ICA, none of the patients had angina or signs of ischaemia on ECG or
TTE. In all patients, low levels of hyperaemic myocardial blood flow and flow reserve
were recorded at baseline and persisted despite treatment with ERT. This supports the
mechanism of differing levels of hyperaemia causing microvascular ischaemia in FD.

Work has also been conducted assessing myocardial blood flow (MBF) using multi-
parametric CMR [53]. In a study of 44 adults with FD, 24 (55%) had LVH, 23 (52%) had
evidence of LGE, and 30 (44%) were on treatment (enzyme replacement therapy/oral
chaperone therapy). Compared with controls, global stress MBF was lower in FD with
no significant differences in rest MBE. Stress MBF was lower when LVH was present but,
compared with controls, the LVH-negative cohort had lower stress MBF. These patients
had a variety of symptoms (chest pain, breathlessness, and palpitations) which could
be explained by reduced stress MBF representing early microvascular dysfunction. The
findings suggest that microvascular perfusion abnormalities may precede cardiomyocyte
storage and thus be the earliest feature of cardiac involvement in FD. These changes reflect
what is observed in studies looking at endomyocardial biopsies of those with FD and
angina where endothelial cells were swollen due to sphingolipid storage with arteriolar
luminal narrowing due to hypertrophy and fibrosis [28]. The results of this study show
that areas with the greatest degree of hypertrophy and sphingolipid deposition (seen as
low T1) and fibrosis (high ECV and presence of LGE) are those with lowest MBF. This
supports the mechanisms of endothelial dysfunction as a trigger for microvascular angina
in FD (see Figure 9). The study also demonstrated greater perfusion abnormalities within
the sub-endocardium suggesting that chronic fibrosis predominantly affecting the sub-
endocardium over sub-epicardium may result in more perfusion defects in FD patients
with LVH.

In our own cohort of FD patients, five underwent a myocardial perfusion scan (MPS)
in view of symptoms of chest pain to assess for perfusion defects. Three of the MPS were
normal. One was in a patient with known ischaemic heart disease with a previous CABG.
Interestingly the MPS demonstrated fixed perfusion defects in two segments coinciding
with basal inferolateral wall LGE on CMR reflecting FD fibrotic change and not ischaemic
cardiomyopathy (see Figure 10). The final MPS demonstrated reduced tracer uptake in
the anterior wall on stress with improvement at rest in a patient who underwent ICA,
demonstrating non-flow limiting disease within the coronary arteries.
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Figure 10. MPS of an adult with FD demonstrating fixed perfusion defects in the basal inferolateral wall of the left ventricle
under stress which is typically seen in FD.

8. Treatment of Angina in FD

There is no clear evidence that treating symptoms of chest pain or risk factors lowers
risk of cardiovascular events in FD patients. There is limited evidence of the effectiveness
of conventional angina therapy in FD and future work should aim to explore this in
more detail. The use of enzyme replacement therapy has not been shown to improve
symptoms of angina or myocardial blood flow after over 12 months of treatment [28,34].
Medical management can be particularly challenging due to the progressive nature of
the disease. Added to this, the prevalence of cognitive impairment as well as depression
is high in the FD cohort compared with the general population [54] which can affect
perception of symptoms and compliance with medications. Arrythmia is a likely cause for
many cardiovascular related deaths in FD and ICD implantation is frequent. However, as
illustrated in the case, due to the progressive nature of the disease, many patients continue
to have sustained arrhythmia that requires advanced treatment. Moreover, the efficacy of
some of these therapies including cardiac resynchronisation therapy (CRT) and ICD, do
not have an evidence-base in FD.

The main aim of treatment in FD is to minimise end-organ damage. While there is no
evidence specifically in FD patients, it is widely accepted that aggressive management of
conventional risk factors for atherosclerosis (including lipid lowering therapy, tight control
of hypertension and good glycemic control) should be encouraged as well as smoking
cessation and regular physical exercise [55]. Aggressive blood pressure control may reduce
progression of LVH and use of angiotensin converting (ACE) inhibitors are often used
due to renal dysfunction in FD [56]. There is limited evidence that patients with FD who
have renal impairment develop accelerated LVH compared to FD patients without renal
disease, and that therefore there may be genetic or other modifying factors that work in
an incremental fashion on myocyte hypertrophy. Whether this effect is limited to renal
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dysfunction and whether hypertension is a further modifier of LVH is not known, but it
seems reasonable to ensure optimal control of hypertension to minimise risk.

9. Conclusions

Angina is a prevalent cardiac symptom in FD and is due to ischaemia that may
be secondary to diverse mechanisms, including microvascular disease, altered coronary
vasoreactivity, and perfusion mismatch due to sphingolipid deposition within cardiomy-
ocytes and consequent LVH. Ischaemia may also be due to the phenomenon of accelerated
atherosclerosis which may be seen in FD and lead to CAD which may result in occlusive
thrombus causing myocardial infarction and subsequent death. Patients with FD also
demonstrate an increased prevalence of conventional risk factors for CAD and so may
develop atherosclerosis though conventional mechanisms as a result of having these risk
factors. However, the effect of FD and atherosclerosis is still not completely understood
and further research is therefore needed in this area in order to better understand the
disease mechanisms involved with the aim of reducing cardiovascular mortality in FD. In
patients with FD that have chest pain, whilst this may be due to microvascular dysfunction,
it is important to ensure macrovascular CAD is excluded, in particular in the older, male
cohort.
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FD Fabry disease
CAD coronary artery disease

HDL high-density lipoprotein

T-Chol total cholesterol

ROS reactive oxygen species

MPO myeloperoxidase

HCM  hypertrophic cardiomyopathy

TTE transthoracic echocardiogram

LVH left ventricular hypertrophy

DNA  deoxyribose nucleic acid

LAD left anterior descending artery
CMR cardiac magnetic resonance imaging

LGE late gadolinium enhancement

MRI magnetic resonance imaging

ERT enzyme replacement therapy

ACE angiotensin converting enzyme

MR mineralocorticoid receptor antagonist
VT ventricular tachycardia

ICD implantable cardioverter defibrillator

ATP anti-tachycardia pacing
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Gb3 globotriaosylceramide

lysoGv3  globotriaosylsphingosine

CCs Canadian Cardiovascular Society
CT computed tomography

CKD chronic kidney disease

ACR albumin:creatinine ratio

HDL-C  high-density lipoprotein cholesterol

LDL-C  low-density lipoprotein cholesterol

VEGF vascular endothelial growth factor

ICAM-1 intracellular adhesion molecule 1

ICA invasive coronary angiography

TIMI thrombolysis in myocardial infarction
CTCA computed tomography coronary angiogram
CABG coronary artery bypass grafting

PCI percutaneous coronary intervention

GLA galactosidase alpha

NO nitrous oxide

TIA transient ischaemic attack

FVL factor V Leiden

PET positron emission tomography

CFR coronary flow reserve

MBF myocardial blood flow

ECG electrocardiogram

ECV extracellular volume

MPS myocardial perfusion scan

CRT cardiac resynchronisation therapy
References
1.  Desnick, R].; Brady, R.; Barranger, J.; Collins, A.].; Germain, D.P.; Goldman, M.; Grabowski, G.; Packman, S.; Wilcox, W.R.

10.

11.

12.

Fabry disease, an under-recognized multisystemic disorder: Expert recommendations for diagnosis, management, and enzyme
replacement therapy. Ann. Intern. Med. 2003, 138, 338-346. [CrossRef]

Sweeley, C.C.; Klionsky, B. Fabry’s Disease: Classification as a sphingolipidosis and partial characterization of a novel glycolipid.
J. Biol. Chem. 1963, 238, 3148-3150. [CrossRef]

Mehta, A.; Beck, M.; Eyskens, E; Feliciani, C.; Kantola, I.; Ramaswami, U.; Rolfs, A.; Rivera, A.; Waldek, S.; Germain, D.P. Fabry
disease: A review of current management strategies. Q/M 2010, 103, 641-659. [CrossRef] [PubMed]

Mehta, A.; Clarke, ].T.; Giugliani, R.; Elliott, P.; Linhart, A.; Beck, M.; Sunder-Plassmann, G. Natural course of Fabry disease:
Changing pattern of causes of death in FOS-Fabry Outcome Survey. J. Med. Genet. 2009, 46, 548-552. [CrossRef]

Waldek, S.; Patel, M.R.; Banikazemi, M.; Lemay, R.; Lee, P. Life expectancy and cause of death in males and females with Fabry
disease: Findings from the Fabry Registry. Genet. Med. 2009, 11, 790-796. [CrossRef] [PubMed]

Germain, D.P,; Charrow, J.; Desnick, R.J.; Guffon, N.; Kempf, J.; Lachmann, R.H.; Lemay, R.; Linthorst, G.E.; Packman, S.; Scott,
C.R;; et al. Ten-year outcome of enzyme replacement therapy with agalsidase beta in patients with Fabry disease. ]. Med. Genet.
2015, 52, 353-358. [CrossRef]

Beck, M.; Hughes, D.; Kampmann, C.; Larroque, S.; Mehta, A.; Pintos-Morell, G.; Ramaswami, U.; West, M.; Wijatyk, A.; Giugliani,
R.; et al. Long-term effectiveness of agalsidase alfa enzyme replacement in Fabry disease: A Fabry Outcome Survey analysis. Mol.
Genet. Metab. Rep. 2015, 3, 21-27. [CrossRef]

Linhart, A.; Lubanda, J.C.; Palecek, T.; Bultas, J.; Karetova, D.; Ledvinova, J.; Elleder, M.; Aschermann, M. Cardiac manifestations
in Fabry disease. J. Inherit. Metab. Dis. 2001, 24 (Suppl. 2), 75-83; discussion 65. [CrossRef]

Linhart, A.; Kampmann, C.; Zamorano, J.L.; Sunder-Plassmann, G.; Beck, M.; Mehta, A.; Elliott, PM.; Investigators, E.F. Cardiac
manifestations of Anderson-Fabry disease: Results from the international Fabry outcome survey. Eur. Heart ]. 2007, 28, 1228-1235.
[CrossRef] [PubMed]

Kampmann, C.; Perrin, A.; Beck, M. Effectiveness of agalsidase alfa enzyme replacement in Fabry disease: Cardiac outcomes after
10 years’ treatment. Orphanet J. Rare Dis. 2015, 10, 125. [CrossRef]

Sorbets, E.; Fox, KM.; Elbez, Y.; Danchin, N.; Dorian, P; Ferrari, R.; Ford, I.; Greenlaw, N.; Kalra, PR.; Parma, Z.; et al. Long-term
outcomes of chronic coronary syndrome worldwide: Insights from the international CLARIFY registry. Eur. Heart J. 2020, 41,
347-356. [CrossRef] [PubMed]

NICE. Stable Angina: Management. Available online: www.nice.org.uk/guidance/CG126 (accessed on 28 July 2021).


http://doi.org/10.7326/0003-4819-138-4-200302180-00014
http://doi.org/10.1016/S0021-9258(18)51888-3
http://doi.org/10.1093/qjmed/hcq117
http://www.ncbi.nlm.nih.gov/pubmed/20660166
http://doi.org/10.1136/jmg.2008.065904
http://doi.org/10.1097/GIM.0b013e3181bb05bb
http://www.ncbi.nlm.nih.gov/pubmed/19745746
http://doi.org/10.1136/jmedgenet-2014-102797
http://doi.org/10.1016/j.ymgmr.2015.02.002
http://doi.org/10.1023/A:1012428009627
http://doi.org/10.1093/eurheartj/ehm153
http://www.ncbi.nlm.nih.gov/pubmed/17483538
http://doi.org/10.1186/s13023-015-0338-2
http://doi.org/10.1093/eurheartj/ehz660
http://www.ncbi.nlm.nih.gov/pubmed/31504434
www.nice.org.uk/guidance/CG126

J. Clin. Med. 2021, 10, 4422 15 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Linhart, A.; Germain, D.P,; Olivotto, I.; Akhtar, M.M.; Anastasakis, A.; Hughes, D.; Namdar, M.; Pieroni, M.; Hagege, A.; Cecchi,
E; et al. An expert consensus document on the management of cardiovascular manifestations of Fabry disease. Eur. |. Heart Fail.
2020, 22, 1076-1096. [CrossRef]

Head, T.; Daunert, S.; Goldschmidt-Clermont, P.J. The Aging Risk and Atherosclerosis: A Fresh Look at Arterial Homeostasis.
Front. Genet. 2017, 8, 216. [CrossRef]

Herrington, W.; Lacey, B.; Sherliker, P.; Armitage, J.; Lewington, S. Epidemiology of Atherosclerosis and the Potential to Reduce
the Global Burden of Atherothrombotic Disease. Circ. Res. 2016, 118, 535-546. [CrossRef] [PubMed]

Kleinert, J.; Dehout, F.; Schwarting, A.; de Lorenzo, A.G.; Ricci, R.; Kampmann, C.; Beck, M.; Ramaswami, U.; Linhart, A.; Gal, A.;
et al. Prevalence of uncontrolled hypertension in patients with Fabry disease. Am. ]. Hypertens. 2006, 19, 782-787. [CrossRef]
Patel, M.R.; Cecchi, F,; Cizmarik, M.; Kantola, I.; Linhart, A.; Nicholls, K.; Strotmann, J.; Tallaj, J.; Tran, T.C.; West, M.L.; et al.
Cardiovascular events in patients with fabry disease natural history data from the fabry registry. J. Am. Coll. Cardiol. 2011, 57,
1093-1099. [CrossRef] [PubMed]

Jaurretche, S.; Antogiovanni, N.; Perretta, F. Prevalence of chronic kidney disease in fabry disease patients: Multicenter cross
sectional study in Argentina. Mol. Genet. Metab. Rep. 2017, 12, 41-43. [CrossRef] [PubMed]

Mehta, A.; Ricci, R.; Widmer, U.; Dehout, E; Garcia de Lorenzo, A.; Kampmann, C.; Linhart, A.; Sunder-Plassmann, G.; Ries, M.;
Beck, M. Fabry disease defined: Baseline clinical manifestations of 366 patients in the Fabry Outcome Survey. Eur. ]. Clin. Investig.
2004, 34, 236-242. [CrossRef] [PubMed]

Cartwright, D.J.; Cole, A.L.; Cousins, A J.; Lee, PJ. Raised HDL cholesterol in Fabry disease: Response to enzyme replacement
therapy. J. Inherit. Metab. Dis. 2004, 27, 791-793. [CrossRef]

Stepien, K.M.; Hendriksz, C.J. Lipid profile in adult patients with Fabry disease-Ten-year follow up. Mol. Genet. Metab. Rep. 2017,
13, 3-6. [CrossRef] [PubMed]

Sacks, EM.; Cholesterol, E.G.o.H. The role of high-density lipoprotein (HDL) cholesterol in the prevention and treatment of
coronary heart disease: Expert group recommendations. Am. . Cardiol. 2002, 90, 139-143. [CrossRef]

Katsuta, H.; Tsuboi, K.; Yamamoto, H.; Goto, H. Correlations Between Serum Cholesterol and Vascular Lesions in Fabry Disease
Patients. Circ. . 2018, 82, 3058-3063. [CrossRef] [PubMed]

Tsai, W.C,; Li, YH.; Huang, Y.Y.; Lin, C.C.; Chao, T.H.; Chen, ].H. Plasma vascular endothelial growth factor as a marker for early
vascular damage in hypertension. Clin. Sci. 2005, 109, 39—43. [CrossRef] [PubMed]

Kitagawa, K.; Matsumoto, M.; Sasaki, T.; Hashimoto, H.; Kuwabara, K.; Ohtsuki, T.; Hori, M. Involvement of ICAM-1 in the
progression of atherosclerosis in APOE-knockout mice. Atherosclerosis 2002, 160, 305-310. [CrossRef]

Park, S.; Kim, J.A.; Joo, K.Y.; Choi, S.; Choi, E.N.; Shin, J.A.; Han, K.H.; Jung, S.C.; Suh, S.H. Globotriaosylceramide leads to
K(Ca)3.1 channel dysfunction: A new insight into endothelial dysfunction in Fabry disease. Cardiovasc. Res. 2011, 89, 290-299.
[CrossRef]

Altarescu, G.; Moore, D.F; Pursley, R.; Campia, U.; Goldstein, S.; Bryant, M.; Panza, J.A.; Schiffmann, R. Enhanced endothelium-
dependent vasodilation in Fabry disease. Stroke 2001, 32, 1559-1562. [CrossRef]

Chimenti, C.; Morgante, E.; Tanzilli, G.; Mangieri, E.; Critelli, G.; Gaudio, C.; Russo, M.A; Frustaci, A. Angina in fabry disease
reflects coronary small vessel disease. Circ. Heart Fail. 2008, 1, 161-169. [CrossRef]

Buja, L.M. Evaluation of recombinant alpha-galactosidase A therapy for amelioration of the cardiovascular manifestations of
Fabry disease: An important role for endomyocardial biopsy. Circulation 2009, 119, 2539-2541. [CrossRef]

Thurberg, B.L.; Fallon, ].T.; Mitchell, R.; Aretz, T.; Gordon, R.E.; O’Callaghan, M.W. Cardiac microvascular pathology in Fabry
disease: Evaluation of endomyocardial biopsies before and after enzyme replacement therapy. Circulation 2009, 119, 2561-2567.
[CrossRef]

Schiffmann, R.; Rapkiewicz, A.; Abu-Asab, M.; Ries, M.; Askari, H.; Tsokos, M.; Quezado, M. Pathological findings in a patient
with Fabry disease who died after 2.5 years of enzyme replacement. Virchows Arch. 2006, 448, 337-343. [CrossRef]

Kotnik, J.; Kotnik, F,; Desnick, R.]J. Fabry disease. A case report. Acta Derm. Alp. Pannonica Adriat. 2005, 14, 15-19.

Fisher, E.A.; Desnick, R.J.; Gordon, R.E.; Eng, C.M.; Griepp, R.; Goldman, M.E. Fabry disease: An unusual cause of severe
coronary disease in a young man. Ann. Intern. Med. 1992, 117, 221-223. [CrossRef] [PubMed]

Elliott, PM.; Kindler, H.; Shah, J.S.; Sachdev, B.; Rimoldi, O.E.; Thaman, R.; Tome, M.T.; McKenna, W.J.; Lee, P.; Camici, P.G.
Coronary microvascular dysfunction in male patients with Anderson-Fabry disease and the effect of treatment with alpha
galactosidase A. Heart 2006, 92, 357-360. [CrossRef] [PubMed]

Case records of the Massachusetts General Hospital. Weekly clinicopathological exercises. Case 2-1984. A 47-year-old man with
coronary-artery disease and variable neurologic abnormalities. N. Engl. ]. Med. 1984, 310, 106-114. [CrossRef] [PubMed]
Simoncini, C.; Torri, S.; Montano, V.; Chico, L.; Gruosso, F.; Tuttolomondo, A.; Pinto, A.; Simonetta, I.; Cianci, V.; Salviati, A.; et al.
Oxidative stress biomarkers in Fabry disease: Is there a room for them? J. Neurol. 2020, 267, 3741-3752. [CrossRef] [PubMed]
Laurindo, FR.; Pedro, M.e.A.; Barbeiro, H.V.; Pileggi, F.; Carvalho, M.H.; Augusto, O.; da Luz, P.L. Vascular free radical release.
Ex vivo and in vivo evidence for a flow-dependent endothelial mechanism. Circ. Res. 1994, 74, 700-709. [CrossRef]

Senders, M.L.; Mulder, W.].M. Targeting myeloperoxidase in inflammatory atherosclerosis. Eur. Heart ]. 2018, 39, 3311-3313.
[CrossRef]

Kaneski, C.R.; Moore, D.E,; Ries, M.; Zirzow, G.C.; Schiffmann, R. Myeloperoxidase predicts risk of vasculopathic events in
hemizgygous males with Fabry disease. Neurology 2006, 67, 2045-2047. [CrossRef]


http://doi.org/10.1002/ejhf.1960
http://doi.org/10.3389/fgene.2017.00216
http://doi.org/10.1161/CIRCRESAHA.115.307611
http://www.ncbi.nlm.nih.gov/pubmed/26892956
http://doi.org/10.1016/j.amjhyper.2006.01.011
http://doi.org/10.1016/j.jacc.2010.11.018
http://www.ncbi.nlm.nih.gov/pubmed/21349401
http://doi.org/10.1016/j.ymgmr.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28607873
http://doi.org/10.1111/j.1365-2362.2004.01309.x
http://www.ncbi.nlm.nih.gov/pubmed/15025684
http://doi.org/10.1023/B:BOLI.0000045841.27968.06
http://doi.org/10.1016/j.ymgmr.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28736719
http://doi.org/10.1016/S0002-9149(02)02436-0
http://doi.org/10.1253/circj.CJ-18-0378
http://www.ncbi.nlm.nih.gov/pubmed/30282881
http://doi.org/10.1042/CS20040307
http://www.ncbi.nlm.nih.gov/pubmed/15740459
http://doi.org/10.1016/S0021-9150(01)00587-1
http://doi.org/10.1093/cvr/cvq333
http://doi.org/10.1161/01.STR.32.7.1559
http://doi.org/10.1161/CIRCHEARTFAILURE.108.769729
http://doi.org/10.1161/CIRCULATIONAHA.109.861534
http://doi.org/10.1161/CIRCULATIONAHA.108.841494
http://doi.org/10.1007/s00428-005-0089-x
http://doi.org/10.7326/0003-4819-117-3-221
http://www.ncbi.nlm.nih.gov/pubmed/1616216
http://doi.org/10.1136/hrt.2004.054015
http://www.ncbi.nlm.nih.gov/pubmed/16085718
http://doi.org/10.1056/NEJM198401123100208
http://www.ncbi.nlm.nih.gov/pubmed/6318108
http://doi.org/10.1007/s00415-020-10044-w
http://www.ncbi.nlm.nih.gov/pubmed/32719972
http://doi.org/10.1161/01.RES.74.4.700
http://doi.org/10.1093/eurheartj/ehy501
http://doi.org/10.1212/01.wnl.0000247278.88077.09

J. Clin. Med. 2021, 10, 4422 16 of 16

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bodary, PF; Shen, Y.; Vargas, F.B.; Bi, X.; Ostenso, K.A.; Gu, S.; Shayman, J.A.; Eitzman, D.T. Alpha-galactosidase A deficiency
accelerates atherosclerosis in mice with apolipoprotein E deficiency. Circulation 2005, 111, 629-632. [CrossRef]

Moore, D.E; Kaneski, C.R.; Askari, H.; Schiffmann, R. The cerebral vasculopathy of Fabry disease. ]. Neurol. Sci. 2007, 257,
258-263. [CrossRef]

Feldt-Rasmussen, U. Fabry disease and early stroke. Stroke Res. Treat. 2011, 2011, 615218. [CrossRef] [PubMed]

Wattanakit, K.; Cushman, M.; Stehman-Breen, C.; Heckbert, S.R.; Folsom, A.R. Chronic kidney disease increases risk for venous
thromboembolism. J. Am. Soc. Nephrol. 2008, 19, 135-140. [CrossRef]

Lenders, M.; Karabul, N.; Duning, T.; Schmitz, B.; Schelleckes, M.; Mesters, R.; Hense, HW.; Beck, M.; Brand, S.M.; Brand, E.
Thromboembolic events in Fabry disease and the impact of factor V Leiden. Neurology 2015, 84, 1009-1016. [CrossRef]

Lee, B.K,; Lim, H.S.; Fearon, WE; Yong, A.S.; Yamada, R.; Tanaka, S.; Lee, D.P;; Yeung, A.C.; Tremmel, J.A. Invasive evaluation of
patients with angina in the absence of obstructive coronary artery disease. Circulation 2015, 131, 1054-1060. [CrossRef] [PubMed]
el-Tamimi, H.; Mansour, M.; Wargovich, T.J.; Hill, ].A.; Kerensky, R.A.; Conti, C.R.; Pepine, C.J. Constrictor and dilator responses to
intracoronary acetylcholine in adjacent segments of the same coronary artery in patients with coronary artery disease. Endothelial
function revisited. Circulation 1994, 89, 45-51. [CrossRef] [PubMed]

Lipscomb, K.; Gould, K.L. Mechanism of the effect of coronary artery stenosis on coronary flow in the dog. Am. Heart ]. 1975, 89,
60-67. [CrossRef]

Downey, H.E; Crystal, G.J.; Bashour, FA. Asynchronous transmural perfusion during coronary reactive hyperaemia. Cardiovasc
Res. 1983, 17, 200-206. [CrossRef] [PubMed]

Beltrame, J.F.; Limaye, S.B.; Horowitz, J.D. The coronary slow flow phenomenon—A new coronary microvascular disorder.
Cardiology 2002, 97, 197-202. [CrossRef]

Camici, P; Chiriatti, G.; Lorenzoni, R.; Bellina, R.C.; Gistri, R.; Italiani, G.; Parodi, O.; Salvadori, P.A.; Nista, N.; Papi, L.
Coronary vasodilation is impaired in both hypertrophied and nonhypertrophied myocardium of patients with hypertrophic
cardiomyopathy: A study with nitrogen-13 ammonia and positron emission tomography. J. Am. Coll. Cardiol. 1991, 17, 879-886.
[CrossRef]

Maron, B.J.; Wolfson, ].K.; Epstein, S.E.; Roberts, W.C. Intramural (“small vessel”) coronary artery disease in hypertrophic
cardiomyopathy. J. Am. Coll. Cardiol. 1986, 8, 545-557. [CrossRef]

Kalliokoski, R.J.; Kantola, I.; Kalliokoski, K.K.; Engblom, E.; Sundell, J.; Hannukainen, J.C.; Janatuinen, T.; Raitakari, O.T.; Knuuti,
J.; Penttinen, M.; et al. The effect of 12-month enzyme replacement therapy on myocardial perfusion in patients with Fabry
disease. J. Inherit. Metab. Dis. 2006, 29, 112-118. [CrossRef]

Knott, K.D.; Augusto, ].B.; Nordin, S.; Kozor, R.; Camaioni, C.; Xue, H.; Hughes, R.K.; Manisty, C.; Brown, L.A.E.; Kellman, P;
et al. Quantitative Myocardial Perfusion in Fabry Disease. Circ. Cardiovasc. Imaging 2019, 12, e008872. [CrossRef] [PubMed]
Korver, S.; Geurtsen, G.J.; Hollak, C.E.M.; van Schaik, LN.; Longo, M.G.F.; Lima, M.R.; Vedolin, L.; Dijkgraaf, M.G.W.; Langeveld,
M. Predictors of objective cognitive impairment and subjective cognitive complaints in patients with Fabry disease. Sci. Rep.
2019, 9, 188. [CrossRef]

Baig, S.; Vijapurapu, R.; Alharbi, F.; Nordin, S.; Kozor, R.; Moon, J.; Bembi, B.; Geberhiwot, T.; Steeds, R.P. Diagnosis and treatment
of the cardiovascular consequences of Fabry disease. QJM 2019, 112, 3-9. [CrossRef] [PubMed]

Kréamer, J.; Bijnens, B.; Stork, S.; Ritter, C.O.; Liu, D.; Ertl, G.; Wanner, C.; Weidemann, F. Left Ventricular Geometry and Blood
Pressure as Predictors of Adverse Progression of Fabry Cardiomyopathy. PLoS ONE 2015, 10, e0140627. [CrossRef]


http://doi.org/10.1161/01.CIR.0000154550.15963.80
http://doi.org/10.1016/j.jns.2007.01.053
http://doi.org/10.4061/2011/615218
http://www.ncbi.nlm.nih.gov/pubmed/21776363
http://doi.org/10.1681/ASN.2007030308
http://doi.org/10.1212/WNL.0000000000001333
http://doi.org/10.1161/CIRCULATIONAHA.114.012636
http://www.ncbi.nlm.nih.gov/pubmed/25712205
http://doi.org/10.1161/01.CIR.89.1.45
http://www.ncbi.nlm.nih.gov/pubmed/8281679
http://doi.org/10.1016/0002-8703(75)90010-1
http://doi.org/10.1093/cvr/17.4.200
http://www.ncbi.nlm.nih.gov/pubmed/6871909
http://doi.org/10.1159/000063121
http://doi.org/10.1016/0735-1097(91)90869-B
http://doi.org/10.1016/S0735-1097(86)80181-4
http://doi.org/10.1007/s10545-006-0221-3
http://doi.org/10.1161/CIRCIMAGING.119.008872
http://www.ncbi.nlm.nih.gov/pubmed/31269811
http://doi.org/10.1038/s41598-018-37320-0
http://doi.org/10.1093/qjmed/hcy120
http://www.ncbi.nlm.nih.gov/pubmed/29878206
http://doi.org/10.1371/journal.pone.0140627

	Case 
	Introduction 
	Angina 
	Conventional Risk Factors 
	Histopathology 
	Calcification, Computed Tomography, and Invasive Angiography 
	Non-Invasive Imaging: Ischaemia 
	Treatment of Angina in FD 
	Conclusions 
	References

