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Abstract: Fabry disease (FD) is a rare X-linked lysosomal storage disorder manifesting as progressive
multi-organ accumulation of sphingolipids due to deficiency in the enzyme x-Galactosidase A.
Sphingolipid accumulation can take place in all cardiac cell types which manifests as left ventricular
hypertrophy, microvascular ischaemia, conduction abnormalities, arrhythmia, heart failure, and
valvular disease. The use of advanced cardiovascular imaging techniques have enabled clinicians to
stage and prognosticate the disease and guide therapy. Transthoracic echocardiography (TTE) and
cardiac magnetic resonance imaging (CMR) in conjunction are the hallmark imaging modalities to
allow for this assessment. Traditionally, the assessment of cardiac involvement in FD was based on the
assessment of maximal wall thickness (MWT) and the development of left ventricular hypertrophy
(LVH). It is now understood that sphingolipid accumulation takes place before the development
of LVH. Advances in techniques within TTE and CMR, particularly that of strain assessment and
T1/T2 mapping, have meant that Fabry cardiomyopathy (FCM) can be diagnosed earlier in the
disease process. This potentially provides a window for initiation of enzyme replacement therapy
(ERT) at a stage where it is likely to have the most beneficial effect in reducing the high mortality
associated with FCM. This review outlines the advances in multimodality imaging in staging and
prognosticating FCM, as well as the applications of cardiac imaging in assessing symptoms and
complications of FCM.

Keywords: Fabry disease; cardiomyopathy; transthoracic echocardiography; cardiac magnetic resonance
Imaging; artificial intelligence

1. Introduction

Fabry disease (FD) is an X-linked lysosomal storage disorder, which manifests as
a deficiency in the enzyme o-Galactosidase A [1]. This leads to progressive and multi-
organ accumulation of sphingolipids, particularly globotriasylceramide (Gb3) and lyso-
globotriasylceramide (lyso-Gb3) [2]. Over time, this results in end-organ damage with
predominant cardiac, renal, and cerebrovascular manifestations that cause significant
morbidity and premature mortality [3]. Enzyme replacement therapy (ERT) and oral
chaperone therapy (OCT) may stabilise renal function and cardiomyopathy if initiated
early in the disease process. Sphingolipid accumulation takes place in all cardiac cell
types, leading to left ventricular hypertrophy (LVH), microvascular ischaemia, conduction
abnormalities, congestive cardiac failure, and valvular disease. Prevalence is estimated to
be between 1:40,000 and 1:117,000 live births. Although Fabry disease is rare, it serves as a
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paradigm for the application of modern cardiovascular imaging techniques in diagnosis,
guiding therapy and determining prognosis. The aim of this article is to outline the
advantages of state-of-the-art imaging in the staging, management, and prognosticating of
patients with FD.

2. Diagnosis: Maximal Wall Thickness and LV Hypertrophy
2.1. Transthoracic Echocardiography

Transthoracic echocardiography (TTE) is a readily available and accessible imaging
modality that is widely used for screening, assessment, and monitoring of cardiac involve-
ment in FD by determining systolic and diastolic function, left ventricular (LV) mass, LV
wall thickness (LVWT), presence of left ventricular outflow tract obstruction (LVOTO), and
the presence of valvular heart disease [4]. In those with confirmed ‘classical’ variant FD
(in whom leucocyte enzyme activity is less than 5%), Fabry-specific therapy is considered
at the point of diagnosis of the phenotype [5]. In those with ‘later onset’ variants, TTE
imaging triggers the initiation of ERT or OCT in patients with a maximum wall thickness
(MWT) >12 mm in males and >11 mm in females [6], or an increase in LV mass above
the normal range for age and sex (see Figure 1). American and European guidelines on
chamber quantification specify that measurements of wall thickness and mass should
be performed using 2D echocardiography [7]. Specifically, linear measurements of wall
thickness should be obtained by 2D echocardiographic images to avoid oblique sections
of the LV (see Figure 1). For LV mass, 2D area-length or truncated ellipsoid techniques
are recommended where LV mass is to be measured in an individual over time, especially
in cases when LV geometry may be abnormal, as in FD. Unfortunately, recent data have
emphasized how highly variable these 2D techniques are, even when used by interna-
tionally recognized experts. In a study analysing the measurements of 70 experienced
readers from across the world, using 2D images that were in the majority graded as good
quality, intramodality inter-reader percentage variability was large (range —59% to 117%
(SD 20%)) [8]. Furthermore, the variability of measuring LV mass using 2D methods is also
high, both significantly over-estimating LV mass and with wide inter-observer variability,
such that measures can differ to the order of 9-10 g [9]. The advent of 3D echocardiography
has made this the technique of choice, mainly because it is the only echocardiographic
technique that directly measures myocardial volume. Although data consistently support
the use of 3D compared to 2D techniques both in terms of accuracy and reproducibility,
variability remains a problem, with 95% limits of agreement in measurement of LV mass
still as high as 28%, and inter (7%) and intra-observer (8%) variability much greater than
expected [10]. With technical improvements in spatial and temporal resolution that can
achieve whole heart, single beat high resolution 3D datasets, this variability is falling to the
extent that with semi-automated analysis, variability of repeated measures is below 5% [11].
With artificial intelligence (Al) increasingly used for analysis of data, and technical devel-
opments in cardiac ultrasound, it is likely that accuracy will compete with cardiovascular
magnetic resonance (CMR) imaging.

2.2. Cardiac MRI

Cardiac MRl is considered the gold standard non-invasive tool for measuring MWT
and LV mass based on multiple studies, relying on the acquisition of serial short-axis
balanced steady-state free precession (SSFP) images along perpendicular long axis images
of the ventricle. In FD, the clinical impact of the use of CMR in preference to 2D echocar-
diography has been emphasised in a retrospective study of 78 patients in whom eligibility
for disease-specific therapy changed in more than one out of four patients (26%) [12].
TTE consistently over-estimated both MWT and LV mass, suggesting that FD patients
frequently are liable to over-estimated MWT and LV mass. These results were replicated
in another study of 32 patients with FD (47% male), in whom the highest variability in
MWT was the LV inferolateral wall and with consistent over-estimation of LV mass using
2D echocardiography [13].
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Figure 1. (Left) Parasternal long axis 2D TTE demonstrating linear measurements of IVS, LVID and
LVPW demonstrating severe LVH; (Right) Parasternal short axis 2D TTE demonstrating severe LVH
with MWT of 21 mm. Both images are taken from an adult male with advanced cardiomyopathy
related to FD.

Most data for wall thickness and mass on CMR have been produced using semi-
automatic software that analyse short axis images on a per slice basis, deriving LV mass and
volume by applying the Simpsons’ stack of discs” method (see Figure 2). Two issues that
continue to affect inter-study repeatability are the selection of the basal slice and consistency
in the method used for contouring selected, in terms of detailed contouring [14] as opposed
to smooth contouring [15]. Both of these factors can make a big difference to serial assess-
ment in a given individual, with re-classification of 20% of patients with hypertrophy to
normal LV mass if using smoothed contours, the latter technique tending to under-estimate
measurements particularly in those patients with papillary muscle hypertrophy as is typi-
cal of FD [16]. As in echocardiography, the limitations of measurements made by expert
readers of MWT have been highlighted in comparison to those made using Al Figure 3
demonstrates this by indicating the high degree of variability between manual contouring
by experts and semi-automated Al quantification of MWT. In a large multicentre study of
60 HCM patients scanned twice, MWT measured by a machine learning algorithm was
more precise and reproducible on test-retest than those of 11 human experts. Adoption of
machine learning tools may have significant implications for the selection of FD patients to
start therapy or to refer for device therapy, with expert test-retest differences ranging from
1.1 to 3.7 mm difference, compared to only 0.7 mm for AI [17].

Figure 2. CMR cine imaging in a patient with Fabry cardiomyopathy; (Left) Apical 3-chamber view
demonstrating concentric LVH with basal inferolateral wall-thinning; (Right) CMR short axis image
demonstrating severe concentric LVH.
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Figure 3. CMR analysis of wall thickness using manual contouring versus Al (A): Manual contouring
and corresponding quantification of MWT using a 3D short-axis stack image of the mid-wall of the
LV. (B): Corresponding 4-chamber view demonstrating the mid-wall slice through the LV where
the manual/ Al contouring is completed. (C): Semi-automated Al-generated quantification of wall
thickness derived from 3D short axis imaging demonstrating end-diastolic MWT. (D): Corresponding
map of Al-generated MWT measurements (millimetres) from base-apex of the LV. Images contoured
and semi-automated Al conducted using cvi42 version 5.11.2 (Circle Cardiovascular Imaging, Calgary,
AB, Canada).

Summary points:

LV maximal wall thickness and LVH are important triggers to treatment in FD;
Measurement of MWT is highly variable in expert hands-on 2D echocardiography and
CMR;

e  Further work should be addressed at validating Al-based analysis of 3D echocardiog-
raphy and CMR stacks in this population with the aim for this to eventually become
the gold standard.

3. Diagnosis: Tissue Characterization in Early Disease

Although diagnosis of cardiac phenotype in FD has hitherto been based primarily on
measurement of MWT and development of LVH, it is understood that sphingolipid deposi-
tion precedes the development of hypertrophy and is a continuous process that results in
insidious progression of organ involvement over time. In most men with a classical phe-
notype, LVH develops in their 30 s, and in most women approximately 10 years later [18],
then continues to rise inexorably regardless of treatment with ERT [19]. Data consistently
suggest that ERT, and perhaps OCT, have the most significant effect on stabilizing cardiac
disease if given early enough [20]. A critical development in advanced cardiovascular
imaging techniques is the detection of cardiac involvement before the onset of LVH, an aim
that is particularly suited to innovative imaging tools both in echocardiography and CMR.
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Figure 4. Pulsed-wave Doppler and TDI TTE in a patient with Fabry cardiomyopathy. (A): Pulsed-
wave Doppler through the mitral valve leaflets showing E/A 0.7 and deceleration time 143 ms with
LA dilatation; (B): Lateral TDI showing reduced lateral s” and e’ velocities; (C): Septal TDI showing
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3.1. Transthoracic Echocardiography

Reduction in age-adjusted tissue Doppler (TDI) systolic (s") velocity and early my-
ocardial relaxation velocity (e’) is a consistent early finding in FD cardiomyopathy (see
Figure 4). Case—cohort studies have demonstrated a reduction in both s” and e’ in gene-
positive, phenotype negative patients compared to normal controls. This reduction was
intermediate in size compared to that found in gene-positive patients with LVH. This has
been demonstrated not only in sarcomeric HCM mutations [21], but also in a study of
20 patients with FD (10 with LVH, 10 without) and 10 age- and sex-matched controls, a
reduction that takes place regardless of gender and mutation. Subsequent histological
examination of endomyocardial biopsies demonstrated that reductions in TDI velocities
were proportionate to the accumulation of sphingolipid in the gene+/LVH+ group and
the gene+/LVH- group compared to controls. Furthermore, the observed reduced tissue
velocities in the gene+/LVH- group correlated with higher LV end-diastolic filling pressures
during cardiac catheterization [22]. Moreover, introduction of therapy based on reduced
TDI velocities before development of LVH may be advantageous. In a study of 76 patients,
the finding of reduced s’ and e’ prior to onset of LVH was not only replicated but the
severity of reduction was also found to be inversely proportional to the risk of developing
LVH. When comparing LVH- patients, 80% went on to develop abnormal TDI without
ERT compared with 33% on ERT [23]. The limitation of TDI in clinical practice is that,
although case—control studies consistently differentiate gene+/LVH+ from gene+/LVH-
and controls, the absolute difference between the groups is small. In particular, there is
considerable overlap between the values for gene+/LVH- cases and controls, meaning
that defining those with an early phenotype on which to make a solid judgement about
introducing treatment is difficult.
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reduced septal s’ and e’ velocities.

Both Doppler-derived and 2D speckle tracking measurements of strain and strain rate
are further useful developments for early detection of subclinical regional and longitudinal
dysfunction in FD (see Figure 5) [24]. Impaired regional and longitudinal global longitu-
dinal strain (GLS) has been used to quantify response to ERT [25]. In a prospective study
of 16 patients with FD, longitudinal and radial strain and strain rates were significantly
impaired compared to normal controls but improved over a 12 month period of treatment
with ERT [24]. In an extended study of 32 FD patients over 3 years, there was evidence of
benefit of early ERT based on functional improvement in 2D speckle tracking according to
the presence or absence of fibrosis—in those with fibrosis documented on late enhancement
imaging, both radial and longitudinal peak systolic strain rate continued to decline despite
treatment, but improved in those without fibrosis [26]. These data provided some of the
first evidence to suggest ERT was no longer effective when introduced later in the course
of FD cardiomyopathy.
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Figure 5. Strain TTE in a patient with Fabry Cardiomyopathy. Left: GLS assessment of the LV from
the apical 4-chamber view demonstrating reduced GLS (—11.1%); Middle: GLS assessment of the LV
from the apical 2-chamber view demonstrating reduced GLS (—12.3%); Right: GLS assessment of
the RV from the Apical 4-chamber view demonstrating reduced GLS (free wall strain —16.1% and
longitudinal strain —12.2%).

Novel technologies are emerging in identifying myocardial fibrosis in both ischaemic
and non-ischaemic cardiomyopathies [27], including the use of contrast-enhanced 3D TTE,
speckle tracking 3D TTE, pulse cancellation ultrasound technique, and radiomic-based
analysis. Their application has not been tested in FD specifically but provides an area of
future work to identify fibrosis and scar associated with FCM which enables clinicians to
stage and prognosticate with both TTE and CMR.

3.2. Cardiac MIRI

CMR is also able to accurately assess for early impairment of GLS similar to echocar-
diography (see Figure 6). However, a major advantage in performing CMR in FD patients
over echocardiography has been the development of T1 mapping as an imaging biomarker
of sphingolipid storage (see Figure 7). T1 mapping allows both visualization and quantifi-
cation of the intracellular storage of sphingolipid, which substantially lowers T1 values
below those found in other causes of LVH [28]. T1 lowering can be patchy but, unlike
late enhancement imaging, is easily measured and does not require reference to ‘normal’
myocardium [29]. Low T1 is found in about half of FD patients before onset of LVH and
appears to track both reduction in TDI and deterioration in strain values on echocardio-
graphy [30]. This may explain why a reduction in exercise capacity has been found on
cardiopulmonary exercise testing in FD patients with low T1 but no other features of dis-
ease, compared to age and sex-matched controls [31]. In later stages of FD cardiomyopathy
when fibrosis develops within the myocardium, typically in the basal inferolateral wall,
T1 relaxation times may increase or “pseudonormalise” (see Figure 7) [32]. T1 lowering
is progressive up until this “‘pseudonormalisation’. Native non-contrast T1 may lengthen
with interstitial expansion due to a number of processes including the development of
myocardial fibrosis and inflammation, likely due to increased free fluid associated with this
state [33]. T1 lowering is greater in males than females and, as with LVH-progression, the
decline in values continues despite ERT [19]. Furthermore, as perhaps might be expected in
an X-linked disease, T1 mapping has confirmed that there is sex-dimorphism in the devel-
opment of FD cardiomyopathy, with men following a path from T1 lowering to LVH before
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the development late gadolinium enhancement (LGE), whereas in women, T1 lowering can
be associated with (LGE) before the development of LVH.

Figure 6. Long axis CMR assessment of 2D-strain using feature tracking by manually contouring
endocardial and epicardial borders in end-diastole. (A): apical 4-chamber view, (B): apical 2-chamber
view, (C): apical 3-chamber view, (D): myocardial strain curve with normal peak GLS measured
(—26%).

Figure 7. CMR T1 mapping at 2 disease stages in patients with FD. (Left) T1 map with reduced
relaxation times representing early sphingolipid accumulation in a patient with Fabry and early
cardiomyopathy; (Right) T1 map with “pseudonormalisation” of T1 representing fibrosis within the
myocardium in a patient with advanced Fabry cardiomyopathy.

Low T1, however, is not always the earliest evidence of FD cardiomyopathy. In some
patients, other changes can precede T1 lowering, including 12-lead electrocardiographic
abnormalities, fall in global longitudinal strain (on echocardiography and CMR), diastolic
dysfunction, and, less commonly, elevated biomarkers such as high-sensitive troponin [34].
T1 is an early imaging marker of cardiac involvement and, while useful as a diagnostic
marker, it is not yet widely accepted as a trigger for introduction of therapy [35]. The
presence of LGE, on the other hand, is an accepted trigger for therapy, despite the fact that
this likely reflects a more advanced stage of disease beyond LVH [36]. The presence of LGE
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in the inferolateral mid-wall is an important indicator for the diagnosis of FD, with close

correlation to macroscopic fibrosis and microscopic evidence of collagen deposition in the

absence of sphingolipid [37].
Summary points:

e Impairment of TDI velocity, Doppler and speckle tracking strain and strain rate are
early signs of the functional impact of sphingolipid storage on the heart;

e T1 lowering is a sensitive sign of FD cardiomyopathy that precedes LVH and late
gadolinium enhancement but is not yet an accepted trigger for therapy;

e Late gadolinium enhancement is an accepted trigger for initiation of therapy but there
remain questions regarding efficacy once identified.

4. Diagnosis: Tissue Characterization in Later Disease

Tissue characterization on CMR has led to the concept of a staged progression of
disease, through accumulation of sphingolipid to a hypertrophic phase, ultimately resulting
in fibrosis and inflammation. In the final phase of fibrosis, elevated T2 values have been
found in regions of fibrosis identified on LGE, that corresponded closely to elevation in
high sensitivity troponin release [38]. T2 mapping, like T1 mapping, provides both a visual
and quantitative assessment of intracellular and/or extracellular water, and is able to detect
focal and diffuse myocardial oedema (see Figures 8 and 9). The interesting feature in FD
is that T2 signal is high in areas of LGE, consistent with oedema, raising the possibility of
inflammation as a final pathway in the progression of cardiomyopathy. This elevation in T1
was not found in other diseases causing LVH, such as pressure overload (aortic stenosis),
extracellular expansion (amyloid) or cellular hypertrophy and disarray (sarcomeric HCM).

'7‘.

Figure 8. (Left) CMR T2 map with increased relaxation times representing oedema and inflammation
within the myocardium in a patient with advanced Fabry cardiomyopathy; (Right) CMR LGE images
with areas of LGE in the inferior and inferolateral walls of the myocardium which correspond with
areas of high T2.

Figure 9. (Left) CMR T2 map with increased relaxation times representing oedema and inflammation
within the myocardium in a patient with advanced Fabry cardiomyopathy; (Right) CMR LGE images
with areas of LGE corresponding with areas of increased T2.
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These CMR data build on data from other forms of advanced cardiovascular imag-
ing, specifically 18F-FDG-positron emission tomography, that myocardial inflammation
may in fact even precede development of LGE and, therefore, could be a more sustained
process [39]. This was supported by data in heterozygous women with FD but no LVH, in
whom focal myocardial uptake of 18F-FDG was found on PET scanning which correlated
with reduction in GLS [40]. This study, therefore, linked early inflammation in FD car-
diomyopathy with functional decline, before the hypertrophic phase, a finding consistent
with elevation of plasma inflammatory and cardiac remodelling biomarkers [41]. The im-
portance of these data from CMR and FDG PET are that they suggest potential alternative
avenues of therapy in FD that go beyond replacement or reactivation of x-GAL enzyme.

Summary points:

e  Staging disease requires a combination of echocardiography and CMR data to define
a pre-hypertrophy stage when both structural and functional abnormalities can be
subtle;

e Following hypertrophy, there is increasing recognition from biomarker and imaging
studies that inflammation plays a role in progression to fibrosis and scar, that may
coincide with altered perfusion detectable on CMR and nuclear medicine techniques.

5. Prognosis

Cardiovascular disease is now the most common cause of death in FD patients, and
one of the developing roles for advanced cardiovascular imaging is in predicting prognosis.
One of the major drivers for outcome in FD cardiomyopathy is the presence and severity of
LVH on echocardiography or CMR, and the presence of LGE [42]. Although LVH, increased
MWT and LGE may be triggers for starting treatment, there is a paucity of data however,
on the incremental value of these and other functional parameters on imaging in relation
to outcome.

5.1. Transthoracic Echocardiography

In a retrospective analysis of data from the Fabry Outcome Survey (FOS), the risks
of cardiovascular and renal events in patients with FD established on ERT were assessed
based on TTE measures. Comparisons were made between patients who were LVH+
and had impaired renal function and those who were LVH- with normal renal function at
initiation of ERT. Cardiovascular events were defined as myocardial infarction, heart failure,
arrhythmia, conduction abnormalities, and need for cardiac surgery. It is not surprising
that cardiovascular and renal events were more common in the LVH+ and impaired renal
function cohort, who were 57% more likely to have a cardiovascular end-point [43].

The ability of advanced echocardiography to define future risk in FD was replicated
in a retrospective study of 96 adults with FD and normal LVEEF, that assessed the ability of
standard echocardiographic parameters, as well as LV GLS, myocardial mechano-energetic
efficiency, and strain-based myocardial work efficiency to predict major adverse cardiac
events (atrial fibrillation, ventricular tachycardia, heart failure, and death). GLS is assessed
by 2D speckle tracking echocardiography and has emerged as a technique to assess early
impairment in LV function. Myocardial mechano-energetics efficiency by definition is the
ratio of work delivered by the myocardium versus the amount of total energy produced per
heartbeat and is assessed on ultrasound. In total, 14 events occurred over a median follow-
up of 63 months, and after multivariate analysis, GLS, and myocardial work indices were
independently associated with a poor outcome, although myocardial mechano-energetic
efficiency was not predictive [44]. Of note, both LVM and diastolic dysfunction provided
additional prognostic value in detecting patients at risk of major adverse cardiac events
(Cox regression analysis) which supports previous work demonstrating this in FD [42,45].

5.2. Cardiac MRI

There are limited data on the ability of CMR parameters to define long-term cardiovas-
cular risk in FD. In a longitudinal study of 73 adults with FD over 4.8 +/— 2.4 years, serial
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CMR was performed to investigate the potential for fibrosis detected using LGE to predict
risk of malignant ventricular arrhythmia (incorporating non-sustained and sustained ven-
tricular tachycardia and sudden cardiac death). In those without LGE, there were no reports
of ventricular arrhythmia on Holter monitoring compared with 13 episodes of ventricular
arrhythmia in those with LGE, of whom 5 experienced sudden cardiac death [46]. This
finding is consistent with the established prognostic value of LGE in identifying ventricular
arrhythmia risk in coronary artery disease [47] and other cardiomyopathies [48].

Imaging studies investigating prognostication in FD have tended to be small, single-
centre reports and further work is needed to clarify “‘what to expect” from the future in
each FD patient, a process which is essential for decision-making in therapy, particularly
in relation to selection of the patient for device implantation. It has long been recognized
in FD that direct genotype—phenotype correlation is lacking, and the development of the
phenotype is altered by a multitude of factors other than enzyme activity.

Summary points:

e Standard imaging parameters of MWT, LVH and diastolic function are predictive of
cardiovascular outcome in FD;

e  Advanced parameters, including GLS and MW, may independently predict risk of
MACE in FD, consistent with data from other non-ischaemic cardiomyopathies but
further work is required;

e  Data on prognosis in FD based on CMR are limited but presence of LGE is associated
with risk of malignant ventricular arrhythmia.

6. Managing Complications
6.1. Chest Pain

A series of advanced cardiovascular imaging studies have identified a complex combi-
nation of factors that lead to the common tendency for FD patients to suffer from angina.
Intracellular myocyte sphingolipid deposition is only one element in the pathogenesis of
cardiomyopathy, and chest pain is one symptom that is driven by a host of interacting
modifiers. Myocardial hypoperfusion is an early characteristic of FD cardiomyopathy that
is present in the absence of epicardial coronary stenosis, with a global reduction in coronary
flow identified before onset of LVH demonstrated both using PET [49] and CMR [38]. Once
LVH develops, there is the additional factor of supply-demand mismatch. This mismatch,
however, may not only be due to the difference in oxygen delivery to the endocardium in a
hypertrophied Fabry heart, but may also be related to altered cardiac autonomic tone in
FD, identified using iodine 123 meta-iodobenzylguandidine (MIBG) [50]. Microvascular
dysfunction is common due to Gb3 and lyso-Gb3 storage in the endothelium and smooth
muscle cells of the microvasculature, which causes perfusion deficit on single photon
emission computed tomography with 99mTC sestamibi [51]. The complexity of myocardial
perfusion abnormalities is further heightened by the understanding that cholesterol profiles
in FD are altered. With prolonged life expectancy due to reduction in renal-related deaths,
patients are now also exposed to the environmental disease processes prevalent in the
Western world that lead to accelerated atherosclerosis. Given the potential presence of
perfusion abnormalities even in the absence of significant epicardial stenosis, CT coro-
nary angiography provides an effective non-invasive modality for the identification of
atherosclerosis [52].

6.2. Breathlessness

Respiratory symptoms are frequently observed in FD, including breathlessness, wheeze,
and cough [53]. These may reflect both pulmonary and cardiac manifestations of FD.
Lung disease associated with FD is likely due to sphingolipid deposition in bronchial
cells and smooth-muscle hyperplasia with resultant bronchial constriction and airflow
obstruction [54]. Biopsy studies have demonstrated smooth-muscle hyperplasia, as well
as peribronchiolar fibrosis [55,56]. In a study of 17 patients with FD, cardiopulmonary
involvement was assessed using exercise stress, spirometry, high-resolution computed
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tomography (HRCT), and CMR. Self-reported pulmonary-related symptoms correlated
with a lower EF and longer QRS duration on ECG, suggesting an overlap with cardiac
manifestations relating to FD causing respiratory symptoms [57]. Left ventricular outflow
tract obstruction (LVOTO) may cause breathlessness, and obstruction is seen in around
two-thirds of patients with HCM [58], although incidence is low in FD [59]. In a recent case
series on 14 symptomatic adults with Fabry disease, 6 patients developed dynamic LVOTO
on exercise stress echocardiography that was due to a combination of systolic anterior mo-
tion of the mitral valve, in conjunction with relative reduction in LV cavity size. Dynamic
stress echocardiography should, therefore, be considered for investigation of the breathless
patients with Fabry disease, to confirm normal systolic response to exercise, assess for
change in E/e’ as a reflection of LV end-diastolic pressure, and exclude LVOTO [60].

6.3. Arrhythmia

Arrhythmia is a frequent manifestation in FD, both atrial and ventricular [61]. This
is likely due to local myocardial inflammation altering the electrochemical properties of
cardiomyocytes and other cell tissue [62]. The presence of left atrial (LA) dilation has been
associated with new onset atrial fibrillation (AF) in the general population [63]. Impairment
of LA function in the general population may also be a predictor of development of AF
and may have a role in risk stratification of stroke in patients with AF [64]. LA reservoir
function (expansion during ventricular systole) can be impaired in adults with FD [65]
and in a retrospective cohort study of adults with FD, LA function was assessed using
speckle-tracking echocardiography and compared to healthy controls. Significantly higher
baseline LA dimensions were found in the FD cohort with greater phasic LA volumes and
lower LA strain and strain rates. Compared with FD patients on no therapy, significant
improvements in LA reservoir function, as well as reduction in LA volume were found in
15 FD patients following ERT (median follow up 355 days) [66]. LA dilatation in FD may be
due to higher LV filling pressures as a result of sphingolipid deposition, impaired diastolic
relaxation and LVH but may also be due to direct sphingolipid deposition within the LA
itself. Reduced peak LA reservoir function was confirmed in a further study of 22 FD adults
on speckle-tracking echocardiography. These findings were notable because LA dilatation
and impaired LA function correlated with the quantity of white matter lesions on cerebral
MRI and high Fazekas score. The exact aetiology of white matter lesions in FD is uncertain
but these data raise the possibility that altered atrial size and function may predispose
the FD patient to atrial arrhythmia and stroke, in addition to simultaneous sphingolipid
accumulation in the heart and brain [67].

6.4. Valve Disease

TTE is an essential imaging modality for the assessment and grading of valvular
heart disease (VHD) associated with FD. A number of underlying mechanisms have been
described as contributory factors predisposing to VHD in FD. In a retrospective study,
in a cohort of 111 patients with FD, mild aortic, mitral, and tricuspid regurgitation was
observed in patients with advanced Fabry cardiomyopathy [68]. Stenosis is uncommon in
FD, and it has been hypothesized that direct sphingolipid accumulation in the fibrosa and
laminose affects the structural integrity of the aortic valve in such a way as to compromise
leaflet closure and promotes regurgitation. With mitral valve disease, a similar mechanism
has been suggested but with the additional impact of altered annular motion, chordal
retraction and papillary muscle hypertrophy secondary to myocardial changes in the LV
(hypertrophy [69], fibrosis [37], and impairment [24]) (see Figure 10). In a similar way,
atrial dilatation may alter chamber geometry and lead to functional mitral regurgitation
and root dilatation seen in FD may contribute to aortic valve regurgitation [70]. In a recent
retrospective cohort study, 100 adults with FD were assessed for valvular disease-burden,
finding that VHD is common (10% had moderate to severe disease in at least one valve)
and was associated with worsening renal function [71]. This compared with the estimated
prevalence in of moderate or greater VHD in the general population of 5.2—-6%. The high
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prevalence observed in this recently published work is in contrast to previous cohort
studies [68].
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Figure 10. The 2D TTE MR assessment in an adult with advanced Fabry cardiomyopathy and co-
existing end stage renal disease. (Left) Parasternal long axis view demonstrating LVH, left atrial
dilatation, bilateral annular calcification of the mitral valve (causing basal restriction) with moderate
MR evident on colour Doppler and vena contracta of 0.4 cm (moderate); (Middle) Apical 4-chamber
view demonstrating bilateral annular calcification of the mitral valve with MR on colour Doppler
and proximal isovelocity surface area (PISA) measurement of 0.3 cm (moderate); (Right) Apical
4-chamber view demonstrating moderate MR on colour Doppler.

7. Future Imaging

Cardiovascular imaging does not stand still, and there are many future developments
that have huge potential in improving diagnosis, characterizing disease progression and
selecting patients for appropriate treatment. T1 mapping has been an advance in early
disease identification but is not all encompassing with a proportion of patients with normal
T1 having other features that are subtle to suggest myocardial involvement. Finding
a reliable method of characterizing these patients, or improving selection of patients
for therapy, will require large scale studies with long-term follow-up. Future imaging
modalities that may be relevant include shear wave elastography on high frame rate
echocardiography or diffusion tensor imaging on CMR.

Shear wave elastography (SWE) has been used to assess stiffness within a tissue by
measurement of propagation velocity of externally induced shear waves [72]. Shear-like
waves have also been shown to naturally occur within myocardial tissue as a result of the
impulse formed from closure of the mitral and aortic valve [73]. These can be measured
using high rate TDI [74]. In a prospective study comparing normal volunteers with patients
with HCM, shear wave velocities were measured using high frame rate TDI on TTE. The
study demonstrated significantly higher shear wave velocities in the myocardium of HCM
patients compared with normal volunteers which correlated with the E/e’ ratio.

A clinical trial is currently underway to investigate the beneficial role of myocardial
elastography as an assessment of myocardial stiffness in patients with FD and cardiac amy-
loidosis using a multifrequency convex transducer under specific adjustment to perform
myocardial elastography [75]. SWE may provide a method of assessing for early diastolic
changes in FD that could indicate early cardiomyopathy influencing decisions regarding
commencement of disease-modifying treatment at an earlier stage.

Diffusion tensor CMR (DT-CMR) is an emerging tool providing a non-invasive assess-
ment of microstructural cardiomyocyte organisation by assessing diffusion of water [76].
DT-CMR measures the effect of the cardiac microstructure on diffusion of water to gain
information about myocardial organisation. Histological characteristics of HCM include
cardiomyocyte disarray. DT-CMR provides a non-invasive technique of differentiating
HCM phenotypes [77]. Within DT-CMR, measurement of apparent diffusion coefficient and
the fractional anisotropy allow for quantification of disarray [78]. DT-CMR may provide
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assessment of myocardial organisation and degree of disarray particularly in the early
stages of sphingolipid accumulation in FD.

The use of Al in the detection of HCM using a 12-lead ECG has been demonstrated
using Al-based convolutional neural networks (CNN) distinguishing HCM from non-HCM
cases with low false-positive rates and good negative predictive value [79]. Future work
could involve using CNN in the initial identification of FD using ECG criteria alongside
automated echocardiography interpretation.

8. Conclusions

Advances in cardiac imaging techniques have enhanced our understanding of FD,
such that it is now clear that sphingolipid accumulation within the heart is a continuous
insidious process that precedes the development of LVH and can be identified early using
advanced cardiac imaging, as described in this review. The identification of such findings
may trigger clinicians to initiate treatment at an earlier stage where it is likely to have a more
beneficial effect as opposed to when patients develop established cardiomyopathy where
treatment is unlikely to be as efficacious. LA strain assessment, SWE and DT-CMR represent
novel and emerging advances in the field of cardiac imaging that may support current
techniques used within TTE and CMR to provide evidence of early cardiac involvement in
FD, aiding both diagnostics and prognostication. These would further support the notion
of commencing treatment at an earlier stage to reduce the burden cardiac mortality in FD.
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