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Abstract

Purpose Fabry disease is a rare lysosomal storage disorder, whose main cause of death is cardiac. CMR provides relevant
information that contributes to diagnosis, enabling staging of the disease and an appropriate start of therapy. This review intends
to highlight the main strengths of this technique, where a relatively robust scientific evidence supports its use.

Recent Findings CMR is useful in Fabry disease in a number of aspects. On the one hand, it helps characterize myocardial
involvement, enabling accurate chamber size quantification and tissue characterization, by means of LGE, and more recently T1
mapping. Early and appropriate diagnosis of the cardiac disease can guide the start of ERT. Secondly, it has prognostic value,
improving risk stratification for device therapy.

Summary An integrative approach of conventional and new CMR techniques is desirable for early detection of subclinical
disease, appropriate disease staging, risk stratification, and therapy guiding. T1 mapping is a particularly promising tool in this
field.

Keywords Fabry disease - Cardiac magnetic resonance - Left ventricular hypertrophy - Late gadolinium enhancement - T1

mapping - T2 mapping

Introduction

Fabry disease (FD) is a rare lysosomal storage disorder due to
a deficit in a-galactosidase. As a result, glycosphingolipids
accumulate in a variety of tissues, which involve a wide range
of symptoms and clinical presentations. Because of its X-
linked inheritance, men are usually more severely affected at
an earlier age, although women present with a more unpre-
dictable course that range from being asymptomatic to severe-
ly diseased [1]. Cardiac, renal, and neurological involvement
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drive the prognosis, being cardiac disease the leading cause of
death [2]. The typical presentation is a similar phenotype to
hypertrophic cardiomyopathy, also with an increased risk of
atrial and ventricular arrhythmias that may lead to sudden
cardiac death [3]. Since an enzyme replacement therapy
(ERT) has been available for several years, cardiac imaging
plays an important role for a correct diagnosis and start of
treatment indication. Echocardiography is the first-line cardiac
assessment technique, but cardiac magnetic resonance (CMR)
is superior in many aspects, providing more accurate informa-
tion on cardiac morphology and function. Additionally, recent
advances in tissue characterization may have a meaningful
impact on the management of the disease.

Diagnosis
Morphology and Function

CMR is the recommended approach for volumetric and func-
tional analysis in FD and for tissue characterization of the
myocardium. Increased left ventricular (LV) wall thickness
is the hallmark feature of FD, caused by glycolipid deposition
in ventricular muscle fiber, involving papillary muscles,
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trabeculations, and ventricular walls [4]. The classical Fabry
cardiomyopathy presents as concentric hypertrophy (Fig. 1),
although other phenotypes are also possible, including asym-
metric, septal, posterior wall hypertrophy, or concentric re-
modeling [5]. CMR allows a more accurate measurement of
LV mass (LVM) index compared to echocardiography [6].
The latter systematically overestimates LVM, and due to its
higher variability also fails to detect longitudinal changes that
aim to evaluate treatment response and can impact therapeutic
decisions [7]. In addition, the spatial characteristics of left
ventricular hypertrophy (LVH), including papillary muscles
hypertrophy, can be well described by CMR [§]. In FD, they
are reportedly disproportionally hypertrophied, representing
up to 20% of the LVM (usually they are 8% of the LVM)
[9]. Moreover, the contribution of papillary muscles to total
LVM has been shown to be significantly increased in FD
compared to other forms of LV hypertrophy (hypertrophic
cardiomyopathy (HCM), amyloidosis, hypertensive heart, or
aortic stenosis) and controls, not only in patients with
established hypertrophy but also in early stages of the disease
where LVH is still not present [10].

Late Gadolinium Enhancement

Beyond its accuracy in chamber size quantification, the main
strength of CMR is its capability for tissue characterization.
Lipid accumulation, fibrosis, or inflammation are all patholog-
ical processes amenable to be detected with CMR, either with
late gadolinium enhancement (LGE) and calculation of extra-
cellular volume (ECV), both of which explore the extracellu-
lar compartment, or with native (non-contrast) T1 and T2
mapping, which represent a mixed signal of the myocyte
and interstitium. The pattern and location of LGE can suggest
a specific etiology within the group of non-ischemic cardio-
myopathies [11]. Around 50% of FD patients have LGE, typ-
ically located in the basal infero-lateral wall in a midwall
distribution [12, 13]; however, it can be associated with atyp-
ical locations, as apical or mid-ventricular LV LGE, usually
matching myocardial hypertrophy [14]. Distribution of LGE

can explain the regional differences of the LV hypertrophy
and wall motion alterations [15]. The histological correlate
of LGE in FD patients was initially thought to be fibrosis
[16] and although it was thought to be a late phenomenon
indicating irreversible damage, a significant proportion of pa-
tients (13-23%), mainly females, can present LGE without
LV hypertrophy [17, 18], suggesting that the development of
fibrosis do not necessarily require myocardial hypertrophy in
female patients with FD. This finding is probably explained
by the process of lyonization that takes place in females during
the first weeks of life, determining a more variable presenta-
tion, with a later onset of symptoms but also a more unpre-
dictable clinical course.

T1 Mapping

Recently, the advent of T1 mapping sequences has contributed to
a more refined evaluation of diffuse myocardial disease, provid-
ing a quantifiable and reproducible measure of the myocardial
signal. While most cardiomyopathies present with increased T1
[19] (edema, amyloid infiltration, fibrosis), the fact that fat pre-
sents a very low T1 signal suggests that T1 mapping could be
used as a diagnostic tool to help discriminate FD from other
causes of LVH, and even more interesting, as a non-invasive
surrogate measure for myocardial glycosphingolipid accumula-
tion. Native T1 mapping at 1.5 T was found to be significantly
decreased in FD patients compared to healthy controls and sub-
jects with concentric remodeling or LV hypertrophy [20].
Another group [21, 22] reported similar findings, distinguishing
FD from other conditions with no overlap when LVH was pres-
ent. Notably, even in the absence of LVH, 40% of Fabry patients
showed abnormal native T1 values, underscoring its ability for
early detection of myocardial involvement (Fig. 2). In a relatively
broad Fabry patients cohort evaluated with T1 mapping (182
patients), native T1 was normal in children, dropping with age
and reaching levels below the normal threshold in adulthood,
suggesting subclinical sphingolipids accumulation. Both in chil-
dren and adults, the drop in native T1 levels with age is steeper in
men compared with women [23]. Noticeably, myocardial

Fig. 1 45-year-old male with global concentric LVH and hypertrophied
papillary muscles in CINE images, corresponding to a classical FD
phenotype (a). No LGE was observed in this patient (b), but native T1
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Fig. 2 39-year-old male, younger sibling of the patient in Fig. 1, who has
developed neither LVH (a) nor LGE (b). He started ERT at the age of 21
due to gastrointestinal symptoms. Although conventional CMR

segments are affected by a varying degree of T1 shortening,
being the inferior and infero-septal segments, the ones with the
highest differences between HCM and FD. ECV however
showed no difference between patients and controls, consistent
with the fact that FD is an intracellular (lysosomal) storage dis-
ease. The use of native T1 thus offers the possibility of accurate
myocardial characterization and early diagnosis without the need
for contrast use, with particularly of use in this population, who
frequently present with impaired renal function.

The diagnostic value of T1 mapping was also recently
assessed at 3 T [24]; in line with previous studies, it showed
lower values of both left and right ventricles, providing incre-
mental diagnostic value beyond age, sex, and conventional
imaging features. Right ventricular involvement in FD is com-
mon, typically manifesting as hypertrophy and/or myocardial
dysfunction; native T1 is also reduced and correlates positive-
ly with LV native T1 value [25].

Deformation analysis

Functional impairment of myocardium in FD has been pre-
viously described with speckle-tracking echocardiography
[26] in patients with and without LVH. Deformation anal-
ysis stands therefore as an alternative tool for early diag-
nosis. Feature-tracking global longitudinal strain (GLS)
correlated with LVM and native T1 in a recent study with
221 patients. In LVH— FD (early disease), impairment of
GLS was associated with a reduction in native T1, suggest-
ing that mechanical dysfunction and sphingolipid accumu-
lation occur before the onset of LVH [13]. These results
were not reproduced by a contemporary study, which, al-
though included a reduced sample (N 18), showed signif-
icant differences in circumferential strain (GCS), but not in
GLS, between LVH+ and LVH— [27]. Native Tl has
shown a stronger correlation with increased LVM com-
pared to GLS [28]. The use of feature tracking is limited
due to the fact that reproducibility still remains problemat-
ic, with considerable intervendor and regional variability,

sequences do not detect cardiac involvement, native T1 was low
(1038 ms) in a similar range as his brother (c)

being GCS the most robust measure. For the time being, T1
mapping may be a more reproducible and technically fea-
sible routine measure than deformation analysis.

Therapy Guidance

Since 2001, specific a-galactosidase replacement therapy is
available. Initial studies evaluating its efficacy showed a sig-
nificant reduction in LVM and strain assessed with echocar-
diography after 12 months of ERT [29, 30]. However, this
morphological and functional improvement seems to be con-
ditioned by initiation at an appropriate stage of the disease,
before irreversible damage has occurred. Several studies from
the same group have shown that 12-month ERT fails to induce
regression of LVH as well as improvement in regional func-
tion in patients with LGE and only patients without LGE show
significant associations of ERT with favorable changes in LV
mass and radial and longitudinal deformation parameters [15,
31]. Similar results after 3-year follow-up suggest that cardiac
disease progression is unchanged by ERT once LGE is present
[32]. Migalastat, an oral pharmacological chaperone of a-ga-
lactosidase, has also been shown to reduce LVM and also
decrease LGE and cardiac biomarkers (TnT and NT-
ProBNP), although these results need to be confirmed in a
larger cohort [33-35].

Currently, the start of ERT is recommended as soon as early
clinical signs of renal, cardiac, or brain involvement. Focusing
on cardiac findings, ERT should be started when LVH is pres-
ent (> 12-mm wall thickness) without or with minimal fibrosis
by LGE [36]. Advanced cardiac disease with extensive myo-
cardial fibrosis is considered criteria for not starting ERT if
cardiac disease is the sole treatment indication. As
abovementioned, fibrosis can precede the development of
LVH; therefore, early detection of myocardial lipid accumu-
lation is highly desirable for a timely intervention that pre-
vents further worsening of cardiac function while avoiding
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Fig. 3 Panel a shows typical FD
faint midwall LGE in the basal
infero-lateral wall, corresponding
to a 55-year-old female, with
severe LVH, more pronounced in
the apical segments. Mechanical
dysfunction in the inferior, infero-
lateral, and infero-septal walls is
evident in deformation analysis
(GCS, panel b). Further
characterization is provided by T1
and T2 mapping sequences (¢ and
d): septal T1 is 1060 ms (low) and
T2 is 36 ms (normal). However
values in the area of LGE are
significantly increased, being T1
1291 ms and T2 47 ms, probably
reflecting inflammation + fibrosis
in that location

Table 1 Bullet points summarizing the clinical utility of CMR-derived
measures
Diagnosis Therapy Prognosis
LV mass * No specific * Initiation of * Association
hypertrophy therapy with
pattern * Surrogate arrhythmia and
* Hypertrophy of  endpoint for the ventricular
papillary efficacy of arrhythmia risk
muscles therapy
suggests FD
LGE * Midwall basal ~ *Absence * Association
infero-lateral identificates with MVA and
LGE typical of  those patients composite
FD with a favorable cardiac
response more adverse events
likely
Tlmapping < Low native Tl e+ Promising as a
suggests FD surrogate
irrespective of  endpoint for the
LV efficacy of
hypertrophy therapy (not
* Potential use explored yet)
for early
diagnosis of
myocardial
involvement
Deformation ¢ Possible use for ¢ Promising as a
early surrogate
diagnosis of endpoint for the
myocardial efficacy of
involvement therapy (not
explored yet)
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patient exposure to undesired adverse events. Noteworthy,
these recommendations are based on expert consensus, as
the supporting evidence is scarce (mentioned in the preceding
paragraph) and does not include randomized studies that com-
pare different strategies. The suggestion that early detection of
myocardial lipid deposits by means of T1 mapping could im-
prove patient selection for initiation of ERT, although feasible
from a physiopathological perspective, needs to be tested in
prospective studies comparing different approaches, optimally
demonstrating better outcomes with early initiation of ERT.
Unfortunately, the conductance of adequately powered clini-
cal trials evaluating therapy in FD is hindered by sample size
and ethical and economic issues.

Once ERT has been initiated, monitoring of disease pro-
gression is required to evaluate efficacy. The highly precise
information that CMR provides, together with the limited
sample size that Fabry studies usually include despite collab-
oration of high-volume centers, supports the use of CMR
measures as a surrogate endpoint for the evaluation of the
efficacy of ERT or newer therapeutic alternatives [37].
Myocardial mass and deformation parameters reflecting im-
paired myocardial function have been used as surrogates in
previous studies that assessed the impact of both agalsidase
(alpha and beta) and migalastat on the myocardium.
Additionally, native T1 provides quantifiable and reproduc-
ible information and is highly sensitive to small changes in
myocardial composition; it appears therefore as an attractive
tool in the future for longitudinal monitoring of FD therapy,
although to date it has never been used for follow-up.
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Table.2  Overview of studies providing evidence on the use of CMR in FD

Concentric LVH is the predominant cardiac pathology in FD.
Due to higher variability, echo fails to detect small longitudinal changes

CMR detects cardiac involvement in 48% of this Fabry cohort.

The volumetric contribution of papillary muscles and trabeculations in
Fabry disease is markedly increased relative to healthy controls.

Disproportionate hypertrophy of papillary muscles in LVH+ hearts

occurred in FD compared to other forms of LVH. Papillary muscles
First study to describe the typical pattern of midwall LGE in the basal
GLS in FD correlates with an increase in LVMI, storage, and the presence
Describes the morphological spectrum of LVH in FD as well as the patterns
Fibrosis and loss of myocardial function do not necessarily require myocardial
Prehypertrophic phenotype in FD: low native T1, structural, functional, and
First study to describe low native T1 as a specific diagnostic tool for FD.

It also shows subclinical cardiac involvement in patients without LVH.
Confirms the diagnostic value of native T1 for the early detection of cardiac FD

Proposes three stages of FD based on multiparametric CMR approach: the
accumulation phase, inflammation and myocyte hypertrophy phase, and

First study to evaluate the use of native T1 as a diagnostic tool at 3T.
FD patients with LVH have reduced native T1 and more positive circumferential

ERT can decrease left ventricular hypertrophy and improve regional

First study to point out that ERT might not be of use in advanced cardiac FD,

The annual increase in LGE was an independent predictor of ventricular arrhythmia.
This study reported that the annual increase in LGE was an independent predictor
LGE has prognostic value, being predictive of ventricular arrhythmia and

Myocardial inflammation prompted by sphingolipids deposition may play a role in the

Publication Year Technique Patients Main contribution to current knowledge
Wu JC et al. [5] 2010 CMR 139
Hazari H et al. [6] 2018 CMR vs 32
echo compared to CMR.
Kozor R etal. [7] 2016 CMR 89
Kozor R et al. [8] 2015 CMR 40
KozorRetal. [10] 2017 CMR 478
were also increased in LVH— in FD.
Moon J etal. [12] 2003 CMR 36
inferolateral wall in FD
Vijapurapu R etal. 2018 CMR 298
[13] of ECG abnormalities.
DevaDPetal. [14] 2016 CMR 39
of myocardial scarring
Niemann et al. [17] 2011 CMR 104
hypertrophy in female patients with FD.
Nordin Setal. [18] 2018 CMR 135
ECG changes
Sado DM etal. [21] 2013 CMR 227
Thompson RBetal. 2013 CMR 75
[20]
Nordi Setal. [23] 2018 CMR 182
fibrosis and impairment phase.
Karur GR et al. [24] 2018 CMR 60
Wilson HC et al. [27] 2018 CMR 18
strain compared to those without.
Weidemman F etal. 2003 CMR 16
[29] myocardial function.
Beer M [31] 2006 CMR 35
defined by the presence of LGE.
Weidemann F etal. 2009 CMR 32 The use of LGE predicts the response to ERT.
[32]
Kramer J et al. [42] 2014 CMR 73
of ventricular arrhythmia.
Hanneman K et al. 2018 CMR 82
[43] outcomes in FD
Spinelli L et al. [47] 2018 CMR 24
pathogenesis of FD
Nordin S et al. [46¢] 2016 CMR 165

Elevated T1 and T2 mapping values related to areas of LGE, supporting the inflammatory
substrate of the disease.

Prognosis and Relation with Outcomes

As previously mentioned, cardiac disease is the leading cause
of death in FD, being sudden cardiac death (SCD) the most
common presentation (62% of all reported deaths) [38]. Male
sex, age, classical phenotype, and chronic kidney disease are
known prognostic factors for adverse events [39-41].
However, they are clearly insufficient for an adequate prog-
nostic stratification, which is of the utmost importance as it

has a direct impact on therapeutic decisions: on the one hand,
the initiation of ERT (previously discussed) and on the other
hand, device therapy for SCD prevention. LVH has been as-
sociated with an increased risk of overall arrhythmia and ven-
tricular arrhythmia [14, 42]. The significance of myocardial
fibrosis, by means of LGE, was first evaluated by Kramer
et al. [43]; in a cohort of 73 FD patients, they observed ma-
lignant ventricular arrthythmias (MVAs) in 13 LGE+ patients,
while none of the LGE— had MVAs. Logistic multivariate
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regression analysis revealed that the annual increase in fibrosis
during follow-up was the only independent predictor of
MVAs. Another small study reproduced similar findings, with
an HR 7.35,95% CI, 2.09-25.89, p = 0.002 for the occurrence
of a combined endpoint of ventricular tachycardia, bradycar-
dia, heart failure, and cardiac death [44]. Two other small
studies failed to find a significant association between LGE
and cardiac events, probably due to limited sample sizes and
variability of evaluated endpoints [14, 42]. It is also important
to emphasize that the abovementioned studies assigned ar-
rhythmic endpoints through 24-h Holter ECG monitoring,
which is probably insufficient and often miss clinically rele-
vant arrhythmias [45]. Inherent limitations of LGE, not able to
detect reversible interstitial myocardial involvement, make the
use of T1 mapping promising, although no data of its potential
added prognostic value have been published yet.

Pathophysiology and New Insights
in the Disease

Understanding the pathophysiological processes that un-
derlie a disease is a necessary step for accurate diagnosis
and development of effective new therapeutic approaches.
In FD, sphingolipid storage over time appears to trigger
pathological myocardial processes such as infiltration, re-
placement fibrosis, and inflammation, and CMR consti-
tutes the primary imaging modality for myocardial tissue
characterization. As previously mentioned, the histological
correlation of the frequently observed midwall LGE pat-
tern in the basal infero-lateral wall in advanced disease is
focal fibrosis [16]. However, recent research has reported
abnormally high values of native T1 and T2 in the LGE+
areas [46°] (Fig. 3). Accumulation of glycosphingolipids in
Fabry myocytes triggers a proinflammatory response by
the human immune system. Accordingly, immune-
mediated myocarditis was retrospectively detected in up
to 56% of FD patients who had a previous endomyocardial
biopsy [47]. Studies with hybrid PET/CMR suggest that
focal 18F-FDG uptake represents an early sign of
disease-related myocardial damage [48] and is associated
with impaired left ventricular longitudinal function [49].
All these findings support the hypothesis that inflammation
plays a role in the genesis of myocardial damage, being FD
not only a storage disease but also chronic inflammatory
cardiomyopathy [46¢].

Myocardial inflammation is now amenable to be measured
quantitatively with CMR. The combination of T1 and T2 map-
ping offers interesting and complementary information, as na-
tive T1 (as abovementioned) is low in FD due to lipid accumu-
lation, while T2 mapping (by the amount of water content in the
tissue) increases with inflammation. In a recent study which
evaluated T1 and T2 mapping in FD versus sarcomeric HCM,

@ Springer

chronic myocardial infarction, and controls, Fabry patients
showed abnormally high native T1 and T2 values strictly con-
fined to LGE-positive areas. Interestingly, the increase over
remote T1 and T2 was higher in FD than in the other groups.
In multivariate analysis, the strongest predictor of increased
troponin was T2 values in the infero-basal wall [46¢].

In conclusion, the combination of different CMR se-
quences provides complementary information that can help
us understand the processes occurring in the myocardium
in the different stages of the disease. A multiparametric
CMR approach, together with biomarkers, was recently
used to characterize a wide FD population (182 children
and adults) [23]. According to the results, the authors pro-
posed three stages of myocardial phenotype development
based on native T1 values, LVH, and LGE. The initial
accumulation phase, in which only subtle morphological
changes are present, native T1, is below normal ranges. It
shows progressive fall, being faster in men than in women
and is associated with ECG changes. In the second phase,
myocyte hypertrophy and inflammation phase, LVH is
manifest showing a sex dimorphism: male hypertrophy is
far more extreme than in women. Native T1 in women falls
until LVH appears (there is a balance between sphingolipid
storage and myocyte hypertrophy) but in men, TI
increases/pseudonormalizes due to the presence of true hy-
pertrophy of the LV. In the third and last one, fibrosis and
impaired phase, fibrosis and thinning occur, which are
reflected by extensive LGE, LV impairment, and normali-
zation of T1 values. Although these proposed stages are
hypothesis generating and reflect a single-center experi-
ence and a transversal (not longitudinal) evaluation of the
patients, it represents a nice example of how information
provided by CMR help us better understand and classify
the disease.

Conclusion

CMR is an essential tool for an adequate evaluation of
cardiac involvement in FD. This review emphasizes the
use of conventional parameters (LVM and LGE) and new
ones (T1 and T2 mapping, to a lesser extent strain) for an
accurate diagnosis, therapy guide and risk evaluation, and
prognosis (summarized in Table 1). An integrative ap-
proach of these parameters is desirable for early detection
of subclinical disease and an appropriate disease staging
that may help to guide timely therapeutic interventions.
Unfortunately, due to the rarity of the disease, most of
the fields covered in this review lack the desirable level
of evidence, with only few studies with limited sample size
being available (Table 2) and most recommendations being
supported only by expert consensus.
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