European Radiology (2023) 33:2039-2051
https://doi.org/10.1007/500330-022-09183-7

CARDIAC ;.)

Check for
updates

Left atrial strain correlates with severity of cardiac involvement
in Anderson-Fabry disease

Moritz C. Halfmann ' - Sebastian Altmann "> . U. Joseph Schoepf* - Constantin Reichardt’ - Julia B. Hennermann® -
Karl-Friedrich Kreitner' - Roman Kloeckner’ - Felix Hahn' - Christoph Dueber' - Akos Varga-Szemes* -
Christoph Kampmann® - Tilman Emrich **

Received: 10 June 2022 /Revised: 8 August 2022 /Accepted: 19 September 2022 / Published online: 2 November 2022
© The Author(s) 2022

Abstract

Objectives Cardiac involvement in Anderson-Fabry disease (AFD) results in myocardial lipid depositions. An early diagnosis

can maximize therapeutic benefit. Thus, this study aims to investigate the potential of cardiac MRI (CMR) based parameters of

left atrial (LA) function and strain to detect early stages of AFD.

Methods Patients (n = 58, age 40 (29-51) years, 31 female) with genetically proven AFD had undergone CMR including left

ventricular (LV) volumetry, mass index (LVMi), T1, and late gadolinium enhancement, complemented by LA and LV strain

measurements and atrial emptying fractions. Patients were stratified into three disease phases and compared to age and sex-

matched healthy controls (HC, n = 58, age 41 [26-56] years, 31 female).

Results A total of 19 early-, 20 intermediate-, and 19 advanced-phase patients were included. LV and LA reservoir strain was

significantly impaired in all AFD phases, including early disease (both p < 0.001). In contrast, LA volumetry, T1, and LVMi

showed no significant differences between the early phase and HC (p > 0.05). In the intermediate phase, LVMi and T1

demonstrated significant differences. In advanced phase, all parameters except active emptying fractions differed significantly

from HC. ROC curve analyses of early disease phases revealed superior diagnostic confidence for the LA reservoir strain (AUC

0.88, sensitivity 89%, specificity 75%) over the LV strain (AUC 0.82).

Conclusions LA reservoir strain showed impairment in early AFD and significantly correlated with disease severity. The novel

approach performed better in identifying early disease than the established approach using LVMi and T1. Further studies are

needed to evaluate whether these results justify earlier initiation of therapy and help minimize cardiac complications.

Key Points

* Parameters of left atrial function and deformation showed impairments in the early stages of Anderson-Fabry disease and
correlated significantly with the severity of Anderson-Fabry disease.

* Left atrial reservoir strain performed superior to ventricular strain in detecting early myocardial involvement in Anderson-
Fabry disease and improved diagnostic accuracies of approaches already using ventricular strain.

o Further studies are needed to evaluate whether earlier initiation of enzyme replacement therapy based on these results can help
minimize cardiac complications from Anderson-Fabry disease.
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Abbreviations

AEF  Active atrial emptying fraction

AFD  Anderson-Fabry disease

CMR  Cardiac magnetic resonance imaging
ECG  Electrocardiogram

ERT  Enzyme replacement therapy

FOV  Field of view

GLS  Global longitudinal strain

HC Healthy controls

LA Left atrial

LGE  Late gadolinium enhancement
LV Left ventricular

LVMi Left ventricular mass index

PEF Passive atrial emptying fraction
ROC  Receiver operating characteristic
STE Speckle tracking echocardiography
TEF Total atrial emptying fraction
Introduction

Anderson-Fabry disease (AFD) is a rare, hereditary, X-linked,
lysosomal storage disease caused by mutations in the a-galac-
tosidase A gene, resulting in an enzymatic deficiency of alpha-
galactosidase [1, 2]. Accumulation of sphingolipids leads to
myocardial lipid depositions. With disease progression, these
structural changes may induce fibrosis, ultimately leading to
heart failure and arrhythmia [1, 3, 4]. Although, enzyme re-
placement (ERT) and oral chaperone therapies are available
their maximum therapeutic benefit is only achievable if initi-
ated prior to irreversible organ damage or dysfunction [5-9].

Classic imaging biomarkers for advanced AFD are left
ventricular (LV) hypertrophy and late gadolinium enhance-
ment (LGE). Tl mapping on the other hand can directly visu-
alize sphingolipid deposition in the myocardium, even in ear-
lier disease stages [10, 11]. In addition, the analysis of myo-
cardial deformation, known as strain imaging, has recently
gained more attention in the early diagnosis of AFD [6,
12-16].

Strain analysis can be performed by speckle tracking echo-
cardiography (STE) and cardiac magnetic resonance imaging
(CMR) [17-21]. While STE is highly user-dependent and
may suffer from patient-specific factors such as pour acoustic
windows, CMR has become the preferred method for strain
assessment due to its excellent reproducibility and accuracy,
especially in regard to the atria [22—26]. Analysis of atrial
function using volumetric and deformation parameters may
have the potential to provide insights into the early stages of
impairment in AFD, as sphingolipid accumulation in the myo-
cardium subsequently leads to myocardial stiffening and
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diastolic dysfunction. Both phenomena have been linked to
disturbed atrial function [13, 27].

Therefore, the goal of this study was to assess atrial func-
tion and deformation using CMR-derived total (TEF), passive
(PEF), and active (AEF) atrial emptying fractions and strain
analysis to address the hypothesis that these parameters allow
to discriminate not only between AFD patients and healthy
controls (HC) but are able to evaluate disease severity.

Materials and methods

The protocol of this retrospective single-center study was ap-
proved by the responsible institutional ethics committee.

Study cohort

A total of 58 AFD patients (age range 877 years; 5 patients
under the age of 18) were enrolled and stratified into three
disease severity phases based on CMR findings [4]
(Table S1), as follows: phase I included patients with known
disease-causing mutation but without signs of disease; phase
IT comprised patients with an increased myocardial mass and/
or pathologically shortened T1; and phase III involved pa-
tients with shortened T1 and highly abnormal myocardial
mass along with pathological LGE. Evaluation and patient
stratification were performed by a radiologist with > 10 years
of experience in CMR and sex-specific cut-offs were based on
the healthy controls’ mean values + 2 standard deviations
(SD) for phase II and mean values + 3 SD for phase III find-
ings. In case of the presence of pathological LGE with a typ-
ical pattern, the patient was moved to phase Il by default. In
case of conflicting results from T1 and LVMi measurements,
cases were advanced to the higher of the phases in question.

A group of 58 healthy subjects who were matched 1:1 with
AFD patients on a basis of age and sex served as a control
group. Based on their clinical history, none of the subjects
have had any cardiovascular events or symptoms or cardio-
vascular risk factors (e.g., hypertension or diabetes). All
healthy controls (HC) had normal LV volumes, normal myo-
cardial T1 and T2 relaxation times according to institutional
reference ranges, and no LGE.

Image acquisition

All patients underwent CMR on 3-T systems (MAGNETOM
Prisma or Skyra, Siemens Healthcare). Standard cardiac views
(2-, 3-, and 4-chamber) were acquired using a unified imaging
protocol comprising a conventional balanced steady-state
free-precession cine sequence with retrospective ECG gating
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and standard acceleration (GeneRalized Autocalibrating
Partial Parallel Acquisition, GRAPPA 3). Typical pulse se-
quence parameters were as follows: repetition time (TR)
3.77 ms; echo time (TE) 1.39 ms; reconstructed cardiac phases
25; field of view (FOV) 360 mm; flip angle 60°; voxel-size 1.5
x 1.5 x 8.0 mm; and cardiac cycle/slice 10.

Native T1 mapping was performed in three short-axis
slices predefined from the previously acquired cine stack (bas-
al, midventricular, and apical). A commercially available
modified Look-Locker inversion-recovery sequence with a
5(3)3 scheme was applied with the following pulse sequence
parameters: TR/TE 331.68 / 1.12 ms; FOV 630 x 360 mm;
matrix 256 x 256; slice thickness 8 mm; flip angle 35°; band-
width 1085 Hz/Pixel; and GRAPPA 3.

For contrast enhancement, 0.2 mmol/kg gadoteric acid
(Dotarem, Guerbet) was administered. LGE images were ac-
quired 10 min after contrast injection using a segmented T1-
weighted inversion recovery ultrafast spoiled gradient echo
sequence in long- and short-axis views identical to those used
for cine imaging. The following pulse sequence parameters
were applied: TR 2 x RR-interval, TE 4.38 ms, in-plane res-
olution 1.4 x 1.8 mm?, slice thickness 8 mm, inter-slice gap 2
mm, and flip angle 25°. The inversion time (TI) ranged be-
tween 260 and 320 ms and was defined based on a separately
acquired TI scout. TT was increased by 10 ms for every minute
of acquisition to optimally null the signal from the normal
myocardium.

Image analysis and post-processing

Image analysis was performed by a specifically trained reader.
For post-processing, a dedicated cardiovascular software
(cvi42, V5.11, Circle) was used. Atrial strain analysis was
semi-automatically performed as recently described [28] and
manually adjusted if necessary.

Volumetric analysis of left atrial (LA) time—volume curves
was semi-automatically performed using the biplane area-
length calculation technique, which is the method of choice
if the Simpsons method is not practical [29]. As the current
standard, LA volumes were indexed to body surface area
(BSA) [21, 30], then TEF, PEF, and AEF were derived from
the time-volume curves according to current literature
(Table S2) [27, 31-33].

To calculate LA strains, endocardial and epicardial borders
were manually traced in a single slice at end-diastole in the 2-,
3-, and 4-chamber-views (Fig. 1). The LA appendage, the
pulmonary veins, and the inferior and superior vena cava were
excluded, according to standard practice [34—36]. The soft-
ware subsequently propagated the contours throughout the
entire cardiac cycle and thus calculated longitudinal LA strain
automatically.

Using the LV end-diastolic frame as a zero-reference, strain
curves were then analyzed to identify peaks corresponding to

the following phases of the LA cycle: (1) reservoir—passive
LA filling due to inflow from pulmonary veins, (2) conduit—
passive flow through the LA after the opening of the mitral
valve in the early LV filling phase, and (3) booster—active
LA contraction during the late LV filling phase [33, 37]. In
doing so, reservoir, conduit, and booster strains were derived

(Fig. 2).
Statistical analysis

Statistical analyses were performed using SPSS Statistics
(V23, IBM Corp). The Kolmogorov-Smirnov test was used
to assess the normal distribution of the continuous data.
Continuous variables are reported as means with standard de-
viations in brackets if normally distributed, and as median and
the respective interquartile ranges in case of non-normal dis-
tribution. Categorical variables are reported as absolute fre-
quencies and proportions. Differences between AFD phases
and HC were compared using two-way ANOVA with post
hoc testing and Bonferroni correction. Binary logistic regres-
sion models were created to evaluate multiparametric
approaches.

To evaluate differences in the ability to discriminate be-
tween HC and AFD patients, receiver operating characteristic
(ROC) curve analyses were performed and areas under the
curve (AUC) were evaluated. Cut-off values were determined
by the highest Youden’s index from the comparison between
all AFD patients and all HC, as this most closely resembles the
real-world scenario where it is not known what disease phase
a patient is in ahead of the CMR. These cut-offs were subse-
quently used for phase-specific evaluation of sensitivity, spec-
ificity, and diagnostic accuracy. Pairwise DeLong compari-
sons were performed to compare different approaches. A
p value < 0.05 was considered significant.

Results
Study population

The overall study population consisted of 58 patients (mean
age 40 years [29-51], 31 females) and 58 matched HC (mean
age 41 years [25-56], 31 females). Detailed baseline charac-
teristics of the study population can be found in Table 1.

Phase | AFD patients

LA strain analyses revealed significant differences between
phase I patients and respective matched HC for LA reservoir
(30.7% [19.7-41.7] vs. 46.4% [35.2-57.6], p < 0.001), LA
conduit (20.1% [9.5-30.7] vs. 31.1% [23.0-39.1], p =
0.001), and LA booster strain (12.8% [8.4-15.8] vs. 17.0%
[11.2-22.8], p = 0.031). In addition, LV global longitudinal
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Fig. 1 Semiautomatically derived contours of the left atrium in 4-chamber view (left), 2-chamber view (middle), and 3-chamber view (right) in a 69-
year-old female AFD patient with enlarged atria

strain (LV GLS) was significantly reduced (—15.2% [-19.7 to
—10.7] vs. =18.2% [-21.1 to —15.4], p = 0.020).

LA emptying fractions, LVMi, and global T1 relaxation
times did not show significant differences between the groups
(all p>0.05). Further details for all parameters can be found in
Table 1.

In the ROC-curve analyses, LA reservoir strains reached
the highest discriminatory power between phase I patients and
matched HC (AUC 0.88). Using the cut-off at 35.9 %, a sen-
sitivity of 89 % and a specificity of 75 % were reached. LVMi
(AUC 0.51) and T1 (AUC 0.52) performed significantly low-
er when compared using the DeLong test (all p < 0.02). In
multiparametric testing, the addition of LA reservoir strain
significantly increased the AUC compared to the combination
of LVMIi and T1 alone (0.52 vs. 0.90) as well as LVMi, T1,
and LV GLS (0.79 vs. 0.90) for differentiating phase I AFD
from HC. Comparison between mono- and multiparametric
approaches revealed that LA reservoir strain alone was non-
inferior to all tested multiparametric approaches (allp > 0.211)
(Fig. 3). Detailed results for all AUC analyses are reported in
Table 2.

Fig. 2 Representative left atrial 30.0

Phase Il AFD patients

As seen in Fig. 4, mean T1 relaxation times were significantly
shortened in phase II in comparison to HC (p = 0.022) and
phase I patients (p = 0.012). LVMi was significantly increased
in comparison to matched HC (68.9 g/m* [52.3-85.6] vs.
58.4 g/m? [48.6-68.3], p = 0.024) but not in comparison to
phase I patients (57.2 g/m* [48.4-65.9], p = 0.165). In
ROC-curve analyses, T1 showed an AUC of 0.76 (sensitivity
80 %, specificity 64 %) and LVMi reached an AUC of 0.67
(sensitivity 67 % and specificity 57 %).

LA strain analysis revealed significant differences between
phase IT AFD and respective matched HC for reservoir (29.8%
[20.4-39.2] vs. 47.6% [37.4-57.7], p < 0.001), conduit
(18.0% [10.1-25.9] vs. 31.3% [22.8-39.9], p < 0.001), and
booster strain (12.8 [8.2—17.4] vs. 17.8 [12.7-22.9], p =
0.003). In addition, LV global longitudinal strain (LV GLS)
was significantly reduced in comparison to HC (-15.8%
[-19.4 to —12.3] vs. =20.6% [—23.6 to —17.5], p < 0.001)
but not in comparison to phase I AFD patients (p = 1.000).
ROC-curve analyses indicated that LA reservoir strain (AUC

strain curve with reservoir,
conduit, and booster strains

20

@ Springer

30

Conduit

Reservoir

Booster

40 50 60 70 80 90 0

% of cardiac cycle



European Radiology (2023) 33:2039-2051 2043
Table 1  Baseline characteristics
Phase | Matched HC p value
n (% female) 19 (53) 19 (53) 1.000
Age, years 32 [14-50] 35 [20-50] 0.526
BMI, kg/m* 21.3 [18.4-24.3] 24.6 [18.7-30.5] 0.041
BSA, m? 1.65[1.36-1.93] 1.93 [1.66—2.21] 0.003
EF, % 61.8 [55.6-67.9] 60.0 [54.5-65.4] 0.337
LVMi, g/m? 57.2 [48.4-65.9] 58.2 [49.0-67.4] 0.722
T1, ms 1177 [1114-1241] 1164 [1131-1196] 0.498
LV GLS, % —15.2 [-19.7 to —10.7] —18.2 [-21.1 to —15.4] 0.020
LA TEF, % 66.8 [57.0-76.6] 65.8 [58.1-73.6] 0.743
LA PEF, % 55.3[41.8-68.9] 49.8 [38.3-61.2] 0.187
LA AEF, % 38.1 [22.4-53.7] 31.2 [14.6-47.9] 0.207
LA reservoir strain, % 30.7 [19.7-41.7] 46.4 [35.2-57.6] <0.001
LA conduit strain, % 20.1 [9.5-30.7] 31.1[23.0-39.1] 0.001
LA booster strain, % 12.8 [6.9-18.7] 17.0 [11.2-22.8] 0.031
Phase II Matched HC p value
n (% female) 20 (55) 20 (55) 1.000
Age (years) 39 [27-50] 38 [26—51] 0.929
BMI, kg/m? 23.5[16.8-30.1] 23.6 [21.6-25.7] 0919
BSA, m? 1.86 [1.68-2.04] 1.83 [1.65-2.02] 0.620
EF, % 65.3 [57.4-73.2] 61.8 [56.1-67.4] 0.119
LVMi, g/m? 68.9 [52.3-85.6] 58.4 [48.6-68.3] 0.024
T1, ms 1117 [1072-1162] 1157 [1105-1208] 0.022
LV GLS, % —15.8 [-19.4 to —12.3] =20.6 [-23.6 to —17.5] <0.001
LA TEF, % 64.7 [58-71.4] 67.0 [58-76] 0.369
LA PEF, % 48.6 [38-59.1] 48.5[36.9-60.1] 0.981
LA AEF, % 40.7 [27.6-53.8] 24.0 [3.8-44.1] 0.004
LA reservoir strain, % 29.8 [20.4-39.2] 47.6 [37.4-57.7] <0.001
LA conduit strain, % 18.0 [10.1-25.9] 31.3 [22.8-39.9] <0.001
LA booster strain, % 12.8 [8.2-17.4] 17.8 [12.7-22.9] 0.003
Phase 11 Matched HC p value
n (% female) 19 (53) 19 (53) 1.000
Age (years) 50 [37-63] 50 [37-62] 0.929
BMI, kg/m* 25.0 [21.1-28.9] 23.6 [20.2-27.1] 0.247
BSA, m? 1.83 [1.64-2.03] 1.86 [1.62—-2.10] 0.753
EF, % 64.7 [57.1-72.3] 60.9 [54.9-66.9] 0.092
LVMi, g/m? 101.6 [69.6-133.6] 53.3 [46.5-60.2] <0.001
T1, ms 1089 [1021-1156] 117 [1137-1207] <0.001
LV GLS, % =13.6 [-16.1 to —11] =19.2[-21.4 to —17] <0.001
LA TEF, % 52.4 [36.5-68.3] 65.6 [58.2-73.1] 0.004
LA PEF, % 36.6 [19.9-53.3] 47.3[36.9-57.7] 0.027
LA AEF, % 33.5[21.4-45.6] 21.3 [6.1-36.4] 0.010
LA reservoir strain, % 21.2 [11.7-30.7] 51.3 [40.8-61.8] <0.001
LA conduit strain, % 11.6 [5.2-18.0] 33.2 [22.7-43.8] <0.001
LA booster strain, % 9.9 [5.4—-14.3] 20.9 [15.0-26.8] <0.001

HC healthy controls, BMI body mass index, BSA body surface area, EF ejection fraction, LVMi left ventricular myocardial mass index, LV left
ventricular, GLS global longitudinal strain, LA left atrial, TEF total ejection fraction, PEF passive ejection fraction, AEF active ejection fraction
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Fig. 3 ROC curves for the multiparametric approaches in comparison to
LA reservoir strain alone in differentiating HC from AFD patients in
phases I-III (left to right), respectively. ROC, receiver operator

0.96, sensitivity 89 %, and specificity 75 %) performed supe-
rior to LVMi and T1 (p = 0.024 and 0.023, respectively).

The comparison between multiparametric approaches
showed a significant increase of the AUC when LA reservoir
strain was added to the combination of LVMi and T1 (AUC
0.68 vs. 0.96) as well as LVMi, T1, and LV GLS (0.79 vs.
0.96). Comparison between mono- and multiparametric ap-
proaches revealed that LA reservoir strain alone was superior
to the combination of LVMi and T1 as well as non-inferior to
all tested multiparametric approaches (all p > 0.088) (Fig. 3).
Concerning the functional volumetric measurements, only
AEF was significantly higher in phase II AFD patients com-
pared to HC (40.7% [27.6-53.8] vs. 24.0% [3.8-44.1], p =
0.004).

Phase Il AFD patients

With the progression of AFD, established parameters such as
LVMi and myocardial T1 gain more importance. Thus, LVMi
was significantly increased in phase III AFD compared to HC
(101.6 g/m? [69.6-133.6] vs. 53.3 g/m? [46.5-60.2], p <
0.001), to phase I (57.2 g/m? [48.4-65.9], p < 0.001), and to
phase II (68.9 g/m?* [52.3-85.6], p < 0.001) patients. Figure 4
shows significantly shortened T1 relaxation times compared
to HC and phase I (p < 0.001); however, there were no signif-
icant differences between phases II and III (p = 0.706).

In ROC-curve analyses, T1 reached an AUC of 0.85 (sen-
sitivity 95 % and specificity 80 %) for the differentiation be-
tween phase III patients and HC, while LVMi reached an
AUC 0f 0.99 (sensitivity 95 % and specificity 93 %).

All LA strain parameters showed significant differences
between phase III patients and matched HC (all p < 0.001)
(Fig. 4). Again, LV global longitudinal strain (LV GLS) was
significantly reduced in comparison to HC (—13.6% [—16.1 to
—11.0] vs. =19.2% [-21.4 to —17.0], p < 0.001) but not in
comparison to the other disease phases (all p > 0.202).
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characteristic; HC, healthy controls; AFD, Anderson-Fabry disease;
LA, left atrial; LVMI, Left ventricular mass index

ROC-curve analyses revealed non-inferior diagnostic perfor-
mance of LA reservoir strain (AUC 1.00, sensitivity 100 %,
and specificity 100 %) in comparison to LVMi (AUC 0.96,
sensitivity 95 %, and specificity 93 %, p = 0.408) and T1
(AUC 0.85, sensitivity 95 %, and specificity 80 %, p =
0.0.088) and LV GLS (AUC 0.94, sensitivity 100 %, and
specificity 80 %, p = 0.124). All multiparametric approaches
reached remarkably high diagnostic confidence (AUC 1.00).

Sex-specific results

As AFD is an x-linked disease, results must also be viewed as
split by sex. Comparisons between male and female patients
showed a significantly smaller LA TEF for phase I male pa-
tients, significantly younger male patients in phases II and III,
and a significantly higher increase in LVMi for male patients
in both phases II and III. Significantly lower (yet still normal)
LV EF was found in male phase II patients and significantly
higher LA PEF was observed in male phase III patients. The
detailed comparison of sex-specific baseline characteristics
for AFD patients can be found in Table 3.

In addition, Table 4 shows detailed sex-specific cut-off
points and diagnostic accuracies for the comparison of all
AFD patients with all HC. In short, LA reservoir and conduit
strains as well as LV GLS showed only small differences in
optimal cut-offs between women and men (< 1 %), while
other parameters had slightly higher sex-specific differences.

Correlation of LA strain and functional parameters
with disease severity

Significant positive correlations were observed between LA res-
ervoir strain and T1 (Pearson’s » = 0.40 (female) and » = 0.28
(male), p < 0.05). In addition, there were negative correlations
between LA reservoir strain and LVMi for both women (» =
—0.47, p < 0.001) and men (» = 0.42, p = 0.001) (Fig. S4).
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Table 2 ROC-curve analyses

Discussion

All AFD patients vs. all HC AUC Cut-off Sensitivity Specificity
LA reservoir strain 0.96 359 % 94 % 85 %
LA conduit strain 0.93 229 % 92 % 88 %
LA booster strain 0.84 12.4 % 90 % 63 %
LVMi 0.76 63.3 g/m’ 79 % 68 %
T1 0.72 1132 ms 89 % 61 %
LV GLS 0.87 -15.7 % 94 % 76 %
LVMi+T1* 0.77 0.44 68 % 87 %
LVMi+T1+LV GLS 0.89 0.33 88 % 75 %
LVMi+T1+LV strain+LA strain® 0.96 0.36 93 % 89 %
Phase I vs. matched HC AUC Sensitivity Specificity Accuracy
LA reservoir strain 0.88 89 % 75 % 82 %
LA conduit strain 0.86 89 % 83 % 86 %
LA booster strain 0.75 78 % 67 % 73 %
LVMi 0.51 72 % 42 % 57 %
T1 0.52 89 % 33 % 61 %
LV GLS 0.82 89 % 75 % 82 %
LVMi+T1* 0.52 33 % 78 % 56 %
LVMi+TI1+LV GLS 0.79 83 % 67 % 75 %
LVMi+T1+LV strain+LA strain® 0.90 92 % 72 % 82 %
Phase II vs. matched HC AUC Sensitivity Specificity Accuracy
LA reservoir strain 0.96 93 % 79 % 86 %
LA conduit strain 0.91 87 % 79 % 83 %
LA booster strain 0.80 87 % 50 % 69 %
LVMi 0.67 67 % 57 % 62 %
T1 0.76 80 % 64 % 72 %
LV GLS 0.85 93 % 64 % 79 %
LVMi+T1* 0.68 64 % 73 % 69 %
LVMi+TI1+LV GLS 0.85 79 % 80 % 80 %
LVMi+T1+LV strain+LA strain® 0.96 86 % 93 % 90 %
Phase III vs. matched HC AUC Sensitivity Specificity Accuracy
LA reservoir strain 1.00 100 % 100 % 100 %
LA conduit strain 1.00 95 % 100 % 98 %
LA booster strain 0.97 100 % 67 % 84 %
LVMi 0.99 95 % 93 % 94 %
T1 0.85 95 % 80 % 88 %
LV GLS 0.94 100 % 80% 90 %
LVMi+T1* 1.00 100 % 100 % 100 %
LVMi+TI1+LV GLS 1.00 100 % 84 % 92 %
LVMi+T1+LV strain+LA strain® 1.00 100 % 100 % 100 %

ROC receiver operating characteristic, HC healthy controls, AUC area under the curve, LA left atrial, LVMi left
ventricular myocardial mass index, LV GLS left ventricular global longitudinal strain

*regression equation: —0.27 — 0.004(71) + 0.07(LVM;i)

regression equation: 3.15 — 0.05(LVMi) + 0.42(LV GLS)

In this study, various LA parameters were analyzed in a multi-
parametric CMR diagnostic workup of AFD patients. Disease

Tregression equation: 12.39 — 0.001(71) + 0.01(LVMi) + 0.22(LV GLS) — 0.30(LA reservoir strain)

severity and progression were evaluated based on novel atrial,
as well as already established parameters, such as functional
markers, LV strain, and myocardial T1. The results demon-
strated that LA reservoir strain reliably differentiates between
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Fig. 4 Boxplots showing a gradual reduction in LA reservoir strain (left) and T1 relaxation times (right) over all three AFD phases. Significant
differences between groups are marked with brackets and asterisks. LA, left atrial; ns, not significant

early-phase AFD patients and HC when atrial volumetric pa-
rameters and T1 mapping fail to do so. In addition, this study
found a significant correlation between LA strains and disease
severity in AFD.

Previous studies have shown that abnormalities in myocar-
dial T1 occur before LV hypertrophy develops [10-12, 38].
Therefore, T1 mapping complements myocardial volumetry
and LGE imaging for the detection of cardiac involvement
and the monitoring of disease progression. While the diagno-
sis and treatment of classic AFD have become standardized
and straightforward, certain patients, such as women and those
with rarer gene mutations may experience a challenging path
to establish their diagnosis. This is due to the X-linked inher-
itance pattern, reduced penetrance, and variable expression
[39, 40]. Therefore, it remains crucial to evaluate new param-
eters for their potential to detect myocardial involvement as
carly as possible.

The single CMR-based atrial strain study available in the
literature was designed to compare AFD patients with severe
LV hypertrophy (equivalent to phase III patients in this study)
and patients with hypertrophic cardiomyopathy and thus had a
different scope [14]. However, to the extent a comparison is
warranted, the ranges of LA reservoir strain in phase III AFD
patients from this study were within one standard deviation of
the above-mentioned study population (21.2% [11.7-30.7] in
this study vs. 25% [19-31] in Moroni et al [14]).

LA volumetry

An STE-based study has shown that abnormalities of LA
functional parameters occur in AFD patients before LV hy-
pertrophy becomes evident [13]. Interestingly, in this study,
LA volumetric parameters had no diagnostic impact in the
early disease phases. LA emptying fractions (TEF, PEF, and

@ Springer

AEF) showed pathologically altered values only in patients
with advanced disease (phase III). This is most likely due to
the fact that impairment of deformation patterns, therefore
abnormalities in strain, do not implicate functional impairment
in the early phases.

In addition, this study confirms prior literature findings that
AEF proved to be the least diagnostically accurate in compar-
ison to TEF and PEF [41, 42]. This may be explained by the
nature of this parameter and its respective phase of the cardiac
cycle, as small errors in contouring have a higher impact on
parameters that rely on the detailed acquisition of small
values.

LA strain analysis

Prior research demonstrated that ventricular strain analysis by
CMR could show AFD-related strain abnormalities even be-
fore sphingolipid deposition can be detected by mapping se-
quences [16]. The results corroborate these findings as LA
strain parameters were able to confidently differentiate pheno-
typically negative AFD patients from HC. Phase I AFD pa-
tients showed similar impairment of atrial deformation pat-
terns as patients with abnormal myocardial T1 (phase II). In
addition, LA reservoir strain correlated with disease severity
and allowed for the stratification of AFD patients with ad-
vanced disease (phases II and III). In contrast, T1 is better
suited for the detection of early disease, while LVMIi is more
useful in advanced AFD. While T1 relaxation times are ab-
normally short in early disease (phase II), they can pseudo-
normalize in the presence of myocardial fibrosis (phase III),
therefore reducing diagnostic confidence. To an extent, this
can also be seen in this study’s data, as there were no signif-
icant differences in T1 relaxation times between phases II and
III, and diagnostic confidence from T1 mapping alone was



European Radiology (2023) 33:2039-2051 2047

Table 3  Comparison between female and male AFD patients

Phase [ Female Male p value

n 10 9

Age, years 36 [21-50] 29 [6-49] 0.376
BMI, kg/m? 21.3 [18.6-23.9] 21.3[17.9-24.8] 0.964
BSA, m? 1.6 [1.3-1.8] 1.7 [1.4-2] 0.370
EF, % 63.9 [57.9-69.9] 59.5 [53.7-65.3] 0.124
LVMi, g/m’ 55.1 [47.5-62.7] 59.4 [49.6-69.2] 0.302
T1, ms 1205 [1141-1269] 1150 [1095-1205] 0.139
LV GLS, % -17.7[-21.9to —-13.5] -15.5[-19.1to-11.9] 0.019
LA TEF, % 72.5 [64.2-80.8] 61.0 [53.2-68.9] 0.008
LA PEF, % 57.6 [48.3-66.8] 53.1 [36-70.2] 0.506
LA AEF, % 40.6 [23.5-57.7] 35.5[20.8-50.3] 0.509
LA reservoir strain, % 34.1 [23.1-45] 27 [16.6-37.4] 0.165
LA conduit strain, % 20.1[9.3-30.9] 20.1[9.2-31] 0.998
LA booster strain, % 15.1 [8.2-22] 10.2 [7-13.4] 0.063

Phase 11 Female Male p value

n 11 9

Age (years) 46 [39-54] 30 [21-38] <0.001
BMI, kg/m? 25.4 [16.8-34] 21.4[18.6-24.1] 0.197
BSA, m? 1.9[1.7-2.1] 1.8 [1.7-2] 0.462
EF, % 70.6 [64.3-76.9] 59.4 [54.8-64] <0.001
LVMi, g/m? 57.5 [46.1-68.9] 81.7 [70.1-93.2] <0.001
T1, ms 1120 [1087-1153] 1113 [1055-1171] 0.777
LV GLS, % —19.6 [-23.3 to —15.8] —15.6 [-19 to —12.2] <0.001
LA TEF, % 63.9 [57-70.7] 65.8 [59-72.6] 0.534
LA PEF, % 44.7 [38.2-51.3] 53.2 [40.4-66.1] 0.099
LA AEF, % 38.6 [24.2-52.9] 43.3 [31.6-55] 0.430
LA reservoir strain, % 30.6 [20.6-40.5] 28.9 [19.8-38] 0.695
LA conduit strain, % 17.9 [9.6-26.1] 18.2 [10.3-26.2] 0.920
LA booster strain, % 13.2 [8.4-18] 12.3 [7.7-16.8] 0.651

Phase 111 Female Male p value

n 10 9

Age (years) 57 [47-68] 42 [32-53] 0.008
BMI, kg/m? 26 [21.5-30.6] 23.9[21.1-26.8] 0.248
BSA, m? 1.8 [1.6-2.1] 1.8 [1.7-1.9] 0.995
EF, % 63.9 [54.3-73.5] 65.6 [60.6-70.6] 0.632
LVMi, g/m? 85.5[60.4-110.5] 119.5 [89.3-149.7] 0.018
T1, ms 1107 [1046-1168] 1068 [995-1141] 0.289
LV GLS, % -16.8 [-21.3t0o -12.2] —-16.0 [-18.6 to —13.4] <0.001
LA TEF, % 45.3 [27.4-63.2] 59.5 [49.4-69.6] 0.059
LA PEF, % 27.2 [14.9-39.6] 459 [30.2-61.6] 0.013
LA AEF, % 30.9 [15.2-46.7] 36.1 [29.2-43] 0.383
LA reservoir strain, % 18.2 [7.2-29.3] 24.5[18-31.1] 0.147
LA conduit strain, % 9.8 [3.1-16.5] 13.6 [7.9-19.3] 0.203
LA booster strain, % 8.5[3.5-13.4] 11.4 [8-14.8] 0.145

HC healthy controls, BMI body mass index, BSA body surface area, EF ejection fraction, LVMi left ventricular myocardial mass index, LV left
ventricular, GLS global longitudinal strain, LA left atrial, TEF total ejection fraction, PEF passive ejection fraction, AEF active ejection fraction
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Table 4  Sex-specific cut-offs from ROC-curve analyses

All AFD patients vs. all HC Female Male

AUC Cut-off sens/spec AUC cut-off Sens/spec
LA reservoir strain 0.96 36.2 % 97/81 % 0.96 355 % 96/ 95 %
LA conduit strain 0.94 22.5 % 93/ 86 % 091 23.0 % 91/ 90 %
LA booster strain 0.87 12.3 % 97/ 67 % 0.81 16.3 % 64/ 95 %
LVMi 0.76 62.4 g/m? 93/ 62 % 0.80 69.9 g/m? 82/75 %
Tl 0.75 1147 ms 90/ 62 % 0.71 1132 ms 82/ 70%
LV GLS 0.93 15.7 % 100/ 71 % 0.82 158 % 86/ 80%
LVMi+T1* 0.78 0.51 67/ 93 % 0.80 0.44 75/ 86 %
LVMi+TI1+LV GLS 0.96 0.23 100/ 83 % 0.90 0.28 90/ 77 %
LVMi+T1+LV strain+LA strain® 0.98 0.24 100/ 90 % 0.98 0.31 100/ 96 %

ROC receiver operating characteristic, HC healthy controls, AUC area under the curve, LA left atrial, LVM;i left ventricular myocardial mass index, LV

GLS left ventricular global longitudinal strain
*regression equations:
- female 3.74 — 0.008(T'1) + 0.10(LVMi)
-male — 8.73 — 0.001(T1) + 0.10(LVM;i)
regression equations:
- female 18.53 — 0.009(71) + 0.13(LVMi) + 0.87(LV GLS)
-male —3.76 + 0.03(T1) + 0.09(LVMi) + 0.37(LV GLS)

F . .
regression equatlons:

- female 35.23 — 0.012(T1) + 0.09(LVMi) + 0.81(LV GLS) — 0.28(LA reservoir strain)
- male 52.74 — 0.019(T1) — 0.03(LVMi) + 0.53(LV GLS) — 0.61(LA reservoir strain)

inferior to LVMi in phase III patients. LVMi, on the other
hand, can be mostly seen pathologically increased in ad-
vanced disease and is not able to confidently detect early dis-
ease (phases I and II). As previously reported, LA booster
strain had the lowest diagnostic performance among atrial
strain parameters [21, 43, 44]. Importantly, ROC analyses also
proved that atrial strain assessment has an incremental value
when compared to multiparametric approaches including ven-
tricular strains.

From a pathophysiological viewpoint, the early impairment
and gradual deterioration of LA strain with advancing disease
could be explained by an accumulation of multiple pathways
with abnormal atrial deformation patterns as their common
outcome [45, 46]:

(1) Deposition of sphingolipids in the atrial myocardium

Histopathological studies have proven that sphingolipid
deposition does occur in the atria [47]. Unfortunately, as the
atrial myocardium is extremely thin, T1 mapping cannot be
performed in order to correlate LA reservoir strain with the
amount of fatty deposition. Atrial hypertrophy is not common-
ly found in AFD patients, which sets AFD apart from other
storage diseases such as amyloidosis and makes primary atrial
involvement preceding ventricular involvement less likely to
be the main cause for the findings.

@ Springer

(2) Ventricular diastolic dysfunction

The strain has recently been highlighted in diseases accom-
panied by diastolic dysfunction [26, 30, 48—50]. In addition, it
has been shown that myocardial lipid depositions can lead to
diastolic dysfunction which ultimately progresses into restric-
tive cardiomyopathy [51]. The results of this study suggest
that this mechanism may occur at earlier disease phases than
previously thought. Corroborating this thesis is that LA reser-
voir strain was the most accurate predictor of cardiac involve-
ment in this study. Its nature and corresponding phase of the
cardiac cycle make it a parameter both reliant on atrial me-
chanics itself, as well as the mitral annular plane excursion,
and therefore suggests high sensitivity for diastolic dysfunc-
tion [52].

Overall, this study complements the current literature in
regard to atrial strain analysis and involvement in AFD by
demonstrating its diagnostic performance. It provides novel
insights into atrial deformation in AFD patients, suggesting
latent diastolic dysfunction pre-detectable accumulation. In
addition, it was able to show a correlation between disease
severity and LA reservoir strain. The careful evaluation of
the atria could aid in further understanding the different path-
ophysiological pathways in which the disease impairs cardiac
function and potentially help guide therapeutic decisions in
the future [53].
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Limitations

This study has several limitations. Despite the balanced sex
ratio and efforts to manage an equal distribution of HC and
patients with AFD, this remains a single-center, retrospective
study. Several studies have already validated the reproducibil-
ity of atrial strain analyses; however, there are still significant
differences between various vendors. Thus, there exists no
current reference standard [26, 28, 54]. Due to its retrospective
nature, this study cannot provide outcome data. Further stud-
ies are needed to investigate the connection between patho-
logical atrial strain values on disease progression. Only with
that knowledge, the benefits of starting ERT at the earliest
time possible can be weighed against the challenges of a life-
long bi-weekly infusion regimen with its innate risk of im-
mune responses limiting later use of the ERT [55].

Because of the retrospective nature of the study, patients
did not undergo endomyocardial biopsy as ground truth for
cardiac involvement in AFD. However, as a surrogate, thor-
ough genetic analyses were performed, and all mutations with
their respective nucleotides and protein changes are reported
in Table S3.

Conclusion

The analysis of atrial deformation patterns by CMR feature-
tracking strain analysis revealed that LA reservoir strain reli-
ably differentiates between early-phase AFD patients and HC
whereas atrial volumetric parameters and T1 mapping fail to
do so. In addition, atrial strain analysis provides incremental
value in the diagnosis of early AFD when compared to
multiparametric approaches including ventricular strain ana-
lysis. This study also found a significant correlation between
LA strains and disease severity in AFD measured by T1 and
LVMi. These results suggest that the evaluation of LA defor-
mation patterns should be an integral part of the diagnostic
work-up in AFD with questionable cardiac involvement.
Further studies are needed to evaluate whether earlier initia-
tion of ERT based on these results can help minimize cardiac
complications from AFD.
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