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Abstract

Objectives As underlying heart diseases of right ventricular tachyarrhythmias, ARVC causes wall-motion abnormalities
based on fibrofatty myocardial degeneration, while RVOT-VT and BrS are thought to lack phenotypic MR characteristics.
To examine whether cardiac magnetic resonance (CMR) feature tracking (FT) in addition to ARVC objectively facilitates
detection of myocardial functional impairments in RVOT-VT and BrS.

Methods Cine MR datasets of four retrospectively enrolled, age-matched study groups [n=65; 16 ARVC, 26 RVOT-VT, 9
BrS, 14 healthy volunteers (HV)] were independently assessed by two distinctly experienced investigators regarding myo-
cardial function using CMR-FT. Global strain (%) and strainrate (s™) in radial and longitudinal orientation were assessed
at RVOT as well as for left (LV) and right (RV) ventricle at a basal, medial and apical section with the addition of a biven-
tricular circumferential orientation.

Results RV longitudinal and radial basal strain (%) in ARVC (—12.9+4.2; 11.4+5.1) were significantly impaired compared
to RVOT-VT (—18.0+2.5, p<0.005; 16.4 +£5.2, p<0.05). Synergistically, RVOT endocardial radial strain (%) in ARVC
(33.8+£22.7) was significantly lower (p <0.05) than in RVOT-VT (54.3 + 14.5). For differentiation against BrS, RV basal and
medial radial strain values (%) (13.3+6.1; 11.8 +2.9) were significantly reduced when compared to HV (21.0+6.9, p <0.05;
20.1+6.6, p<0.005), even in case of a normal RV ejection fraction (EF) (>45%; n=6) (12.0+2.7 vs. 20.1 £6.6, p <0.05).
Conclusions CMR-FT facilitates relevant differentiation in patients with right ventricular tachyarrhythmias: between ARVC
against RVOT-VT and HV as well as between BrS with even a preserved EF against HV.

Keywords Feature tracking (FT) - Myocardial strain analysis - Arrhythmogenic right ventricular cardiomyopathy (ARVC) -
Brugada syndrome (BrS) - Right ventricular outflow tract tachycardia (RVOT-VT)
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RVOT-VT Right ventricular outflow tract tachycardia
SA Short axis

SCD Sudden cardiac death

SCNSA Ion channel mutation in Brugada syndrome

SD Standard deviation

TFS Task Force Score

WMA ‘Wall-motion abnormalities
4 CH Four chamber
Introduction

Implicating the risk of right ventricular (RV) tachyar-
rhythmias and sudden cardiac death (SCD) predominantly
in young people constitutes a common characteristic of
arrhythmogenic rightventricular cardiomyopathy (ARVC),
right ventricular outflow tract tachycardia (RVOT-VT) and
Brugada syndrome (BrS) [1-6].

ARVC is characterized by progressive fibrofatty degen-
eration and replacement of predominantly right ventricular
myocardium [1, 7]. Nonetheless, ARVC diagnosis is not
solely established on histopathological information but
based on a set of diagnostic Task Force Criteria (TFC) aris-
ing from numerous diagnostic procedures [8] that have been
revised in 2010 [3]. Not least because of this determining
modification cardiovascular magnetic resonance (CMR)
imaging is nowadays predominantly used in the diagnostic
workup of suspected ARVC and other cardiomyopathies, but
additionally due to a reliable and reproducible quantification
of RV dimensions and a capable detection of fatty tissue and
scar formation within myocardial layers [1, 9-11].

Arising from this background, we examined the capabil-
ity of CMR-based strain as a novel technique to objectively
measure global and regional ventricular dysfunction in
ARVC patients in our recently published study [12], as prior
echocardiographic based strain studies already had under-
lined a trend towards increased observer-independence [13,
14] and ascendency of strain imaging against established
measurements of early forms of myocardial dysfunction
[15-20].

RVOT-VT is characterized by ventricular tachyarrhyth-
mias of left bundle branch block (LBBB) arising from the
RVOT in the setting of a preserved ejection fraction. Its
diagnosis is obtained by excision of pathomorphological tis-
sue characteristics [6, 21]. In contrast to ARVC, RVOT-VT
is not classified as a cardiomyopathy. To date, only little is
known on the cause of RVOT-VTs; however, these may be
in part genetically determined [22].

Likewise, Brugada syndrome (BrS) is associated with
an increased incidence of cardiac events due to ventricu-
lar arrhythmias and supposed to be unrelated to identifiable
distinct structural myocardial changes [4, 5, 23, 24]. It is
a genetically determined ion channel disorder resulting in
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characteristic ECG changes and ST-segment elevations in
one or more right precordial leads [4, 25, 26].

A portion of BrS patients may have substructural abnor-
malities consistent with fibrosis in the RVOT, as CMR-based
mild structural RV changes on a conventional qualitative and
quantitative scope have been reported [27, 28] and perfor-
mance of echocardiographic based strain using 2D speckle
tracking analysis in BrS has been examined [29].

The role of strain imaging in CMR is constantly increas-
ing, as retrospective derivation of strain parameters from
conventional cine CMR using a feature tracking (FT) algo-
rithm is implemented [30, 31]. Numerous studies propose
that this novel technique might play a role in early and
objective detection of myocardial functional impairments
of various cardiac pathologies [32-38], remarkably likewise
of predominantly RV-contraction abnormalities [12, 39, 40].

In sequel of our recently outlined study conclusion for
CMR feature tracking [12], the aim of the present study
was to examine the diagnostic performance of biventricu-
lar CMR-based feature tracking in the domain of delineated
differential diagnoses of RV tachyarrhythmias. In detail, we
investigated whether CMR-FT objectively facilitates detec-
tion of myocardial functional impairments in RVOT-VT and
BrS in addition to ARVC and particularly enables differen-
tiation between ARVC against RVOT-VT and BrS against
HV. As being part of the triangle of dysplasia, we addition-
ally examined the diagnostic performance of CMR feature
tracking ascertained at this potentially promising anatomic
landmark in RV tachyarrhythmias.

Methods
Study population

With approval of the local ethics committee, this retrospec-
tive CMR study was performed on 69 individuals that had
been referred to our department for CMR imaging either
due to suspicious ARVC according to the major and minor
TFC (n=20), for exclusion of structural heart disease in the
setting of RVOT-VT (n=26) or for exclusion of phenocopies
mimicking BrS (e.g., RVOT compression) in patients with
a Brugada type-1-ECG according to current criteria (n=9)
[4]. CMR images of 14 healthy volunteers (HV) served as
the control group. Study groups have been matched for age
within the process of inclusion. Prior to CMR imaging, writ-
ten informed consent concerning the clinically indicated
examination was acquired from all subjects.

Final diagnosis of ARVC was reassessed by appraisal
according to the 2010 TFC [41] concerning presence of
revised minor and major criteria and newly supplemented
quantitative cutoff values. Correspondingly, diagnosis was
established if two major, one major plus two minor or four
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minor criteria from different categories were present [41].
Diagnosis of ARVC was finally confirmed in 16 out of 20
initially referred patients suspicious of ARVC resulting in a
total inclusion of 65 patients in the study. RVOT-VT finally
was diagnosed by exclusion of pathomorphological myo-
cardial characteristics by CMR in addition to presence of
delineated tachyarrhythmias arising from RVOT. Clinical
features of the study groups are listed in Table 1.

Cardiac MR (CMR) imaging

All CMR scans were performed on a 1.5-Tesla system
(Achieva, Philips, Best, The Netherlands). A retrospec-
tively ECG-triggered balanced steady-state free precession
(b-SSFP) sequence in breath-hold technique was performed
for conventional functional analysis by acquisition of short
axis (SA) orientation covering the entire LV and axial ori-
entation covering the complete RV, respectively. In addi-
tion to SA, a 4-chamber (4-CH) orientation was acquired
for consecutive CMR-FT analysis. Imaging parameters were
adjusted as follows: echo time (TE) and repetition time (TR)
were set to shortest leading to an average TR of 4 ms and a

TE of 2 ms slightly varying with slice orientation. 25 phases
per cardiac cycle were acquired. The obtained in-plane
resolution depended on the field of view (set according to
patient’s constitution) with a mean reconstructed pixel size
of 1.7+0.2 mm X 1.5+0.2 mm. Slice thickness of b-SSFP
images was 6 mm for both axial and short axis planes.

Cine images were assessed qualitatively for the presence
of RV regional wall-motion abnormalities (WMA) by two
experienced observers in consensus in addition to quantita-
tive volumetric analysis.

Both readers were blinded to clinical data and indepen-
dently read the datasets in random order. Data preparation
was performed by a person not involved in the reading
process.

CMR-based strain analysis using feature tracking

CMR-FT analysis based on the acquired b-SSFP cine images
was performed by the application of a specialized software
with capability of myocardial deformation analysis (Circle
Cardiovascular Imaging cvi*?, Canada and The Nether-
lands). The technical details of retrospective derivation of

Table 1 Basic demographics,

. Healthy volunteers ARVC RVOT-VT BrS

volumetric data, and

characteristics of patients n 14 16 26 9
Sex (m/w) 9/5 14/2 12/14 6/3
Age 48.8+14.1 60.1+15.5 55.6+11.1 46.8+10.2
Weight 83.0+18.1 829+17.6 79.5+13.9 76.9+10.4
Height 173.2+14.4 178.9+7.7 175.0+9.2 175.7+10.2
Body surface area 2.0+0.3 2.0+0.2 1.9+0.2 1.9+0.2
RVEDVI (ml/m?) 77.2+21.2 122.7+37.106%% 9124189  89.1+17.2
RVESVI (ml/m?) 32.6+9.5 76.3£35.6% 45 4334126  46.9+12
RVEF (%) 57.5+2.6 40.4 4 10255 53.0+6.5 47.9+5.9%
RVEF > 40/RVEF < 40 (%) 14/0 9/7 26/0 9/0
LVEDVI (ml/m?) 71.6+17.5 86.7+19.9 89.0+£22.0 81.4+6.7
LVESVI (ml/m?) 28.2+10.0 359+15.7 38.4+255 33.6+5.5
LVEF 61.3+5.7 60.1+10.0 61.0+7.2 58.6+5.8
TFS 0 5.8+1.4 0 0
WMA 14/0/0/0/0 3/0/1/4/8 26/0/0/0/0 9/0/0/0/0
Genetic evaluation 0 9 (PKP2+) 0 3 (SCN5A+)
Brugada Type-1-ECG 0 0 0 9

WMA is graded in the following order no WMA/hypokinesia/akinesia/dyskinesia/aneurysm. Mutations:
ARVC—Plakophillin-2 (PKP-2) or Desmoglein-2 (DSG-2) or Desmocolin-2 (DSC-2), BrS—SCN5A
ARVC arrhythmogenic right ventricular cardiomyopathy, RVOT-VT right ventricular outflow tract tachy-
cardia, BrS Brugada syndrome, RVEDVI right ventricular end diastolic volume index, RVESVI right ven-
tricular end systolic volume index, RVEF right ventricular ejection fraction, LVEDVI left ventricular end
diastolic volume index, LVESVI left ventricular end systolic volume index, LVEF left ventricular ejection
fraction, TFS task force score, WMA wall-motion abnormalities

Level of significance **3p <0.05,%##35, < 0,01, #####355, 0 005

*Significant difference compared to healthy volunteers;

#Significant difference compared to patients with RVOT-VT

$Significant difference compared to patients with BrS
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strain parameters from conventional cine CMR sequences
using a feature tracking algorithm have been implemented
and published previously [30, 31]. 4-CH view was used to
derive LV and RV longitudinal strain and strainrate values
(Fig. 1a). LV and RV radial and circumferential strain and
strainrate parameters were evaluated in SA view at a basal,
a medial, and an apical section of the ventricle (Fig. 1c),
respectively.

To guarantee standardized and reproducible strain analy-
sis in all subjects, the basal myocardial layer for deformation
analysis was defined as the first slice below the atrioventric-
ular level revealing a circumferential myocardia enclosing
throughout all heartphases, the medial myocardial layer was
determined to be localized at the level of both papillary mus-
cles and the apical myocardial layer to measure deformation
was set to the equidistance of basal and medial myocardial
layers in direction towards the apex.

RVOT radial and longitudinal strain and strainrate param-
eters were derived accordingly; by definition the RVOT layer
was the first slice below pulmonary valve level revealing a
closed oval configuration in an axial view (Fig. 1b) through-
out all heartphases.

apical

For CMR-FT analysis (Fig. 1), epicardial and endocar-
dial contours for both ventricles at the defined sections and
endocardial contours for RVOT at the determined level were
drawn manually in end-systolic images by two independent
readers (R1 with 7 years experience in CMR; R2 without
previous experience) to initiate the software-based automatic
tracking of the respective contours throughout the entire car-
diac cycle. The quality of automatic tracking was evaluated
and contours were manually adjusted if necessary.

Statistical analysis

Statistical analysis was based on SPSS 23 software package
(IBM). Analysed data are demonstrated as mean =+ standard
deviation. To test for significant differences between pre-
sented study groups as well as between subgroups of study
groups categorized by ejection fraction (EF) cutoff values
analysis of variance (ANOVA) testing was performed. For
post-hoc analysis of multiple paired-group comparisons,
Bonferroni correction was applied predominantly, whereas
in rare cases of inhomogenous distribution of variances
Dunnett-T3 testing was used.

Fig. 1 Tracked left (LV) and right ventricular (RV) epicardial (green) and endocardial (red) contours in 4-CH (a) and SA (c) at the apical, medial
and basal level as well as tracked endocardial contour (red) at the RVOT (b)
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For all patients with ARVC or BrS a subgroup analysis
was assessed according to EF with graduation based on the
defined cutoff values of the 2010 TFC [3], in case of ARVC
according to the cutoff value for major criterion (EF <40%),
in case of BrS according to the cutoff value for minor crite-
rion (EF<45%).

Using receiver operating curve (ROC) analysis we
evaluated diagnostic accuracy of RV global conventional
functional (EF) and strain parameters for all patients with
diagnosis of ARVC (n=16) based on >4 points in 2010
TFC (major criteria=2 points, minor criteria=1 point) as
the gold standard in comparison to healthy volunteers and
RVOT-VT. Analogously, we evaluated diagnostic accu-
racy of corresponding RV parameters for all patients with
diagnosis of BrS (n=9) based on the detection of Brugada
type-1-ECG as the gold standard in comparison to healthy
volunteers and ARVC.

In addition, we performed corresponding ROC analysis
of LV EF and strain parameters for comparisons between
HV and ARVC or BrS.

Optimal cutoff values were identified to achieve a high
sensitivity and a reasonable high specificity for detection
of disease. A p value of <0.05 was classified as statistically
significant.

For statistical analysis of interobserver agreement and
objectivity of CMR-FT according to RV and RVOT strain
analysis almost all individuals of the delineated four study
groups (n=>57) were evaluated by two distinctly experienced
readers (PH experienced; HF unexperienced) independently
and blinded to clinical information, respectively. Interob-
server comparisons of representative RV and RVOT strain
parameters were statistically appraised by Pearson’s r cor-
relation and statistically visualized by Bland—Altman plot,
respectively.

Results
Basic demographic and volumetric data

Demographic characteristics and basic diagnostic data of
the four age-matched study groups are presented in Table 1.

In ARVC patients, RV enddiastolic volume index
(RVEDVI) and RV end systolic volume index (RVESVI)
were significantly increased compared to all other study
groups. RVEF both in ARVC and in BrS was significantly
reduced compared to HV. In contrast, LV volumetric data
did not differ significantly between the four groups.

CMR-based strain analysis using feature tracking

All RV and LV global strain and strainrate parameters are
demonstrated in Table 2. RV longitudinal (Fig. 2) and basal

radial (Fig. 3) strain (%) values in patients with ARVC
—12.9+4.2; 11.4+5.1) were significantly decreased in
comparison to patients with RVOT-VT (- 18.0+2.5, p
< 0.005; 16.4+5.2, p<0.05) and to HV (-20.1+3.7;
21.0+6.9, p<0.005), respectively, whereas a significant
differentiation between RVOT-VT and HV concerning cor-
responding parameters was not feasible.

Synergistically, assessed RVOT endocardial radial strain
(Fig. 4) and strainrate values in ARVC (33.8 +22.7%;
1.86+1.18 s1) were significantly impaired (p < 0.05) com-
pared to RVOT-VT (54.3 +14.5%; 2.99 +0.94 s7!) (Table 3).

In addition, RV longitudinal strain (Fig. 2) in ARVC
(—12.9+4.2%) was significantly lower (p <0.05) compared
to BrS (—16.9 +£2.8%).

Regarding further differentiation against BrS, RV radial
strain values (%) at the basal (13.3 +£6.1) (Fig. 3) and medial
(11.8 +£2.9) sections were significantly reduced compared
with HV (21.0+6.9, p <0.05; 20.1 +6.6, p <0.005).

For statistical analyses of RV circumferential strains, val-
ues at the defined basal section both in ARVC (—7.8+3.7%)
and in BrS (-7.3 £7.5%) were significantly reduced
(p <£0.05) compared to HV (—12.9+4.4%) and corre-
sponding values at the defined medial section in ARVC
(— 8.1 +4.5%) were significantly decreased (p <0.005) in
comparison to HV (- 12.8 +3.3%).

Further RV global strain and corresponding strainrate
data as well as consecutive statistical relations among the 4
study groups are demonstrated in Table 2.

Despite corresponding LV volumetric data not differ-
ing significantly between the study groups, LV strain val-
ues proved to be significantly different (p <0.05) concern-
ing LV longitudinal strain (%) in comparison of ARVC
(=159+2.5) and HV (—19.3+2.4) as well as regarding
LV basal radial strain (%) in comparison of BrS (24.1 £5.5)
and HV (32.7+7) (Table 2).

Subgroup analysis

RV global longitudinal strain (—14.6 +3.1%) and RV
basal radial strain (13.8 +3.5%) in patients with ARVC
and a simultaneously slightly decreased or preserved
RVEF (>40%; n=9) was significantly reduced (p <0.01;
p <0.05) in comparison to corresponding values (%) of HV
(—20.1+3.7;21.0+6.9) (Table 4) [12].

Beyond that, data of the actual study demonstrated that
in the subgroup of patients with ARVC with RVEF >40%
(n=9) RV longitudinal strain (%) (— 14.6 +3.1) was even
more significantly reduced when compared to patients with
RVOT-VT (- 18.0+2.5, p<0.05) (Fig. 5; Table 4).

Regarding differentiation of BrS within an EF-based sub-
group graduation, RV medial radial strain (%) (12.0+2.7) in
BrS with preserved RVEF (>45%; n=6) was significantly
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Table 2 (continued)

BrS

RVOT-VT

ARVC

Healthy volunteers

Radial

1.56£0.36

1.28 £0.35%

1.39+0.34

1.31+£0.56*
1.93+0.58

2.0+0.60
1.87+£0.72
2.85+1.31

Basal

1.65+0.44
2.61+£0.94

1.34+£0.35%
2.40+£0.95

Medial

Apical

ARVC arrhythmogenic right ventricular cardiomyopathy, RVOT-VT right ventricular outflow tract tachycardia, BrS Brugada syndrome

Level of significance *#*%p < 0.05, ###5%) < .01, #4385, <0 005

*Significant difference compared to healthy volunteers

#Significant difference compared to patients with RVOT-VT

$Significant difference compared to patients with BrS
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Fig.2 Comparison of RV longitudinal strain between HV and patient
groups
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Fig.3 Comparison of RV basal radial strain between HV and patient
groups

reduced (p <0.05) in comparison to HV (20.1 +6.6), sup-
plementary (Fig. 6; Table 4).

ROC analysis

On RV strain-based ROC analysis between ARVC and HV
(Table 5) as well as between ARVC and RVOT-VT (Table 5;
Fig. 7a) RV longitudinal strain, on corresponding ROC
analysis between BrS and HV (Table 6; Fig. 7b) RV medial
radial strain proved to be the best discriminators (AUC 0.94,
0.88, 0.86).

On LV strain-based ROC analysis between ARVC and
HV (Table 5; Fig. 7c) LV longitudinal strain, on correspond-
ing ROC analysis between BrS and HV (Table 6; Fig. 7d) LV
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p<0.05

55+

50

40—

RVOT endocardial radial strain (%)

T T
ARVC RVOT-VT

Fig.4 Comparison of RVOT endocardial radial strain between HV
and patient groups

Interobserver analysis

According to compared CMR-based strain parameters
(Table 7), we did not find significant differences between
the values of the experienced and the unexperienced reader.
Correlation values of our study can be classified as proving
a strong positive agreement between the readers’ results, as
exemplarily implemented correlation for RV longitudinal
strain was 0.7 (based on Pearson’s r correlation) (Table 7;
Fig. 8).

Discussion

Prior echocardiographic studies by Teske et al. and Aneq
et al. have demonstrated the feasibility of application of RV
strain imaging regarding the diagnostic workup of suspected
ARVC [42-44].

Due to the predominant use of CMR nowadays in clini-

Table 3 Comparison of right

X X Healthy volunteers ARVC RVOT-VT BrS

ventricular outflow tract strain

and strainrate parameters RVOT endocardial strain (%)

between healthy volunteers, N _ _ _ _

ARVC, RVOTVT, and BrS Longitudinal 21.6+5.2 17.3+£8.3 22.6+4.9 21.7+£3.6
Radial 46.6+15.0 33.8+22.7% 543+14.5 448+13.5

RVOT endocardial strainrate (1/s)

Longitudinal —-1.55+0.48 —-1.22+0.64 —-1.60+0.50 —-1.51+0.45
Radial 4.61+4.10 1.86+1.18% 2.99+0.94 2.31+0.49

ARVC arrhythmogenic right ventricular cardiomyopathy, RVOT-VT right ventricular outflow tract tachycar-
dia, BrS Brugada syndrome; RVOT right ventricular outflow tract

Level of significance #p <0.05

#Significant difference compared to patients with RVOT-VT

Table 4 Comparison of right

. 3 Healthy volunteers ARVC EF>40% (n=9) RVOT-VT BrS EF>45% (n=06)
ventricular strain parameters
between subgroups: healthy RV strain (%)
volunteers, ARVC EF>40%, Lo _ _ seselt _ _
RVOT.VT. and BrS EF > 45% Longitudinal 20.1+£3.7 14.6+3.1 17.9+25 17.8+£2.2
Radial
Basal 21.0+6.9 13.8+3.5% 16.8+4.9 14.7+6.6
Medial 20.1+6.6 155+7.4 13.3+54 12.0£2.7*

ARVC EF>40% arrhythmogenic right ventricular cardiomyopathy with ejection fraction>40%, RVOT-VT
right ventricular outflow tract tachycardia, BrS EF >45% Brugada syndrome with ejection fraction >45%

Level of significance **p <0.05,*#p <0.01

*Significant difference compared to healthy volunteers

#Significant difference compared to patients with RVOT-VT

basal radial strain was ascertained as the best discriminators
(AUC: 0.93; 0.94), whereas corresponding values of LVEF
were markedly lower, respectively (AUC: 0.53; 0.61).

@ Springer

cal routine for cardiomyopathies, its determinative role in
diagnostic workup of ARVC [1, 9—11] and due to the prior
implementation of a FT algorithm retrospectively deriving
strain parameters from conventional cine CMR images in
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accordance with Hor et al. [30, 31], we recently assessed
the reliability of CMR-FT for differentiation of ARVC from
HV [12]. As sequel to these results, we currently examined
the diagnostic performance of CMR-FT in the domain of
leading differential diagnoses of ARVC.

Regarding BrS so far, in accordance with Antzelevitch
et al., Wilde et al. and Brugada et al. ventricular tachyar-
rhythmias of right bundle branch block (RBBB) morphology
and its characteristic Type-1-ECG are supposed to be unre-
lated to identifiable phenotypic myocardial changes in CMR
[4, 5, 23, 24]. The absence of pathomorphological tissue
characteristics in BrS further was affirmed by a study based
on conventional quantitative functional as well as qualitative

CMR parameters by Tessa et al. [45]. Despite these conven-
tional quantitative findings being additionally appropriate to
conventional functional results of our current study except
for RVEF (Table 1), we found both RV basal circumferential,
RV basal and medial radial strain as well as LV basal radial
strain in BrS to be significantly reduced compared to HV.
These results emphasize a high sensitivity of CMR strain for
subtle deteriorations of myocardial function in diagnostic
workup of BrS (Table 2; Fig. 3). Despite feasibility and per-
formance of echocardiographic-based strain imaging using
2D speckle tracking in BrS has been examined by Iacoviello
et al. and Murata et al. previously [29, 46], performance of
CMR-based strain using FT in BrS has not been examined
yet. In this context we further found RV medial radial strain
within a subgroup analysis of BrS with a preserved RVEF
(>45%) to be significantly reduced in comparison to HV
(Table 4; Fig. 6) implicating a superior sensitivity of CMR
strain parameters compared to conventional functional meas-
ures. In this context also LV basal radial strain proved to
significantly differentiate BrS from HV (Table 2).

Feasibility of strain measurements of the left ventricle
by CMR FT in context with several cardiac diseases has
been proven by numerous studies, as for instance by Buckert
et al. [47].

Findings for LV strain parameters in BrS proved to be
largely parallel to our current findings for CMR-FT in
ARVC, as LV longitudinal strain and strainrate as well as
LV basal radial strainrate in ARVC proved to be significantly
reduced when compared to healthy volunteers (Table 2). Our
findings are in line with results regarding LV involvement
in patients with ARVC by teRiele et al., SenChowdhry et al.
and Jain et al. [1, 48, 49].

Our findings further emphasize a superior accuracy of LV
CMR-FT compared to conventional LV functional measures
in BrS and ARVC, as LV volumetry did not differ between
the four study groups resulting in AUC of only 0.61 (LVEF)
versus 0.94 for LV basal radial strain in comparison on HV
and BrS and resulting in AUC of only 0.53 (LVEF) versus
0.93 for LV longitudinal strain in comparison of HV and
ARVC.

In accordance with Prati et al. [40], RV longitudinal and
RV radial strain at the basal level in ARVC proved to be
significantly decreased compared with corresponding values
of RVOT-VT (Table 2; Figs. 2, 3).

We further performed a subgroup analysis based on EF
cutoff values for ARVC and found that RV longitudinal strain
even was significantly reduced in ARVC cases with a solely
slightly reduced or even preserved EF >40% compared to
RVOT-VT (Table 4; Fig. 5). This fact further emphasizes
high sensitivity of CMR-FT for detection of early disease
stages of ARVC in direct comparison to RVOT-VT.

Concerning developing changes in the paradigm of the
ARVC-related triangle of dysplasia with predominant focus

@ Springer
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Fig.7 Receiver operating curves (ROC) of selected RV (a, b) and LV (c, d) conventional functional and strain parameters for differentiating

RVOT-VT from ARVC (a), HV from BrS (b, d) and HV from ARVC (c)

on the subtricuspid region and the RVOT but simultaneously
ruled out apical region [1], so far, CMR-FT at the RVOT
level has not been examined yet.

In addition to Prati et al. [40], we therefore investigated
the performance of RV strain analysis at RVOT level in
patients with RV tachyarrhythmias. Corresponding RVOT
endocardial radial strain and strainrate in ARVC were found
to be significantly reduced compared to RVOT-VT under-
lining RVOT strain values as further promising parameters
for differentiation of RV tachyarrhythmias (Table 3; Fig. 4).

In addition to Heermann et al. [12], we currently included
age-matched study groups and ascertained longitudinal
strain parameters based on a 4-CH view adjusted to the car-
diac axis for standardized acquisition [12].

A marked improvement of the accuracy of RV longitudi-
nal strain and its ascendency in direct comparison with RV
circumferential or radial strains at the basal section in our
actual study (AUC: 0.94 vs. 0.87 or 0.90; Table 5) can be
interpreted by the changed 4-CH orientation.

Furthermore, on ROC analysis in comparison of both HV
against ARVC and RVOT-VT against ARVC we found cur-
rent strain parameters to be of superior accuracy in compari-
son to corresponding strainrate parameters [12].

Strainrate is defined as myocardial deformation with
respect to time and therefore might be influenceable by rela-
tively limited temporal resolution of CMR cine data result-
ing in decreased reproducibility [32].

In addition to Heermann et al. [12], we found that medial
RV circumferential strain and medial RV radial strainrate
in ARVC were significantly decreased compared to HV,
whereas RV strain parameters at the apical level still did not
significantly differ in our studies.

These results can be interpreted as synergistic to develop-
ing changes in the paradigm of the ARVC-related triangle
of dysplasia, as structural changes in ARVC are found to be
predominantly located in the subtricuspid region and the RV
free wall regionally represented by RV basal strains. The
apex by contrast proved to be spared from structural altera-
tions compliant with teRiele et al. [1, 50].

Our current results for subgroup analysis are in line with
a number of echocardiographic studies of subclinical myo-
cardial diseases by Kang et al., Hilde et al., Tadic et al.,
Zoroufian et al. and Saccheri et al. [15-19], as RV longitu-
dinal and RV basal radial strain even proved to be signifi-
cantly reduced in ARVC with simultaneously solely slightly
decreased or preserved EF (>40%) (Table 4).

@ Springer



Clinical Research in Cardiology (2019) 108:1147-1162

1158

Koanoadsar ‘“Aroyroads pue AJIAT)ISUSS JO S[9AQ] Surpuodsariod pue siojowered urens AT pue AY JO pue Jq AT PUB AY [BUONUAUOD JO sanfea Jjo nd fewndo ¢o'g>d

QwoIpuAs epednig §4g ‘AyredoAwOIpILd JRNOLNUA JYSLI OTUSOWIAYLIE DAY Y ‘SIoaunjoA Ayi[eay AH

SIg pue DAYV St [[om se SIg pue AH jo uostred
-woo ur s1ojowrered urens (AT) Je[nornuda 1391 pue (AY) WSH ‘(JHAT ‘AIAY) Uonoesy uonoafo Je[noINUA 1J9] pue JYSLI [BUOTIUSAUOD JOJ (S[QA] OUIPYUOI—T)) %G6) SAIND AY) JOpUn BAIE /]y

L9 SL 091 - 86°0 190 L10°0 6L°0 [eurpmy3uoT]
(%) urens AY
L9 69 0ty $6°0 650 L20°0 LLO (%) 49 AY
SId 'sa DAV
68 68 €6 01 €8°0 2000 760 [eseq
[eIpey
(%) urens A
44 L9 $'19 88°0 €0 340) 19°0 (%) 44 AT
68 8L rEl 01 89°0 600°0 98°0 [eIpaN
68 8L 671 01 $9°0 S10°0 80 [eseq
[erpey
68 8L - 0T 09°0 ¥20°0 780 [eseq
TenuaIdyuIndIry)
(%) urens Aq
68 68 0'sS 01 0L0 $00°0 680 (%) 49 A¥
Sid 'sa AH
(%) Kioyradg (%) Kantsuog Ho-m) 1O %56 10ddn TO %S6 1oMO] 20URdYIUSIS onv

SI1g pue DAYV JO Se [[om se S1g pue AH Jo uosLiedwod :sonsLajorreyd aAId Sunerado 10A1000Y 9 3jqeL

pringer

Qs



Clinical Research in Cardiology (2019) 108:1147-1162 1159
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Fig.8 Bland—Altman-plots of selected RV and RVOT strain parameters for interobserver analysis; black line: mean of differences; black dashed

lines: mean of differences + 1.96 multiplied by standard deviation (SD)

heart diseases of RV tachyarrhythmias that are in need for
further specific therapy and careful follow-up.
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