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Aims Phospholamban (PLN) p.Arg14del mutation carriers are at risk of developing malignant ventricular arrhythmias
(VAs) and/or heart failure. Currently, left ventricular ejection fraction (LVEF) plays an important role in risk assess-
ment for VA in these individuals. We aimed to study the incremental prognostic value of left ventricular mechanical
dispersion (LVMD) by echocardiographic deformation imaging for prediction of sustained VA in PLN p.Arg14del
mutation carriers.

...................................................................................................................................................................................................
Methods
and results

We included 243 PLN p.Arg14del mutation carriers, which were classified into three groups according to the ‘45/45’
rule: (i) normal left ventricular (LV) function, defined as preserved LVEF >_45% with normal LVMD <_45 ms (n = 139),
(ii) mechanical LV dysfunction, defined as preserved LVEF >_45% with abnormal LVMD >45 ms (n = 63), and (iii)
overt LV dysfunction, defined as reduced LVEF <45% (n = 41). During a median follow-up of 3.3 (interquartile range
1.8–6.0) years, sustained VA occurred in 35 individuals. The negative predictive value of having normal LV function at
baseline was 99% [95% confidence interval (CI): 92–100%] for developing sustained VA. The positive predictive value
of mechanical LV dysfunction was 20% (95% CI: 15–27%). Mechanical LV dysfunction was an independent predictor
of sustained VA in multivariable analysis [hazard ratio adjusted for VA history: 20.48 (95% CI: 2.57–162.84)].

...................................................................................................................................................................................................
Conclusion LVMD has incremental prognostic value on top of LVEF in PLN p.Arg14del mutation carriers, particularly in those

with preserved LVEF. The ‘45/45’ rule is a practical approach to echocardiographic risk stratification in this chal-
lenging group of patients. This approach may also have added value in other diseases where LVEF deterioration is a
relative late marker of myocardial dysfunction.
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Introduction

Phospholamban (PLN) is a phosphoprotein in the cardiomyocyte
that plays a key role in the regulation of intracellular calcium
homeostasis.1 Various cardiomyopathy-related mutations have

been described in the gene (PLN) that encodes for this protein.
One particular mutation is p.Arg14del, which was found in a
large subset of arrhythmogenic right ventricular cardiomyopathy
(ARVC) patients and dilated cardiomyopathy (DCM) patients in
the Netherlands.2,3 Besides the Netherlands, this mutation has
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also been identified in several other European countries and
North America.4–6

Carriers of the PLN p.Arg14del mutation are at risk of developing
malignant ventricular arrhythmias (VA) and/or end-stage heart fail-
ure.7–9 To prevent sudden cardiac death in these mutation carriers,
an implantable cardioverter-defibrillator (ICD) can be implanted.
However, due to incomplete penetrance and variable disease expres-
sivity, the risk of developing malignant VA is variable among mutation
carriers. To be able to prevent sudden cardiac death, timely identifi-
cation of mutation carriers who are at higher risk is of paramount
importance.

Risk stratification in PLN p.Arg14del mutation carriers is currently
guided by the prediction model by van Rijsingen et al.8 This prediction
model classifies mutation carriers as being at high risk for malignant
VA if they have a history of (non-)sustained VA and/or a left ventricu-
lar ejection fraction (LVEF) below 45%.8 The latter is deemed to be a
surrogate of myocardial dysfunction. However, since LVEF may be
preserved during the early stages of the disease, deterioration of
LVEF may be a relatively late sign of myocardial dysfunction and may
thus lack sensitivity to predict VA.10,11

Echocardiographic deformation imaging has enabled a more accur-
ate assessment of myocardial function by allowing quantification of in-
trinsic myocardial mechanics.11–20 One deformation parameter that
is frequently used is global longitudinal strain (GLS), which is currently
applied in various cardiac diseases for the early detection of global
myocardial dysfunction.13 Another parameter that has gained interest
is left ventricular mechanical dispersion (LVMD), which has the ability
to reveal regional heterogeneity in left ventricular (LV) contraction,
even in electrical disorders where structural disease is absent.14–17

Patients with the PLN p.Arg14del mutation exhibit a typical region-
al pattern of disease.20,21 In a recent study, we demonstrated that
LVMD reveals regional contraction heterogeneity in PLN p.Arg14del
mutation carriers who are in a very early stage of the disease.20 Since
LVMD was previously reported to provide important predictive
value for VA in several diseases,15–17 we hypothesized that this par-
ameter has great potential to improve risk prediction models for VA
in PLN p.Arg14del mutation carriers.

In this study, we aimed to investigate the incremental prognostic
value of LVMD on top of LVEF for the prediction of sustained VA in
PLN p.Arg14del mutation carriers. In addition, we aimed to introduce
a practical approach to echocardiographic risk stratification in these
individuals.

Methods

This observational retrospective longitudinal cohort study was approved
by the institutional medical ethics committee of the University Medical
Center Utrecht (UMCU) and complied with the principles of the
Declaration of Helsinki and the European General Data Protection
Regulation.

Study population
Study participants were derived from a national registry that includes all
carriers of mutations associated with arrhythmogenic cardiomyopathy,
regardless of their phenotype.22 The present cohort was described previ-
ously and consists of 301 PLN p.Arg14del mutation carriers (>_18 years)
with an echocardiogram of sufficient image quality at the UMCU (n = 62),

Amsterdam University Medical Center (n = 83) or University Medical
Center Groningen (n = 156) between 2006 and 2019.20 These mutation
carriers were both index patients and relatives who underwent genetic
cascade screening. Twenty subjects were excluded because they had
other relevant cardiovascular disorders (Supplementary data online). The
first available echocardiogram of sufficient image quality was selected for
this study. Subjects were only included in this study if they had follow-up
data available after the date of the echocardiogram.

Baseline cardiac evaluation
We evaluated the history of PLN p.Arg14del mutation carriers until the
date of the echocardiogram with regard to the occurrence of (non-)sus-
tained VA and clinical heart failure [according to New York Heart
Association (NYHA) functional classification]. Non-sustained VA was
defined as a ventricular tachycardia of at least three beats (>100 bpm)
lasting not more than 30 s (typically found by Holter recordings).
Sustained VA was defined as sudden cardiac arrest/ventricular fibrillation,
appropriate ICD intervention or any recorded sustained ventricular
tachycardia lasting more than 30 s.

In addition, Holter recordings, 12-lead electrocardiograms and cardio-
vascular magnetic resonance imaging (CMR) exams were evaluated
(details provided in Supplementary data online). CMR exams were eval-
uated for the presence of late gadolinium enhancement (LGE).

On the basis of all examinations up until the echocardiogram, we eval-
uated whether subjects fulfilled definite ARVC or DCM diagnosis accord-
ing to current diagnostic criteria.23,24 In accordance with our previous
study, subjects were considered presymptomatic if they had no history of
VA, premature ventricular complex (PVC) count <500/24 h, and LVEF
>_45%.20

Baseline echocardiography
All echocardiograms were performed with Vivid 7, E9, and E95 (GE
Healthcare, Horten, Norway) as part of routine clinical care. All measure-
ments were performed by one experienced operator (K.T.) who was
blinded for clinical data during the measurements. For assessment of in-
ter- and intraobserver agreement, the measurements were blindly
repeated by a second operator (R.H.A.C.M.d.B.-B.) and by the first oper-
ator in a random sample of 25 subjects.

Conventional echocardiographic measurements were performed in
accordance with current recommendations.25 LVEF was measured in all
subjects by 2D Simpson’s Biplane method.

Longitudinal strain analysis was performed by 2D speckle tracking with
EchoPAC version 203 (GE Healthcare, Horten, Norway). Strain meas-
urements and post-processing methods are described in more detail in
the Supplementary data online and in other studies.26 In brief, for meas-
urement of GLS and LVMD, apical four-, two- and three-chamber views
were used.27 Images with a frame rate <50/s, foreshortened images or
images requiring exclusion of more than one segment were not used for
analysis. GLS was defined as the average global peak strain in the three ap-
ical views (in %, reported as absolute values). LVMD was defined as the
standard deviation of time to peak longitudinal strain (in ms) of the 18 LV
segmental deformation curves. A representative example of these meas-
urements is provided in Supplementary data online, Figure S1.

LV function classification: the ‘45/45’ rule
For LVEF, a cut-off value of 45% was used according to the current PLN
risk prediction model.8 For LVMD, a cut-off value of 45 ms was used
according to a study in desmosomal gene mutation carriers.17 These pre-
defined cut-off values were used to categorize mutation carriers into
three distinct LV function classes:
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.• Normal LV function: preserved LVEF (>_45%) with normal LVMD
(<_45 ms);

• Mechanical LV dysfunction: preserved LVEF (>_45%) with abnormal
LVMD (>45 ms); and

• Overt LV dysfunction: reduced LVEF (<45%), regardless of LVMD.

Follow-up data
Follow-up data after the echocardiogram were derived from an electron-
ic research data platform.22 The primary outcome variable was sustained
VA, which was defined as sudden cardiac arrest/ventricular fibrillation, ap-
propriate ICD intervention, or any recorded sustained ventricular tachy-
cardia (>100 bpm) lasting more than 30 s.

Statistical analyses
Data are expressed as means ± standard deviations or medians (inter-
quartile ranges) as appropriate. Continuous variables were compared be-
tween two groups using an independent samples t-test or Mann–
Whitney U-test. Proportions were compared between groups using a
Chi-square test or Fisher’s exact test. Correlations were tested using
Pearson’s correlation coefficient. Inter- and intraobserver agreement was
studied using intraclass correlation coefficient (ICC) and Bland–Altman
analysis (for LVEF and LVMD), or linear weighted kappa analysis (for LV
function classification). LVMD was tested in receiver operating character-
istic curve (ROC curve) analysis and by Cox proportional hazards analysis
for prediction of sustained VA to internally validate the pre-defined cut-
off value (using Youden’s index and the optimal Harrell’s C-statistic,

....................................................................................................................................................................................................................

Table 1 Baseline characteristics

Total

(n 5 243)

Normal

LV function

(n 5 139)

Mechanical LV

dysfunction

(n 5 63)

Overt LV

dysfunction

(n 5 41)

P-value normal

function vs.

mechanical

dysfunction

P-value

mechanical

dysfunction vs.

overt dysfunction

Age (years) 41 (30–55) 34 (24–43) 53 (41–62) 51 (40–65) <0.001a 1.0

Males 110 (45) 60 (43) 31 (49) 19 (46) 0.848 1.0

Probands 56 (23) 11 (8) 15 (24) 30 (73) 0.004a <0.001a

ARVC diagnosis 43 (18) 7 (5) 18 (29) 18 (44) <0.001a 0.168

DCM diagnosis 39 (16) 2 (1) 3 (5) 34 (83) 0.334 <0.001a

VA history 89 (37) 25 (18) 32 (51) 32 (78) <0.001a 0.010a

Sustained VA 41 (17) 5 (4) 10 (16) 26 (63)

Non-sustained VA 48 (20) 20 (14) 22 (35) 6 (15)

HF history (NYHA >_ II) 30 (12) 2 (1) 3 (5) 25 (61) 0.354 <0.001a

Presymptomatic 114 (47) 98 (71) 16 (25) 0 (0) <0.001a <0.001a

ICD 56 (23) 12 (9) 14 (22) 30 (73) 0.014a <0.001a

Cardiac medication 99 (41) 24 (17) 35 (56) 40 (98) <0.001a <0.001a

ACEi/ARB 59 (24) 10 (7) 18 (29) 31 (76)

Antiarrhythmic 29 (12) 4 (3) 6 (10) 19 (46)

Betablocker 57 (24) 12 (9) 20 (32) 25 (61)

Diuretic 38 (16) 6 (4) 7 (11) 25 (61)

PVC count (n/24 h)b 187 (4–1967) 11 (2–250) 1096 (334–3637) 2652 (1111–5336) <0.001a 0.016a

T-wave inversion in >_2 leads 66/229 (29) 19/131 (15) 33/61 (54) 14/37 (38) <0.001a 0.292

Low QRS voltages 79/238 (33) 24/135 (18) 25/63 (40) 30/40 (75) 0.002a <0.001a

LGE 43/113 (38) 21/77 (27) 17/31 (55) 5/5 (100) 0.014a 0.268

LVEF (%) 55 (49–60) 57 (55–61) 54 (50–59) 32 (35–39) <0.001a <0.001a

LVEDV (mL/m2) 57 (49–66) 54 (47–60) 58 (51–62) 82 (67–109) 0.302 <0.001a

LVESV (mL/m2) 25 (20–33) 22 (19–27) 25 (21–30) 58 (45–74) 0.022a <0.001a

GLS (%) 19 (16–21) 20 (19–21) 18 (16–20) 9 (7–13) <0.001a <0.001a

LVMD (ms) 41 (30–55) 31 (27–37) 55 (48–62) 65 (54–76) <0.001a <0.001a

RVFAC (%) 42 (36–49) 46 (41–51) 40 (36–47) 28 (23–34) 0.002a <0.001a

RVEDA (cm2/m2) 10 (9–12) 9 (8–11) 10 (9–12) 14 (12–16) 0.164 <0.001a

RVESA (cm2/m2) 6 (5–7) 5 (4–6) 6 (5–8) 11 (8–12) 0.012a <0.001a

RVFWS (%) 22 (19–26) 25 (21–28) 21 (19–24) 14 (10–16) 0.002a <0.001a

Values are presented as median (IQR) or n (%).
ACEi, ACE-inhibitor; ARB, angiotensin-II receptor blocker; ARVC, arrhythmogenic right ventricular cardiomyopathy; DCM, dilated cardiomyopathy; GLS, global longitudinal
strain; HF, heart failure; ICD, implantable cardioverter-defibrillator; LGE, late gadolinium enhancement; LVEDV/LVESV, left ventricular end-diastolic/systolic volume; LVEF, left
ventricular ejection fraction; LVMD, left ventricular mechanical dispersion; NYHA, New York Heart Association; PVC, premature ventricular complex; RVEDA/RVESA, right
ventricular end-diastolic/systolic area; RVFAC, right ventricular fractional area change; RVFWS, right ventricular free-wall strain; VA, ventricular arrhythmia.
aStatistical significant difference (P < 0.05). P-values are adjusted for multiple testing by Bonferroni correction.
bHolter recordings were available in 215 subjects (28 with VA during follow-up).
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respectively). Kaplan–Meier analysis with log-rank testing was used to
compare event-free survival between groups. Kaplan–Meier estimates at
3 years follow-up were used to calculate positive predictive values (PPVs)
and negative predictive values (NPVs). Cox proportional hazards analyses
were used to investigate whether the LV function classes could independ-
ently predict sustained VA, taking into account the following pre-defined
clinical variables in four separate models: (i) age and sex, (ii) history of
(non-)sustained VA, (iii) low QRS voltages and number of leads with T-
wave inversion, and (iv) PVC count per 24 h. Due to non-linearity, a log-
linear conversion was performed for PVC count. LV function classes
were included in the Cox proportional hazards analyses as dummy vari-
able, with the normal LV function class as a reference group. Hazard
ratios are provided with 95% confidence intervals (CIs). Two-tailed P-val-
ues of <0.05 were considered to indicate statistical significance. In case of
multiple testing, P-values were adjusted by Bonferroni correction.
Statistical analyses were performed using IBM SPSS Statistics Version 25.0
(IBM Corporation, Armonk, NY, USA) and R Studio Version 1.3.1093 (R
Foundation for Statistical Computing, Vienna, Austria).

Results

Baseline characteristics
Baseline clinical and echocardiographic characteristics are presented
in Table 1. The final study population consisted of 243 PLN
p.Arg14del mutation carriers [median age 41 (30–55) years, 110
(45%) males] who had follow-up data available after the echocardio-
gram. Fifty-six subjects (23%) were probands and 187 (77%) were
relatives. A history of VA was present in 89 subjects (37%), which
was sustained in 41 (17%) and non-sustained in 48 (20%). An ICD
was present in 56 subjects (23%) at baseline. Thirty subjects (12%)

had a history of heart failure, of whom 11 (5%) were previously hos-
pitalized for heart failure. ARVC diagnosis was present in 43 subjects
(18%), whereas DCM diagnosis was present in 39 (16%). One hun-
dred and fourteen subjects (47%) were considered presymptomatic.

LV function classification
Median baseline LVEF was 55 (49–60)%. Median baseline LVMD was
41 (30–55) ms. There was a significant inverse correlation between
LVEF and LVMD [r = -0.668 (95% CI: -0.732 to -0.592), P < 0.001].
Inter- and intraobserver agreement were good for both LVEF [ICC
0.86 (95% CI: 0.71–0.94) and 0.89 (0.76–0.95), respectively] and
LVMD [ICC 0.91 (95% CI: 0.83–0.96) and 0.96 (0.92–0.98), respect-
ively]. Bland–Altman plots are presented in Supplementary data on-
line, Figures S2–S5.

On the basis of the ‘45/45’ rule, mutation carriers were classified
as follows: 139 (57%) had normal LV function (i.e. preserved LVEF
with normal LVMD), 63 (26%) had mechanical LV dysfunction (i.e.
preserved LVEF with abnormal LVMD), and 41 (17%) had overt LV
dysfunction (i.e. reduced LVEF) (Figure 1). Only one subject in the
overt LV dysfunction class had an LVMD below the cut-off value of
45 ms (i.e. 44 ms). Inter- and intraobserver agreement for LV function
classification was good; 24/25 subjects were classified similarly by
two independent observers and by the first observer when measure-
ments were blindly repeated [linear weighted kappa 0.93 (95% CI:
0.79–1.00)]. An alternative method for LV function classification, with
GLS instead of LVMD, is provided in Supplementary data online,
Figure S6.

Clinical characteristics of subjects in the three LV function classes
are provided in Table 1. CMR was available in 113 subjects (38%). In
the normal LV function class, LGE was present in 21/77 subjects

Figure 1 Distribution of LVEF and LVMD values in PLN p. Arg14del mutation carriers. The vertical black line represents the cut-off value for LVEF
(45%), whereas the horizontal black line represents the cut-off value for LVMD (45 ms). According to these cut-off values, mutation carriers were
classified into three subgroups: normal LV function (preserved LVEF and normal LVMD, in green), mechanical LV dysfunction (preserved LVEF and
abnormal LVMD, in yellow) and overt LV dysfunction (reduced LVEF, in red). Mutation carriers who experienced sustained VA during follow-up are
marked with a black dot. LV, left ventricular; LVEF, LV ejection fraction; LVMD, LV mechanical dispersion; VA, ventricular arrhythmia.
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.
(27%). In the mechanical LV dysfunction class, LGE was more com-
mon, being present in 17/31 subjects (55%, P = 0.014). In the overt
LV dysfunction class, five subjects underwent CMR who all exhibited
LGE.

Follow-up
The median follow-up duration was 3.3 (1.8–6.0) years. During
follow-up, sustained VA occurred in 35 subjects (14%). This was sud-
den cardiac arrest/ventricular fibrillation in six, an appropriate ICD
intervention in 20 (median cycle length: 280 ms) and a recorded sus-
tained ventricular tachycardia in 9 (median cycle length 281 ms).
Characteristics of subjects with sustained VA during follow-up versus
subjects without sustained VA are shown in Supplementary data on-
line, Table S1. In order to internally validate the pre-defined cut-off
value for LVMD of 45 ms, we performed ROC curve analysis and
Cox proportional hazards analysis. Using both methods, the optimal
cut-off value for LVMD in the current cohort was found to be 46 ms
for prediction of sustained VA [sensitivity 97%, specificity 70% and C-
statistic 0.81 (95% CI: 0.77–0.85)].

Survival curves for the three LV function classes are shown in
Figure 2. Subjects with normal LV function had a favourable prognosis;
sustained VA occurred in only one subject (appropriate ICD inter-
vention in a subject with LVMD 42 ms). The NPV of having normal

LV function for sustained VA within 3 years was 99% (95% CI: 92–
100%). Subjects with mechanical LV dysfunction had a worse progno-
sis; sustained VA occurred in 11 subjects (18%). The PPV of having
mechanical LV dysfunction for sustained VA within 3 years was 20%
(95% CI: 15–27%). Subjects with overt LV dysfunction had the worst
prognosis; sustained VA occurred in 23 subjects (56%). The PPV of
having overt LV dysfunction for sustained VA within 3 years was 56%
(95% CI: 43–69%).

Results of Cox proportional hazards analyses are shown in Table 2.
Having mechanical LV dysfunction and having overt LV dysfunction
were both significant predictors for sustained VA in all four multivari-
able models. Additional survival analyses with LVMD as a continuous
variable are provided in Supplementary data online, Table S2.

A subgroup analysis was performed in subjects who did not ex-
perience a sustained VA before (n = 202, 83%). As demonstrated in
Supplementary data online, Figure S7, 134 of these subjects were clas-
sified as having normal LV function, 53 were classified as having mech-
anical LV dysfunction and 15 were classified as having overt
dysfunction. After a median follow-up of 3.3 years (1.8–5.6), 14 (7%)
developed sustained VA, of whom 8 had mechanical LV dysfunction
and 6 had overt dysfunction. None of the subjects with normal LV
function at baseline in this subgroup developed sustained VA during
follow-up.

Figure 2 VA-free survival of PLN p.Arg14del mutation carriers in different LV function classes. VA-free survival differed significantly between the
three LV function classes. Mutation carriers with a normal function had the most favourable survival, whereas mutation carriers with mechanical dys-
function and overt dysfunction had worse survival. LV, left ventricular; VA, ventricular arrhythmia.
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Take home figure Optimal echocardiographic assessment of myocardial dysfunction for arrhythmic risk stratification in PLN p.Arg14del muta-
tion carriers. The ‘45/45’ rule can be used to stratify PLN p.Arg14del mutation carriers into three echocardiographic risk categories. Subjects with
LVEF < 45% are classified as having overt LV dysfunction, and are considered to be at high risk to develop sustained VA. In subjects with LVEF >_45%,
LVMD should be additionally measured. In case of normal LVMD (i.e. normal LV function), the risk of developing sustained VA is low. However, in
case of LVMD >45 ms (i.e. mechanical LV dysfunction), the risk of developing sustained VA is higher, despite normal LVEF. When LVMD is added on
top of the current VA risk prediction model, it provides a high NPV, particularly in the lower risk categories. LVEF, left ventricular ejection fraction;
LVMD, left ventricular mechanical dispersion; NPV, negative predictive value; PLN, phospholamban; PPV, positive predictive value; (s)VA, (sustained)
ventricular arrhythmia.
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Incremental value on top of the current
prediction model
The baseline data of the cohort were assessed with the current VA
prediction model by van Rijsingen et al.,8 which yielded a C-statistic of
0.77 (95% CI: 0.72–0.82). According to this model, 145 subjects had
no risk factors at baseline, 66 subjects had one risk factor and 32 sub-
jects had two risk factors. Among the 35 subjects that developed sus-
tained VA during follow-up, 4 subjects had no risk factors at baseline,
12 had one risk factor, and 19 had two risk factors.

In subjects without risk factors or with one risk factor, LVMD had
a high NPV for sustained VA within 3 years (Take home figure). All
four subjects without any risk factors who developed sustained VA
during follow-up had an increased LVMD at baseline.

In 42 out of 66 subjects with one risk factor, the risk factor was a
history of non-sustained VA. Four of these 42 subjects developed
sustained VA during follow-up, who all had an increased LVMD at
baseline (Supplementary data online, Table S3). None of the subjects
with a history of non-sustained VA with normal LVMD at baseline
(n = 20) developed a sustained VA during follow-up [median follow-
up duration 3.0 (1.3–6.1) years].

Discussion

In this study, we aimed to investigate whether measurement of
LVMD in PLN p.Arg14del mutation carriers has incremental prog-
nostic value on top of measurement of LVEF, with respect to the de-
velopment of sustained VA. The key finding of this study is that
normal LVMD values exclude the occurrence of sustained VA within
3 years with a high NPV. This is particularly helpful in subjects who
have normal LVEF since a normal LVEF does not completely exclude
the occurrence of sustained VA. Accordingly, mutation carriers with
increased LVMD despite preserved LVEF were found to be at sub-
stantially higher risk for sustained VA (Take home figure).

Risk stratification by LVEF
For arrhythmic risk stratification in PLN p.Arg14del mutation car-
riers, the prediction model of van Rijsingen et al.8 is currently used,
which includes two clinical risk factors: history of (non-)sustained VA

and LVEF <45%. Mutation carriers without these risk factors are
assumed to be at low risk for malignant VAs, whereas mutation car-
riers with one or two risk factors are assumed to be at higher risk.
This model is currently being used to decide on ICD implantation in
these mutation carriers. Therefore, we decided to also use this cut-
off value of 45% for LVEF in this study.

The results of this study confirm that LVEF <45% is an important
prognostic marker for sustained VA. Mutation carriers with reduced
LVEF (in this study classified as overt LV dysfunction) were at signifi-
cant higher risk of developing sustained VA than mutation carriers
with an LVEF >_45%. More than half of the mutation carriers with
reduced LVEF developed sustained VA, and thus the current cut-off
value of 45% seems to be appropriate. However, it should be noted
that there were also individuals with preserved LVEF who suffered
from sustained VA during follow-up, implying that LVEF <45% lacks
sensitivity.

LVMD as prognostic marker
Previously, we have shown that LVMD values may be increased in
very early stages of disease in PLN p.Arg14del mutation carriers,
even before the onset of symptoms.20 On a mechanical level, this is
caused by regional contraction duration prolongation (i.e. post-
systolic shortening), which contributes to heterogeneity in LV con-
traction. Since these mechanical alterations were already observed
before the presence of overt structural disease by CMR (i.e. myocar-
dial fibrosis), we assumed that increased LVMD values in these sub-
jects reflect an (electro-)mechanical substrate caused by disturbed
calcium handling. However, LVMD values were found to be even
higher in more advanced stages of the disease, implying that myocar-
dial fibrosis may also contribute to heterogeneity in LV contraction.
Because of the typical regional pattern of disease in PLN p.Arg14del
mutation carriers, we decided to add LVMD rather than GLS on top
of LVEF in this study.

Several previous studies have investigated LVMD as a prognostic
marker, in particular for arrhythmic events. A recent meta-analysis by
Kawakami et al.16 studied the association between LVMD and VAs in
3198 patients from 12 studies and demonstrated that LVMD has su-
perior prognostic value over LVEF and GLS. However, the results
and the proposed cut-off values in the meta-analysis were not

....................................................... .......................................................

....................................................................................................................................................................................................................

Table 2 Cox proportional hazards analyses for prediction of sustained VA

Mechanical LV dysfunction Overt LV dysfunction

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

Univariable (n = 243) 26.19 (3.38–202.87) 0.002a 114.36 (15.43–847.66) <0.001a

Adjusted for age and sex (n = 243) 29.30 (3.64–235.69) 0.001a 132.63 (17.25–1019.75) <0.001a

Adjusted for VA history (n = 243) 20.48 (2.57–162.84) 0.004a 78.31 (10.0–613.47) <0.001a

Adjusted for low QRS voltages and T-wave inversion (n = 238) 13.79 (1.75–108.54) 0.013a 47.89 (6.17–371.84) <0.001a

Adjusted for PVC count/24 h, log-linear conversion (n = 198) 12.97 (1.50–112.62) 0.020a 42.20 (4.76–373.97) 0.001a

The LV function classes were included in the Cox proportional hazards analysis as dummy variable, with the normal LV function class as reference group. Due to non-linearity,
a log-linear conversion was performed for PVC count.
CI, confidence interval; LV, left ventricular; PVC, premature ventricular complex; VA, ventricular arrhythmia.
aP-values <0.05 are considered to indicate statistical significance.
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directly applicable to the mutation carriers in our study because the
study population in the meta-analysis was rather heterogeneous. In
addition, we were particularly interested in the performance of
LVMD in mutation carriers with a normal LVEF, since risk prediction
is often challenging in this group.

In our study, we found LVMD to have considerable incremental
value for risk stratification in mutation carriers with a preserved
LVEF. Using the ‘45/45’ rule (Take home figure), we could subdivide
mutation carriers with a preserved LVEF into two risk groups.
Mutation carriers with normal LVMD were found to be at very low
risk for sustained VA within 3 years; VA occurred in <1%. On the
other hand, mutation carriers with increased LVMD were found to
be at unequivocal higher risk for sustained VA, despite a preserved
LVEF. By adding LVMD as an extra layer to the risk prediction model
that is currently used to guide ICD implantation,8 LVMD could ex-
clude the occurrence of sustained VA with high NPV (particularly in
the lower risk categories), and identify subjects who develop sus-
tained VA despite having no risk factors or only one risk factor such
as non-sustained VA (Take home figure). Thus, LVMD has great poten-
tial to improve future risk prediction models, which may possibly lead
to more patient-tailored therapeutic interventions. This does not
only hold true for PLN mutation carriers but probably also for other
patient populations in which deterioration of LVEF is a relative late
marker of regional myocardial dysfunction.

Clinical implications
With regard to risk stratification in PLN p.Arg14del mutation car-
riers, echocardiograms are currently only assessed for LVEF.8 On the
basis of our results, we recommend quantification of LVMD in PLN
p.Arg14del mutation carriers, at least in those who have a normal
LVEF. Importantly, the prognostic effect of LVMD was not only inde-
pendent of LVEF but also of VA history and other clinical variables.
We propose that mutation carriers with an increased LVMD should
have stricter follow-up regimens than mutation carriers with normal
LVMD values. Although it seems that patients with increased LVMD
may benefit from early ICD implantation or anti-arrhythmic medica-
tion to prevent potentially life-threatening VA, we cannot provide
direct LVMD-based therapeutic recommendations on the basis of
these retrospective observational data. This remains to be investi-
gated in future prospective interventional studies.

In this study, we focused on the prognostic value of LVMD because
several studies showed this parameter to be promising for VA predic-
tion16,17 and because of the typical regional pattern of functional and
structural abnormalities in PLN mutation carriers.20,21 Based on this
study, GLS does not seem to provide additional prognostic informa-
tion on top of LVEF and LVMD within this specific patient population.
However, other deformation imaging parameters such as right ven-
tricular strain should not be neglected on the basis of this study.
These parameters should also be investigated in future studies.

Limitations
In this study, we investigated an endpoint of sustained VA, which also
included appropriate ICD interventions and sustained ventricular
tachycardia. However, it should be noted that these arrhythmias are
not always life-threatening and may therefore not necessarily require
ICD therapy.

We classified the LV function using categorical data because this
approach is most suitable for a practical clinical algorithm. However,
valuable information may be lost when using categorical data instead
of continuous variables. In future studies, LVMD may potentially be
used as a continuous variable to allow fine-tuning of risk prediction.
This would translate best into a multi-modality risk model where the
amount of LVMD rather than a cut-off value provides additional in-
formation on arrhythmogenic risk.

Due to the relatively small number of events in this study, we
lacked power to include all variables of interest in one multivariable
model. To create a complete multivariable risk prediction model, a
larger number of events is needed.

The majority of the subjects who developed VA in this study al-
ready had a history of sustained or non-sustained VA. Still, the pres-
ence of mechanical LV dysfunction could predict the occurrence of
sustained VA when it was corrected for VA history in multivariable
analysis. In addition, all subjects who developed the outcome without
having a history of sustained VA had increased LVMD at baseline.
Nevertheless, longer follow-up intervals would be desirable in future
studies, to increase the number of events in mutation carriers who
did not have a previous arrhythmic event.

Conclusion

LVMD has incremental prognostic value in PLN p.Arg14del mutation
carriers on top of LVEF, particularly in those with preserved LVEF.
Normal LVMD values identify mutation carriers who are at very low
risk of developing sustained VA within 3 years. Mutation carriers with
increased LVMD are at higher risk of developing sustained VA, even
in case of preserved LVEF. The proposed ‘45/45’ rule is a practical ap-
proach to echocardiographic risk stratification in these mutation car-
riers and seems to be of additional value on top of the current
method for risk assessment. Measurement of LVMD should be inves-
tigated in future multi-modality risk prediction models and prospect-
ive interventional studies. Moreover, the ‘45/45’ rule should also be
investigated in other patient populations in which LVEF is a relative
late marker of myocardial dysfunction.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
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