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BACKGROUND A pathogenic variant in the gene encoding phospholamban (PLN), a protein that regulates calcium homeostasis of
cardiomyocytes, causes PLN cardiomyopathy. It is characterized
by a high arrhythmic burden and can progress to severe cardiomyopathy. Risk assessment guides implantable cardioverterdeﬁbrillator therapy and beneﬁts from personalization. Whether
sex-speciﬁc differences in PLN cardiomyopathy exist is unknown.
OBJECTIVE The purpose of this study was to improve the accuracy
of PLN cardiomyopathy diagnosis and risk assessment by investigating sex-speciﬁc aspects.
METHODS We analyzed a multicenter cohort of 933 patients (412
male, 521 female) with the PLN p.(Arg14del) pathogenic variant
following up on a recently developed PLN risk model. Sex-speciﬁc
differences in the incidence of risk model components were investigated: low-voltage electrocardiogram (ECG), premature ventricular
contractions, negative T waves, and left ventricular ejection fraction.
RESULTS Sustained ventricular arrhythmias (VAs) occurred in 77
males (18.7%) and 61 females (11.7%) (P 5 .004). Of the 933

cohort members, 287 (31%) had 1 low-voltage ECG during
follow-up (180 females [63%], 107 males [37%]; P 5 .006). Female
sex, age, age at clinical presentation, and proband status predicted
low-voltage ECG during follow-up (area under the curve: 0.78). Sustained VA-free survival was lowest in males with low-voltage ECG (P
,.001).
CONCLUSION Low-voltage ECGs predict sustained VA and are a
component of the PLN risk model. Low-voltage ECGs are more common in females, yet prognostic value is greater in males. Future
studies should determine the impact of this difference on the risk
prediction of PLN cardiomyopathy and possibly other cardiomyopathies.
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Total cohort

Age (y)
Age at ﬁrst presentation (y)
Age at ﬁrst symptom (y)
Hypertension
Type 2 diabetes mellitus
BMI (kg/m2)
Echocardiographic LVEF (%)
PVCs per 24 h on Holter
Highest no. of PVCs per 24 h on Holter
Leads with inverted T waves
Sustained VA during follow-up
Low-voltage ECG during follow-up
Proband status
Cardiovascular death
Five-year risk of VA (%)
Follow-up (y)

Overall (N 5 933)

Male (n 5 412)

Female (n 5 521)

P value

51.9 6 18.0
42.4 6 17.8
46.0 6 14.4
108 (13.6)
31 (3.9)
24.4 6 4.3
47.4 6 14.6
179 [1145.3]
2115.7 6 4757.0
1.85 6 2.4
138 (14.8)
287 (30.8)
202 (21.7)
35 (3.8)
5.4 [12.1]
4.8 [6.8]

51.9 6 18.7
42.2 6 18.3
45.0 6 14.9
50 (14.2)
18 (5.1)
24.5 6 3.8
46.7 6 15.0
208.5 [1237.0]
2188.6 6 5123.7
1.78 6 2.3
77 (18.7)
107 (26.0)
93 (22.6)
21 (5.1)
5.6 [11.3]
4.8 [7.4]

51.9 6 17.4
42.6 6 17.4
46.9 6 14.0
58 (13.1)
13 (2.9)
24.4 6 4.6
47.9 6 14.2
173.5 [1085.8]
2063.5 6 4483.1
1.89 6 2.5
61 (11.7)
180 (34.5)
109 (20.9)
14 (2.7)
5.1 [13.0]
4.8 [6.5]

.986
.734
.223
.724
.163
.700
.323
.471
.748
.489
.004
.006
.597
.080
.911
.737

Values are given as mean 6 SD, n (%), or median [interquartile range] unless otherwise indicated.
BMI 5 body mass index; ECG 5 electrocardiogram; LVEF 5 left ventricular ejection fraction; PVC 5 premature ventricular contraction; VA 5 ventricular
arrhythmia.

Introduction
Phospholamban (PLN) cardiomyopathy is a speciﬁc subtype
of hereditary cardiomyopathy caused by PLN p.(Arg14del), a
pathogenic variant in the gene encoding PLN, which is a protein with a central role in calcium homeostasis in cardiac tissue. This protein ensures proper contraction and relaxation of
the human heart.1 Carriers of this pathogenic variant have a
high risk of developing dilated cardiomyopathy (DCM),
arrhythmic cardiomyopathy (ACM), or both.2 They
commonly have a high arrhythmic burden, with premature
ventricular contractions (PVCs) and ventricular tachycardia,
remarkable low-voltage electrocardiograms (ECGs), left
ventricular dysfunction, and a positive family history for sudden cardiac death.2–6
PLN p.(Arg14del) cardiomyopathy has been found in
several European countries, but also in the United States,

Table 2

Canada, and China.7 On a global scale it is a rare disease,
but it is particularly common in The Netherlands, with the
pathogenic variant being present in 12% of all ACM patients
and 15% of all DCM patients.6 We have identiﬁed PLN
p.(Arg14del) carriers throughout The Netherlands, enabling
us to thoroughly investigate possible sex-related presentation
or phenotypes.
Although it has been suggested that males with ACM
more often suffer from arrhythmias than females, the size
of the current cohort enables us to answer this question
more deﬁnitively.8,9 Sex-speciﬁc differences in risk factors
may be helpful to reﬁne personalized risk scores, which in
turn might improve disease prognosis as well as clinical judgment throughout the management of the disease. The recently
published risk prediction model7 emphasizes 4 distinct components: left ventricular ejection fraction (LVEF), ventricular

Low-voltage ECG cohort

Age (y)
Age at ﬁrst presentation (y)
Age at ﬁrst symptom (y)
Hypertension
Type 2 diabetes mellitus
BMI (kg/m2)
Echocardiographic LVEF (%)
PVCs per 24 h on Holter
Highest no. of PVCs per 24 h on Holter
Leads with inverted T waves
Sustained VA during follow-up
Proband status
Cardiovascular death
Five-year risk of VA (%)
Follow-up time (y)

Overall (N 5 287)

Male (n 5 107)

Female (n 5 180)

P value

58.5 6 13.4
46.9 6 13.8
46.7 6 13.6
30 (11.3)
12 (4.6)
25.6 6 4.2
38.5 6 15.9
958.0 [2452.0]
3390.3 6 4908.7
3.15 6 2.9
97 (33.8)
133 (46.3)
25 (8.7)
16.0 [17.5]
7.4 [9.4]

57.5 6 13.6
44.6 6 14.1
43.2 6 13.7
11 (11.1)
8 (8.2)
25.7 6 3.6
36.3 6 15.9
999.0 [2469.0]
3377.3 6 4928.6
3.46 6 2.8
55 (51.4)
58 (54.2)
14 (13.1)
14.2 [22.7]
6.4 [8.2]

59.1 6 13.3
48.2 6 13.4
49.3 6 13.0
19 (11.4)
4 (2.4)
25.6 6 4.6
39.9 6 15.8
928 [2343.5]
3397.2 6 4916.9
2.97 6 2.9
42 (23.3)
75 (41.7)
11 (6.1)
16.8 [16.1]
8.0 [9.4]

.339
.030
.003
1
.060
.888
.081
.724
.978
.160
,.001
.053
.070
.991
.084

Values are given as mean 6 SD, n (%), or median [interquartile range] unless otherwise indicated.
Abbreviations as in Table 1.
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arrhythmia (VA) burden (number of PVCs per day), lowvoltage ECG, and the number of T waves with inversion
on resting ECG. This risk model does not distinguish between males and females. Clearly, this harbors intrinsic limitations, as low-voltage ECG criteria are not similar for males
and females, given sex-speciﬁc differences in body fat percentage, physical features, and lower ECG voltages in females in general.10–12 To investigate whether sex-speciﬁc
analysis is relevant, we evaluated the risk score components
in male and female PLN p.(Arg14del) carriers and investigated their association with the incidence of VA.

Materials and methods
PLN Registry
We leveraged a subset of the Netherlands Arrhythmogenic
Cardiomyopathy Registry (ACM Registry), a database containing the retrospective data gathered from a national observational cohort of patients with different ACMs, and their
family members.13 This database allowed for selection of
PLN p.(Arg14del) carriers, and this subset will be referred
to as the PLN Registry. This registry contains records from
centers all across The Netherlands, minimizing centerbased bias.13 All members of the study cohort provided
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informed consent before genetic testing. The study was
performed in accordance with the principles of the Helsinki
Declaration as revised in 2013, and an institutional review
board approved the study protocol.

Study population
The PLN Registry contained data from 1119 subjects with
the PLN p.(Arg14del) variant. From this initial cohort, 186
were excluded for the following reasons: unknown sex
(18), unknown pedigree (86), and unknown age at ﬁrst clinical presentation (82), resulting in a cohort of 933 subjects
(mean age 51.9 years; 55.8% female) with sufﬁcient data
available for analysis. Time-to-event data were available
for 763 of 933 subjects. Patient information was obtained
from ﬁrst clinical presentation to the last follow-up appointment. Median [Q1–Q3] follow-up period was 4.8 [1.5–8.3]
years.
All data in the PLN Registry were collected from (semi-)
anonymized medical records. Demographics, medical and
family histories, ECGs, exercise stress tests, Holter registration,
signal-averaged ECGs, echocardiograms, magnetic resonance
imaging, coronary angiographs, electrophysiological studies,

Figure 1 Time-to-event analysis showing probability of sustained ventricular arrhythmia (VA)-free survival. Males with 1 low-voltage electrocardiograms
performed worse than all other subgroups. PLN 5 phospholamban.
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biopsies, genetic tests, and pathology reports were collected for
all patients, unless reported otherwise.
PLN pathogenic variant carriers were deﬁned as subjects
with an identiﬁed p.(Arg14del) variant. Probands were
deﬁned as the ﬁrst (symptomatic) variant carrier per family
to present clinically. Low-voltage ECGs were deﬁned as
ECGs with precordial lead (V1–V6) voltages 1.0 mV or
inferior leads (I, II, and III) voltages 0.5 mV. Sustained
VA was deﬁned as ventricular tachycardia lasting 30 seconds, or ,30 seconds when terminated electrically or pharmacologically, or ventricular ﬁbrillation, or (aborted)
sudden cardiac death. Death was deﬁned as mortality independent of cause; cardiovascular death was deﬁned as death
of cardiovascular origin as determined by a cardiologist. Risk
scores were calculated with the use of the PLN risk prediction
model and baseline data. Baseline data were used in Tables 1
and 2, except for body mass index (BMI) and number of inverted T waves, where the highest value for each record was
selected. All data pertaining to outcomes (arrhythmias, death,
and others) were veriﬁed by a cardiologist.

Statistical analysis
Continuous data are given as mean 6 SD in case of normally
distributed data, or median [interquartile range] in case of
non-normally distributed data. Categorical variables are
given as absolute values (%). Due to rounding, percentages
do not always add up to 100%. Baseline characteristics between males and females were compared using the c2 test
for categorical variables, the Student t test for normally
distributed continuous variables, and the Mann-Whitney U
test for non-normally distributed continuous variables. The
primary endpoint was deﬁned as sustained VA during
follow-up. Secondary endpoints were deﬁned as all-cause
mortality, cardiovascular death, and low-voltage ECG during
follow-up.
Logistic regression analysis was performed to determine
the predictive value of low-voltage ECG and primary
endpoint. Sex-speciﬁc associations of low-voltage ECG
with primary endpoint were evaluated using adjusted logistic
regression analyses with interaction term sex*low-voltage
ECG. To ﬁnd factors predicting the occurrence of lowvoltage ECGs during follow-up and to investigate the inﬂuence of sex on the prognostic value of low-voltage ECGs, logistic modeling was used. Potential predictive factors were
hypothesized based on existing literature and the current
risk prediction model. Their individual effect was then
measured, and the 4 most impactful factors were selected.
The relationship between a subject having 1 low-voltage
ECGs during follow-up and experiencing a sustained VA
during that same time period was investigated using the c2
test for independence. Subanalyses of the 2021 prediction
model were performed,7 using the same dataset used in that
publication, by comparing the model with and without the
use of an interaction term for low voltage with sex. Timeto-event analysis was performed using the date of acquisition
of the ﬁrst ECG as the baseline date. The earliest date
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Table 3

Sustained VA in total cohort (N 5 933)

No sustained VA (%)
Sustained VA (%)

Normal voltage

Low voltage

P value

605 (65)
41 (4)

190 (20)
97 (10)

,.001
,.001

Values are given as n (%).
VA 5 ventricular arrhythmia.

between the date of the ﬁrst sustained VA and the date of
death was used as the event date. The association between
survival time and selected predictor variables was analyzed
using the Cox proportional hazards model. Survival curves
were compared against one another to test for statistical signiﬁcance using likelihood ratio testing.
Analyses were performed using R-Studio Version
1.3.1073 (R Studio, Boston, MA), a graphical interface for
the R statistical package Version 4.0.2 (the R foundation
for statistical computing platform, Vienna, Austria). Graphs
were plotted using the graphics, pROC, ggsurvplot, and
ggplot2 packages. P ,.05 were considered signiﬁcant.

Results
Baseline and follow-up characteristics for the overall cohort
are listed in Table 1 and for the low-voltage ECG cohort in
Table 2. Mean age and incidence of comorbidities did not
differ signiﬁcantly between males and females. Overall, cardiac function was comparable between males and females.
Median [Q1–Q3] 5-year risk of VA was 5.6% [1.5%–
12.7%] for males and 5.1% [1.3%–9.8%] for females (P 5
.911), calculated using baseline data. Sustained VA occurred
in 77 males (18.7%) and in 61 females (11.7%) (P 5 .004).
Analyzing the risk score components in males and females
showed no signiﬁcant differences in LVEF, PVCs per day,
and number of inverted T waves on resting ECG. Of 521 females, 180 (35%) showed 1 low-voltage ECGs during median [Q1–Q3] follow-up of 4.8 [1.5–8.3] years. In 412 males,
107 (26.0%) showed 1 low-voltage ECGs during followup, the difference being signiﬁcant (P 5 .006). Time-toevent analysis showed worse performance of male subjects
with 1 low-voltage ECGs compared to all other subgroups
(P ,.001) (Figure 1).
Next, we assessed the importance of low-voltage ECGs in
males and females. Both males and females with low-voltage
ECGs more frequently reached the primary endpoint of sustained VA (Table 3). In addition, males with low-voltage
ECGs reached the primary endpoint more often than females
with low-voltage ECGs (Table 4). Sensitivity analysis
Table 4

Sustained VA in low-voltage cohort (N 5 287)

No sustained VA
Sustained VA

Female

Male

P value

138 (48)
42 (15)

52 (18)
55 (19)

,.001
,.001

Values are given as n (%).
VA 5 ventricular arrhythmia.
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Figure 2 Graphical depiction of the distribution of body mass index (BMI) in male and female phospholamban (PLN) carriers, showing no signiﬁcant difference between the groups. A: Total cohort. B: Low-voltage electrocardiogram (ECG) cohort.

Figure 3 Receiver operating characteristic (ROC) curve of the low-voltage prediction model based on age, age at presentation, sex, and pedigree, showing an
area under the curve of 0.78. ECG 5 electrocardiogram.
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showed that the association between low-voltage ECG and
VA was independent of BMI (Figure 2). Excluding subjects
with BMI 30 kg/m2 resulted in the same association
(Supplemental Tables 1 and 2). The incidence of cardiovascular death did not signiﬁcantly differ between males and females, either with or without low-voltage ECGs.
Logistic regression was used to identify predictors for
low-voltage ECGs. Older age, younger age at presentation,
female sex, and proband status were shown to be predictors
of low-voltage ECGs with an area under the curve of 0.78
(Figure 3).
Cox proportional hazards analysis showed male sex and
the acquisition of low-voltage ECG during follow-up to increase the risk of sustained VA, with multivariate analysis
showing a hazard ratio of 1.7 for male sex (P 5 .002) and
a hazard ratio of 2.8 for low-voltage ECG (P ,.001)
(Table 5).

decade of research on sex-speciﬁc differences in heart failure.
Earlier research shows that males develop heart failure more
frequently and at a younger age, whereas females have a
higher risk of developing heart failure with preserved ejection
fraction.14,15 Heart failure may be caused by ischemia of, or
injury to, the cardiac muscle, and the remodeling that occurs
afterward is suggested to be sex-speciﬁc as well.16 Furthermore, a 2020 review by Suthahar et al17 lists several sexrelated differences in biomarkers linked to heart failure.
Given that sex-speciﬁc aspects may be of importance, we
assumed that there may be sex-speciﬁc differences in PLN
cardiomyopathy as well. Sex-speciﬁc differences in PLN
p.(Arg14del) cardiomyopathy were investigated by van Rijsingen et al8 in 2014, but at that time the aggregate number
of patients was much smaller and no deﬁnitive conclusions
could be drawn. The current larger cohort allowed us to
investigate possible sex-speciﬁc differences more thoroughly.

Discussion
In this study, we examined the association between sex and
several risk factors of a risk model of PLN p.(Arg14del) cardiomyopathy. Our most important ﬁnding is that the known
association between low-voltage ECGs and sustained or
life-threatening VA, one of the current pillars of risk prediction in PLN p.(Arg14del) cardiomyopathy, differs between
male and female carriers. It has a reduced predictive power
in females in our logistical regression analysis, and there is
a signiﬁcantly increased proportion of males with sustained
VA in our low-voltage ECG cohort.
Strikingly, our results show that the prevalence of lowvoltage ECGs was higher in females, whereas sustained
VA during follow-up was more prevalent in males. We additionally identiﬁed predictors for low-voltage ECGs and sustained VA. Therefore, our main secondary ﬁndings are that
(1) sustained VA during follow-up occurs signiﬁcantly
more often in male PLN p.(Arg14del) carriers; (2) male
PLN p.(Arg14del) carriers have signiﬁcantly shorter sustained VA-free survival; and (3) male PLN p.(Arg14del) carriers with 1 low-voltage ECGs reach the endpoint of
sustained VA earlier than all other subgroups.

Sex-speciﬁc differences in heart failure
Our results show sex-speciﬁc differences in one speciﬁc type
of hereditary cardiomyopathy and build on more than a
Table 5

Cox proportional hazards analysis (N 5 763)

Univariate analysis
Male sex
Low-voltage
ECG during follow-up
Multivariate analysis
Male sex
Low-voltage
ECG during follow-up
ECG 5 electrocardiogram.

Screening and prognosis of PLN cardiomyopathy
Close relatives of probands with a pathogenic variant mostly
undergo screening in the setting of cascade genetic testing. If
the speciﬁc pathogenic variant is identiﬁed, these genotypepositive relatives receive consecutive clinical screening,
including physical examination, echocardiography, ambulatory (Holter) and regular ECG, and, in most cases, magnetic
resonance imaging. In the initial risk score, LVEF ,45%
and/or a documented nonsustained ventricular tachycardia
was deemed sufﬁcient for implantable cardioverterdeﬁbrillator (ICD) implantation.7 This score was recently upgraded to an improved risk prediction model,9 which includes LVEF, PVCs per 24 hours, number of ECG leads
with negative T waves, and the presence of low-voltage
ECGs as risk factors. This model is used to calculate the 5year risk of VA in mutation carriers, and the current national
standard recommends follow-up visits each 1–2 years.
Supplemental Figure 1 illustrates how these 4 individual factors are used to calculate a total risk percentage. In The
Netherlands, ICD implantation is recommended if risk is
.5% (ie, .1% per year). Because the 2021 model is not
sex-speciﬁc and includes the sex-speciﬁc low-voltage ECG
criterion, we hypothesize that the accuracy of the risk prediction model may be increased by distinguishing between the
sexes.

Clinical relevance

Coefﬁcient

Hazard ratio

P value

0.4153
0.9522

1.5149
2.5914

.0139
,.001

0.5298
1.0139

1.6986
2.7564

.0018
,.001

Currently, the 5-year risk of VA is an important ﬁgure in
recommending an ICD as primary prevention in individuals carrying the PLN p.(Arg14del) variant. This study
shows that the predictive power of low-voltage ECGs is
lower in females than in males, which may result in overtreatment of females. ICD placement is not without risks,
as up to 10% of patients experience at least 1 complication.18,19 Therefore, our results should be taken into account by clinicians. A borderline ICD indication in a
female mutation carrier may warrant closer examination,
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for example, through more frequent clinic visits or Holter
registration, before recommending ICD implantation. Taking our ﬁndings into account could increase the accuracy
of a next iteration of the PLN risk prediction model,
although our ﬁndings do not invalidate the effectiveness
of the current model. As illustrated in Supplemental
Figure 1, both males and females can reach the threshold
for ICD implantation used in The Netherlands (5%) by the
presence of low-voltage ECGs. Future studies should
investigate the sex-speciﬁc validity of the tests currently
used for PLN prognosis. It may be argued that using identical screening modalities for both sexes is suboptimal. In
particular, low-voltage ECG threshold values should be
further investigated, as these currently do not take sex
into account.
This study also has implications for prognostic models
used in other arrhythmogenic cardiomyopathies or types of
heart failure. For instance, in arrhythmogenic right ventricular cardiomyopathy, QRS morphology is an element of the
scoring system, and in heart failure with reduced ejection
fraction the decision for biventricular pacing depends on
QRS width. It remains to be evaluated whether the Task
Force Criteria used in the diagnosis of arrhythmogenic right
ventricular cardiomyopathy or heart failure guidelines could
be further optimized by introducing sex-speciﬁc cutoff
values.

Sex-speciﬁc ECG
In cardiac imaging, sex-speciﬁc normal values and threshold
values are used. Additionally, measurements are often
normalized using body surface area to compensate for interindividual biological variation. Our ﬁndings show that what
is already standard practice in cardiac imaging may be the
next step in enhancing the diagnostic and predictive value
of ECG, and that using a single set of normal or threshold
values may create an upper bound in the clinical validity of
ECG. This phenomenon was described earlier for hypertrophic cardiomyopathy,20 yet adjusting ECG ﬁndings based
on sex or body surface area is still not part of standard practice. Future research should be aimed at combining raw ECG
data and matched clinical outcome data to calculate optimal
PLN-speciﬁc low-voltage criteria.

Study limitations
The data from the PLN Registry is retrospective, and
although its multicenter origin mitigates center-based bias,
it is still open to selection bias due to the most affected subjects being more motivated to go through the registration process than asymptomatic family members without severely
affected relatives. Working with retrospective data meant
that we had to build our statistical analyses around the available data. As a consequence, the association of low-voltage
ECG with outcomes could not be adjusted by BMI and
may have been confounded by body habitus. Additionally,
retrospective studies are vulnerable to recall bias, and we attempted to mitigate this by using, where possible, objective
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data such as dates of hospital admission and registered dates
of clinical interventions instead of self-reported dates.
Finally, misclassiﬁcation bias is an inherent risk to retrospective studies, possibly causing subjects to be placed into the
wrong analysis (sub)group. Stratifying VA events by their
severity was not feasible with the available information, so
we assumed equal importance of all documented sustained
VAs and accept that some VA events may have been relatively benign.

Conclusion
Our results show sex-speciﬁc differences in low-voltage
ECGs, which is 1 of the 4 components of the current PLN
p.(Arg14del) risk prediction model. Low-voltage ECGs,
currently used in the prognosis of PLN cardiomyopathy,
occur more often in females but have greater predictive power in males. Males experience sustained VA sooner than females, and males with low-voltage ECGs even sooner.
Further investigation is needed to determine whether these results merit another look at the deﬁnition of a low-voltage
ECG, and whether identical threshold and normal values
should be used for males and females.

Appendix
Supplementary data
Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrthm.2
021.11.009.
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