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See the editorial comment for this article ‘Advancing personalized medicine: the power of collaborative registries of patients with inherited 
cardiac arrhythmia syndromes’, by A. Barsheshet and I. Goldenberg, https://doi.org/10.1093/eurheartj/ehad441.

Abstract

Aims Calmodulinopathy due to mutations in any of the three CALM genes (CALM1–3) causes life-threatening arrhythmia syn-
dromes, especially in young individuals. The International Calmodulinopathy Registry (ICalmR) aims to define and link the 
increasing complexity of the clinical presentation to the underlying molecular mechanisms.

Methods 
and results

The ICalmR is an international, collaborative, observational study, assembling and analysing clinical and genetic data on 
CALM-positive patients. The ICalmR has enrolled 140 subjects (median age 10.8 years [interquartile range 5–19]), 97 
index cases and 43 family members. CALM-LQTS and CALM-CPVT are the prevalent phenotypes. Primary neurological 
manifestations, unrelated to post-anoxic sequelae, manifested in 20 patients. Calmodulinopathy remains associated 
with a high arrhythmic event rate (symptomatic patients, n = 103, 74%). However, compared with the original 
2019 cohort, there was a reduced frequency and severity of all cardiac events (61% vs. 85%; P = .001) and sudden 
death (9% vs. 27%; P = .008). Data on therapy do not allow definitive recommendations. Cardiac structural abnor-
malities, either cardiomyopathy or congenital heart defects, are present in 30% of patients, mainly CALM-LQTS, 
and lethal cases of heart failure have occurred. The number of familial cases and of families with strikingly different 
phenotypes is increasing.

Conclusion Calmodulinopathy has pleiotropic presentations, from channelopathy to syndromic forms. Clinical severity ranges 
from the early onset of life-threatening arrhythmias to the absence of symptoms, and the percentage of milder 
and familial forms is increasing. There are no hard data to guide therapy, and current management includes pharma-
cological and surgical antiadrenergic interventions with sodium channel blockers often accompanied by an implantable 
cardioverter–defibrillator.
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Structured Graphical Abstract

• What are the clinical manifestations of calmodulinopathies?
• Are calmodulinopathies clinically severe?
• What are the most effective treatments?
  

• The International Calmodulinopathy Registry enrolled 140 subjects, 97 index cases, and 43 family members. 
• CALM-LQTS and CALM-CPVT were the most prevalent phenotypes.
• Cardiomyopathies and congenital heart defects were present in 30% of patients.
• Of 111 evaluable patients, 35 had a neurological disorder.
• There was an overall reduction in clinical severity compared to the initial cases.

• Calmodulinopathies have a range of clinical manifestations from pure channelopathies to syndromic forms.
• Calmodulinopathies remain a severe disease.
• A combination of pharmacological and surgical antiadrenergic therapies, sodium channel blockers, often complemented by ICD, might  
  be associated with a better outcomes.

Key Question

Key Finding

Take Home Message

CALM-LQTS/CPVT overlap: 10 (7%)

140 subjects with variants in CALM genes

Associated cardiomyopathies and/or congenital heart defects in 30% of CALM patients
Neurological disorders in 35 patients: 15 post-anoxic sequelae, 20 primary neurological/
neurodevelopmental features

CALM-LQTS: 74 (53%) CALM-CPVT: 36 (26%) Clinical Severity

Atypical 2 (1%)

Cardiac Events SCD

9%

61%

27%

85%

CaM

UD 11 (8%)

IVF 7 (5%)

Up to 2019

2019-2023

Nav1.5
LQT3/BrS

Cav1.2 LQT8

Kv7.1 LQT1

RYR2 CPVT1

Ca2+

Ca2+

Ca2+

Na+

K+

K+

K+
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Extracellular space
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Number and percentages of patients with CALM variants and LQTS, CPVT, LQTS/CPVT overlap, IVF, UD, and SCD are reported in the upper left 
part of the graphical abstract together with two examples of LQTS and CPVT electrocardiograms. In the upper right part, it is shown a graphical 
representation of the reduction of all cardiac events and SCD between the original cohort (up to 2019) and the cases enrolled between 2019 and 
2023. In the lower part, it is reported the number or percentage of CALM patients with cardiomyopathies, congenital heart defects, and neurological 
features. CALM, calmodulin; LQTS, long QT syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; ICD, implantable cardiover-
ter–defibrillator; IVF, idiopathic ventricular fibrillation; UD, uncertain diagnosis; SCD, sudden cardiac death.

Keywords Calmodulin • Long QT syndrome • Catecholaminergic polymorphic ventricular tachycardia • Idiopathic ventricular 
fibrillation • Sudden death • Cardiomyopathies • Neurological disorders
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Introduction
Within 10 years after the initial reports,1–3 calmodulin (CALM) muta-
tions were catapulted to the forefront of clinical studies and research 
of arrhythmias of genetic origin for two main reasons: (i) the dramatic 
presentation of malignant, and often lethal, arrhythmias in infants and 
children and (ii) the novel insights into the clinical consequences of mu-
tations affecting intracellular calcium homeostasis.

Calmodulin is a ubiquitous and essential calcium-binding protein 
(CaM) critically involved in countless intracellular signalling processes. 
Its uniqueness, and importance for life, is highlighted not only by its ami-
no acid sequence being conserved perfectly among vertebrates but es-
pecially by the fact that in humans, there are three genes that encode a 
completely identical calmodulin protein. On this basis, one must expect 

that CALM mutations would be poorly compatible with life and, when 
present, would be associated with very serious clinical phenotypes.

The initial reports1,2 pointed indeed to life-threatening arrhythmias as 
the main features, with phenotypes close to catecholaminergic poly-
morphic ventricular tachycardia1 (CPVT) and long QT syndrome2

(LQTS). However, attention was called to the presence of neurological 
and neurodevelopmental deficits among some of the small number of ini-
tial patients.2 Brain injury secondary to cardiac arrest during early life was 
evident in some cases, but given that CALM is also highly expressed in the 
brain, a direct neurological involvement remained a possibility. Finally, a 
potential association with coexisting structural abnormalities and cardio-
myopathies was noted but without conclusive data.

Our initial reports1,2 opened the gates to scattered reports mostly of 
anecdotal nature but all pointing to the fact, well known in the field of 
rare diseases, that when people begin to look in the right direction (i.e. 
screening for CALM mutations in genotype-negative young survivors of 
cardiac arrest), new cases are found. The rarity of the condition and the 
dismal responses to therapy highlighted the need for more data on 
which to base clinical management. Following the success of a similar 
operation initiated 45 years ago for LQTS,4,5 we established the 
International Calmodulinopathy Registry (ICalmR), and in 2019 we re-
ported the initial data on 74 patients.6

Progress has clearly taken place. The CALM1–3 genes have been re-
cognized for a definite association with LQTS7 and CPVT8 and now re-
present genes that should be screened in all LQTS and CPVT patients.9

However, new questions are emerging and not everything looks like it 
was initially described.

Since 2019, thanks to international collaboration, the ICalmR has al-
most doubled the number of enrolled patients and now offers novel in-
formation, which suggests that we might be observing a clinically 
relevant changing pattern. Here, we report the new data and the 
new implications.

Methods
The ICalmR was established in 2015 as an international, collaborative, ob-
servational registry with the main objectives of defining the clinical presen-
tation, genetic background, natural history, and response to therapy in 
patients with CALM genetic variants.6 The modalities of data collection 
have been described.6 The addition of a significant number of new cases 
(n = 66) has allowed a comparison between the initial pattern of presenta-
tion and the current one, which reflects the expanded genetic screening for 
CALM variants recently implemented. In several cases, updated information 
from longer follow-up has resulted in a revised assessment of phenotypes 
or in upgrading the subject’s clinical features. Our definitions of clinical sta-
tus—asymptomatic and symptomatic with syncope or major arrhythmic 
events (MAE), including aborted cardiac arrest (ACA), sudden cardiac 
death (SCD), and appropriate implantable cardioverter–defibrillator 
(ICD) shocks—remain unchanged.6

With the objective of approaching a genotype–phenotype correlation 
oriented towards the underlying mechanisms, we classified the patients, 
based on phenotype and clinical judgement, in the following groups: (i) 
LQTS, when an electrocardiogram (ECG) of the patient/victim/relative 
shows QT interval prolongation; (ii) CPVT, when the phenotype of the sur-
viving patient or of a family member (FM), with the same genetic variant, fits 
with CPVT; this phenotype also includes those relatives in CPVT families 
who died suddenly; (iii) idiopathic ventricular fibrillation (IVF), when the sur-
viving patient has a negative ECG and negative clinical investigations, and this 
includes FMs with the same genetic variant or who have died suddenly un-
der age 30; (iv) LQTS/CPVT overlap, which refers to the presence in the 
same subject of both LQTS- and CPVT-like traits observed simultaneously 
or, more often, at distinct times; and (v) uncertain diagnosis (UD) with 

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

Table 1 Study population from the ICalmR

Demographic and clinical characteristics

Patients 140

Index cases 97 (69)

Male sex 72 (51)

Age at last FU, years, median (IQR) 10.8 (5–19)a

Phenotype

LQTS 74 (53)

CPVT 36 (26)

IVF 7 (5)

LQTS/CPVT overlap 10 (7)

UD 11 (8)

Atypical 2 (1)

Symptomatic

Any cardiac eventb 103 (74)

MAEc 77 (55)

SCD 26 (19)

Age at first event, years, median (IQR) 4 (1.6–8)

Perinatal cardiac presentationd 36 (26)

Cardiac structural comorbidities (n = 135) 40 (30)

CHD 20 (15)

Cardiomyopathy 28 (21)

Neurological features (n = 111) 35 (31.5)

Post-anoxic sequelae 15 (13.5)

ACA-independent 20 (18)

LQTS, long QT syndrome; CPVT, catecholaminergic polymorphic ventricular 
tachycardia; IVF, idiopathic ventricular fibrillation; UD, uncertain diagnosis; MAE, 
major arrhythmic events; ACA, aborted cardiac arrest; FU, follow-up. 
Data are presented as n (%) unless otherwise indicated. 
aExtended follow-up of the original cohort also is included. 
bArrhythmic syncope, ACA, SCD, or appropriate ICD shocks. 
cACA, SCD, and appropriate ICD shocks. 
dOccurrence of symptoms (sinus bradycardia, marked QT prolongation, 2:1 
atrioventricular block, T-wave alternans, and/or ventricular arrhythmias) from 
approximately the 28th week of gestation to the 28th day after birth.
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either (a) sudden death without an ECG and—after exclusion of a de novo 
mutation—the family examination is either unavailable or not informative 
or (b) an adequate and conclusive diagnostic investigation is unavailable 
for the survivor of a cardiac arrest and for the family. Within this group, 
we include victims in whom we have no, or insufficient, family information 
and who might not be de novo cases. Thus, this approach implies that the 
patients of the fourth group might as well belong to one of the first three 
groups. As in the LQTS International Registry,5 subjects with unexplained 
SCD at age < 40 years without genetic testing were considered genotype- 
positive for the same CALM variant found in first-degree relatives. Finally, 
the phenotype was classified as ‘atypical’ in very few cases, in which cardiac 
symptoms were lacking, or were not diagnostic, with predominant features 
of neurological–neurodevelopmental abnormalities.

The Ethics Committees of the co-ordinating (Istituto Auxologico Italiano 
IRCCS, Milan, Italy; Mayo Clinic, Rochester, MN, USA) and of enrolling cen-
tres approved the study.

Statistical analysis
For continuous variables, normality was assessed by the Shapiro–Wilk test. 
Both QTc and follow-up times showed a skewed distribution. QTc data 
were summarized with mean ± SD in order to allow for comparisons 
with the results from other studies, including the 2019 original publication; 
age at onset and follow-up duration were presented as median and inter-
quartile range (IQR, 25th–75th percentile); when clinically meaningful, the 
minimum–maximum range was also provided. Categorical variables were 
presented as absolute (n) and relative frequencies (%). The Mann– 
Whitney U test for continuous variables and the χ2 or Fisher exact tests 
for categorical variables were used to compare the clinical characteristics 
among genotype or phenotype groups. Binomial exact 95% confidence in-
tervals (CI) were computed for the estimated proportions of cases. When 
comparing the occurrence of cardiac events between the two subsequent 
cohorts of enrolled cases, family membership was considered. The use of 
the generalized estimating equation (GEE) technique with a robust sand-
wich variance estimator or the inclusion of a random effect for family re-
latedness in a binary logistic regression model did not change the 
significance of the association between cohort membership and cardiac 
events. Thus, P-values from the standard Fisher exact test were reported. 
Event-free survival was described by Kaplan–Meier cumulative estimates. 
Time to first event was considered both for any cardiac event and for 
MAE. Two-sided P-values < .05 were considered statistically significant. 
IBM SPSS Statistics version 28.0 was used for computation.

Results
Registry population
To date, the ICalmR has enrolled 140 patients with 62 genetic variants 
(notably, all missense variants) in the CALM1, CALM2, and CALM3 genes 
(see Supplementary data online, Table S1).

Among all patients [72 males, 51%; median age at last follow-up 10.8 
years (IQR 5–19)], 97 (69%) were index cases and the remaining 43 
were FMs with the same variant. Fourteen FMs were part of one 
LQTS family,10 and 13 were part of one CPVT family.1

The main features of the study population are summarized in Table 1. 
According to the clinical classification, the breakdown of CALM variant–posi-
tive subjects into cardiac phenotypes is as follows: LQTS: 74 (53%); CPVT: 36 
(26%); IVF: 7 (5%); LQTS/CPVT overlap: 10 (7%); UD: 11 (8%); and atypical: 
2 (1%). Therefore, consistent with the original observation, CALM-LQTS and 
CALM-CPVT are the two most prevalent phenotypes and, together with 
CALM-LQTS/CPVT overlap, are contributing to 86% of the entire population 
and to 84% of the 103 symptomatic patients (Table 2).

Most patients (n = 103, 74%) were symptomatic, and by age 5.8 
years (95% CI 4.2–7.5), 50% had already experienced an arrhythmic 
event (Figure 1A), with no difference by sex. Major arrhythmic events 
occurred in 77 (55%) subjects, with a median survival time of 10 years 
(95% CI 6.7–13.3) (Figure 1B). All 26 (19%) subjects with SCD died be-
fore age 16, at a mean age of 5.5 years (Figure 2). Even though calmo-
dulinopathy remains associated with a high cardiac event rate 
(Figure 3A), when the first cohort6 (n = 74) was compared with the se-
cond one (n = 66), we observed a significant reduction in any cardiac 
event, MAE, appropriate ICD shocks, and SCD over a comparable 
length of follow-up from birth to last contact (Figure 3B). Specifically, 
the percentage with any cardiac event decreased from 85% (95% CI 
75%–92%) to 61% (95% CI 48%–72%) (P = .001), while MAE decreased 
from 69% (95% CI 57%–79%) to 39% (95% CI 28%–52%) (P < .001), 
ICD interventions from 23% (95% CI 14%–34%) to 6% (95% CI 2%– 
15%) (P = .008), and SCD from 27% (95% CI 17%–39%) to 9% (95% 
CI 3%–19%) (P = .008) (Figure 3B). Probands showed a very similar pat-
tern (Figure 3C). Adrenergic stimulation was the major trigger for car-
diac events in the entire population, irrespective of phenotype (78%) 
and in the main subtypes (100% in CALM-CPVT cases, 68% in the 

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

Table 2 Calmodulinopathy phenotypes and symptoms

CALM-phenotype All carriers Any cardiac events MAE
(n = 140)a (n = 103)b,c (n = 77)c,d

LQTS 74 (53) 47 (64) 36 (49)

CPVT 36 (26) 33 (92) 20 (56)

IVF 7 (5) 5 (71) 5 (71)

LQTS/CPVT overlap 10 (7) 7 (70) 6 (60)

UD 11 (8) 11 (100) 10 (91)

Atypical 2 (1) - -

Data are numbers and (%) of subjects. 
LQTS, long QT syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; IVF, idiopathic ventricular fibrillation; MAE, major arrhythmic events; UD, uncertain diagnosis. 
aPercentage out of all 140 CALM patients. 
bArrhythmic syncope, ACA, SCD, and appropriate ICD shocks. 
cPercentage in the corresponding phenotype group. 
dACA, SCD, and appropriate ICD shocks.
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CALM-LQTS group). However, especially in young children, MAE may 
also occur in the absence of any known arousal. Specifically, of the 23 
subjects with ACA/SCD as a first cardiac event below age 2.5 years, 
6 (26%) had their events while at rest or asleep. Furthermore, five 
young children had their cardiac events, fatal in three, during illnesses/ 
infections, known or likely to have been febrile. Thirty-five CALM pa-
tients are alive and still asymptomatic at a median age of 12 years 
(IQR 3–35), and importantly, five have a normal cardiac phenotype 
and did not receive antiadrenergic therapy.

CALM-LQTS
CALM-LQTS is the most frequent phenotype, diagnosed in the majority 
(n = 74, 53%) of the 140 patients and in 55 (57%) of the 97 probands. 

The QTc showed extreme prolongation (560 ± 79 ms) and was marked-
ly longer in probands than in FMs (579 ± 78 vs. 488 ± 32 ms, P < .001). 
Forty-seven of the 74 CALM-LQTS patients (64%) were symptomatic, 
and the first cardiac event occurred very early, at a median age of 2 years 
(IQR 0.4–5.0). Thirty-six (49%) suffered MAE, and 11 (15%) died sudden-
ly at a median age of 1.7 years (IQR 0.5–6.0). Of note, among those dying 
suddenly, five were not on therapy, three were on β-blocker therapy only 
(one at a low dose), one was on β-blockers and had a pacemaker (PM), 
and only two had a combination of PM, β-blockers, and mexiletine. 
Therefore, none of those dying suddenly had the triple therapy of full- 
dose β-blockers, sodium channel blockers, and left cardiac sympathetic 
denervation (LCSD), and clearly, none of them had an ICD. A perinatal 
presentation involved 34 patients (46%) who had a more prolonged 

Figure 1 Kaplan–Meier estimates of cumulative event-free survival of a first (A) cardiac event and (B) major arrhythmic event in the entire CALM 
population.
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QTc (612 ± 77 vs. 516 ± 49 ms, P < .001) and an earlier median age at 
onset of symptoms (0.63 vs. 3 years) compared with the remaining 40. 
However, they had a similar incidence of cardiac events [20/34, 59% 
(95% CI 41%–75%) vs. 27/40, 68% (95% CI 51%–81%), P = .48] and event 
severity [MAE, 16/34, 47% (95% CI 30%–65%) vs. 20/40, 50% (95% CI 
34%–66%), P = .82], including a similar occurrence of SCD [5/34, 15% 
(95% CI 5%–31%) and 6/40, 15% (95% CI 6%–30%), respectively].

Among the 13 patients who survived a first cardiac event during early 
infancy, 3 had a dramatic presentation with multiple cardiac arrests 
(>10) in the subsequent 1–2 years. They are now 12–15 years old, 
and in two the arrhythmic burden has decreased with the combination 
of full/high doses of β-blockers (propranolol 2.5–10 mg/kg/day), mexi-
letine, or flecainide and with a dual-chamber ICD, plus right and LCSD 
in one. Indeed, from age 2–3 years onwards, one patient had no further 
cardiac events and the other had one ICD shock after skipping few 
medication doses. The third patient, with severe neurological conse-
quences after the first arrhythmic episodes, suffered a stroke while 
on extracorporeal membrane oxygenation (ECMO).

Sodium channel blockers, mostly mexiletine or flecainide, were started 
in 26 CALM-LQTS patients, always in combination with β-blockers. 
Treatment was interrupted due to intolerance or inefficacy (no change 
in QT intervals and/or recurrences of arrhythmic episodes) in 10; among 
the remaining 16 on continued therapy, QTc shortened in 6.

CALM-CPVT
In 36 patients (20 index cases, 16 FMs; 53% males; mean QTc 421 ±  
33 ms), clinical and ECG findings suggestive of CPVT were reported. 
Exertional arrhythmias observed at stress tests or at Holter monitoring 
were isolated premature ventricular contractions (PVCs), bigeminy, 
couplets, and ventricular tachycardias (VTs), more often polymorphic, 
rarely with a clear bidirectional feature (six cases). Almost all 
CALM-CPVT patients (33/36, 92%) were symptomatic with a first car-
diac event at a median age of 5 years; 20 (56%) suffered MAE (4 SCD) at 
an age between 3 and 17 years. All cardiac events occurred in associ-
ation with adrenergic stimuli, mostly (77%) during exercise. Of the 
29 patients with known data on therapy and outcomes, all were on 

β-blockers, 8 had an ICD, 8 were on a sodium channel blocker (flecai-
nide in 7), and only 3 had LCSD. Nine subjects experienced a break-
through event during treatment; in five, this was likely associated with 
suboptimal medication compliance; one SCD occurred after several 
years of treatment with a selective β-blocker. None of them were on 
what is viewed presently as optimal antiarrhythmic therapy for 
CALM-CPVT (β-blockers, flecainide, and LCSD).

CALM-IVF
Two pathogenic variants (CALM1-p.F90L and CALM2-p.N98S) were as-
sociated with an IVF phenotype in seven patients (six from one family). 
According to our classification criteria, ventricular fibrillation (VF) epi-
sodes were documented in three subjects, SCD occurred in two sib-
lings before age 11, and two other FMs were genotype-positive 
asymptomatic adults. A QTc within the normal range (mean 430 ±  
25 ms), unremarkable exercise stress tests, and no significant arrhyth-
mias during 24 h Holter monitoring, in association with normal findings 
at cardiac imaging, supported the CALM-IVF diagnosis. Aborted cardiac 
arrest and sudden death occurred at a median age of 10 years (range 
4.6–16) with adrenergic stimulation. All three survivors and one subject 
implanted as primary prevention received an ICD, in which three of 
four delivered appropriate shocks during follow-up.

CALM-LQTS/CPVT overlap
In 10 subjects, a hybrid phenotype was determined by the overlap of 
LQTS- and CPVT-like features. In most, the initial presentation included 
QT interval prolongation, often a marked one (mean 495 ± 53 ms), 
which sometimes normalized on therapy during follow-up. The con-
comitant or subsequent appearance of exertional polymorphic ven-
tricular ectopies and bidirectional VTs, along with a history of 
adrenergically induced cardiac events, accounted for the diagnosis of 
overlap, even when the CPVT phenotype appeared predominant 
over time. Also, among the seven symptomatic patients (five with 
ACA, one sudden death), the median age at onset of 6 years (IQR 
4–9) was more similar to that of ‘typical CPVT’ cases (5, IQR 3–9).

Uncertain diagnosis
This group with major diagnostic uncertainty included 11 genotype- 
positive subjects from 9 families. Eight died suddenly in the absence 
of a diagnostic ECG. Death occurred at a median age of 4 years (range 
10 months–9 years), in association with known adrenergic stimuli in five 
subjects and during sleep in three. A history of seizure-like episodes was 
reported in two children, and in two the autopsy showed dilated car-
diac chambers. Of the two still alive, one child survived multiple VF epi-
sodes at age 3 associated with intercurrent illness and during sleep; the 
other, the mother of two of the eight victims of sudden death, had syn-
cope while swimming. In both cases, the cardiac work-up was normal or 
inconclusive.

Atypical cases
The phenotype was classified as ‘atypical’ in two cases, in which cardiac 
symptoms were lacking or were not predominant. Specifically, a 
CALM1-p.E105K boy with a cardio-neurological phenotype showed a 
normal QTc on resting ECG but a prolonged QTc and abnormal 
T-waves on standing ECG, in association with a benign focal seizure sus-
ceptibility syndrome. A CALM2-p.I64M girl had a malformation/neuro-
developmental disorder with jejunal membranous atresia at birth, 
generalized joint laxity, some dysmorphic features, but otherwise nor-
mal ECG and echocardiographic features.

Figure 2 Age distribution of the 26 CALM patients who died sudden-
ly among all 140 cases enrolled in the International Calmodulinopathy 
Registry. The horizontal bar represents the mean of values.
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Figure 3 Prevalence of symptomatic patients, also according to the type of arrhythmic events, in the entire CALM population (A), by time of enrolment 
in the International Calmodulinopathy Registry of all 140 cases (B), and in probands only (C ).
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Cardiac structural abnormalities
In total, 40/135 (30%) patients with available data presented with at 
least one structural cardiac abnormality, either a cardiomyopathy 
and/or a congenital heart disease (CHD). Most (31, 78%) were 
CALM-LQTS patients, 7 (17.5%) CALM-CPVT or mixed LQTS/CPVT 
phenotype, and 2 (5%) UD.

Left ventricular non-compaction (Figure 4) was reported in 12 pa-
tients (9%), associated with left ventricular dysfunction and/or severe 
heart failure in 4, fatal in 2 below age 1.5. Hypertrophic cardiomyopathy 
(HCM) was reported in four subjects. Furthermore, in an additional 12 
patients, other features of structural heart abnormalities were re-
ported, including dilated cardiomyopathy with reduced ejection frac-
tion (n = 2) and mild ventricular dilatation and hypertrophy (n = 5).

Among the 28 CALM patients with coexisting signs of cardiomyop-
athies, left ventricular dysfunction was reported in 7. Mortality was 
high in this subgroup with three deaths and one with appropriate 
ICD shocks.

In 20 subjects, congenital atrial and/or ventricular septal defects, sin-
gle or multiple, small or large, or requiring surgical closure or not, were 
present. Cardiomyopathies existed in eight of them.

Neurological–neurodevelopmental 
features
Of 111 evaluable patients, 35 (31.5%) had a neurological disorder, 15 
reported post-anoxic sequelae after resuscitated ACA, and 20 [16 
males (80%)] were thought to have primary neurological/neurodeve-
lopmental features. Among the latter, attention-deficit/hyperactivity 
disorder (ADHD) (n = 5), seizures/epilepsy (n = 8), and autism spec-
trum disorder (n = 8) were the most frequently reported abnormal-
ities, sometimes in association with cognitive deficits, ranging from 
mild to severe intellectual disability. Furthermore, among patients 
with primary neurological–neurodevelopmental features, the CALM1 
gene was implicated more frequently, followed by CALM2 and 
CALM3 (Table 3).

We identified 12 patients, mostly LQTS (n = 9), with coexistence of 
both primary neurological features and cardiac structural abnormalities.

Genetic features
In the 140 CALM-positive patients, a total of 62 single nucleotide substi-
tutions were identified (18 CALM1, 30 CALM2, and 14 CALM3), leading to 
59 distinct amino acid substitutions in the three CALM genes (see 
Supplementary data online, Table S1 for details). All but two variants 
were completely absent from public exome/genome databases (including 
gnomAD v2, with exome/genome data on >140 000 individuals). Manual 
curation and classification according to the American College of Medical 
Genetics and Genomics (ACMG) guidelines11 adjudicated 58/62 genetic 
variants as pathogenic or likely pathogenic (P/LP), while the remaining 4 
were classified as variants of uncertain significance (VUS). More than 40% 
of these variants (23 P/LP and 4 VUS) stem from newly identified cases of 
this updated cohort, absent from the 2019 cohort.6

Most P/LP variants (49/58, 84%) resided in exons 5 and 6 of the 
CALM genes, mapping to the EF-hand motifs III and IV of CaM’s 
C-terminal lobe. These variants predominantly affected the Asp/D, 
Asn/N, and Glu/E amino acid residues in the EF-hand Ca2+-chelating 
loops responsible for Ca2+ binding (35/49, 71%), i.e. residues 
D94,96,130,132,134, N98 and E105,141. The prevalent exclusive phenotype 
associated with variants affecting these residues was LQTS (28/35 var-
iants, 80%). At variance with the prevalent location of P/LP variants in 
EF-hands III and IV, three of the four variants classified as VUS stemmed 
from EF-hand I and the inter-EF-hand II/III linker.

Cascade parental screening, performed in 78 of the 97 index cases, 
showed that in 64 (82%), the culprit variant had not been inherited 
but was de novo; however, possible germline mosaicism was evaluated 
only in a minority of parents and was identified in 4 (5%). Somatic mosai-
cism of CALM2-p.D96G, in the absence of parental data, was identified in 
one CALM-LQTS case, which may also contribute to the unusually mild 
phenotype of the proband. In 13 of the 78 evaluable cases (11 P/LP, 2 
VUS; 17%), at least one FM was found to carry the CALM variant identi-
fied in the index case, leading to a slight increase in the frequency of fa-
milial cases in the current cohort, compared with the 2019 cohort [7/34, 
21% (95% CI 9%–38%) vs. 6/44, 14% (95% CI 5%–27%), P = .54].

Among the 140 subjects, a different frequency of symptoms was ob-
served according to the different CALM genes involved. Indeed, cardiac 
events decreased from CALM1 [46/52, 88% (95% CI 77%–96%)], to 

Figure 4 A 15-year-old male with CALM-LQTS and a pathogenic variant in CALM2 (Asn138Lys) displaying features of left ventricular non-compaction 
(A) and left ventricular hypertrophy with thickened papillary muscles (B).
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CALM2 [37/53, 70% (95% CI 56%–82%)], to CALM3 [20/35, 57% (95% 
CI 39%–74%)] (P = .004). This pattern was observed for any event as 
well as for MAE [34/52, 65% (95% CI 51%–78%); 30/53, 57% (95% CI 
42%–70%); 13/35, 37% (95% CI 21%–55%), respectively, P = .03].

Discussion
Unexpectedly, on the basis of the initial reports, as the number of cases 
with CALM mutations increases, the clinical picture blurs. This update 
from the ICalmR provides substantial new information that helps define 
the main phenotypic features of calmodulinopathy and shows that the 
clinical presentations are much more varied than initially reported. The 
extreme clinical severity, which was perhaps the most noticeable aspect 
in the first CALM patients, seems to have decreased as additional sub-
jects are identified. Between the two extremes of CALM-LQTS and 
CALM-CPVT, intermediate forms—already noted—are now surfacing 
and appear more complex. In a few truly dramatic cases with neonatal 
presentation and multiple VF episodes, we now observe an almost sud-
den interruption of the arrhythmic events despite minor refinements in 
therapy, thus suggesting an almost spontaneous increase in cardiac elec-
trical stability. The proportion of patients with de novo genetic variants 
has decreased, leading to a notable increase in familial and less severe 
cases. It is becoming evident that a non-negligible number of patients 
have some type of cardiomyopathy in addition to the primary 
channelopathy-like phenotype. Furthermore, the association with 
primary neurological features is emerging (Structured Graphical 
Abstract). Overall, these updated ICalmR data provide evidence for an 
expansion of clinical presentations within calmodulinopathy.

The changing pattern of calmodulinopathy
The initial reports1–3,12 of calmodulin missense variant–positive sub-
jects were painting a very grim picture, largely characterized by life- 
threatening arrhythmias appearing in infancy and responding poorly 
to therapies. Indeed, most of the initial cases were implanted with an 
ICD and continued to receive a number of appropriate shocks. The ini-
tial and tragic impression, when managing them, was that these infants 
‘were not made to live’.2 Most of these cases were de novo, thus con-
tributing to the view that mutations in the CALM genes were not, or 
minimally, compatible with life. The phenotype of these patients 
seemed to mimic LQTS or CPVT, or something between the two.

The first publication of the Registry in 20196 contained glimpses of a 
potentially less catastrophic clinical presentation, but overall, the ex-
treme severity of the clinical manifestations was unquestionable. 
Unexpectedly, but only at first glance, we are now witnessing significant 
changes. The proportion of de novo variants has decreased, and the cor-
responding increase in the number of familial cases implies that CALM 
variant–positive subjects can reach adulthood and are able to procreate, 
a marker of reduced clinical severity. Indeed, we are now identifying an 
increasing number of asymptomatic genotype-positive individuals. There 
is mounting evidence for either a better response to therapy or a dimin-
ishing frequency of arrhythmic events as the patients grow older.

This ‘changing pattern’ does not come as a complete surprise to those 
who remember the early days of LQTS. As shown in 1975,13 the mor-
tality among the initial LQTS patients was staggering. Indeed, among 
the first 100 patients, almost 50% died suddenly at a very young age, until 
the introduction of antiadrenergic therapies reversed the situation. This 
is what happens with rare diseases. At first, the picture is dominated by 
the most severe cases who are the ones initially diagnosed; only when 
diagnosis becomes more common, milder cases are identified. In the first 
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few years after 20121 and 2013,2 only a few tertiary centres, with their 
own genetic research laboratory, would test for CALM genetic variants 
in the few patients with dramatic phenotypes who had previously tested 
negative for LQTS-causing variants. Thus, it is obvious that the initial cases 
are severe. After our initial report of the ICalmR,6 the CALM genes were 
introduced in the commercial genetic panels, and a recent consensus 
document9 on the state of genetic testing for cardiac diseases stated 
that CALM genes should be screened in all LQTS patients. This caused 
a striking change as CALM genetic variants are now found even in patients 
not suspected to have a calmodulinopathy. This is how and why milder 
phenotypes are now being identified.

By the same token, the ‘typical presentation’, based on the initial 
cases, is now changing. It should be remembered that for several years, 
it was thought that the arrhythmic episodes of LQTS would always oc-
cur during sympathetic activation, such as physical or emotional 
stress.13 It was only in the late 1980s that in some LQTS families, sud-
den death was reported during sleep, a fact difficult to be understood at 
that time.14 However, 20 years later, we realized that sudden deaths 
during sleep were related to pathogenic variants in the cardiac sodium 
channel gene SCN5A.15 Similarly, when in 1979 it was proposed that 
some patients might have had LQTS despite a normal QT interval, 
the medical community reacted as against heresy.16 It took 20 years 
to prove it,17 and now everyone gives for granted the existence of 
genotype-positive and phenotype-negative LQTS patients. Thus, it 
should by now be clear that when dealing with the initial cases of a 
rare disease, great caution is required before making unwarranted 
statements about what are ‘typical or atypical’ clinical presentations.

Clinical manifestations and genotypes
The varied phenotypes associated with genetic variants in the CALM 
genes are confirmed and even accentuated by data from this new, larger 
cohort. Indeed, the black-and-white leaves room for a lot of grey. At 
this time, based on the genotype, one cannot always predict the pheno-
type: e.g. asymptomatic CALM variant–positive subjects may have chil-
dren with a severe phenotype. Important for the families of the 
patients, the number of cases with a milder phenotype and greater 
probability of survival is increasing, in parallel with the increase in familial 
cases. These considerations have important implications also for the in-
terpretation and classification of CALM genetic variants in accordance 
with the ACMG guidelines.11 The calmodulinopathy disease phenotypic 
spectrum has expanded, including complex forms and phenotypes ran-
ging from ‘less severe’ to asymptomatic. This calls for caution concern-
ing how the ACMG criteria will be applied in the future. For example, a 
CALM variant in an asymptomatic or mildly symptomatic individual 
should no longer be immediately dismissed as having a disease associ-
ation. We now know that in calmodulinopathy, penetrance may be in-
complete, and expressivity may be variable, albeit to a lesser extent than 
other arrhythmogenic diseases of genetic origin. Within the ICalmR, the 
CALM-LQTS subgroup continues to predominate. Even with the in-
creased identification of FMs with a less severe phenotype, this sub-
group remains the most severe with a very early onset of symptoms.

Most variants associated with LQTS are mapping to the EF-hand mo-
tifs III and IV, especially to those amino acid residues responsible for cal-
cium binding. This is in line with the prevalent mechanistic explanation 
for CALM mutation–associated LQTS: a mutation-induced reduction in 
calmodulin C-domain (EF-hands III and IV, encoded by exons 5 and 6) 
Ca2+ binding leads to a reduction of the calmodulin-mediated Cav1.2 
Ca2+-dependent inactivation,18 causing a delayed membrane repolari-
zation and therefore a prolongation of QT intervals.

We now identify an increase in the LQTS/CPVT overlap group where 
the apparent change over time from ‘more LQTS’ to ‘more CPVT’ is for-
cing a constant reassessment of the diagnosis and calls for caution before 
hastily pigeonholing these patients in one or the other category. This clin-
ical observation is supported by the functional evidence that CALM-LQTS 
variants also lead to dysregulation of RyR2 function.19 We coined the 
term ‘uncertain diagnosis’ when we realized that in some cases, the prob-
ability of LQTS or CPVT or IVF was equal and diagnosis with certainty 
was not possible and that sudden death victims could belong to one or 
another group. This is exemplified by a familial case in which the cardiac 
arrest of one child was initially interpreted as IVF, given the unexplained 
sudden death of a sibling, but was modified when later the survivor pre-
sented findings typical of CPVT.

Clinical management
As to management, the current numbers do not allow drawing firm 
conclusions but there is some encouraging news. Two infants with 
very frequent cardiac arrests and appropriate ICD shocks did eventually 
stabilize despite only minor therapeutic adjustments, remained 
symptom-free for several years, and are now teenagers. This may sug-
gest an increase in cardiac electrical stability over time.

The analysis of all SCD cases showed that none were on full-dose 
combination therapy of nadolol or propranolol, plus mexiletine or fle-
cainide, and LCSD. Based on this observation and on our long-standing 
clinical experience with channelopathies, we consider it reasonable— 
despite the lack of clear evidence—to recommend the full-dose triple 
therapy for symptomatic patients with a predominantly cardiac calmo-
dulinopathy. As to sodium channel blockers, which continue to be used 
in several patients, it is admittedly difficult to state whether they are in-
deed useful.

CALM complex phenotypes
The expansion of ICalmR has allowed the observation of a number of 
concomitant cardiac and extracardiac phenotypes. Specifically, coexist-
ing cardiomyopathies and/or CHDs are not uncommon, as well as 
ACA-independent neurodevelopmental and/or neurological abnormal-
ities (including autism, ADHD, intellectual disability, epilepsy, and sei-
zures). There are patients who present with both abnormalities, and 
we observed one CALM-related neurological/neurodevelopmental 
phenotype in the absence of any cardiac features. Indeed, human ar-
rhythmic CALM variants have now been demonstrated to both cause 
arrhythmic behaviour and affect neuronal function in Caenorhabditis ele-
gans,20 supporting a fundamental evolutionary critical link between 
CALM integrity and optimal neurodevelopment.

Most cases belong to the CALM-LQTS subgroup in which impair-
ment of calcium-dependent inactivation (CDI) of the cardiac Ca2+ chan-
nel Cav1.2 is the main underlying pathophysiological mechanism.18

These observations remind us of Timothy syndrome (TS), a syndromic, 
malignant arrhythmia condition caused by mutations in the 
CACNA1C-encoded Cav1.2 Ca2+ channel.21,22 Although initially de-
scribed as a multisystem arrhythmia syndrome,21,22 the phenotypic 
spectrum of CACNA1C-TS has expanded to include forms with complex 
(arrhythmic and structural) cardiac-only phenotypes,23 arrhythmia-only 
phenotypes in the absence of TS features,24 and also primary neurode-
velopmental/neurological phenotypes in the complete absence of a car-
diac phenotype,25 as we are now observing in the ICalmR cohort.

The phenotypic similarities between calmodulinopathy and 
CACNA1C-associated disease are relevant because CaM and Cav1.2 
are natural partners, with the latter being a major binding and 
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modulation target of CaM. Equally important, both the Cav1.2 channel 
and CaM are also expressed in the brain,26,27 with the former regulating 
neuronal Ca2+ transients, while CaM’s binding to the C-terminal tail of 
Cav1.2 results in transcriptional regulation both of a subset of neuronal 
genes and of Cav1.2 itself in cardiomyocytes.26,28 In the latter, abnormal 
Ca2+ handling, also through impaired Cav1.2 function, has been de-
scribed in various models of HCM.29 The proper regulation of Ca2+ 

and the correct functioning of Cav1.2 are probably crucial also for car-
diac development, as demonstrated by a perturbation in Ca2+-handling 
pathways in cardiac tissues of children with different forms of CHDs.30

The above considerations and others31,32 imply that calmodulinopa-
thy may be also syndromic with two important clinical implications for 
CALM patients. First, cardiac structural abnormalities should always be 
assessed because their presence could require a change in therapeutic 
strategies and could impact prognosis, as shown by two cases who died 
in the first year of life of heart failure. Second, detailed neurological eva-
luations should always be performed, and the possibility that neuro-
logical phenotypes may arise due to CALM mutations should be 
considered by neurologists in the differential diagnosis of patients com-
ing to medical attention due to apparently isolated neurological/neuro-
developmental phenotypes.

Unexpected implications of ICalmR
The devastating psychological consequences of sudden infant death 
syndrome (SIDS) are often compounded by doubts about possible in-
fanticide, at times with reason, at times without it.33,34 When dealing 
with rare conditions, significant progress has resulted from prospective 
registries.4,5 Sometimes, this progress has unforeseen consequences 
such as the one related to the fact that in 2003, an Australian woman 
was convicted by a jury of smothering and killing her four children 
over a 10-year period. Each child died suddenly and unexpectedly dur-
ing sleep below age 2. In 2019, exome sequencing revealed that two of 
the children had a novel CALM variant (CALM2-p.G114R), inherited 
from the mother, and in 2021 we showed that this variant impairs 
CALM’s ability to bind calcium and to regulate Cav1.2 and RyR2.35

The deleterious effects of p.G114R are similar to those conferred by 
p.G114W and p.N98S, which are considered arrhythmogenic and to 
cause SCD in children. Thus, calmodulinopathy emerged as a possible 
explanation for a natural cause of their deaths.33 The subsequent events 
have been the object of wide international interest36,37 and are outside 
the scope of our present study (see Addendum).

The take-home message is that the progress in genetic discoveries, 
when integrated with carefully collected clinical data and presented as dis-
ease registries, independent of the more obvious implications for clinical 
management, has the potential of playing a major role also in the correct 
assessment of recurring familial sudden deaths of infants and children.

Limitations
This study has the unavoidable limitations inherent in any collaborative 
prospective registry. The multiplicity of data sources could favour non- 
uniformity of diagnostic and therapeutic approaches, potentially influ-
encing data precision and outcomes. One limitation, though, is specific 
to the present registry and concerns the possibility of underestimating 
the frequency of pure or predominant neurological abnormalities. 
Indeed, so far, the interest for calmodulinopathy has been largely re-
stricted to cardiology, and almost all the patients enrolled in the 
ICalmR were reported by cardiologists. Neurodevelopmental pro-
blems have infrequently been linked to CALM mutations, despite 
CALM being expressed in the brain, and a patient seen in a neurology 

centre is unlikely to be enrolled in ICalmR. The picture may change if 
and when neurologists will more frequently search CALM mutations 
in their patients and when there will be more crosstalk between neur-
ology and cardiology.

Conclusions
The clinical phenotypes caused by CALM mutations are expanding, as 
more patients are being identified and carefully observed. Indeed, the 
number of intermediate forms including syndromic presentations is in-
creasing. Despite the growing observation of mild cases and of patients 
responding to combination therapy, calmodulinopathy remains a most 
severe disease with an appalling frequency of very early sudden deaths, 
representing an intriguing challenge for the clinician and for the basic sci-
entist. As pioneered 45 years ago for LQTS,4,5 our present report is im-
pressively confirming that whenever a new and rare disease is identified, 
well-structured international registries, designed and handled by experi-
enced investigators, provide the best resource of critical knowledge.

Addendum
On 6 June 2023, Judge Tom Bathurst, former Chief Justice of NSW, 
decided that ‘reasonable doubt’ existed and Mrs. Kathleen Folbigg was lib-
erated after 20 years in jail, having been accused of having murdered her 4 
infant children. Besides the depositions of several international expert wit-
nesses, a major role in the reversal of the 2003 sentence to 40 years in 
prison was played by the evidence on the genotype-phenotype correlation 
provided by the present data of the ICamR reported to the Court.
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