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Aims

Methods
and results

Risk stratification of patients with long QT syndrome (LQTS) represents a difficult task. In 2018, we proposed a
granular estimate of the baseline 5-year risk of life-threatening arrhythmias (LAE) for patients with LQTS, based on
the genotype (long QT syndrome Type 1, long QT syndrome Type 2, and long QT syndrome Type 3) and the du-
ration of the QTc interval. We sought to externally validate a novel risk score model (1-2-3-LQTS-Risk model) in
a geographically diverse cohort from the USA and to evaluate its performance and assess potential clinical implica-
tion of this novel model.

The prognostic model (1-2-3-LQTS-Risk model) was derived using data from a prospective, single-centre longitudi-
nal cohort study published in 2018 (discovery cohort) and was validated using an independent cohort of 1689
patients enrolled in the International LQTS Registry (Rochester NY, USA). The validation study revealed a C-index
of 0.69 [95% confidence interval (Cl): 0.61-0.77] in the validation cohort, when compared with C-index of 0.79
(95% Cl: 0.70-0.88) in the discovery cohort. Adopting a 5-year risk >5%, as suggested by the ROC curve analysis
as the most balanced threshold for implantable cardioverter-defibrillator (ICD) implantation, would result in a
number needed to treat (NNT) of nine (NNT =9; 95% Cl: 6.3-13.6).

Conclusion The 1-2-3-LQTS-Risk model, the first validated 5-year risk score model for patients with LQTS, can be used to aid
clinicians to identify patients at the highest risk of LAE who could benefit most from an ICD implant and avoid un-
necessary implants.

Keywords Long QT Syndrome e Risk stratification e Risk model e Sudden cardiac death e Implantable cardioverter-
defibrillator

Introduction mutations [long QT syndrome Type 3 (LQT3)],’ that predisposes

young and otherwise healthy individuals to life-threatening arrhyth-

Long QT Syndrome (LQTS) is a common inherited arrhythmogenic mias (LAE).* Pharmacological therapy with beta-blockers (BBs), pref-
condition, which in most cases is secondary to loss-of-function muta- erentially nadolol,* has been shown to reduce, but not abolish, the
tions on KCNQ1 [Long QT Syndrome Type 1 (|_QT1)]1 and KCNH2 arrhythmic risk.*> Genotype-specific therapy with mexiletine for
[long QT syndrome Type 2 (LQT2)],> or gain-of-functions SCN5A patients with LQT3 has been shown to further decrease the risk,®
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What’s new?

® 1-2-3-LQTS-Risk model, the first validated 5-year risk score
model for patients with long QT syndrome, offers accurate
prognostic information to guide clinicians in identifying the
patients at the highest risk of life-threatening arrhythmias.

® The novel risk score performed better than the current ESC
Guidelines recommendations.

® Five-year risk threshold >5% would lead to an implantable
cardioverter-defibrillator (ICD) implantation in 70% of patients
with life-threatening arrhythmias (LAE) at the cost of ICD
implantation in 13% patients without LAE, with a number
needed to treat of nine.

but responses remain patient-variable.” Pharmacological therapy,
however, cannot guarantee complete protection in the event of ma-
jor arrhythmic events, and in select patients, an implantable cardi-
overter-defibrillator (ICD) is used.

As of today, European Society of Cardiology guidelines indicate
prophylactic treatment with an ICD for patients with LQTS
deemed to be at high risk of LAE.® Traditionally, the risk stratifica-
tion has been based on binary information, integrating the geno-
type (ie. LQT2 and LQT3) and QTc values exceeding 500 ms.®?
In 2018, we provided an estimate of the baseline 5-year risk of
LAE for patients with LQT1, LQT2, and LQT3,4 akin to risk scores
for other arrhythmogenic cardiomyopathies, such as hypertrophic
cardiomyopathy (HCM).

This study derives a novel 5-year risk score model using our previ-
ously published data, provides an external validation in a comparably
large, geographically diverse cohort recruited from a leading centre
in the USA, and assesses potential clinical implication of this novel
model.

Methods

Study population and aims

The study population consisted of patients, with genetically con-
firmed LQTS, enrolled in the two largest LQTS cohorts of patients:
in Pavia, Italy (i.e. discovery cohort) and Rochester, NY, USA (i.e.
validation cohort). All patients included in the analysis were carriers
of a single mutation on KCNQ1 (LQT1), KCNH2 (LQT2), or SCN5A
(LQT3). Subjects gave informed consent in accordance with local
protocol.

The aims of this study were

® to derive a 5-year risk score model (1-2-3-LQTS-Risk model) using
data from a prospective, single-centre longitudinal cohort study, pub-
lished in 2018

® to validate 1-2-3-LQTS-Risk model in a comparably large, geographi-
cally diverse cohort;

® to evaluate the performance of the 1-2-3-LQTS-Risk model confront-
ing it with the performance of the currently adopted guidelines®; and

® to test the potential clinical implication of the 1-2-3-LQTS-Risk model
and to identify the most balanced 5-year-risk threshold for ICD
implantation.

Clinical outcomes

In accordance with our previous works, life-threatening arrhythmic event
(LAE) was used as the primary endpoint of the study.* LAE was defined
as sudden cardiac death (SCD), aborted cardiac arrest requiring external
defibrillation, or syncope with documented polymorphic ventricular
tachycardia.

Statistical analysis

Statistical analysis was performed using R Software (version 3.6.0; The R
Foundation for Statistical Computing, Vienna, Austria). Continuous data
were reported as mean % standard deviation. Categorical data were
reported with frequencies and relative percentages and compared by the
%? test. The follow-up time was calculated as the time elapsing between
the date of the first visit and the date of the occurrence of first LAE, in
patients who experienced an LAE, or the date of the last visit, in those
who did not. The annual event rate was calculated dividing the number of
patients suffering an LAE by the total follow-up time.

Risk score derivation
The prognostic model (1-2-3-LQTS-Risk model) was derived using data
from a prospective, single-centre longitudinal cohort study, published in
2018 In that study, multivariable Cox regression analysis was used to de-
fine the risk of a first LAE in the absence of BB therapy in 1070 patients
with LQT1, LQT2, and LQT3, with two covariates: (i) the genotype
(LQT1, LQT2, and LQT3) and (i) the duration of the QTc interval, con-
sidered as a continuous parameter.*

Based on the aforementioned Cox proportional hazards model, we
here calculated the probability of LAE at 5 years for an individual patient
using the following equation:

Pug as years = 100 % (1 — Sy (t)EXP(P"Dgﬂosu'c Index)>

Risk score validation
For external validation of 1-2-3-LQTS-Risk model, we assessed its associ-
ations with the occurrence of LAE at follow-up in an independent cohort
of 1689 patients with LQTS enrolled in the International LQTS Registry
(Rochester, NY, USA). A risk score was calculated for each patient in the
validation cohort, using the parameters estimated from 1-2-3-LQTS-Risk
model. The risk score was included in a Cox model as the only covariate.
The C-index as proposed by Harrell' was used to measure how well
the model discriminated between patients with high and low risk of SCD.
C-index is defined as the proportion of patients in which the predictions
and outcomes are concordant': a value of 0.5 indicates no discrimina-
tion, while a value equal to 1 indicates perfect discrimination.

Comparison with the guidelines-based approach

To compare the performance of 1-2-3-LQTS-Risk model against the cur-
rent guidelines-based approach, we also calculated in the discovery co-
hort the C-index of the binary risk score obtained considering as high-risk
LQT2 or LQTS3 patients with QTc >500 ms.

Most balanced cut-off for implantable cardioverter-defibrillator
implantation

We also aimed to test the clinical implications in terms of ICD implanta-
tion in the clinical practice. This analysis was performed on our entire co-
hort of patients with LQOTS (n=1710), assessing the risk of LAE at 5 years
of follow-up. We fitted a receiver-operating characteristic (ROC) curve,
and to identify the most balanced cut-off for ICD implantation we calcu-
lated the area under the curve (AUC), sensitivity, specificity, and positive
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and negative predictive values of the 1-2-3-LQTS-Risk model at 5 years.
True positive rate was defined as the proportion of patients who would
undergo ICD implant and then had an LAE. False positive rate was defined
as the proportion of patients undergoing ICD implant but not experienc-
ing an LAE. To calculate the most balanced cut-off for 1-2-3-LQTS-Risk
model, we calculated the Youden’s index.'* Additionally, the implications
of ICD implantation at different thresholds were compared with the ob-
served events at 5 years. We simulated the choice of different cut-offs for
5-year risk threshold by modifying the risk threshold at 1% increments,
starting at 3% up to 7%, and calculating the number needed to treat
(NNT) with 95% confidence intervals (95% Cl)" for each cut-off.

A two-sided P-value <0.05 was considered statistically significant in all
analyses.

Results

Discovery and validation cohorts

The baseline clinical characteristics of the discovery and the validation
cohort are shown in Table 1. Baseline characteristics of the cohorts
were 52% and 58% females, mean age 29+ 19 and 27+ 21years in
the discovery and validation cohort, respectively. The mean QTc in-
terval was 469 + 46 and 480+ 51 ms, in the discovery and validation
cohort, respectively. As expected, most common genotype in both
cohorts was LQT1 (54% and 44% in the discovery and validation co-
hort, respectively), followed by LQT?2 (32% and 42% in the discovery
and validation cohort, respectively) and LQT3 (14% in both cohorts).

Risk score derivation

Based on the multivariable analysis already published in our previous
work,” we derived the equation to calculate the individual 5-year risk
of experiencing an LAE based on (i) genotype and (ii) QTc interval
duration:

PLAE a 5 yeas = 100 x (1 — 0.9849143482°¢ (Pognestc Index))

where Prognostic Index = 0.01365x(QTc—469.9075194) +
0.83454xLQT2+ 0.94523xLQT3.

External validation

In the validation cohort, during 21028 p-y of observation 42/1689
patients (2.5%) experienced an LAE, corresponding to an annual rate
of 0.19% (95% ClI: 0.14-0.27%). No missing data were observed in
the predictor covariates. Risk score validation revealed a C-index of
0.79 (95% Cl: 0.70-0.88) in the discovery cohort and 0.69 (95% ClI:
0.61-0.77) in the validation cohort, indicating a good overall agree-
ment between the observed and the predicted 5-year risk of LAE.

Clinical implications of 1-2-3-LQTS-Risk
model

Comparison of 1-2-3-LQTS-Risk model with the
guidelines-based approach

We compared the novel score with the current guidelines recom-
mendations, which identify as high-risk LQOT2 or LQT3 patients with
QTc >500 ms.2 When applying this binary guidelines-based risk score
to our discovery cohort of 1070 patients, we found it performed
poorer [C-index of 0.61 (95% Cl: 0.51-0.72)] compared with the
novel risk score calculator [C-index of 0.79 (95% ClI: 0.70-0.88)].

Table | Characteristics of the study population
Discovery  Validation
Cohort Cobhort
N=1070 N=1689
Female sex, N (%) 551 (51.5) 973 (57.6)
Age at diagnosis (years), mean + SD 28.6+19.3 268+21.3
Genotype
LQT1, N (%) 572 (53.5) 738 (43.7)
LQT2,N (%) 345 (322) 720 (42.6)
LQT3, N (%) 153 (14.3) 231 (13.7)
QTc interval (ms), mean = SD 469 46 480+ 51
History of LAE before diagnosis, N (%) 60 (5.6) 92 (5.5)

LAE, life-threatening arrhythmic event; LQT1,long QT syndrome type 1;
LQT2,long QT syndrome type 2; LQT3,long QT syndrome type 3; QTc, cor-
rected QT interval.

Identification of the most balanced cut-off for implant-
able cardioverter-defibrillator implantation

After derivation and validation of the novel risk score, we aimed to
examine its clinical utility in terms of implications for ICD implanta-
tion. For this purpose, we calculated in the Pavia cohort of 1710
LQTS patients the 5-year risk of experiencing an LAE to identify the
most efficient threshold to recommend ICD implantation.

In the overall cohort of 1710 patients, 43 patients reached the LAE
endpoint by 5 years. Analysis of the ROC curve fitted for the perfor-
mance of our 1-2-3-LQTS-Risk model permitted to identify the most
balanced cut-off [i.e. the cutoff that offers the greatest accuracy be-
tween true positive rate (patients who would undergo ICD implant
and then had an LAE) and false positive rate [patients undergoing
ICD implant but not experiencing an LAE)] being a 5-year risk >5%
(AUC = 0.85, sensitivity = 0.70, specificity = 0.87, Figure 1).

We subsequently simulated the effect of using different thresholds
of 5-year LAE risk to implant an ICD in the clinical practice (Table 2
and Figure 2). Adopting the 5-year risk >5% as the threshold, as sug-
gested by the ROC curve analysis, would have resulted in 241/1710
(14%) patients receiving an ICD. More in detail, 30 of 43 (70%)
patients with LAE endpoints (i.e. potentially saved) and 211 of 1667
(13%) patients without LAE endpoints would have received an ICD,
resulting in an NNT (i.e. the number of patients implanted necessary
to save one life) of 9 (NNT=9; 95% ClI: 6.3-13.6) (Table 2 and
Figure 2).

Discussion

Sudden cardiac death is the leading cause of death in patients with
LQTS, accounting for significant excess mortality in these young and
otherwise healthy patients. Over the years, great progress has been
made on the therapeutic front, which contributed significantly to re-
ducing the burden of SCD in patients with LQTS. Beta-blocker ther-
apy,” and in particular nadolol® is the cornerstone of
pharmacological therapy. Overall, there is broad consensus about
the fact that pharmacological therapy reduces but does not abolish
the risk of SCD.® In patients with LQTS, life-saving pharmacological
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Figure | Receiver operating characteristic curve for the performance of 1-2-3-LQTS-Risk model in the 1710 patients of the Pavia cohort.
Receiver operating characteristic (ROC) curve permitted to identify a 5-year-risk >5% as the most balanced cut-off for ICD implantation according
to 1-2-3-LQTS-Risk model. AUC, area under the curve; FPR = false positive rate; ICD, implantable cardioverter-defibrillator; TRP, true positive rate.

Table 2 Simulating choice of the most balanced cut-off for 5-year-risk threshold calculated using 1-2-3-LQTS-Risk
model for ICD implantation in 1710 LQTS patients of the Pavia cohort

Cut-off for ICD implantation LAE at 5 years (n = 43)

IcD No ICD
5-Year risk >3% 35 (81%) 8 (19%)
5-Year risk >4% 32 (74%) 11 (26%)
5-Year risk >5% 30 (70%) 13 (30%)
5-Year risk >6% 24 (56%) 19 (44%)
5-Year risk >7% 21 (49%) 22 (51%)

No LAE at 5 years (n = 1667) NNT (95% CI)
IcD No ICD
531 (32%) 1136 (68%) 19 (13.3-29.1)
327 (20%) 1340 (80%) 13 (9.0-19.6)
211 (13%) 1456 (87%) 9 (6.3-13.6)
146 (9%) 1521 (91%) 8 (5.5-13.1)
106 (6%) 1561 (94%) 7 (4.6-115)

ICD, implantable cardioverter-defibrillator; LQTS, long QT syndrome; LAE, life-threatening arrhythmic event; NNT, number need to treat; 95% Cl, 95% confidence interval.

In bold, the most balanced threshold for ICD implantation according to ROC analysis.

therapy must be taken rigorously and chronically, during the entire
life. Naturally, this is not always possible for a number of reasons, so
recent data indicating suboptimal therapeutic adherence, with half of
patients reporting inconsistent therapy assumption,14 are not surpris-
ing. In 2009, we reported that almost 70% suffering an LAE were
non-compliant.’

In the light of the aforementioned evidence, ICD represents an im-
portant bulwark for prevention of LAE in high-risk patients. While
there is broad consensus on the use of an ICD in patients who sur-
vive a cardiac arrest,? identifying which patients in primary prevention

of SCD are at high risk of SCD is more challenging. In current clini-
cal practice, this assessment is performed irrespectively of BB
therapy, aiming to assess the basal risk of LAE of the patient.
However, given the inevitable risk of complications as well as the
high economic cost of ICD implantation,® an evidence-based ap-
proach to ICD implantation represents an unmet need from both
a clinical and public health point of view. At variance with other
arrhythmogenic disorders, such as HCM,"” a validated, individual
risk score calculator for SCD risk before treatment for patients
with LQTS was not available hitherto.
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Figure 2 Implications of different 5-year-risk thresholds for ICD implantation in the clinical practice. Simulation of the effect of ICD indication and
its appropriateness of different 5-year-risk thresholds according to the 1-2-3-LQTS-Risk model. Adopting the 5-year-risk >5%, suggested to be the
most balanced cut-off by the ROC curve analysis, would result in an NNT of nine (NNT = 9; 95% Cl: 6.3—13.6). ICD, implantable cardioverter-defi-

brillator; LAE, life-threatening arrhythmic event; NNT, number needed to treat.

We here provide the first validated risk prediction model for the
occurrence of LAE in patients with LQTS. The 1-2-3-LQTS-Risk
model provides an accurate estimate of the individual risk of
experiencing an LAE, in all age groups as evidenced by C-index of
0.86, 0.77, and 0.84 at 0-20, 20-50, and >50years, respectively;
based on two solid parameters which have been invariably demon-
strated to be the most important determinants of the prognosis: (i)
the QTc interval duration and (i) the genotype (LQT1, LQT2, or
LQT3).

The external validation on the 1689 patients enrolled in the
International LQTS Registry (Rochester, NY, USA) demonstrated
that the performance of the 1-2-3-LQTS-Risk model is similar to that
reported in the original discovery cohort.

Clinical implications of the 1-2-3-LQTS-
Risk model

We show that the novel risk score performed better than the cur-
rent guidelines recommendations, which identify as high-risk LQT2
or LQT3 patients with QTc >500 ms,2 confirming its clinical utility as
an evidence-based tool for ICD implantation in patients with LQTS.
One important question is whether a risk stratification model
should simply provide the risk of experiencing in the following 5 years
major arrhythmic events leaving the clinical cardiologist free to

decide which is a risk of an adverse event that requires an ICD or
whether it should provide guidance on the cut-off value of the risk-
score that leads to ICD implantation.

Taking the case of HCM as a reference, for which a 5-year SCD
risk calculator was published in 2014,'® current guidelines state
that ICD implantation should be considered in patients with an es-
timated 5-year risk of sudden death >6%2 However, it remains a
matter of debate whether this threshold should be universally ap-
plied to all inherited arrhythmogenic conditions, or if should it be
adapted to each specific disease. To address this puzzling issue, we
tested the clinical implications of adopting the novel risk calculator
in the clinical practice. Our data demonstrated that according to
the ROC curve the most balanced threshold for ICD implantation
is a 5-year risk >5% according to the 1-2-3-LQTS-Risk model. The
data suggest that if applied in the clinical practice the use of this
threshold would lead to an ICD implantation in 70% of patients
with LAE (i.e. potentially saved) at the cost of ICD implantation in
13% patients without LAE (i.e. useless ICD), with an NNT of nine.
In the case of HCM, it has been demonstrated that adopting a 5-
year risk >5% would have resulted in ICD implantation in 60% of
patients with LAE (i.e. potentially saved) at the cost of ICD implan-
tation in 21% patients without LAE (i.e. useless ICD), with an
NNT of 17 (95% Cl: 12.5-25.5)."® The comparison of the 1-2-3-
LQTS-Risk model with the HCM Risk-SCD score suggests how it
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may not be possible to define a single risk threshold for different
pathologies.

Limitations

We created a score using the two most powerful parameters for es-
timating the risk in patients with LQTS that are universally recognized
(i.e. QTc interval and genotype). However, we are aware of the fact
that the risk stratification is a process that requires integration with
other parameters and must be individualized. Other covariates, ei-
ther clinical or genetic, if proven to increase the accuracy in the risk
estimate, may be considered for future updates of the risk model.

Conclusions

Our study externally validates the 1-2-3-LQTS-Risk model, confirm-
ing that it can be used to aid clinicians to identify patients at the high-
est risk of LAE who could benefit most from an ICD implant. The
algorithm for risk prediction has been inserted in an online calculator
that can be used to stratify the risk of an individual patient before
they start BB therapy (http://molecularmedicine.unipv.it/reseach-
groups/cardiology/priori/1-2-3-|qts-risk-calculator-an-independently-
validated-risk-calculator-for-patients-with-long-qt-syndrome/).
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