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Abstract 

Background:  

To assess the feasibility, acceptability, safety, and short-term benefits of a tailored cardiac 

rehabilitation program for children and adolescents with long QT syndrome (LQTS).  

Methods:  

Eight participants, aged between 6 and 18, with a positive LQTS genotype and impaired 

cardiorespiratory fitness, were enrolled in a 12-week centre-based cardiac rehabilitation 

program. The program included supervised exercise training group sessions (aerobic, 

resistance, and outdoor activities) and patient education workshops. Feasibility, acceptability, 

and safety of the program were prospectively monitored. Feedback from the parents, children, 

and professionals involved was collected from qualitative interviews. Short-term effects on 

cardiorespiratory fitness, muscle fitness, physical activity, and health-related quality of life 

(HRQoL) were measured between baseline and the end of the program.  

Results:  

Retention (88% with one participant dropping out) and adherence (79%) rates were good, and 

no cardiac events occurred during the 12-week intervention period. Participants, parents, and 

healthcare professionals expressed a high level of satisfaction with the program. A significant 

increase between the beginning and the end of the program was observed for ventilatory 

anaerobic threshold (21.7±5.2 vs. 28.7±5.1 mL/kg/min, P=0.01, effect size=0.89), grip 

strength, (18±5.3 Kg vs. 20±4.7 Kg, P=0.02, effect size=0.90), lower limb explosive strength 

(142±36.5 cm vs. 148±24 cm, P=0.02, effect size=0.90), and parent-reported physical health 

dimension of HRQoL (65.6±9.75 vs. 84.4±20.35, P=0.03, effect size=0.87).  

Conclusions: 

 A 12-week tailored centre-based cardiac rehabilitation program was feasible, acceptable, and 

safe for children with LQTS. Cardiac rehabilitation for children with LQTS presents a new 

approach aligned with secondary prevention in youth with cardiac diseases.  

Trial registration:  

The trial was registered at Clinicaltrials.gov (NCT05964322, registration date: 27/07/2023).  

  

http://clinicaltrials.gov/show/NCT05964322


Background 
 

 

Children and adolescents who engage in physical activity experience many health benefits, 

including reduced cardiometabolic risk [1] and depression, [2] as well as improved 

cardiorespiratory fitness, better quality of life, [3] and a lower risk of chronic disease [4]. A 

large proportion of the pediatric population with or without chronic conditions fail to meet the 

recommended guidelines of 60 min per day of moderate-to-vigorous physical activity [5]. In 

children with chronic conditions, physical inactivity is associated with lower cardiorespiratory 

fitness, [6] i.e., an independent marker of all-cause mortality in the adult population [7]. 

Conversely, children with chronic conditions who have been physically active since 

childhood are less likely to become sedentary adults, [8] which can ultimately reduce the risk 

for all-cause mortality by a third [9]. 

 

In children with inherited cardiac disease, promoting physical activity remains challenging 

because of the risk of sudden death during exercise. This is particularly true for children with 

long QT syndrome (LQTS), the most common inherited cardiac arrhythmia, which has long 

been restricted in permissible physical activities. Despite any strong evidence justifying this 

precautionary approach. Limiting physical activities and sports in youth with LQTS has 

potentially harmful psychological and physical effects, and may expose them to increased 

cardiovascular risk in adulthood [10, 11]. The latest sports guidelines for heart disease 

patients have introduced the notion of shared decision-making, [12] nevertheless; these 

recommendations have not been routinely transposed to children with LQTS. These young 

patients remain prone to an early onset of cardiorespiratory and muscle fitness impairment, 

[13] which, cumulated to the level of anxiety commonly reported in this population, may 

result in poor quality of life and mental health [14–16]. 

 

Cardiac rehabilitation programs have emerged in children with congenital heart disease, 

reporting excellent safety and efficacy on quality of life, physical fitness, and physical activity 

[17, 18]. Cardiac rehabilitation is defined by the World Health Organization as “the 

coordinated sum of activity and interventions required to ensure the best possible physical, 

mental, and social conditions so that patients may, by their own efforts, preserve or resume 

their proper place in society and lead an active life”. To the best of our knowledge, cardiac 

rehabilitation has not been evaluated in youth with LQTS. Yet, modern holistic models of 

preventive care developed in youth with congenital heart disease [17] could be of interest to 

children with LQTS, considering their potential need for supervised aerobic and resistance 

training, therapeutic education, and psychological support [13, 14]. The RYTHMO’FIT pilot 

study investigated the feasibility, acceptability, safety, and short-term efficacy of a structured 

cardiac rehabilitation program dedicated to children and adolescents with LQTS. 

 

 

 

 

 

 

 

 

 

 



Methods 
 

Study design and population 

 

The prospective RYTHMO’FIT pilot study was performed from May 2022 to March 2023 in 

a pediatric cardiac rehabilitation centre experienced in clinical trials involving preventive 

cardiology (Saint-Pierre Institute, Palavas-Les-Flots, France). The study was reported 

following CONSORT guidelines for pilot studies, providing a checklist [19] [Additional file 

1]. 

 

Children aged 6 to 18 years with an LQTS, characterized by a QT prolongation in repeated 

12-lead electrocardiogram (ECG), and/or an LQTS-causative genetic mutation identified after 

familial screening, were screened from our recently reported cohort on cardiorespiratory 

fitness in children with LQTS [13]. Children with impaired cardiorespiratory fitness, assessed 

by a standardized pediatric cardiopulmonary exercise test (CPET), and defined by a peak 

oxygen uptake (VO2 peak) <80% of predicted values and/or a ventilatory anaerobic threshold 

(VAT) <55% of predicted values, were eligible for the study [17]. 

 

The RYTHMO’FIT cardiac rehabilitation program 

 

Core program 

 

The RYTHMO’FIT program was built using the major components of cardiac rehabilitation, 

such as exercise training, patient education, psychosocial support, and was adapted to the 

population of children and adolescents with LQTS. The program was an addition to current 

practice and did not replace any existing treatment. The intervention was described following 

the template for intervention description and replication checklist (TIDier) [20] [Additional 

file 2] . 

 

A multidisciplinary group of healthcare professionals specialising in pediatric cardiac 

rehabilitation was established, including a pediatric cardiologist, an advanced practice nurse, 

an exercise physiologist, a dietitian, and a psychologist. Based on previous research on 

congenital heart disease [17] and in the absence of prior safety data on cardiac rehabilitation 

in the LQTS population, the group drafted a 12-week centre-based program. The content of 

each component (e.g. exercise training, patient education, and psychosocial support) was 

discussed using a decision-making approach. All professionals involved in the program were 

informed of the various stages of program development and invited to give their opinions 

where appropriate. The final version of the RYTHMO’FIT program included two periods 

(weeks 1 to 6 and weeks 6 to 12) and three different cohorts of 2 to 3 participants by age 

group (two for 6-12 years and one for 13-18 years old). The initial visit involved pediatric 

cardiology consultation, an interview with the exercise physiologist and advanced practice 

nurse, and the assessment of baseline outcomes (for example, ECG, echocardiography, and 

CPET). Each session incorporated a consultation with a pediatric cardiologist, completion of a 

questionnaire on exercise intensity and adaptations, and healthcare visits. The final visit was 

similar to the initial visit. 

 

 

 

 

 



Exercise training 

 

The 12-week exercise training component of the program was built around achievable goals, 

adapted exercises, and an emphasis on positive reinforcement. Exercise training sessions were 

supervised by an exercise physiologist, and took place in an equipped gymnasium and on an 

outside field. After each exercise session, the exercise physiologist collected patient feedback 

on any difficulties encountered during the sessions, their levels of satisfaction, and ideas for 

potential improvement. 

 

Participants’ heart rates were continuously monitored by exercise physiologists using wireless 

ECG sensors (Auxil ECG; Auxil Science GmbH, Germany) attached to their chests. A pulse 

oximeter and external defibrillator were available during each exercise session. The pediatric 

cardiologist was always present in the rehabilitation centre during the exercise sessions. From 

weeks 1 to 6, two exercise sessions of 60 minutes each per week were held, including one 

aerobic session and one resistance training session. From weeks 7 to 12, one exercise session 

of 60 minutes per week was held, which combined aerobic and resistance training. Each 

session included a 5-minute warm-up, 30 min of individualised aerobic/resistance training, 25 

min of group activities (e.g. basketball, football, squash), and cooldown and feedback with the 

exercise physiologist. 

 

Aerobic sessions relied on indoor cycling interval training (2 to 3 repetitions of 10 min bouts 

with 3 to 5 min of active recovery) at the VAT’s heart rate and workload, determined by 

baseline CPET assessment. During the program, the workload, duration, and frequency of 

working bouts progress according to the patient’s perceived level of exhaustion. Resistance 

training sessions were held at the local gymnasium using various materials (e.g. hoops, elastic 

bands, play mats, and kettlebells) and included two different circuit training workouts (upper 

and lower limbs) of four exercises each (e.g. push-ups, squats, bear walking). Initially, the 

children learned the movement with no additional weight. Set and progressive loads were 

recorded over the weeks and adjusted according to patient characteristics, perceived 

exhaustion, and movement execution. When the participant was unable to perform the 

required execution movement properly, personalized support from an exercise physiologist 

was provided. After completing either aerobic or resistance training, participants engaged in a 

variety of physical activities adapted. Intensity was monitored using ECG sensors and 

perceived exhaustion. Activities were diversified and adapted to patients’ spontaneous desires 

to enhance their engagement and interest. Before each session, the participants voted and 

decided collectively on the activities proposed by the exercise physiologist. Team games, 

small competitions, and music were integrated into each session to stimulate enthusiasm and 

motivation which were evaluated through a short questionnaire and oral feedback at the end 

of each session. After the last session in week 12, a celebratory snack was organised to end 

the program on a positive and supportive note. The exercise program is described in detail in 

Additional file 3 [Additional file 3]. 

 

Patient education program 

 

During the program construction phase, educational topics relevant to the population of 

children with LQTS were identified, educational tools (e.g. game-based learning platforms) 

were selected, and interactive child-friendly presentation slides were designed to promote 

self-management and problem-solving techniques. An advanced practice nurse in pediatric 

cardiology holding board certification in patient education supervised the educational 

program. The educational sessions were delivered to the child and his or her family by a 



multidisciplinary team (advanced practice nurse, pediatric cardiologist, exercise physiologist, 

dietician, social worker, and psychologist). 

 

The educational component of the cardiac rehabilitation program was divided into three parts:  

 

(1) The first one-hour individual educational session was delivered by the advanced practice 

nurse during the initial visit (first day of week 1) and aimed to assess participants’ needs, 

objectives, basic knowledge of the disease, and expectations of the education program.  

 

(2) A total of 18 half-hour educational group sessions (2 per week from week 1 to week 6, and 

one per week from week 7 to week 12) were delivered by the multidisciplinary team, 

addressing four topics: “my heart”, “my treatment”, “my daily life”, and “support”. 

Participants were warmly encouraged to participate, engage in discussions, and ask questions 

related to their lives with the LQTS. A specific group session for parents was set up and led 

by a pediatric cardiologist and an advanced practice nurse. 

 

(3) The final one-hour individual session at the end of the program (the last day of week 12) 

was designed to gather feedback from the patient and family and to establish a personalised 

educational report. 

 

 

The contents of the different educational workshops are further detailed in the additional file 4 

[Additional file 4]. 

 

Outcomes 

 

Feasibility, acceptability, and safety 

 

The feasibility of the intervention was determined by (1) recruitment rate (number of 

participants at baseline vs. number of eligible patients), (2) retention rate (number of 

participants who completed the 12-week program vs. number of participants who dropped 

out), (3) adherence rate (number of sessions completed vs. number of sessions offered), and 

(4) a final self-reported questionnaire which provided patient feedback on the program 

(scored on a scale of 0 to 5, with comments allowed) and their overall satisfaction (scoring 

from 0 to 10 by patients and families). 

 

Acceptability was determined from the qualitative data collected during all phases of the 

program (preparation, initiation, core program, and final assessment). Logistics issues and 

reasons for not attending the sessions were prospectively recorded. All comments from the 

participants and healthcare professionals throughout the program were aggregated to refine 

the assessment of the acceptability of the intervention. At the end of the program the exercise 

physiologist and advanced practice nurse provided feedback through brief interviews. 

 

Safety outcomes were prospectively collected from patient enrolment to the final visit (12-

week follow-up). Serious and non-serious adverse events were analysed by the data safety and 

monitoring board members, to determine their relation to the intervention, as previously 

reported.[17] 

 

 

 



The feasibility, acceptability, and safety data were prospectively collected by a single 

investigator. 

 

 

Secondary outcomes 

 

The evaluation of secondary outcomes included the assessment of cardiac parameters, 

cardiorespiratory fitness, muscle fitness, physical activity, and patient reported outcomes at 

baseline and at the end of the 12-week program. 

 

The cardiac parameters included clinical, ECG, conventional, and 2D-strain echocardiography 

data. Cardiorespiratory fitness was assessed using a standardised pediatric incremental CPET 

protocol: 1-minute rest; 3-minute warm-up (10–20 watts) in increments of 10, 15, or 20 watts 

each minute for 8-12 min; 3-minute active recovery (20 watts); and 2-minute rest [17]. The 

exercise test was considered maximal when two of the following criteria were reached: 

respiratory exchange ratio (VCO2/VO2) ≥ 1, maximum heart rate>85% of maximal age-

predicted heart rate, plateau of VO2 despite the increasing exercise intensity or the patient’s 

inability to provide a minimum pedalling frequency of 60 revolutions per minute despite 

verbal encouragement. The following parameters were measured: peak oxygen uptake 

(VO2peak), ventilatory anaerobic threshold (VAT), ventilatory efficiency (VE/VCO2 slope), 

maximum heart rate (HR), oxygen pulse (VO2/HR), and maximal power. The same 

investigator manually calculated the VO2peak and the VAT using V-slope method. The QT 

interval was manually measured by a single pediatric cardiologist at peak exercise and every 

minute of the 5-minute recovery phase, under magnification adjacent to a scale with 20-ms 

segments by the tangent method [21]. For each measurement of exercise ECG, 3 consecutive 

QT intervals and their corresponding preceding RR intervals were measured. Raw QT 

measurements were corrected for heart rate using the Bazett Formula (QTc= QT/ √RR, where 

QT and RR intervals were measured in seconds). 

 

Muscle fitness was determined by assessing the muscle architecture and strength. Muscle 

architecture was evaluated using a muscular ultrasound technique, on the patient in dorsal 

decubitus, as previously described [13]. Four parameters were measured: (1) the anatomical 

cross-sectional area, (2) the pennation angle of vastus lateralis, (3) the muscle thickness of 

vastus lateralis, and (4) the fascicle length of vastus lateralis, which was assessed from 

longitudinal analysis with linear extrapolation of the length of the part of the fascicle that was 

not visible on the image. Five measurements were performed by a single operator for each 

parameter. The minimal and maximal values were excluded, and the mean of the three 

remaining values was calculated. Measures were considered valid when the coefficient of 

variation was < 5%. ImageJ software was used for image analysis. The maximal isometric 

strength of the lower limb was assessed using a knee extension test with an Easy Force 

dynamometer (Meloq AB, Sweden). Easy Force is a belt-stabilised handheld dynamometer 

attached to a support and then linked to the participant’s ankle, which continuously records 

the tension force. The strap was positioned perpendicular to the anterior or posterior aspect of 

the tibia 5 cm proximal to the medial malleolus. The participants were seated on the edge of 

the examination table with the knee bent at 60° to avoid knee pain. Participants performed one 

submaximal trial, followed by three maximal extensions with a one-minute rest period after 

each trial. The maximum isometric strength of the upper limb was assessed using a handgrip 

test [13]. The subjects were seated on a chair without an armrest; elbow flexed at 90°, and 

squeezed the handgrip with their right hand for four seconds, as hard as they could. The 

procedure was repeated three times, with one minute’s rest between each trial. The average of 



the three measurements for isometric strength of both the upper and lower limbs was 

calculated. In the event of a variation coefficient of >5%, the participants performed an 

additional maximal trial. Lower body explosive muscular strength was assessed using a long-

standing broad jump. The participants stood behind the jump line, feet together, and 

vigorously pushed forward as far as possible. If they lost balance or touched an object, they 

were asked to repeat the jump. The distance from the jump line to the heel landing was 

measured. The longest jump distance between the two trials was selected. 

 

The level of physical activity was evaluated using a triaxial accelerometer (ActiGraph GT3X, 

Pensacola, FL, USA). Participants were instructed to wear it at the waist for seven days, 

except during sleep and water-based activities such as swimming or bathing. We chose an 

epoch of 15 seconds and Evenson’s equations were employed to set the intensity thresholds 

(counts/min) [22] to classify into four categories: light, moderate, vigorous, moderate-to-

vigorous intensity, and sedentary level. A wearing period of 10 hours per day for at least 3 

days was necessary for the analysis [23]. 

 

Patient-reported outcomes were evaluated using the self- and proxy-reported health-related 

quality of life (HRQoL) PesdQL instrument. PedsQL version 4.0, which is a generic 

questionnaire, has four multidimensional scales: physical functioning (eight items), emotional 

functioning (five items), social functioning (five items), and school functioning (five items). 

The three summary scores were as follows: total score (23 items), physical health summary 

score (eight items), and psychosocial health summary score (15 items). Each item uses a 5-

point Likert scale ranging from 0 (never) to 4 (always). Items are reverse-scored and linearly 

transformed to a 0-100 scale, with higher scores indicating better quality of life. The 

psychometric properties of the PedsQL have been validated in the French Pediatric population 

[24]. 

 

Statistical analysis 

 

Participants’ characteristics were presented using medians and quartiles for continuous 

variables and frequencies and proportions for categorical variables. The change in median 

differences between baseline and the end of the program was calculated using the Wilcoxon 

signed rank test. The effect size was estimated using Cohen’s d measure. Statistical 

significance was set at 0.05, and analyses were performed using R Studio software. Given the 

objectives and study design of this pilot study, sample size calculation was not feasible. 

 

 

 

Results 
 

Feasibility, acceptability, and safety 

 

A total of 36 patients aged between 6 and 18 years were screened for eligibility from our 

pediatric LQTS database. Of the 19 participants meeting the inclusion criteria, 11 declined to 

participate for various reasons: lack of interest (n=2), family death (n=1), transport problems 

(n=2), interference with the school schedule (n=4), or no answer (n=2). 

 

 

 

 



Finally, eight children (seven boys and one girl) aged between 9 and 17 years (median= 11.5 

years old) were enrolled in the study and participated in the baseline assessment during the 

initiation visit of the cardiac rehabilitation program (Fig 1), corresponding to a recruitment 

rate of 42%.  

 
Participants were carriers of the LQT1 (KCNQ1, n=4) or LQT2 (KCNH2, n=4) genetic 

mutations and were all taking beta-blockers (nadolol). The diagnosis of LQTS was made after 

family screening (n=4) or after a cardiac event (n=4). The corrected QT interval at baseline 

ECG ranged from 423 to 536 ms (mean, 474±43.5 ms). Using the Schwartz criteria for LQTS 

diagnosis [25], four children (50%) had a high probability (≥ 3.5 points), two had an 

intermediate probability (1.5 to 3 points) and two had a low probability for LQTS (≤ 1 point) 

(Table 1). One child had a history of refractory ventricular arrhythmias, implantable 

cardioverterdefibrillator, and cardiac sympathetic denervation (P5, Table 1). 



 
 

 

 

After the initiation visit and baseline assessment, one adolescent dropped out of the program 

(participant #8 in Table 1) because of school and transport difficulties, indicating a retention 

rate of 88%. 

 

Of the 114 sessions organised for the seven remaining participants, 24 sessions were not 

attended by the children because of interference with the school schedule (n=4), transportation 

issues (n=7), absence during holidays (n=8), Covid-19 infection (n=2) or hospitalisation (=3). 

Overall, the mean adherence rate was 79%. Two individuals fell within the 50% to 60% 

adherence range, while five participants had adherence levels above 75%. 

 

Patients’ feedback about the exercise training program found that they were “very satisfied”, 

in terms of animation and individualized approach of the exercise physiologist, instructions 

understanding, and socialization during group sessions (“playing, chatting, and fun”). 

Participants reported being “satisfied” with the exercise session’s intensity and duration. The 

final questionnaire completed by patients indicated that they were “satisfied” with the 

intensity and duration of the exercise session, the program’s ability to transform their 

approach to physical activity, and the perceived enhancements on mental and physical well-

being. The participants rated the overall exercise training program at 9.75 over 10. 

 

Patients’ feedback about the education program found that they were “very satisfied”, in 

terms of improving their understanding of the disease and medical followup, as well as 

managing their daily life. They valued the support provided by the program, the animation 

and individualised approach of the advanced practice nurse, and educational group sessions. 

Participants rated the educational program at 9.5 over 10. The most compelling feedback from 

parents and participants is available in Fig. 2. 



 
In terms of acceptability, the healthcare professionals responsible for implementing the 

program were very satisfied, given that they had never supervised cardiac rehabilitation in 

children with LQTS. Twelve sessions were cancelled by the rehabilitation centre because of 

caregiver vacations or public holidays (deducted in calculating patient adherence). No 

logistical issues specific to the RYTHMOFIT program were identified compared with the pre-

existing cardiac rehabilitation program routinely provided for children with congenital heart 

disease. In the final interview, the advanced practice nurse underlined the need to refine the 

educational content for the youngest patients (8-10 years old). The exercise physiologist also 

advised extending the session to include both aerobic and resistance training, spacing out 

interventions throughout the day, and implementing a child-friendly heart rate monitoring 

device, rather than ECG monitoring. 

 

No serious adverse events were reported during the cardiac rehabilitation program. The 

following non-serious events associated with the exercise sessions were reported: muscle 

soreness (n=4, resistance training) and fatigue (n=4, aerobic training). Additional non-cardiac 

events unrelated to exercise sessions included muscle soreness after physical education 

sessions (n=2), Covid-19 and other infections (n=6), hospitalisations due to gastroenteritis 

(n=2), fatigue after prolonged transportation to the hospital (n=4), and sleep disorders (n=2). 

During the rehabilitation program, no modification of the routine cardiac follow-up of the 

patient was observed, and the dosage of beta-blockers remained unchanged. 

 

 

Short‑term efficacy 

 

The patient characteristics remained unchanged between baseline and the end of the cardiac 

rehabilitation program (n=7) for anthropometric data (weight, height, and body mass index) 

and functional cardiac parameters at rest (ECG and echocardiography) (Table 2). 

 

 

 



 

 

 



In terms of cardiorespiratory fitness, we observed a significant increase between baseline and 

the end of the cardiac rehabilitation program for the VAT expressed in weight-normalized 

values (21.7±5.2 mL/min/kg vs. 28.7±5.1 mL/min/kg, P=0.01, effect size=0.89) or percent- 

predicted values (48±8.6% vs. 61±11.5%, P=0.04, effect size=0.80). A significant increase in 

maximal systolic blood pressure during exercise was also observed (110±10.0 mmHg vs. 

120±20.0, P=0.03, effect size=0.88). Between baseline and final ECG assessment, the QTc 

interval values at rest, peak exercise, and during recovery remained unchanged. 

 

Muscle fitness significantly improved for upper limb grip strength (18±5.3 Kg vs. 20±4.7 Kg, 

P=0.02, effect size=0.90) and lower limb explosive strength (142±36.5 cm vs. 148±24 cm, 

P=0.02, effect size=0.90). 

 

Actigraph quality criteria were appropriate at baseline (5±1.5 days and 12.51±1.05 hours per 

day) and at final assessment (5±3.5 days and 12.1±1.32 hours per day). One participant did 

not fulfil the valid criteria and was excluded from the analysis (n=6). No significant change in 

physical activity level was observed between the baseline and final assessments. 

 

Parent-reported physical health scores of HRQoL significantly improved during the program 

(65.6±9.8 vs. 84.4±20.4, P=0.03, effect size=0.87). However, these improvements were no 

longer significant when taking into account Holm’s adjustment for multiple comparisons 

(P=0.18). 

 

 

 

Discussion 

 
The RYTHMO’FIT study reported, for the first time, the implementation of a structured 

centre-based cardiac rehabilitation program in children with LQTS with good feasibility, 

acceptability, safety, and short-term efficacy. 

 

This cardiac rehabilitation program dedicated to children with LQTS represents a new care 

pathway that has demonstrated positive feasibility and acceptability to patients, parents, and 

healthcare professionals alike. In pediatric LQTS, it is commonly difficult for caregivers and 

families to strike a balance between the risk of sudden death and the promotion of physical 

activity. The precautionary principle has long been applied, but restrictions on physical 

activity in patients with a genetic heart disease may lead to an increased incidence of 

depression, hopelessness, obesity, and suicidal ideation [26]. The 2020 ESC guidelines have 

initiated a positive move towards encouraging physical activity in patients with cardiovascular 

disease, especially by implementing the idea of shared decision-making between patients and 

physicians [12]. However, these guidelines are intended for the adult population, and it 

remains difficult to put them into practice during a routine pediatric cardiology consultation. 

Therefore, cardiac rehabilitation for children with LQTS, through targeted therapeutic 

education and supervised physical training, presents a new approach to managing these 

patients, consistent with the development of preventive cardiology in early childhood [27]. 

Interestingly, the good levels of feasibility and acceptability of the RYTHMO’FIT program 

are similar to those of rehabilitation programs delivered in clinical routine practice to patients 

with congenital heart disease [17, 28]. 

 

 



 

Furthermore, the 12-week exercise program implemented in the cardiac rehabilitation centre 

was found to be safe, as no adverse cardiac events were recorded, no alterations in the QTc 

interval were detected, and no adjustments to medical treatment were deemed necessary. This 

aligns with previous research on appropriately managed children with LQTS [11] and recent 

evidence supporting the safety of promoting physical activity in this population [11, 29]. A 

pilot study in asymptomatic adult patients with type 1 LQTS showed no cardiac events and 

unchanged QTc intervals at rest and during exercise recovery from moderate-intensity 

exercise programs [30]. Our research suggests that these findings might also apply to children 

and adolescents with both 1 and 2 LQTS genotypes. Further research on larger cohorts 

remains necessary to explore individualised responses to exercise based on LQTS genotype 

and patterns of QT interval adjustments from increased parasympathetic activity during 

exercise [10, 31]. The absence of cardiac events also aligns with the general principle that the 

benefits typically outweigh the risks for children with chronic conditions [32]. Overall, these 

findings may contribute to overcoming common obstacles to physical activity in LQTS, 

including parental overprotection, lack of motivation, and fear of cardiac events during 

exercise [33, 34]. 

 

In terms of short-term efficacy, this tailored cardiac rehabilitation program improved some 

major components of cardiorespiratory fitness, muscle fitness, and HRQoL. In terms of 

cardiorespiratory fitness, the extent of the ventilatory anaerobic threshold (VAT) 

improvement observed in this study (+24%) aligns with the most effective cardiac 

rehabilitation programs in children with congenital heart disease (+23%) [18]. Given that 

VAT is an indicator of physical fitness linked to HRQoL, improving this submaximal 

parameter through moderate-intensity exercise training stands as an important finding. 

Children with chronic conditions often experience shortness of breath after moderate exertion, 

which is a strong indicator of physical deconditioning, and is commonly referred to as 

impaired VAT. Cardiac rehabilitation programs commonly use the VAT to determine the 

level of exercise training, as in interval training workouts [17]. 

 

Concerning muscle fitness, the intervention also enhanced strength without notable changes to 

muscle architecture or mass, suggesting neuromuscular adaptations, as seen in healthy 

children undergoing resistance training [35]. At the end of the program, children with LQTS 

bridged the gap with healthy children by attaining comparable levels of strength [13, 36, 37]. 

These positive outcomes are of interest as poor muscle strength is associated with an 

increased risk of cardiometabolic diseases and impairments in neurodevelopmental and bone 

disorders [38]. 

 

Finally, the RYTHMO’FIT program did not change the self- and proxy-reported HRQOL. 

The effectiveness of cardiac rehabilitation for children has been previously assessed by 

measuring HRQoL as the primary outcome [39]. Interestingly, the physical health dimension 

showed an increase in parents’ reports after the program, although not statistically significant 

after accounting for multiple comparisons, and despite low baseline levels compared to 

children’s self-reports. Classically, in children with cardiac disease, parent-reported HRQoL 

in the physical dimension is lower than self-reported HRQoL [40] but the correlation between 

HRQoL scores and cardiorespiratory fitness (VO2peak) is better when assessed by parents 

than by children themselves [41, 42]. These results may also indicate that parents have a more 

unfavourable view of their child’s physical health, which could underline parental 

overprotection. Parental overprotection could be mitigated at the end of the program to align 

with self-reported HRQoL. 



 

The levels of moderate-to-vigorous physical activity in children and adolescents with long QT 

syndrome were not different from previously published data [13, 34] but remained lower than 

the general population, which typically engages in more than 50 minutes of moderateto- 

vigorous physical activity per day [43, 44]. Although some physical activity programs have 

shown promising results in terms of improving HRQoL and physical activity level [17, 45, 

46], others have failed to demonstrate significant positive changes in children with congenital 

heart disease [47–49]. 

 

Hence, certain aspects of the intervention design can be refined to enhance its efficacy for 

future studies involving larger sample sizes. Transforming the program into a hybrid or home-

based model could provide greater flexibility and the opportunity to conduct three sessions 

per week, which is the most commonly used approach [50]. The recent QUALIREHAB 

hybrid program designed by our group showed a positive and significant change in physical 

activity and HRQOL [17]. Incorporating motivational and coaching sessions with an exercise 

physiologist and emphasizing parental involvement can enhance daily physical activity 

through autonomous active behaviours [51, 52]. Future studies should examine the long-term 

maintenance of active behaviours following the program in a larger sample to confirm these 

results in long QT syndrome. 

 

The RYTHMO’FIT program presents numerous promising opportunities for the future. 

Exercise training programs could be a way to gradually engage children in physical activities 

based on individual needs to meet the WHO guidelines [17, 46]. The educational program 

could play a major role in understanding LQTS mechanisms and treatments. The program 

may support the shared decision-making process for sports participation, enabling individuals 

to redefine their pathways after diagnosis and consider other less intense physical activities. 

Future research should assess the long-term sustainability of physical activity after the 

program, for instance, by evaluating whether individuals join a sports club or association to 

maintain active behaviours. 

 

Nevertheless, the RYTHMO’FIT program could be improved to increase its feasibility and 

acceptability among children and parents. First, only one girl, aged 9, with the highest QTc 

(536 ms), participated in the program. Previous research has suggested that female sex and the 

onset of puberty could trigger LQTS-related complications, such as polymorphic ventricular 

arrhythmia or sudden cardiac death [53]. To confirm the accuracy of our results, future 

exercise programs should ensure a balanced distribution of male and female participants. 

Additionally, gender disparities in physical activity seem to persist in the female pediatric 

cardiac population, affected by lower levels of physical activity, [43] early decline in 

cardiopulmonary fitness, [54] and, ultimately, poorer HRQoL [40]. Overall, the low 

recruitment rate and incomplete participation may be due to the centre-based design, which 

involves frequent transportation and interference with school schedules. To address these 

issues, transitioning to a hybrid or homebased model may be beneficial as a cost-effective 

alternative delivery method. Based on the QUALIREHAB hybrid cardiac rehabilitation model 

designed by our group, future hybrid centre- and home-based programs could pave the way 

for a new horizon in managing young patients with LQTS [17]. 

 

 

 

 

 



Study limitations 

 

This pilot study enrolled a small number of patients and was not designed to assess the 

efficacy of the intervention. No significant increase in peak VO2, e.g., a major predictor of 

cardiovascular health, has been observed in this study, probably due to the moderate level of 

exercise training delivered by the program. Indeed, high-intensity physical activity is 

associated with higher cardiorespiratory fitness [55]. One potential limitation is the lack of 

QTc measurements during the exercise sessions, given the possible role of regular physical 

activity in regulating the balance between the parasympathetic and sympathetic nervous 

systems [56]. Effectiveness also needs to be demonstrated over the longer term. Therefore, 

future research relying on randomized controlled trials remains necessary to draw conclusions 

with a higher level of evidence. 
 

 

Conclusion 
 

In the RYTHMO’FIT pilot study, the feasibility, acceptability, and safety of a 12-week 

centre-based cardiac rehabilitation program tailored for children with LQTS were good. The 

program’s short-term efficacy was also positive in terms of cardiorespiratory fitness and 

muscle fitness. In line with the emergence of preventive cardiology from an early age, cardiac 

rehabilitation in children with LQTS opens up a new avenue in the management of these 

young patients and could be extended to the adult population. 
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