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Eser Doğan1*, Fırat Ergin1, Mehmet B. Beyter1, Gülçin K. Kaşıkçı1,
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and Zülal Ülger1

1Department of Pediatric Cardiology, Faculty of Medicine, Ege University, İzmir, Türkiye, 2Department of
Cardiovascular Surgery, Faculty of Medicine, Ege University, İzmir, Türkiye
Introduction: Heart transplantation (HT) is the only treatment option in children
with heart failure secondary to cardiomyopathies and non-reparable congenital
heart diseases.
Methods: We performed a retrospective clinical data review of all consecutive
pediatric patients (aged 2–18 years) who underwent orthotopic HT for advanced
heart failure at our institution between January 2007 and January 2023. Clinical,
procedural, and follow-up data were collected and comprehensively analyzed.
Results:We identified27children (66.7%males)with amedianageof 15 years (IQR:
7–16) and amedianweight of 45 kg (IQR: 22–66) at the timeof the intervention. 24
patients (88.8%) were diagnosed with dilated cardiomyopathy, 2 (7.4%) with
restrictive cardiomyopathy, and 1 (3.7%) with hypertrophic cardiomyopathy. On a
median follow-up of 35.07 months (IQR: 13.13–111.87), arrhythmias were
detected in 9 (33%) patients. Three patients developed symptomatic sinus node
dysfunction at 18, 25, and 38 days and received permanent pacemakers. One
patient developed a complete AV block during acute rejection at 76 months and
received a temporary pacemaker. Two patients developed chronic sinus
tachycardia at 4 and 16 months and were treated with Beta-blockers after
eliminating all causes of sinus tachycardia. One patient developed a complete
right bundle branch block at 12 months. One patient developed ventricular
extrasystole at 10 months and was found to have grade 2 rejection. An Atrial
extrasystole was detected in one patient at 96 months. We did not identify
significant risk factors for arrhythmias post-HT.
Discussion: After pediatric HT, early-onset rhythm disturbances, often attributed
to surgery-related issues such as sinus node dysfunction, may necessitate
invasive treatments like permanent pacemaker therapy. Close monitoring post-
transplantation is crucial, and routine follow-up with Holter ECG is necessary to
identify potential rhythm disorders even in the absence of symptoms. Rhythm
disturbances that develop during follow-up can serve as early indicators of graft
rejection and should be carefully evaluated.
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Introduction

Congestive heart failure (CHF) is a clinical syndrome caused by the heart’s inability to

pump enough blood to meet the metabolic needs of the body. There are marked

differences in the causes and mechanisms of CHF between adults and children (1).

Heart failure in children is usually secondary to serious congenital heart diseases and

cardiomyopathies that cannot be corrected with medical and surgical treatments (2, 3).

Heart transplantation (HT) is the best option for long-term life expectancy in children
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with CHF (3). HT has been practiced in pediatric patients for many

years and is associated with various complications (4). However, if

these complications are effectively monitored and treated, a

significant life span and quality of life increase can be achieved

after HT. Factors such as denervation of the transplanted heart,

autonomic nervous system modulation, immunosuppression,

and rejection increase the risk of arrhythmia and sudden

cardiac arrest (5). Few studies evaluate the frequency of

arrhythmias after HT in children (6, 7). The most common

rhythm disorders include chronic sinus tachycardia, sinus

bradycardia, supraventricular tachycardia, non-sustained

ventricular tachycardia, and atrial extrasystoles (6, 8). Herein, we

examine our institutional experience with pediatric HT and

evaluate the characteristics of postoperative rhythm disorders and

the potential associated risk factors.
Methods

Study design and patient selection

We performed a retrospective clinical data review of all

consecutive pediatric patients (aged 2–18 years) who underwent

orthotopic HT for advanced heart failure at our institution

between January 2007 and January 2023. Clinical, procedural, and

follow-up data were collected and comprehensively analyzed.

Approval from the institutional review board was obtained.

Written informed consent was signed by the patients or their legal

guardians to perform the procedure and to use their clinical

records for publication.
Heart transplantation

The pre-transplantation clinical evaluation consisted of

transthoracic echocardiography (TTE), right and left heart

catheterization, respiratory function tests, and detailed specialist

assessments of other systems. After this multidisciplinary

evaluation, the HT council reviewed each case. The decision to

proceed with listing for HT was based on an estimated life

expectancy lower than 1 year. Patients were added to the transplant

list according to ABO blood group, weight, and height. Hearts

from donors with body weight no more than 30% below that of the

recipient were considered safe (5). Heart transplantation was

performed using the biatrial technique in all patients.
Immunosuppressive therapy

Immunosuppression after HT is divided into three main

categories: initiation, maintenance, and rejection treatment. The early

postoperative period has a substantial risk of rejection, even if the

patient is hemodynamically stable. During this period, we used short-

term initiation therapy to protect against the negative effects of

calcineurin inhibitors on renal functions, especially in patients with

hemodynamic instability. For this purpose, we preferred polyclonal
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antibody rabbit anti-thymocyte globulin or interleukin-2 receptor

blockers, which have fewer side effects. For maintenance treatment,

we applied triple immunosuppressive therapy consisting of

calcineurin inhibitors (cyclosporine or tacrolimus), antiproliferative

agents (mycophenolate mofetil), and corticosteroids. In patients

with intolerance to calcineurin inhibitors, we used Sirolimus and

Everolimus (interleukin-2 inhibitors). Immunosuppressive therapy

was started immediately before HT. 5–10 mg/kg of intravenous

methylprednisolone was given before surgery and at the bypass exit.

Oral Prednisone was then initiated at a dose of 1 mg/kg and then

tapered. Mycophenolate mofetil was started immediately before

surgery. We added calcineurin inhibitors to the treatment in the early

postoperative period. We kept the doses of immunosuppressive

agents high for the first 3 months, then reduced the intensity

of immunosuppression.
Follow-up

Endomyocardial biopsy was the gold standard for the diagnosis of

acute rejection. Biopsies were evaluated according to ISHLT criteria

(9). Biopsies were performed under general anesthesia weekly for the

first month, once every 2 weeks for the next 3 months, monthly for

the next 6 months, and once every three months for the following

year. In the following years, an endomyocardial biopsy was

performed according to the patient’s clinical condition. Biopsy was

performed earlier in patients with suspected rejection. Coronary

artery angiography was performed annually. Two independent

observers reviewed all angiograms. Allograft vasculopathy was

diagnosed in case of luminal narrowing, distal tapering, or discrete

stenosis. Follow-up TTE after heart transplantation was performed

at 1 week, 2 weeks, and monthly thereafter. In our institution,

patients were followed in the pediatric cardiology clinics up to the

age of 18 and were then transferred to adult cardiology teams.

Therefore, the follow-ups included in this study are till the transfer

to the adult cardiology team or death.
Holter ECG monitoring

Follow-up electrocardiogram (ECG) after HT was performed at

1 week, 2 weeks, and monthly thereafter. Holter ECG was done

yearly or more frequently for patients exhibiting symptoms or

arrhythmia on ECG. Holter ECG recordings were obtained over

24 h using a 6-channel Holter ECG device (DMS 300-7 Holter

Reader; DMS, Stateline, NV). The traces were evaluated by

experienced pediatric cardiologists using the Cardio Scan 12.0

program (DM Software, Inc.). Postoperative and follow-up

arrhythmias and the corresponding treatments were noted.
Statistical analysis

Statistical analyses were performed using SPSS Version 25.0

(IBM, Armonk, NY, USA). Categorical variables were reported as

frequency and percentage and continuous variables were
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1323958
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
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represented as median with interquartile range (IQR). The

normality of measurements was assessed using the Shapiro-Wilk

test. Statistical analyses were conducted using the Mann–Whitney

U-test for continuous variables and by chi-square test and Fisher’s

exact test for categorical variables as appropriate. A P-value <0.05

was considered statistically significant. All reported P values

are two-sided.
Results

Patient demographics

We identified 27 children (66.67% males) with a median

weight of 45 kg (IQR: 22–66) and a median height of 157 cm

(IQR: 123–170) at the time of the HT. The median age was

15 years (IQR: 7–16) (Table 1). Of these HT recipients, 24

(88.8%) were diagnosed with dilated cardiomyopathy, 2 (7.4%)

with restrictive cardiomyopathy, and 1 (3.7%) with hypertrophic

cardiomyopathy. A left ventricular assist device was implanted in

16/24 patients diagnosed with dilated cardiomyopathy before HT.

The frequency of hemodynamically significant arrhythmias of

atrial and ventricular origin was 33% among our transplant

candidates under follow-up with ventricular assist devices. At the

presentation, one patient had concomitant chronic renal failure,

one had diabetes, and one had Becker muscular dystrophy. The

patient with renal failure also underwent kidney transplantation

in our center.
Follow-up

Immunosuppressive therapy was initiated in all patients as

described in the methods. An endomyocardial biopsy was
TABLE 1 Recipient demographics, procedural data, and post-transplant outc

Parameter Recipi
(

Weight (kg), median (IQR) 4

Height (cm), median (IQR) 157

Body surface area (m2), median (IQR) 1.3

Age at surgery (years), median (IQR) 1

Preoperative Tricuspid annular plane systolic excursion (mm), median (IQR) 17

Transpulmonary gradient mean, median (IQR)

Mean pulmonary artery pressure (mmHg), median (IQR) 3

LVAD implantation, N (%)

Graft ischemia time (min), median (IQR) 14

Cardiopulmonary bypass time(min), median (IQR) 16

Aortic cross-clamp time (min), median (IQR) 108 (

ICU stay (days), median (IQR)

Follow-up time (months), median (IQR) 35.07

Follow-up LVEF (%), median (IQR) 5

Rejection, N (%)

Donor/recipient weight ratio, median (IQR) 1.2

LVAD, left ventricular assist device; ICU, intensive care unit; LVEF, left ventricular eject
aMann–Whitney U-test.
bFisher’s exact test.
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performed according to protocol. Grade 2 rejection was detected

in 3 patients and regressed with immunosuppressive therapy.

One patient had a single coronary ostium anomaly in the

transplanted heart. No other coronary anomaly was detected on

follow-up coronary angiograms. There was no coronary artery

vasculopathy during follow-up.
Rhythm disturbances

The patients underwent a median of 12 (IQR: 7–18) ECGs and

a median of 3 (IQR: 2–5) 24-h Holter ECGs. Arrhythmias were

detected in 9 (33.33%) patients during follow-up. The

demographic findings, TTE parameters, and post-transplant

rhythm disorders of patients who developed follow- up

arrhythmias are summarized in Table 2. Three patients

developed symptomatic sinus node dysfunction at 18, 25, and 38

days and received permanent pacemakers. In two of these

patients, sinus node dysfunction was believed to be related to the

surgical technique used. In the other case, the donor’s heart had

a long ischemia time, and the recipient was hemodynamically

unstable and on extracorporeal membrane oxygenation support.

One patient developed a complete atrioventricular block due to

rejection at 76 months of follow-up and was treated with a

temporary pacemaker. The heart block regressed after 72 h, and

the sinus rhythm resumed. This patient’s ventricular ejection

fraction was 40% during rejection but normalized after adjusting

their immunosuppressive therapy. Persistent sinus tachycardia

was detected in two patients at the 4 and 16 months of follow-

up. Beta-blockers were initiated after eliminating all plausible

causes of sinus tachycardia. Their heart rates remained

within normal limits for their age. Atrial and ventricular

extrasystole were each detected in one patient. The incidence of

atrial extrasystoles was less than 5% and no episodes of
omes.

ent patients
n = 27)

No arrhythmia
(n = 18)

Follow-up arrhythmia
(n = 9)

P value

5 (22–66) 48.5 (23.75–61.75) 45 (22–66) 0.898a

(123–170) 159.5 (128–170.75) 155 (123–167) 0.662a

(1.2–1.42) 1.3 (1.2–1.39) 1.25 (1.2–1.45) 0.847a

5 (7–16) 14 (7.75–16.25) 15 (6.5–16.5) 0.917a

.5 (17–18) 17.5 (17–18.25) 18 (17–18.5) 0.750a

8 (7–9) 8 (7–8.25) 7 (7–10.5) 0.937a

1 (28–34) 32 (28–34.75) 30 (28–33.5) 0.515a

16 9 (56.25) 7 (43.75) 0.167b

9 (87–225) 153 (88.75–240.75) 145 (96–214.5) 0.662a

0 (96–255) 188.5 (103.75–245.5) 155 (95–215) 0.858a

75.75–128.25) 108 (79.75–127.25) 102 (75–130) 0.990a

6 (5–8) 6 (5.75–8) 5 (4.5–6) 0.181a

(13.13–11.87) 31.33 (8.4–81.3) 50.54 (19.5–128.8) 0.194a

8 (57–64) 60 (57–65.5) 60 (56.5–63) 0.820a

3 1 (33) 2 (66) –

8 (1.2–1.35) 1.30 (1.22–1.34) 1.27 (1.23–1.36) 0.571a

ion fraction.
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TABLE 2 Details of the pediatric patients who developed arrhythmias after heart transplantation.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9
Age (years) 17 16 10 6 17 15 15 7 6

Sex Male Male Male Male Male Female Male Male Female

Weight (kg) 66 67 42 19 70 50 45 22 23

Height (cm) 165 170 140 116 175 167 155 123 125

Primary
diagnosis

Dilated CMP Dilated CMP Dilated CMP Dilated CMP Dilated CMP Dilated CMP Dilated CMP Dilated CMP Restrictive
CMP

Arrhythmia
type

Sinus node
dysfunction

Ventricular
extrasystole

Sinus node
dysfunction

Sinus node
dysfunction

Chronic
sinus
tachycardia

Chronic
sinus
tachycardia

Complete right
bundle branch block

Transient complete
AV block

Atrial
extrasystole

Medical
treatment

– – – – Beta-blocker Beta-blocker – – –

Pacemaker
implantation

+ – + + – – – + Temporary –

Previous LVAD + + + + + + + – –

Complications – – Constrictive
pericarditis

– – – – Acute kidney failure –

Follow-up time
(months)

13.6 25.6 113.3 146 13.13 40.13 50.53 111.86 144.46

Rejection – Grade 2 – – – – – Grade 2 –

Death – – + Constrictive
pericarditis

– – – – – –

LVAD, left ventricular assist device; CMP, cardiomyopathy; AV, atrioventricular.
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supraventricular tachycardia attacks were observed. The ventricular

extrasystole rate remained below 5% and no instances of bigeminy,

couplets, or ventricular tachycardia were observed. The patient

with ventricular extrasystole was found to have grade 2 rejection.

The immunosuppressive treatment was revised and a response

was obtained. These two patients were asymptomatic with had

low-frequency arrhythmias and were thereby followed clinically.

One patient developed a complete right bundle branch block at

12 months with no hemodynamic changes.

Except for the patients with rejection and complete heart

block, none of the patients who developed arrhythmia had low

ventricular ejection fraction. No electrophysiological study was

required during the study period. The 5-year survival rate of all

patients was 82%. In the group in which arrhythmia was

detected during follow-up, one patient with sinus node

dysfunction and a permanent pacemaker died secondary to

constrictive pericarditis. The other two patients with permanent

pacemakers are monitored without any complications. The

surviving 8 patients with postoperative arrhythmias are

monitored with no change in their medical treatments.

There was no significant difference in mortality between

patients with or without arrhythmias. Patients’ age, height,

weight, pre-transplant ventricular assist device implantation,

follow-up time, cardiac biopsy results, and procedural parameters

were assessed as risk factors for post-transplant arrhythmia, and

no significant results were observed (Table 1).
Discussion

Orthotopic HT remains the most effective treatment method

for patients with end-stage CHF. Because of the scarcity of heart
Frontiers in Cardiovascular Medicine 04
donors, the number of ventricular assist device implantations is

steadily increasing. The 5-year survival rate after HT is 75%–

80%, which is still higher than that with ventricular assist devices

(10). In our series, 82% of the patients survived at least 5 years,

consistent with the literature.

Various arrhythmias that can occur after HT and their

associated causes have been described (9). Depending on the

surgical technique, atrial arrhythmias originating from the suture

site sinus node dysfunction, and complete heart block due to

damage to the sinus node can be seen with the biatrial and

bicaval techniques. Prolonged graft ischemia may be associated

with secondary progressive conduction system disorders and

postoperative atrial fibrillation. Surgical autonomic denervation of

the transplanted heart can result in an elevated resting heart rate,

elevated heart rate response to exercise, atrial fibrillation, or

sudden cardiac death.

Hyperacute rejection can cause atrial fibrillation and

ventricular tachycardia. Chronic rejection can cause atrial

fibrillation and accompanying left ventricular dysfunction and

ventricular tachycardia. Coronary artery vasculopathy can lead to

progressive conduction system disorders, atrial fibrillation, and

ventricular tachycardia. Graft failure may cause atrial and

ventricular tachycardia, complete heart block, and sudden cardiac

death (9). In adult studies, the most common arrhythmias are

reentrant arrhythmias related to the anastomosis line (11). In

pediatric studies, common arrhythmias include chronic sinus

tachycardia, sinus bradycardia, supraventricular tachycardia, non-

sustained ventricular tachycardia, and atrial extrasystoles (6). We

observed similar rhythm disorders in our series. Three patients

developed sinus node dysfunction postoperatively and received

permanent pacemakers. Permanent pacemaker implantation after

HT has been reported in adults (10, 12). Heart transplant
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patients are known to be denervated, which results in a higher

resting heart rate, usually between 90 and 110 beats per min.

Several disease states have demonstrated that sinus tachycardia

results in poor long-term outcomes in patients with severe heart

failure and severe coronary artery disease (13). Only 2 patients

with chronic sinus tachycardia were started on beta-blocker

therapy. The right bundle branch block is a common

electrocardiographic abnormality in heart transplant recipients,

but the cause remains unknown (14).

Studies have shown that patients who develop arrhythmia

after HT have higher rates of rejection, coronary artery disease,

and mortality (15). However, we observed no statistically

significant difference in mortality according to the presence of

arrhythmia in our patients. Those who developed sinus node

dysfunction in the early postoperative period underwent

permanent pacemakers before discharge. Apart from sinus node

dysfunction, other rhythm disorders that developed during

follow-up were not found to cause rapid hemodynamic

decompensation.

Patients undergo a multidisciplinary evaluation in our clinic

before HT. In children, patients alongside their caregivers are

evaluated carefully in terms of treatment adherence. Patients

have the greatest adherence to follow-up and treatment after HT.

Increased experience with HT and improvement in the

immunosuppression regimens and imaging techniques also

reduce the complication rates (16). Grade 2 rejection was

detected in three endomyocardial biopsies performed during

routine follow-up. One of those patients developed a complete

heart block, one developed ventricular extrasystole, and no

arrhythmia was detected in the other patient. These uncommon

rhythm disorders support the increased risk of arrhythmia

associated with heart transplant rejection (17). Although

endomyocardial biopsies were performed, right and left heart

catheterization was also done to assess for coronary artery

diseases, and no coronary artery disease was detected. In the

absence of acute graft rejection, electrophysiologic studies may

elucidate the substrate of atrial arrhythmias.

Electrical cardioversion and radiofrequency ablation may be

considered in a heart transplant recipient with symptomatic and

persistent atrial arrhythmias (18). Atrioventricular re-entry

tachycardia (AVRT) or atrioventricular nodal re-entry

tachycardia (AVNRT) is uncommon and related to an

underlying electrophysiological substrate within the donor heart

(19). Symptomatic AVRT and AVNRT can be managed with

radiofrequency ablation of the accessory pathway and slow

pathway, respectively. The sinus tachycardias that developed in

our patient group responded to beta-blocker treatment and thus

there was no need for electrophysiological studies.

Sudden death is a well-recognized mode of death in heart

transplant recipients. The variable incidence of reported sudden

death is probably due to the small sample sizes of existing

studies, heterogeneity in the populations studied, and

inconsistent or unspecified definitions used. Acute rejection and

coronary artery disease are major risk factors for sudden death in

adult heart transplant recipients (20). Clinicians should consider
Frontiers in Cardiovascular Medicine 05
endomyocardial biopsy and coronary angiography in HT

recipients with atrial or ventricular arrhythmias to exclude acute

rejection and assess for coronary artery disease (20). Grade 2

rejection was detected in the biopsy of our patient with

ventricular extrasystole, which supports this theory.
Limitations

This study includes a relatively small number of patients.

However, the rhythm disorders and their treatments detected in

our study support the high number of adult studies in literature.

Larger pediatric studies are needed.
Conclusions

After pediatric HT, early-onset rhythm disturbances, often

attributed to surgery-related issues such as sinus node

dysfunction, may necessitate invasive treatments like permanent

pacemakers. Close monitoring post-HT is crucial, and routine

follow-up with Holter ECG is necessary to identify rhythm

disorders even in the absence of symptoms. Follow-up rhythm

disturbances can serve as early indicators of rejection.
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Doğan et al. 10.3389/fcvm.2023.1323958
administration, Writing – original draft. ŞÖ: Data curation,

Investigation, Writing – original draft. OA: Data curation,

Investigation, Resources, Visualization, Writing – original draft.

RL: Data curation, Methodology, Resources, Supervision, Writing

– original draft. ÇE: Conceptualization, Data curation, Writing –

original draft. ZÜ: Conceptualization, Data curation, Formal

Analysis, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Frontiers in Cardiovascular Medicine 06
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Bajcetic M, Uzelac TV, Jovanovic I. Heart failure pharmacotherapy: differences
between adult and paediatric patients. Curr Med Chem. (2014) 21(27):3108–20.
doi: 10.2174/0929867321666140303155453

2. Hinton RB, Ware SM. Heart failure in pediatric patients with congenital
heart disease. Circ Res. (2017) 120(6):978–94. doi: 10.1161/CIRCRESAHA.116.
308996

3. Pawlak S, Śliwka J, Wierzyk A, Przybylski R, Czapla J, Król B, et al. Long term
results of pediatric heart transplantations: single-center experiences. Kardiol Pol.
(2023) 81(7–8):708–715. doi: 10.33963/KP.a2023.0068

4. Ryan TD, Chin C. Pediatric cardiac transplantation. Semin Pediatr Surg. (2017) 26
(4):206–12. doi: 10.1053/j.sempedsurg.2017.07.012

5. Hamon D, Taleski J, Vaseghi M, Shivkumar K, Boyle NG. Arrhythmias in the
heart transplant patient. Arrhythm Electrophysiol Rev. (2014) 3(3):149–55. doi: 10.
15420/aer.2014.3.3.149

6. Park JK, Hsu DT, Hordof AJ, Addonizio LJ. Arrhythmias in pediatric heart
transplant recipients: prevalence and association with death, coronary artery disease,
and rejection. J Heart Lung Transplant. (1993) 12(6 Pt 1):956–64.

7. LaPage MJ, Rhee EK, Canter CE. Tachyarrhythmias after pediatric heart
transplantation. J Heart Lung Transplant. (2010) 29(3):273–7. doi: 10.1016/j.healun.
2009.07.003

8. Joglar JA, Wan EY, Chung MK, Gutierrez A, Slaughter MS, Bateson BP, et al.
Management of arrhythmias after heart transplant: current state and considerations
for future research. Circ Arrhythm Electrophysiol. (2021) 14(3):e007954. doi: 10.
1161/CIRCEP.120.007954

9. Khush KK, Cherikh WS, Chambers DC, Harhay MO, Jr HD, Hsich E, et al. The
international thoracic organ transplant registry of the international society for heart
and lung transplantation: thirty-sixth adult heart transplantation report—2019;
focus theme: donor and recipient size match. J Heart Lung Transplant. (2019) 38
(10):1056–66. Erratum in: J Heart Lung Transplant. 2020;39(1):91. doi: 10.1016/j.
healun.2019.08.004

10. Do DH, Bailey KL, Beyer R, Neubuerger S, Bradfield J, Shivkumar K, et al.
Outcomes in orthotopic heart transplantation following pacemaker implantation.
Pacing Clin Electrophysiol. (2023) 46(7):583–91. doi: 10.1111/pace.14716
11. Ahmari SA, Bunch TJ, Chandra A, Chandra V, Ujino K, Daly RC, et al.
Prevalence, pathophysiology, and clinical significance of post-heart transplant atrial
fibrillation and atrial flutter. J Heart Lung Transplant. (2006) 25(1):53–60. doi: 10.
1016/j.healun.2005.07.017

12. Ustunkaya T, Liang JJ, Lin AN, Shirai Y, Molina M, Owens AT, et al. Clinical
and procedural characteristics predicting need for chronotropic support and
permanent pacing post-heart transplantation. Heart Rhythm. (2020) 17(7):1132–8.
doi: 10.1016/j.hrthm.2020.02.021

13. Kittleson M, Patel J, Liou F, Yu Z, Lipson-Altman N, Parikh A, et al. Beta blockers
to slow heart rate for Sinus tachycardia after heart transplantation: is it helpful?: abstract#
C1595. Transplantation. (2014) 98:429. doi: 10.1097/00007890-201407151-01422

14. Marcus GM, Hoang KL, Hunt SA, Chun SH, Lee BK. Prevalence, patterns of
development, and prognosis of right bundle branch block in heart transplant
recipients. Am J Cardiol. (2006) 98(9):1288–90. doi: 10.1016/j.amjcard.2006.06.018

15. Kertesz NJ, Towbin JA, Clunie S, Fenrich AL, Friedman RA, Kearney DL, et al.
Long-term follow-up of arrhythmias in pediatric orthotopic heart transplant
recipients: incidence and correlation with rejection. J Heart Lung Transplant. (2003)
22(8):889–93. doi: 10.1016/s1053-2498(02)00805-7

16. Feher A, Miller EJ. PET myocardial blood flow for post-transplant surveillance
and cardiac allograft vasculopathy in heart transplant recipients. Curr Cardiol Rep.
(2022) 24(12):1865–71. doi: 10.1007/s11886-022-01804-3

17. Awad MA, Shah A, Griffith BP. Current status and outcomes in heart
transplantation: a narrative review. Rev Cardiovasc Med. (2022) 23(1):11. doi: 10.
31083/j.rcm2301011

18. Patel VS, Lim M, Massin EK, Jonsyn GP, Ates P, Abou-Awdi NL, et al. Sudden
cardiac death in cardiac transplant recipients. Circulation. (1996) 94(9 Suppl):II273–7.

19. Velleca A, Shullo MA, Dhital K, Azeka E, Colvin M, DePasquale E, et al. The
international society for heart and lung transplantation (ISHLT) guidelines for the
care of heart transplant recipients. J Heart Lung Transplant. (2023) 42(5):e1–141.
doi: 10.1016/j.healun.2022.10.015

20. Ellenbogen KA, Thames MD, DiMarco JP, Sheehan H, Lerman BB.
Electrophysiological effects of adenosine in the transplanted human heart. Evidence
of supersensitivity. Circulation. (1990) 81:821–8. doi: 10.1161/01.CIR.81.3.821
frontiersin.org

https://doi.org/10.2174/0929867321666140303155453
https://doi.org/10.1161/CIRCRESAHA.116.308996
https://doi.org/10.1161/CIRCRESAHA.116.308996
https://doi.org/10.33963/KP.a2023.0068
https://doi.org/10.1053/j.sempedsurg.2017.07.012
https://doi.org/10.15420/aer.2014.3.3.149
https://doi.org/10.15420/aer.2014.3.3.149
https://doi.org/10.1016/j.healun.2009.07.003
https://doi.org/10.1016/j.healun.2009.07.003
https://doi.org/10.1161/CIRCEP.120.007954
https://doi.org/10.1161/CIRCEP.120.007954
https://doi.org/10.1016/j.healun.2019.08.004
https://doi.org/10.1016/j.healun.2019.08.004
https://doi.org/10.1111/pace.14716
https://doi.org/10.1016/j.healun.2005.07.017
https://doi.org/10.1016/j.healun.2005.07.017
https://doi.org/10.1016/j.hrthm.2020.02.021
https://doi.org/10.1097/00007890-201407151-01422
https://doi.org/10.1016/j.amjcard.2006.06.018
https://doi.org/10.1016/s1053-2498(02)00805-7
https://doi.org/10.1007/s11886-022-01804-3
https://doi.org/10.31083/j.rcm2301011
https://doi.org/10.31083/j.rcm2301011
https://doi.org/10.1016/j.healun.2022.10.015
https://doi.org/10.1161/01.CIR.81.3.821
https://doi.org/10.3389/fcvm.2023.1323958
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Arrhythmias in children undergoing orthotopic heart transplantation
	Introduction
	Methods
	Study design and patient selection
	Heart transplantation
	Immunosuppressive therapy
	Follow-up
	Holter ECG monitoring
	Statistical analysis

	Results
	Patient demographics
	Follow-up
	Rhythm disturbances

	Discussion
	Limitations

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


