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ABSTRACT

Background: Cardiac conduction system abnormalities often associated with heterotaxy syndrome predispose affected patients
to a variety of cardiac arrhythmias. Although surgical palliation has contributed to improved survival, the burden of postoperative
arrhythmia remains a critical concern. In the current study, electrophysiological outcomes were reviewed and risk factors for
arrhythmia were identified in patients undergoing cardiac surgery for heterotaxy

Methods: A retrospective analysis of 33 patients with heterotaxy syndrome who underwent cardiac surgery at a single tertiary
center was conducted. Main outcomes included the incidence of postoperative abnormal heart rhythm, defined as new-onset heart
block, tachyarrhythmia, or nodal rhythm, and overall mortality. Risk factors for abnormal rhythm and mortality were examined
using logistic regression and Cox proportional hazards modeling, respectively. The Kaplan-Meier method was used to estimate
survival.

Results: The cohort had a median age of 28 months (IQR: 14-58) at the time of surgery. Right isomerism was predominant
(75.8%). Most patients (87.9%) were palliated via a single ventricle pathway. Preoperatively, 87.9% of patients had a normal
ECG. Postoperatively, the incidence of abnormal heart rhythm was 24.2% (12.1% heart block, 12.1% tachyarrhythmia). Over a
median follow-up of 54 months (IQR: 27-90), overall mortality was 18.18%. Kaplan-Meier analysis revealed survival rates of
88% at 3 years and 74% at 10 years. Univariable analysis identified that left isomerism (OR 14.88, p=0.019) and absent inferior
vena cava (IVC) (OR 7.00, p=0.033) were significantly associated with developing postoperative arrhythmia. Older age at the
time of analysis was significantly associated with improved survival (HR 0.89, p=0.025).

Conclusion: Patients with heterotaxy syndrome undergoing cardiac surgery face a substantial risk of postoperative arrhythmia.
Left isomerism and absent I\VVC are significantly associated with postoperative arrhythmias. Older age at surgery was associated
with improved survival. These findings emphasize the importance of comprehensive electrophysiological evaluation and risk
factor assessment in managing heterotaxy syndrome patients.
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BACKGROUND:

Heterotaxy syndrome, also termed situs ambiguous, represents the spectrum of congenital disorders characterized by abnormal
lateralization of thoracic and abdominal organs, different from the usual situs solitus and situs inversus (1,2). The estimated
incidence of heterotaxy is about 1 in 10,000 live births, comprising roughly 3% to 4% of all complex CHD cases (1). The
syndrome is classified broadly into two major subtypes based on the morphology of the appendages of the atria, including right
atrial isomerism (RAIl)and left atrial isomerism (LAI) (1,2). The genetic etiology in heterotaxy is complex, with mutations
identified in many genes related to laterality, such as ZIC3, NODAL, CFC1, and ciliary-related genes like DNAH5 and DNAH11
(2,3).

A critical aspect of heterotaxy syndrome is the intrinsic abnormality of the cardiac conduction system. The embryologic
disorganization that affects organ situs also disrupts the normal development and location of the sinoatrial (SA) and
atrioventricular (AV) nodes, thereby creating a substrate for a lifetime risk of both brady-arrhythmias and tachy-arrhythmias (4).
Cardiac surgery can exacerbate the underlying electrophysiological vulnerability. The extensive incisions, cannulation, and
patching required for complex repairs can directly damage conduction tissue or create lines of block that serve as circuits for re-
entrant tachycardias (5). Furthermore, the altered hemodynamics of the Fontan circulation, characterized by elevated systemic
venous pressure and chronic atrial dilation, contribute to the arrhythmogenic substrate over time (6).

Postoperative arrhythmias are a major source of morbidity and mortality in the long-term follow-up of heterotaxy patients, leading
to heart failure, thromboembolism, and sudden death (5). Despite modern surgical techniques, outcomes for patients with
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heterotaxy syndrome remain suboptimal, and the risk of postoperative arrhythmia remains substantial (7).

Although the association between heterotaxy, complex cardiac surgery, and arrhythmias is well-established, a continuing need
exists to define the long-term outcome and identify specific predictors of adverse electrophysiological outcomes in the modern
surgical era. This study aimed to investigate the electrophysiological outcomes and identify the risk factors for arrhythmia in
patients with heterotaxy syndrome following cardiac surgery. Furthermore, the study evaluated the long-term survival in those
patients and its association with postoperative arrhythmia.

PATIENTS AND METHODS

Study Design and population

We conducted a retrospective review of patients with heterotaxy syndrome who underwent cardiac surgery at a single tertiary
center. Inclusion criteria were a definitive diagnosis of heterotaxy syndrome (either right or left isomerism) based on imaging
(echocardiography, CT, or MRI) and a history of at least one cardiac surgical procedure. Surgical procedures were conducted
between January 1995 and December 2024. Patients with incomplete medical records or those who were lost to follow-up
immediately after surgery were excluded from the analysis. Additionally, we excluded patients who had surgery in other centers.

Data Collection

Data was extracted from electronic and paper medical records. Baseline data included:

- Demographics: Sex and age at the time of surgery

- Anatomical Characteristics: Isomerism type (right vs. left), inferior vena cava (I\VVC) status (present vs. absent/interrupted
with azygous continuation), superior vena cava (SVC) anatomy (single vs. double), liver and spleen position, and cardiac
position (levocardia vs. dextrocardia)

- Cardiac Pathway: Classification as single ventricle or biventricular pathway based on the intended surgical palliation
strategy

- Preoperative Electrocardiogram (ECG): The last available 12-lead ECG prior to the first cardiac surgery was analyzed and
categorized as normal sinus rhythm, heart block, tachyarrhythmia, or nodal/junctional rhythm

- Surgical Interventions: Type of surgical procedures was recorded, including pulmonary artery banding (PAB), bidirectional
cavo-pulmonary shunt (BCPS), Fontan procedure, ventricular septal defect (VSD) repair, and unifocalization of major
aortopulmonary collateral arteries

- Postoperative Abnormal Heart Rhythm: This was the primary electrophysiological outcome, defined as the first occurrence
of any clinically significant, new-onset arrhythmia documented on a 12-lead ECG, Holter monitor, or telemetry strip after
the initial cardiac surgery. It was a composite endpoint including: 1) high-grade or complete heart block requiring pacing,
2) sustained tachyarrhythmia (e.g., atrial flutter, atrial tachycardia, re-entrant tachycardia) requiring medical or electrical
intervention, or 3) persistent nodal or junctional escape rhythm.

- Mortality: The secondary outcome was all-cause mortality, with the date of death obtained from hospital records or by phone
calls

Follow-up time was calculated from the date of the indexed cardiac surgery (first procedure performed in our center) to the date

of the last clinical encounter, death, or the study cut-off date (June 30, 2025).

Surgical Procedure

The surgical procedures were tailored to the specific cardiac anatomy and clinical status of each patient. The majority of patients
were managed through a single ventricle palliation pathway. The primary surgical interventions included the Fontan procedure
for completion of single ventricle palliation and the BCPS (Glenn procedure) as a staged procedure. Other less frequent procedures
included pulmonary artery banding, ventricular septal defect (VSD) repair, and unifocalization of pulmonary blood supply. All
surgical procedures were performed by consultant congenital heart surgeons.

Ethical Considerations
The study protocol was reviewed and approved by the Institutional Review Board (IRB) of our institution. Due to the retrospective
nature of the study, the requirement for individual patient consent was waived by the IRB.

Statistical Analysis

Statistical analysis was performed using Stata software (Version 18.0, Stata Corp., College Station, TX). Continuous variables
are presented as median and interquartile range (IQR), while categorical variables are presented as numbers and percentages. The
primary outcome was the incidence of postoperative arrhythmia, defined as new-onset heart block, tachyarrhythmia, or nodal
rhythm. Overall mortality was a secondary outcome. Univariable logistic regression analysis was used to identify risk factors for
developing postoperative arrhythmia. A Cox proportional hazards model was used to identify factors associated with overall
mortality. Survival rates were estimated using the Kaplan-Meier method. A p-value of less than 0.05 was considered statistically
significant.

RESULTS

Patient Characteristics

A total of 33 patients with heterotaxy syndrome who underwent cardiac surgery were included in the analysis. The median age at
surgery was 28 months (IQR: 14-58), and 51.5% (n=17) were male. The majority of patients (75.8%, n=25) had right isomerism.
Anatomic and preoperative characteristics are summarized in Table 1. The most common anatomic findings were a double SVC
(97.0%), left-sided liver (87.9%), and an absent 1\VVC with azygos continuation (27.3%). Spleen status was variable, with 48.5%
of patients having absent spleen, 24.2% having polysplenia, and 24.2% having a right-sided spleen. Preoperatively, 87.9% of
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patients had a normal electrocardiogram (ECG).

Surgical Procedures and Postoperative Outcomes

The vast majority of patients (87.9%, n=29) were palliated via a single ventricle pathway. The most common surgical procedures
were the Fontan completion (48.5%) and BCPS (27.3%). Postoperatively, the incidence of arrhythmia was 24.2% (n=8),
comprising an equal distribution of heart block (12.1%) and tachyarrhythmia (12.1%). A permanent pacemaker was implanted in
12.1% (n=4) of patients (Table 2). No operative mortality was reported. Over a median follow-up of 54 months (IQR: 27-90), the
overall mortality was 18.18% (n=6). Kaplan-Meier survival estimates were 88% at 3 years, 74% at 7 years, and 74% at 10 years
(Figure 1).

Risk Factors for Postoperative Arrhythmia

Univariable logistic regression analysis identified two factors significantly associated with developing postoperative abnormal
heart rhythm (Table 3). Patients with left isomerism had over 14-fold increased odds of postoperative arrhythmia (OR 14.88, 95%
Cl 1.56-142, p=0.019). Similarly, an absent inferior vena cava was associated with a 7-fold increase in odds (OR 7.00, 95% CI
1.17-41.76, p=0.033). Other factors, including sex, age at surgery, dextrocardia, and single ventricle pathway palliation, were not
significantly associated with this outcome.

Factors Associated with Survival

Cox proportional hazards analysis identified older age at surgery as the only factor significantly associated with improved survival
(HR 0.89 per unit increase in age in months, 95% CI 0.81-0.98, p=0.025) (Table 4). Notably, the occurrence of postoperative
arrhythmia was not a significant predictor of mortality (HR 0.31, 95% CI 0.04-2.62, p=0.280). A descriptive analysis of the non-
survivors revealed that all patients who died had right isomerism, a present IVC, a left-sided liver, and a normal heart position.

Table 1: Preoperative data of patients who had cardiac surgery for heterotaxy syndrome

Variables (n=33)

Sex (Male) 17 (51.52%)
Age (Months) 28 (14- 58)
Right isomerism 28 (75.76%)
Absent inferior vena cava 9 (27.27%)
Double superior vena cava 32 (96.97%)
Left liver 29 (87.88%)
Spleen

Absent 16 (48.48%)
Right 8 (24.24%)
Left 1 (3.03%)
Polysplenia 8 (24.24%)
Dextrocardia 5 (15.15%)
Preoperative ECG

Normal 29 (87.88%)
Heart block 1 (3.03%)
Tachy-arrhythmia 1 (3.03%)
Nodal rhythm 2 (6.06%)

Data are presented as numbers and percentages or median (25th- 75th percentiles)

Table 2: Surgical procedures and postoperative outcomes for patients with heterotaxy who had cardiac surgery

Variables (n=33)
Single ventricle pathway 29 (87.88%)
Surgery

Pulmonary artery banding 4 (12.12%)
Superior Cavo-pulmonary shunt 9 (27.27%)
Fontan 16 (48.48%)
VSD repair 3 (9.09%)
Unifocalzation 1 (3.03%)
Postoperative ECG

Normal 18 (54.55%)
Heart block 4 (12.12%)
Tachy-arrhythmia 4 (12.12%)
Nodal rhythm 7 (21.21%)
Permanent pacemaker 4 (12.12%)

Data are presented as numbers and percentages.
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Table 3: Univariable logistic regression analysis for factors associated with new postoperative abnormal rhythm

Risk factors Odds ratio (95% confidence interval) P-value
Sex 0.42 (0.10- 1.72) 0.231
Age 1.004 (0.98- 1.02) 0.551
Left isomerism 14.88 (1.56- 142) 0.019*
Absent inferior vena cava 7 (1.17- 41.76) 0.033*
Left liver 0.24 (0.02- 2.54) 0.234
Polysplenia 9 (0.89- 91) 0.063
Dextrocardia 2 (0.28- 14) 0.484
Single ventricle pathway 0.81 (0.10- 6.58) 0.846
Surgical intervention 1.71 (0.75- 3.85) 0.200

*p value less than 0.05 is considered statistically significant.

Table 4: Univariable Cox regression analysis for factors associated with survival Factors

Factors Hazard ratio (95% confidence interval) p-value
Sex 1.02 (0.21- 5.05) 0.982
Age 0.89 (0.81- 0.98) 0.025*
Spleen position 0.69 (0.33- 1.45) 0.330
Single ventricle pathway 0.92 (0.10- 7.94) 0.942
Abnormal Rhythm 0.31 (0.04- 2.62) 0.280

*p value less than 0.05 is considered statistically significant.

Kaplan—Meier survival estimate
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Figure 1: Kaplan-Meier survival curve for patients with heterotaxy syndrome who had cardiac surgery

DISCUSSION

This study investigated the long-term electrophysiological sequelae and survival in a cohort of patients with heterotaxy syndrome
following cardiac surgery. Our data confirms that, although surgical palliation allows for long-term survival, it is associated with
a significant burden of postoperative arrhythmia. The main conclusions from the present study are first, that left isomerism and
absent IVC are particularly associated with the development of postoperative arrhythmia, and secondly, that older age is
significantly associated with improved long-term survival.

The incidence of new-onset, clinically significant arrhythmia in our cohort was 24.2%. Various studies have reported differing
incidences of postoperative arrhythmias in heterotaxy syndrome, largely depending on the specific type of arrhythmia and the
presence of other complicating factors. After Fontan palliation, arrhythmias have been reported in about 25% of heterotaxy
survivors versus 11% of non-heterotaxy cohorts (8). Petros and colleagues reported Sinus node dysfunction affecting up to 47%
of patients with left atrial isomerism (9).

The high incidence of arrhythmias reflects the inherent electrophysiological instability of heterotaxy syndromes. Congenital
conduction system anomalies, such as dual or absent sinus nodes and displaced atrioventricular nodes create a vulnerable
substrate. Additionally, extensive atrial manipulation during Fontan-type surgery adds scarring and hemodynamic stress that may
precipitate clinically significant arrhythmia.

The most striking finding of our analysis is the strong association between LAl and the development of postoperative arrhythmias
(OR 14.88). However, this finding must be interpreted with considerable caution. The associated 95% confidence interval was
extremely wide (1.56 to 142), a direct consequence of our small sample size. While this confirms that LAI is a statistically
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significant risk factor, the true magnitude of the risk is poorly defined by our data and could range from modest to very large.
This highlights the need for larger, multi-center studies to produce a more precise estimate of this risk.

Similarly, the association with absent IVC (with azygous continuation) is a significant finding. This venous anomaly is more
commonly associated with LAI/polysplenia syndrome (10). Its role as a risk factor may be related to the altered systemic venous
return pathways and the specific surgical modifications required to accommodate them during BCPS and Fontan procedures,
potentially placing the conduction system at greater risk. These two markers, left isomerism and absent IVC, can be identified
preoperatively and should alert clinicians to a patient's heightened electrophysiological risk.

In our survival analysis, the 10-year survival rate of 74% reflects the significant improvements in surgical and medical
management for this complex patient group over the past few decades. Furthermore, no operative mortality has been reported.
However, it also highlights the ongoing attrition that occurs even after successful initial palliation.

Survival rates vary significantly across studies and are heavily influenced by specific anatomical and clinical risk factors. Desali
and colleagues reported 66% overall survival in a median follow-up of 2.2 years in patients with heterotaxy syndrome (7). In a
study by Tanimoto et al, survival at 10 years for patients with functional single ventricle and heterotaxy was 47% (11). Lim et al
reported 93% survival at 10 years after biventricular repair for patients with heterotaxy and 54% freedom from any arrhythmia at
the same time point (12).

The finding that older age was associated with better survival (HR 0.89) is intriguing. This finding should be interpreted with
caution. Delayed surgery may be advocated in heterotaxy syndrome; however, patients who underwent early surgery had first-
stage palliation with a comparable risk of mortality compared to Fontan completion (13). Moreover, younger patients might have
longer follow-up than those who had later surgery. The heterogeneity of the surgical procedures performed, and risk levels should
also be considered (14).

Interestingly, the presence of postoperative arrhythmia was not a statistically significant predictor of mortality in our Cox model
(p=0.280). This may seem counterintuitive, as arrhythmias are a known cause of death in this population. Several factors could
explain this. First, our sample size of 33 patients (with six deaths) provides limited statistical power to detect such an association.
A larger cohort might have revealed a significant relationship. Second, it may reflect successful management of arrhythmias in
our cohort through medication, pacemaker implantation, and other interventions, thereby mitigating their direct impact on
mortality.

STUDY LIMITATIONS

This study has several limitations. Its retrospective nature is subject to inherent biases in data collection and recording. This small
cohort not only limits the statistical power to detect more subtle risk factors but, more importantly, leads to wide confidence
intervals for the identified associations, reducing the precision of our effect estimates and necessitating cautious clinical
interpretation. The definition of "abnormal heart rhythm™ was a composite endpoint, and a more granular analysis of specific
arrhythmia types (e.g., bradycardia vs. tachycardia) could yield further insights. Furthermore, the study spans a long period, during
which surgical techniques and medical management have evolved considerably, potentially introducing confounding effects.
Finally, as a single-center study, our findings may not be generalizable to all populations.

CONCLUSION

Patients with heterotaxy syndrome face a significant and enduring risk of developing major electrophysiological sequelae
following cardiac surgery. Our study identifies left isomerism and absent inferior vena cava as risk factors for the development
of postoperative arrhythmia. While long-term survival has improved, mortality remains a concern, with older age being associated
with a better prognosis. These findings highlight the critical need for a proactive and risk-stratified approach to patient
management. All patients with heterotaxy, particularly those with left isomerism or absent IVC, require lifelong, specialized
surveillance with regular ECG and Holter monitoring to enable early detection and treatment of arrhythmias, with the ultimate
goal of improving long-term, event-free survival

ABBREVIATIONS

SVC: Superior vena cava.

IVVC: Inferior vena cava.

RAI: Right atrial isomerism.

LAI: left atrial isomerism.

CHD: Congenital heart disease.

BCPS: Bidirectional Cavo-pulmonary shunt.
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