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Abstract

Background/Objectives: Early thrombosis of systemic-to-pulmonary artery shunts (SPS)
remains a major cause of morbidity and mortality in neonates with duct-dependent
pulmonary circulation. Despite advances in surgical technique, no universally ac-
cepted perioperative thrombosis-prevention protocol exists. We evaluated the early
outcomes of a standardized perioperative thrombosis-prevention protocol applied in
neonates undergoing SPS placement. Methods: This single-center case series included
nine consecutive neonates undergoing primary modified Blalock–Taussig shunt place-
ment between January 2024 and July 2025. A predefined and standardized perioperative
thrombosis-prevention protocol was uniformly applied, incorporating preoperative as-
pirin when feasible, intraoperative systemic heparinization targeting activated clotting
time (ACT) > 300 s, meticulous shunt flushing and de-airing, preferential distal anasto-
mosis to the main pulmonary artery when anatomically suitable, and early postoperative
continuous heparin infusion followed by enteral aspirin. The primary endpoint was
early shunt thrombosis within 30 days. Results: Median age at surgery was 28 days
(range 14–35), and median operative weight was 3.2 kg (range 2.8–3.6). Cardiopulmonary
bypass was required in 33.3% of patients. Delayed sternal closure was performed in 22.2%.
Despite recognized prothrombotic risk factors—including complex anatomy, hypoplastic
pulmonary arteries, and low cardiac output syndrome (33.3%)—no early shunt throm-
bosis occurred (0/9). There were no reinterventions, no early mortality, and no major
bleeding or intracranial hemorrhage. Conclusions: In this single-center neonatal series,
implementation of a standardized perioperative thrombosis-prevention protocol was
associated with preserved early shunt patency without increased bleeding risk. Although
limited by a small sample size, these findings support the feasibility and short-term
safety of a standardized perioperative management strategy in neonatal systemic-to-
pulmonary shunt surgery. These findings should be considered hypothesis-generating
and not evidence of definitive effectiveness.
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1. Introduction
Systemic-to-pulmonary artery shunts (SPS) remain a cornerstone of palliative man-

agement in neonates with duct-dependent pulmonary circulation and complex congenital
heart defects [1]. Despite technical refinements, acute and subacute shunt thrombosis
continues to represent one of the most feared complications, frequently leading to sudden
hypoxemia, hemodynamic collapse, and increased early mortality [2,3]. The incidence
of shunt thrombosis in neonates is reported to be higher than in older infants, largely
due to small vessel caliber, low-flow states, hematologic immaturity, and a prothrombotic
inflammatory response following cardiothoracic surgery [2,4].

Multiple perioperative strategies have been proposed to mitigate the risk of shunt
thrombosis, targeting surgical technique, anticoagulation protocols, and postoperative
hemodynamic management [3–5].

Preoperative and early postoperative antiplatelet therapy, particularly aspirin admin-
istration, has been suggested as a preventive measure aimed at reducing early platelet
aggregation and thrombus formation within the graft [5,6]. Intraoperatively, the use of
systemic heparin prior to shunt construction is standard practice; some centers advocate
higher activated clotting time (ACT) targets to reduce early thrombotic risk during vascular
clamping and anastomosis [3,7].

Technical considerations may also influence thrombosis risk. Shunt configuration,
anastomotic site selection, and optimization of shunt diameter relative to patient weight
are recognized determinants of flow dynamics and patency [8,9]. Performing the distal
anastomosis to the main pulmonary artery trunk rather than to a branch pulmonary artery
may theoretically enhance flow distribution and reduce turbulence or competitive flow,
although data remain limited [8]. Careful de-airing and flushing of the graft before full
reperfusion is recommended to prevent early thrombotic occlusion secondary to blood
stasis and endothelial injury [3].

In the immediate postoperative period, maintenance of an open sternum in selected
high-risk neonates has been employed to reduce mediastinal compression, optimize car-
diac output, and prevent low-flow states predisposing to shunt thrombosis [10]. Strict
hemodynamic management aimed at avoiding hypotension, low cardiac output syndrome,
hemoconcentration, and dehydration is critical in maintaining adequate shunt flow [3,4].

Additional strategies described in the literature include early postoperative continuous
heparin infusion followed by transition to antiplatelet therapy, careful hematocrit control
to avoid hyperviscosity, and vigilant monitoring for early signs of shunt dysfunction [4,6].

Although antiplatelet therapy, systemic heparinization, meticulous graft handling,
and postoperative hemodynamic optimization are individually well established [4,5,8,10],
their application in neonatal systemic-to-pulmonary shunt surgery remains highly het-
erogeneous across institutions. Published reports frequently describe single technical or
pharmacologic measures in isolation, without embedding them within a clearly defined
and reproducible perioperative framework [4,5,8,10]. In a field characterized by fragile
physiology, narrow therapeutic margins, and substantial inter-center variability, fragmenta-
tion of care may itself represent a modifiable risk factor. The present study therefore focuses
not on introducing a novel drug or surgical modification, but on evaluating a standardized,
algorithm-based, and uniformly implemented perioperative pathway designed to integrate
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surgical precision, anticoagulation strategy, and physiologic management into a cohesive
thrombosis-prevention model.

In this case series, we present nine neonatal patients undergoing systemic-to-
pulmonary artery shunt placement in whom a standardized perioperative protocol incor-
porating selected thrombosis-prevention strategies was implemented. We analyze clinical
characteristics, surgical techniques, anticoagulation management, and early outcomes, with
particular focus on the incidence of shunt thrombosis and related complications.

2. Materials and Methods
2.1. Study Design and Patient Population

This case series included nine consecutive neonates who underwent systemic-to-
pulmonary artery shunt placement at our institution between January 2024 and July 2025.
All patients had duct-dependent pulmonary circulation secondary to complex congenital
heart disease and were deemed candidates for palliative shunt surgery following multi-
disciplinary evaluation. Our institution functions as a tertiary referral center for complex
congenital heart disease. All neonates meeting eligibility criteria during the study period
were included consecutively. No additional eligible patients undergoing primary systemic-
to-pulmonary artery shunt placement were excluded other than cases in which complete
perioperative data were unavailable or in which the standardized perioperative protocol
could not be fully implemented.

Inclusion criteria were: age ≤ 45 days at the time of surgery; primary systemic-to-
pulmonary artery shunt procedure; availability of complete perioperative and follow-up
data. Patients in whom the standardized protocol could not be followed were excluded.

The primary objective of this study was to evaluate the impact of a standardized periop-
erative thrombosis-prevention protocol on early shunt patency and thrombotic complications.

2.2. Perioperative Thrombosis-Prevention Protocol

A standardized protocol aimed at reducing shunt thrombosis was implemented and
applied to all patients.

2.2.1. Preoperative Management

When hemodynamically feasible and in the absence of contraindications (e.g., active
bleeding, severe thrombocytopenia), aspirin was administered preoperatively at a dose of
3–5 mg/kg/day starting 24–48 h prior to surgery. Baseline laboratory evaluation included
complete blood count, coagulation profile, fibrinogen, and assessment of hematocrit levels.

2.2.2. Intraoperative Management

All procedures were performed via median sternotomy under general anesthesia and
were undertaken by the same surgeon with the same surgical technique.

Anticoagulation Strategy

Systemic heparin was administered prior to vascular clamping at a dose of 150–200 IU/kg,
targeting an ACT > 300 s before shunt construction. ACT was reassessed intraoperatively
and heparin was supplemented as necessary.

Shunt Configuration and Anastomotic Technique

A polytetrafluoroethylene (PTFE) graft was used in all cases. The size of the SPS was
selected according to body weight and pulmonary artery dimensions. A shorter graft length
was used in order to prevent kinking of the graft and distortion of pulmonary vessels.
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Whenever anatomically feasible, the distal anastomosis was performed to the main
pulmonary artery trunk rather than to the right pulmonary artery branch, with the aim of
promoting balanced pulmonary blood flow and minimizing localized turbulence.

The proximal anastomosis was created to the innominate artery. After completion
of the proximal anastomosis and prior to full restoration of systemic flow, the shunt was
carefully flushed (purged) to eliminate air and stagnant blood, thereby reducing the risk of
early thrombus formation.

Flow adequacy was assessed by direct visualization, pressure monitoring, and intra-
operative oxygen saturation response.

2.2.3. Immediate Postoperative Management

In selected high-risk neonates (e.g., hemodynamic instability, myocardial edema,
high inotropic support), delayed sternal closure was performed to reduce mediastinal
compression and optimize cardiac output.

Continuous intravenous unfractionated heparin infusion was initiated within the first
6 h after surgery in the absence of active bleeding. In the majority of cases, anticoagu-
lation was started between 2 and 4 h postoperatively once hemostasis was confirmed,
and chest tube output was considered acceptable by the surgical team. It was started at
10–20 IU/kg/hour and titrated to maintain activated partial thromboplastin time (aPTT)
within the institutional target range of approximately 60–80 s.

Anti-factor Xa monitoring was not routinely performed in this cohort. Intravenous
unfractionated heparin was maintained until removal of mediastinal and pleural drainage
tubes, allowing controlled anticoagulation during the period of highest bleeding risk. Fol-
lowing drain removal and confirmation of hemostatic stability, patients were transitioned
to subcutaneous low-molecular-weight heparin to provide more stable anticoagulation
during ongoing recovery. Enteral aspirin (3–5 mg/kg/day) was initiated or resumed once
gastrointestinal function was established and clinical stability was achieved.

Hemodynamic management aimed to avoid systemic hypotension, prevent low car-
diac output syndrome, maintain adequate preload, avoid dehydration and maintain hema-
tocrit between 40–45%. Mechanical ventilation and vasoactive support were adjusted to
prevent excessive pulmonary overcirculation and systemic hypoperfusion.

The standardized perioperative thromboprophylaxis protocol applied uniformly to
all patients is summarized schematically in Figure 1 to facilitate reproducibility and trans-
parency of the applied management strategy.

2.3. Data Collection

The following variables were recorded: demographic characteristics (gestational age,
birth weight, weight at the time of surgery, and sex), underlying cardiac diagnosis, shunt
size and configuration, and site of anastomosis. Intraoperative data included ACT values
and total administered heparin dose. Postoperative variables comprised details of antico-
agulation therapy, requirement for delayed sternal closure, inotropic support requirements,
duration of mechanical ventilation, and length of stay in the intensive care unit (ICU) and
in hospital.

2.4. Study Endpoints

The primary endpoint was early shunt thrombosis, defined as clinical and/or echocar-
diographic evidence of shunt occlusion requiring intervention or resulting in death within
30 days after surgery.

Secondary endpoints included reintervention for shunt dysfunction, early mortality
(within 30 days), major bleeding complications, need for extracorporeal life support, and
thromboembolic events.
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Figure 1. Algorithmic overview of the standardized perioperative thrombosis-prevention protocol
implemented in neonates undergoing modified Blalock–Taussig shunt placement in this single-
center case series. The protocol comprises four sequential phases: (1) preoperative evaluation with
consideration of antiplatelet therapy and baseline hematologic assessment; (2) intraoperative systemic
heparinization targeting activated clotting time (ACT) > 300 s, preferential distal anastomosis to the
main pulmonary artery when anatomically feasible, and meticulous graft flushing and de-airing;
(3) early postoperative intravenous unfractionated heparin infusion combined with hemodynamic
optimization; and (4) transition to enteral aspirin therapy with continued coagulation monitoring and
serial echocardiographic assessment of shunt patency. Abbreviations: ACT, activated clotting time;
aPTT, activated partial thromboplastin time; PA, pulmonary artery; PTFE, polytetrafluoroethylene.

Shunt patency was assessed by transthoracic echocardiography in conjunction with
clinical evaluation. Screening for intracranial hemorrhage was routinely performed using
cranial ultrasonography during the early postoperative period, according to institutional
neonatal intensive care protocols.

2.5. Statistical Analysis

Given the exploratory nature of this case series and the limited sample size (n = 9),
analyses were primarily descriptive.

Continuous variables were assessed for distribution using the Shapiro–Wilk test and
are presented as median (range) due to non-normal distribution. Categorical variables are
expressed as frequencies and percentages.

For the primary endpoint (early shunt thrombosis), the exact binomial 95% confidence
interval was calculated to contextualize the observed event rate.

Given the absence of a control group and the limited sample size, no inferential
comparative statistical testing was performed. The study was not powered to detect
differences in thrombosis incidence; therefore, findings are interpreted descriptively and
considered hypothesis-generating.

Statistical analysis was performed using GraphPad InStat version 3.06 and Microsoft
Excel Office 2021 software.

2.6. Ethical Considerations

The study was conducted in accordance with the Declaration of Helsinki. Institutional
Review Board approval was obtained (Approval No. 1442). Informed consent was obtained
from parents or guardians of the patients.
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3. Results
3.1. Study Population

Nine consecutive neonates with duct-dependent pulmonary circulation underwent
modified Blalock–Taussig shunt placement during the study period. Given the limited
sample size (n = 9), no formal statistical comparisons were performed, and findings are
reported descriptively.

Median age at surgery was 28 days (range 14–35), and median operative weight was
3.2 kg (range 2.8–3.6). All patients had complex congenital heart disease with functionally
univentricular physiology or severely compromised right ventricular outflow.

Diagnostic substrates included tricuspid atresia, single ventricle with pulmonary
atresia, severe right ventricular hypoplasia/atresia, and extreme tetralogy of Fallot with
pulmonary atresia. Associated anomalies were present in three patients (33.3%), including
heterotaxy with dextrocardia (n = 1) and anomalous pulmonary venous drainage (n = 2).
Hypoplastic pulmonary arteries were documented in all cases.

Preoperative prostaglandin E1 infusion was required in 100% of patients. Enteral
Aspirin (dose of 3–5 mg/kg/day) was started in all patients before surgery.

Baseline characteristics of included patients are summarized in Table 1.

Table 1. Baseline demographic and preoperative characteristics.

Variable Value

Number of patients 9

Sex 6 male, 3 female

Gestational age 36–40 weeks

Birth weight, kg 2.2–3.4

Weight at surgery, kg 2.8–3.6

Diagnosis Single ventricle physiology,
pulmonary/tricuspid atresia, extreme TOF

Duct-dependent circulation 9 (100%)

Preoperative PGE1 9 (100%)

Preoperative hematologic abnormalities 5 (55.6%)

To better characterize the heterogeneity and anatomical complexity of the cohort,
detailed individual cardiac diagnoses and associated anatomical features are summarized
in Table 2.

Table 2. Detailed cardiac anatomy and associated features of the study cohort.

Patient Primary Cardiac Diagnosis Associated Anatomical Features

Patient 1 Tricuspid atresia with normally related
great arteries and pulmonary atresia

Severe right ventricular hypoplasia; hypoplastic main
and left pulmonary arteries

Patient 2 Pulmonary atresia with duct-dependent
pulmonary circulation

Ventricular inversion; unrestricted atrial and
ventricular septal defects; reverse-angle patent

ductus arteriosus
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Table 2. Cont.

Patient Primary Cardiac Diagnosis Associated Anatomical Features

Patient 3 Functionally univentricular heart (right
ventricular type)

Unbalanced atrioventricular canal defect;
double-outlet right ventricle with malposed great

arteries; severe subvalvular and valvular pulmonary
stenosis; hypoplastic pulmonary annulus and

pulmonary arteries; persistent left superior vena cava;
dextrocardia; thoracic situs inversus

Patient 4
Pulmonary atresia with anatomically

corrected transposition of the
great arteries

Large outlet ventricular septal defect; large atrial
septal defect; hypoplastic pulmonary trunk and

branches; dextrocardia

Patient 5 Pulmonary atresia with intact
ventricular septum

Bipartite hypoplastic right ventricle; dysplastic
tricuspid valve with moderate-to-severe stenosis and

regurgitation; aneurysmal atrial septum

Patient 6 Functionally univentricular heart (left
ventricular type) with pulmonary atresia

Double-inlet left ventricle; severe
hypoplasia/subat-resia of the right atrioventricular

valve; hypoplastic pulmonary trunk; heterotaxy
syndrome; interrupted inferior vena

cava; dextrocardia

Patient 7 Tricuspid atresia with normally related
great arteries

Nonrestrictive bulboventricular foramen; hypoplastic
pulmonary annulus and pulmonary arteries;

aneurysmal atrial septum

Patient 8
Complex cyanotic congenital heart disease

with single-ventricle physiology (left
ventricular type)

Tricuspid atresia; severe right ventricular hypoplasia;
pulmonary atresia; confluent pulmonary arteries;

dextrocardia; thoracic situs inversus

Patient 9 Extreme tetralogy of Fallot with
pulmonary atresia

Rudimentary pulmonary trunk; hypoplastic confluent
pulmonary arteries; small ostium secundum atrial

septal defect
Abbreviations: ASD, atrial septal defect; VSD, ventricular septal defect.

3.2. Operative Characteristics

All procedures were performed via median sternotomy using a PTFE (Gore-Tex) graft
by the same surgeon using a consistent surgical technique. Shunt diameter ranged from 3.5
to 4.0 mm, selected according to body weight and pulmonary artery dimensions.

Proximal anastomosis was constructed to the brachiocephalic or subclavian artery,
and distal anastomosis to the main pulmonary artery.

Cardiopulmonary bypass was required in 3 patients (33.3%), primarily due to anatom-
ical complexity or hemodynamic instability. The remaining procedures were completed
off-pump.

All patients received systemic heparinization before vascular clamping. Standardized
shunt flushing and meticulous de-airing were systematically performed.

No intraoperative shunt thrombosis occurred. One patient exhibited intraoperative
coagulation instability with intrapericardial thrombus formation; however, direct inspection
and intraoperative assessment confirmed preserved shunt patency. Operative data are
detailed in Table 3.

3.3. Early Postoperative Course

A standardized antithrombotic protocol was applied in all cases. Early postoperative
anticoagulation consisted of continuous intravenous unfractionated heparin infusion, initi-
ated early after surgery, typically within the first hours following admission to the intensive
care unit once adequate hemostasis had been confirmed and maintained until removal
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of drainage tubes. After confirmation of hemostatic stability and removal of drainage
tubes, patients were transitioned to subcutaneous low-molecular-weight heparin. Enteral
aspirin (3–5 mg/kg/day) was initiated after clinical stabilization and establishment of
enteral tolerance.

Table 3. Intraoperative characteristics.

Variable Value

Surgical approach Median sternotomy

Shunt type Modified Blalock–Taussig

Graft material PTFE (Gore-Tex)

Shunt diameter, mm 3.5–4

Proximal anastomosis Brachiocephalic/Subclavian artery

Distal anastomosis Pulmonary artery trunk

Cardiopulmonary bypass Yes (3), No (6)

Shunt flushing and de-airing 9 (100%)

Intraoperative shunt thrombosis 0

Delayed sternal closure was required in 2 patients (22.2%) due to myocardial edema
and hemodynamic instability.

All patients required postoperative mechanical ventilation. Median ventilation dura-
tion was 4 days (range 2–8). Median ICU stay was 9 days (range 6–15), and median total
hospital stay was 22 days (range 16–32).

Postoperative complications were consistent with the severity of underlying physi-
ology and are reported in Figure 2. All complications were managed conservatively and
resolved before discharge.

Figure 2. Postoperative complications in neonates after systemic-to-pulmonary shunt surgery.

Patient-level operative characteristics, postoperative complications, and discharge
outcomes are summarized in Table 4.
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Table 4. Patient-level operative characteristics, postoperative complications, and discharge outcomes.

Patient Diagnosis Category Shunt Size
(mm) CPB

Delayed
Sternal
Closure

Major
Complications

Discharge
Status

Patient 1 Tricuspid atresia with
pulmonary atresia 3.5 No No None Discharged

Patient 2
Pulmonary atresia
with ventricular

inversion
3.5 No No

Catheter-
associated

femoral venous
thrombosis

Discharged

Patient 3
Functionally

univentricular heart
(right ventricular type)

4.0 Yes Yes
Low cardiac

output
syndrome

Discharged

Patient 4

Pulmonary atresia
with corrected

transposition of the
great arteries

3.5 No No None Discharged

Patient 5
Pulmonary atresia

with intact ventricular
septum

3.5 No No Ventricular
dysfunction Discharged

Patient 6

Functionally
univentricular heart
(left ventricular type)

with pulmonary
atresia

4.0 Yes Yes
Low cardiac

output
syndrome

Discharged

Patient 7
Tricuspid atresia with

normally related
great arteries

3.5 No No None Discharged

Patient 8

Complex cyanotic
congenital heart

disease with
single-ventricle

physiology

4.0 Yes No
Intraoperative

coagulation
instability

Discharged

Patient 9
Extreme tetralogy of

Fallot with
pulmonary atresia

3.5 No No None Discharged

Abbreviations: CPB, cardiopulmonary bypass.

3.4. Primary Endpoint: Early Shunt Thrombosis

No early shunt thrombosis occurred within 30 days (0/9). Serial echocardiogra-
phy demonstrated preserved shunt patency in all patients, with continuous systemic-
to-pulmonary flow and no evidence of obstruction or flow acceleration suggestive of
impending thrombosis.

Importantly, even in the presence of recognized prothrombotic and hemodynamic risk
factors—including low cardiac output, ventricular dysfunction, delayed sternal closure,
and intraoperative coagulation instability—no thrombotic events involving the systemic-
to-pulmonary shunt were observed.

With zero events observed (0/9), the exact 95% confidence interval for early thrombosis
was 0% to approximately 33%, reflecting the uncertainty inherent to a small sample size.
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3.5. Secondary Endpoints

No patient required surgical or catheter-based reintervention for shunt dysfunction.
Thirty-day mortality was 0%. Routine postoperative cranial ultrasonography did not
identify intracranial hemorrhage in any patient. No major bleeding events, intracranial
hemorrhage, or systemic arterial thromboembolic events were documented. Postoperative
outcomes are summarized in Table 5.

Table 5. Postoperative outcomes.

Variable Value

Postoperative heparin infusion 9 (100%)

Aspirin initiated 9 (100%)

Delayed sternal closure 2 (22.2%)

Mechanical ventilation, days 2–8

ICU stay, days 6–15

Early shunt thrombosis 0

Reintervention 0

Venous thrombosis (non-shunt) 1 (11.1%)

Early mortality (30 days) 0

One patient developed catheter-associated femoral venous thrombosis during the early
postoperative period. The diagnosis was established by Doppler ultrasonography following
localized lower-limb edema. The event occurred without associated shunt dysfunction
or systemic embolic complications. Therapeutic anticoagulation was continued with low-
molecular-weight heparin, with subsequent clinical improvement and no requirement for
invasive intervention.

4. Discussion
Systemic-to-pulmonary artery shunt placement remains a life-saving palliative proce-

dure in neonates with duct-dependent pulmonary circulation. Despite technical advances,
shunt thrombosis continues to represent one of the most critical early postoperative compli-
cations, often presenting abruptly and carrying substantial mortality risk [11,12]. Neonates
are particularly vulnerable due to small vessel diameter, low cardiac output states, hemato-
logic immaturity, and a pronounced inflammatory and prothrombotic response following
cardiopulmonary stress [13,14].

Reported rates of early systemic-to-pulmonary shunt thrombosis in neonates vary
across studies but are generally described in the range of approximately 5–15% [2,5,15–19],
with some series reporting even higher rates in high-risk anatomical or low-birth-weight
populations. Although differences in patient selection, surgical technique, anticoagulation
strategies, and definitions of thrombosis limit direct comparison, the absence of early
shunt occlusion in our cohort may be considered clinically encouraging when interpreted
cautiously in the context of published data. Nevertheless, given the small sample size and
wide confidence interval associated with zero observed events, this observation should be
interpreted cautiously and considered hypothesis-generating rather than confirmatory.

4.1. Interpretation of the Primary Finding

In this series of nine high-risk neonates, no early shunt thrombosis occurred within
30 days. While this finding is clinically encouraging, it must be interpreted within the
context of the limited sample size. With zero observed events, the upper bound of the
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95% confidence interval remains clinically relevant, underscoring the need for cautious
interpretation despite the absence of thrombotic complications.

Importantly, this outcome was observed in a biologically vulnerable cohort char-
acterized by complex univentricular physiology, hypoplastic pulmonary arteries, post-
operative low cardiac output syndrome (33.3%), delayed sternal closure (22.2%), and
intraoperative coagulation instability in one case. These features are well-recognized con-
tributors to early shunt occlusion and would typically be associated with a non-negligible
thrombotic risk.

Rather than suggesting definitive efficacy, the absence of early thrombosis in this
context supports the plausibility that a standardized perioperative thrombosis-prevention
protocol—combined with meticulous surgical technique and structured postoperative
management—may be feasibly implemented during the vulnerable early postoperative
period without an apparent increase in major bleeding complications. Accordingly, the
present findings should be viewed as hypothesis-generating and supportive of protocol-
driven management, warranting validation in larger, preferably multicenter cohorts.

Because no parallel control cohort receiving standard perioperative management was
available, it is not possible to determine whether the observed outcomes were related to
the implemented protocol itself, institutional surgical expertise, postoperative intensive
care practices, or patient-related factors.

Therefore, we propose a conceptual multilayer protection model integrating surgical,
pharmacological, and physiological domains, reflecting the complex and interdependent
determinants of shunt patency in neonates (Figure 3). The algorithmic structure of the
protocol may facilitate adoption and reproducibility in other neonatal cardiac centers.

Figure 3. Integrated multilayer model for prevention of systemic-to-pulmonary shunt thrombosis in
neonates. Shunt patency depends on the dynamic interaction between surgical flow optimization,
structured anticoagulation, strict hemodynamic control, and vigilant postoperative surveillance. The
model highlights the physiology-driven and interdependent determinants of thrombosis prevention
in neonatal cardiac surgery.
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4.2. Mechanistic Considerations and Surgical Strategy

Shunt thrombosis in neonates is multifactorial. Contributing mechanisms include
low-flow states, turbulent flow within small-diameter conduits, endothelial activation and
inflammation, immature neonatal coagulation pathways, and hemoconcentration following
cardiopulmonary stress [13,14].

Refinements in surgical strategy aimed at optimizing laminar flow and minimizing
turbulence have substantially improved shunt reproducibility over recent decades. The
modified Blalock–Taussig shunt using PTFE grafts represented a major technical advance
compared to the classic configuration [20]. Shunt diameter selection tailored to body weight
is critical, as oversized conduits may lead to pulmonary overcirculation and systemic hy-
poperfusion, whereas undersized shunts predispose to low-flow states and thrombosis [21].
A shorter graft length was used because in graft-based anastomosis, minimizing graft
length is essential to prevent distortion of the adjacent vascular structures.

In our series, graft size selection and preferential distal anastomosis to the main
pulmonary artery were individualized according to patient anatomy to optimize flow
geometry. Although comparative data remain limited, attention to conduit configuration
and shear stress patterns is increasingly recognized as an important determinant of patency.

The use of a main pulmonary artery–based anastomosis in the reconstruction strategy
should also be interpreted cautiously. The present study was not designed to evaluate
the superiority of a specific surgical configuration. Rather, the technique was applied as
part of the institutional surgical approach. While this configuration may offer theoretical
advantages related to flow dynamics and technical reproducibility, the current data do
not allow conclusions regarding its superiority compared with alternative reconstructive
strategies. Larger comparative studies would be required to clarify whether this aspect of
the surgical technique has an independent impact on thrombosis risk or early outcomes.

Meticulous intraoperative graft flushing prior to reperfusion represents an additional
preventive measure. Even brief periods of blood stasis within a small-caliber PTFE conduit
may promote thrombus formation in neonates with reactive platelets and elevated fibrino-
gen levels [13]. Standardization of this maneuver may represent a simple yet clinically
meaningful intervention within a structured protocol.

4.3. Antithrombotic Therapy: Between Evidence and Variability

Antithrombotic management in neonates remains characterized by institutional het-
erogeneity. Although low-dose aspirin following systemic-to-pulmonary shunt placement
has been associated with improved patency in observational studies [15,22], high-quality
neonatal-specific randomized data remain limited. Current pediatric antithrombotic guide-
lines support antiplatelet therapy in this setting [23], yet optimal dosing strategies and
timing are not fully standardized.

Similarly, while intraoperative systemic heparinization is universally adopted, ACT
targets and postoperative infusion protocols vary considerably among centers [24]. Devel-
opmental hemostasis in neonates further complicates management, as the balance between
thrombosis and bleeding differs substantially from that in older children and adults [14].

Our standardized perioperative thrombosis-prevention protocol reflects an attempt
to bridge this vulnerable early postoperative window by combining preoperative Aspirin
administration, intraoperative ACT-guided anticoagulation, early postoperative unfrac-
tionated heparin infusion, and timely transition to aspirin. Although no major bleeding
events were observed in this small cohort, conclusions regarding bleeding safety remain
preliminary and require confirmation in larger studies.
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4.4. Hemodynamic Optimization and Clinical Implications

Beyond surgical and pharmacologic strategies, postoperative hemodynamic opti-
mization is central to thrombosis prevention. Low cardiac output syndrome, systemic
hypotension, elevated hematocrit, and dehydration reduce shunt flow velocity and in-
crease thrombogenicity [13,20]. The interplay between pulmonary and systemic vascular
resistance further complicates management, as excessive pulmonary vasodilation may
compromise systemic perfusion, whereas elevated pulmonary vascular resistance may
limit shunt flow.

Delayed sternal closure, when indicated, may indirectly protect against shunt throm-
bosis by improving ventricular compliance and maintaining forward flow during the
inflammatory phase [25]. In our cohort, delayed closure did not result in thrombotic
complications when integrated within the standardized protocol.

These observations reinforce the concept that thrombosis prevention in neonatal
modified Blalock–Taussig shunt surgery should be protocol-driven rather than reactive. As
illustrated in Figure 1, the integration of surgical precision with predefined pharmacologic
and hemodynamic targets supports a structured management approach that may mitigate
early thrombotic risk in this fragile population.

4.5. Strengths and Limitations

This study has several strengths. All procedures were performed by the same surgeon
using a consistent surgical technique, reducing technical variability. A predefined and
standardized perioperative thrombosis-prevention protocol (presented in Figure 1) was
uniformly applied to all patients, ensuring management consistency across the cohort.
Detailed perioperative data—including anticoagulation timing, ACT targets, and postoper-
ative hemodynamic parameters—were systematically collected. In addition, shunt patency
was assessed through serial echocardiographic evaluation, enhancing endpoint reliability.
Importantly, the cohort represents a biologically high-risk neonatal population, increasing
the clinical relevance of the findings.

Several limitations must be acknowledged. This is a small single-center case series
(n = 9), limiting statistical power and precluding comparative analysis. The relatively
small sample size should be interpreted in the context of the rarity and complexity of
neonates undergoing the SSP procedure. Even in high-volume congenital heart centers, the
number of patients treated annually remains limited. The present study therefore reflects
real-world experience within a specialized neonatal cardiac surgery program rather than
a large registry analysis. Despite the modest cohort size, the uniformity of the periopera-
tive management protocol provides valuable insight into the feasibility of standardized
thrombosis prevention strategies in this highly vulnerable population.

Another limitation is the absence of a formal control group. The purpose of the present
study was not to perform a comparative effectiveness analysis but rather to describe the out-
comes associated with the implementation of a standardized perioperative protocol within a
single institutional practice. Future multicenter studies comparing ductal stenting, different
surgical techniques and anticoagulation strategies may help clarify the relative contribution
of specific components of perioperative management to thrombosis prevention.

An additional limitation is the bundled nature of the intervention strategy. The
implemented protocol incorporated multiple interdependent components, including pre-
operative aspirin administration, intraoperative systemic heparinization, graft handling
techniques, postoperative anticoagulation, and strict hemodynamic optimization. Conse-
quently, the present study cannot determine the relative contribution of any individual
component to the observed outcomes. The findings therefore reflect the feasibility of an
integrated perioperative pathway rather than the efficacy of a specific isolated intervention.
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Furthermore, anticoagulation monitoring was performed using aPTT without routine
anti-factor Xa measurements, which may result in variability in the assessment of hep-
arin activity. Although systematic cerebral imaging screening was performed to identify
intracranial hemorrhage, subclinical neurological events cannot be entirely excluded.

The study also focuses primarily on early postoperative outcomes. Our objective
was specifically to evaluate thrombotic events occurring in the immediate postoperative
window, when the risk of shunt or conduit thrombosis is highest. For this reason, the
analysis was limited to early postoperative outcomes rather than medium- or long-term
follow-up. Although no early thrombosis was observed, the upper bound of the 95%
confidence interval remains clinically relevant, emphasizing the exploratory nature of these
findings. Longitudinal evaluation of neurodevelopmental outcomes, late thrombosis, and
interstage complications represents an important area for future investigation and will
require extended follow-up of this patient cohort.

Taken together, the findings of the present study suggest that in neonatal cardiac
surgery, where physiological reserve is extremely limited, consistent application of a struc-
tured perioperative pathway may represent an important strategy for reducing variability
in postoperative management. Accordingly, the results should be interpreted as hypothesis-
generating and supportive of further prospective validation. Further multicenter studies
will be required to validate these observations and to determine whether standardized
protocols can contribute to improved outcomes in this complex patient population.

4.6. Future Directions

Despite major advances in neonatal cardiac surgery—including improvements in per-
fusion strategies, anesthesia, and intensive care—systemic-to-pulmonary shunt thrombosis
remains emblematic of the broader challenges of neonatal physiology: small anatomy,
immature hemostasis, and narrow therapeutic margins [12]. The absence of universally
accepted thrombosis-prevention protocols reflects limited prospective neonatal data and
ongoing institutional variability.

Prospective multicenter studies incorporating standardized anticoagulation path-
ways and systematic outcome reporting are needed to define optimal strategies, balance
thrombosis prevention against bleeding risk, and identify patient-specific predictors of
shunt occlusion.

4.7. Early Thrombosis After Systemic-to-Pulmonary Shunts: Literature Comparison

To contextualize our findings within the current evidence base, we compared reported
early thrombosis rates and perioperative antithrombotic strategies from key published
cohorts involving neonates and infants with systemic-to-pulmonary artery shunts.

Early thrombosis rate generally ranges between 5% and 15%, depending on study
design, patient selection, and thrombosis definitions [2,5,16–19,22,26–28].

A recent systematic review and meta-analysis encompassing nearly 5000 patients
reported a pooled early shunt thrombosis rate of 8.4%, with variability across different anti-
coagulant/antiplatelet regimens, highlighting the heterogeneity of practice and outcomes
in this population [17]. Smaller cohorts with protocolized strategies, such as immediate
postoperative bivalirudin followed by low-molecular-weight heparin and aspirin, have
demonstrated zero early thrombosis events in limited samples, though larger confirma-
tory studies are lacking [18]. Historically reported retrospective cohorts indicate early
thrombosis or shunt failure rates in the high single-digit range, and the CLARINET ran-
domized trial in infants did not show a benefit of clopidogrel added to aspirin, with a
high overall rate of the composite thrombotic endpoint [16]. These comparisons under-
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score the persistent clinical challenge of shunt thrombosis and the need for standardized
perioperative protocols.

Importantly, substantial variability exists in perioperative antithrombotic regimens,
with aspirin, unfractionated heparin, and combination approaches used inconsistently
across institutions. Although direct comparison is limited by heterogeneity in definitions
and follow-up duration, the absence of early shunt thrombosis in our cohort may be viewed
as clinically encouraging, although interpretation remains limited by the exploratory nature
of the study. However, given the small sample size and wide confidence interval associated
with zero observed events, this finding should be interpreted cautiously and considered
hypothesis-generating rather than definitive evidence of superiority.

Across published studies, substantial variability persists regarding postoperative anti-
coagulation regimens, monitoring strategies, and timing of antiplatelet therapy initiation.
In our cohort, early postoperative intravenous heparin monitored by aPTT, combined with
systematic echocardiographic surveillance and routine cranial ultrasonography screen-
ing, reflected an effort to balance thrombosis prevention against bleeding risk within a
structured perioperative framework.

4.8. Final Points

The contribution of this study lies in the operationalization of established thrombosis-
prevention principles into a standardized, reproducible perioperative pathway tailored to
neonatal physiology. Rather than proposing isolated anticoagulation regimens or surgical
technical refinements, we describe an integrated management algorithm that aligns intraop-
erative anticoagulation targets, graft handling strategy, early postoperative heparinization,
and strict hemodynamic optimization within a single structured framework. We sought to
reduce variability during the vulnerable early postoperative window by this approach.

Although the present findings are limited by sample size and observational de-
sign, they support the feasibility of implementing an integrated, protocolized approach
and highlight the potential value of reproducible perioperative pathways in neonatal
cardiac surgery.

In the context of ongoing variability in neonatal cardiac surgical practice, such protocol-
driven standardization may represent a potentially useful framework for reducing vari-
ability in perioperative management. While confirmatory data from larger, multicenter
studies are required, our findings support the feasibility and potential value of integrated
perioperative pathways in supporting standardized perioperative care in neonatal systemic-
to-pulmonary shunt surgery.

In neonatal cardiac surgery, where physiological margins are narrow, disciplined
reduction in variability through structured perioperative pathways may itself constitute a
meaningful step toward improving early outcomes.

5. Conclusions
In this single-center series of neonates undergoing modified Blalock–Taussig shunt

placement for duct-dependent pulmonary circulation, no early shunt thrombosis was
observed despite significant anatomic and hemodynamic risk factors.

Implementation of a standardized perioperative thrombosis-prevention protocol ap-
peared feasible and was not associated with increased major bleeding during the early
postoperative period. However, given the small sample size, absence of a comparator
group, and restriction to short-term follow-up, the present findings should be interpreted
cautiously and considered hypothesis-generating only. The durability of shunt patency,
interstage outcomes, and long-term thrombotic risk remain unknown and require further
evaluation in larger prospective studies.
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