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ABSTRACT: Background: During the surgical repair of complex congenital heart disease (CCHD), a subset of
patients is unable to tolerate abrupt postoperative hemodynamic shifts, which can lead to significant complications. To
mitigate this risk, certain abnormal venous channels are deliberately left open at the conclusion of surgery to provide
a decompressive route, thereby reducing the likelihood of pulmonary hypertensive crises. Nevertheless, the continued
patency of these vessels may induce chronic hemodynamic disturbances, often requiring subsequent treatment. This
study was designed to assess the safety and efficacy of transcatheter intervention for such persistent anomalous
systemic veins in CCHD patients following initial corrective operation. Methods: We performed a retrospective
review of 14 CCHD patients who underwent transcatheter closure of residual anomalous systemic veins—including
azygos, hemiazygos, and vertical veins—after prior corrective surgery at Fuwai Hospital from December 2007 to
September 2019. Results: All procedures were completed successfully. Following closure of the azygos or hemiazygos
veins, femoral arterial oxygen saturation increased significantly (SgaO5: 87.0 & 2.7% vs. 75.1 + 3.7%, p < 0.001). Mean
pulmonary arterial pressure (mPAP) rose slightly but statistically significantly post-intervention, although it remained
within normal limits (12.3 & 2.7 mmHg vs. 10.8 £ 3.3 mmHg, p = 0.027). In the two patients undergoing vertical vein
closure, Spa O, also improved markedly (Case 13: 98% vs. 86%; Case 14: 99% vs. 88%). Over a mean follow-up period of
26.3 + 13.9 months, all patients remained clinically stable without major adverse events. Conclusions: Transcatheter
closure of residual anomalous systemic veins after corrective surgery for CCHD is a safe and effective therapeutic
option, associated with high procedural success and favorable short- to mid-term clinical outcomes.
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1 Introduction

The bidirectional Glenn procedure (BGP) is a standard palliative surgery for complex congenital heart
disease (CCHD) in patients with single-ventricle physiology or those unsuitable for biventricular repair.
This procedure involves anastomosing the superior vena cava directly to the ipsilateral pulmonary artery,
thereby creating a passive cavopulmonary connection. By diverting systemic venous blood from the upper
body to the lungs, the BGP increases pulmonary blood flow, enhances arterial oxygen saturation, and
reduces ventricular volume load. It is primarily employed as an intermediate stage prior to definitive
Fontan completion [1,2]. During the BGP, the azygos or hemiazygos vein is routinely ligated to prevent
the development of systemic-to-pulmonary venous collaterals, which can cause intracardiac right-to-left
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shunting, thereby reducing effective pulmonary blood flow and arterial oxygen saturation. However,
in patients with risk factors such as underdeveloped pulmonary arteries, elevated pulmonary vascular
resistance, or high cavopulmonary pathway pressures, surgeons may elect to leave these veins patent. This
intentional preservation serves as a “decompression pathway,” aiming to mitigate postoperative risks like
pulmonary hypertensive crises and superior vena cava syndrome.

Total anomalous pulmonary venous connection (TAPVC) is a congenital cardiovascular malformation
in which the pulmonary veins drain anomalously into the right atrium or the systemic venous circulation
rather than directly into the left atrium; it is frequently associated with an atrial septal defect (ASD) [3,4].
In the supracardiac type, the pulmonary veins converge posterior to the heart into a common venous
trunk, which ascends via a vertical vein to drain into the left innominate vein and ultimately the superior
vena cava (Fig. 1A). Surgical repair is indicated for all patients with TAPVC, urgently in obstructive forms.
For supracardiac and infracardiac types, the procedure involves ligation of the vertical vein and creation
of a wide anastomosis between the common pulmonary venous chamber and the left atrium to prevent
postoperative stenosis. Finally, any concomitant atrial septal defect is closed, usually with a pericardial
patch (Fig. 1B) [5]. However, many patients exhibit poor tolerance to the abrupt hemodynamic shifts
following repair. To mitigate perioperative risks, particularly pulmonary hypertensive crisis, the vertical
vein is often intentionally left patent as a “decompression pathway”.

Figure 1: (A): Three-dimensional CT reconstruction image of a patient with supracardiac TAPVC. (B): Schematic
illustration of the surgical correction for supracardiac TAPVC. (1): Creation of an anastomosis between the common
pulmonary vein trunk and the left atrium (indicated by the blue arrow). (2): Ligation of the VV (indicated by the
white arrow). (3): Closure of the ASD (indicated by the red arrow). SVC: superior vena cava; LIV: left innominate vein;

VV: vertical vein; AA: aortic arch; PA: pulmonary artery; PV: pulmonary vein; RA: right atrium; RV: right ventricle.

Nevertheless, long-term patency of this anomalous channel can result in persistent left-to-right
shunting, leading to chronic arterial desaturation and hemodynamic compromise, thereby necessitating
subsequent occlusion. To obviate the need for redo sternotomy, we performed transcatheter closure of such
residual anomalous veins in 14 postoperative CCHD patients. This study aimed to evaluate the safety and
efficacy of this interventional approach.

2 Methods
2.1 Patient Population
We retrospectively analyzed 14 consecutive CCHD patients who underwent transcatheter closure

of residual shunts through anomalous systemic veins (azygos, hemiazygos, or vertical veins) at Fuwai
Hospital between December 2007 and September 2019. The cohort comprised 9 males and 5 females, with
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a mean age of 15.4 + 10.4 years (range: 6—41 years). Mean height and weight were 142.9 + 22.4 cm and
35.3 + 12.1 kg, respectively. Twelve patients had previously undergone a BGP for conditions including
single ventricle and tetralogy of Fallot, and had subsequent residual shunts via the azygos or hemiazygos
veins. The remaining two patients, with a history of TAPVC repair, presented with residual shunts via
vertical veins. All patients were symptomatic, presenting with cyanosis, exertional dyspnea, and palpitations.
Cardiac murmurs were audible on auscultation. Additionally, one patient (Case 11) reported hemoptysis, and
another (Case 4) exhibited digital clubbing. According to the New York Heart Association (NYHA) functional
classification, 79% of patients were class Il and 21% were class III. Prior to the intervention, all patients
underwent a standardized preoperative assessment, including a detailed history, physical examination,
electrocardiography, chest radiography, computed tomography, transthoracic echocardiography, and
diagnostic cardiac catheterization with angiography. Baseline characteristics are summarized in Table 1.
This study was approved by the Ethics Committee of Fuwai Hospital, Chinese Academy of Medical Sciences
(Approval No. 2021-1551). Written informed consent was obtained from all participants or their legal
guardians prior to the study. The study was conducted in accordance with the principles of the Declaration
of Helsinki.

Table 1: The baseline characteristics of the 14 patients.

Case Sex Age (year) Height (cm) Weight (kg) BP (mmHg) NYHA Venous Shunt
1 M 11 125 23 128/96 2 AV
2 M 15 170 50 124/90 2 AV
3 M 8 120 21 96/78 3 AV
4 M 11 125 26 108/72 2 AV
5 M 15 165 37 90/65 2 HV
6 F 8 112 28 90/60 2 AV
7 M 9 113 26 85/94 2 AV
8 F 36 154 46 105/75 3 AV
9 M 17 172 52 143/72 2 AV
10 F 17 165 45 94/58 2 AV
11 F 13 157 36 102/48 3 AV
12 M 9 136 25 102/63 2 AV
13 F 41 160 55 158/107 2 \'A%
14 M 6 126 24 118/67 2 \A%

M: male; F: female; BP: blood pressure; AV: azygos vein; HV: hemiazygos vein; VV: vertical vein.

2.2 Transcatheter Closure

All interventions were carried out under either local or general anesthesia. Femoral arterial oxygen
saturation (SpaO2) and relevant hemodynamic parameters were recorded both before and immediately after
device implantation to evaluate procedural effectiveness.

(1) Caseunder local anesthesia: Vascular access was achieved via the right internal jugular vein. A 5-French
pigtail catheter was introduced to perform angiography of the superior vena cava, pulmonary artery,
and azygos vein (Fig. 2A). Through the same access route, a 16-mm atrial septal defect occluder was
subsequently positioned and released to seal the proximal segment of the azygos vein. Post-deployment
angiography verified complete occlusion, with no contrast filling observed in the mid- and distal
portions of the vessel (Fig. 2B). The procedure concluded without any complications.
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(2) Case under general anesthesia: Access was obtained through the right femoral vein. Right-heart
catheterization was performed using a 5-French pigtail catheter along with a 5-French side-hole
catheter. Angiographic imaging delineated the pulmonary artery and the targeted vertical vein
(Fig. 3A). A 22-mm vascular plug was then advanced along a pathway from the femoral vein through
the superior vena cava and left innominate vein into the vertical vein, where it was deployed to occlude
the distal segment of the vein. Post-occlusion pulmonary artery angiography confirmed total cessation
of flow through the vertical vein (Fig. 3B). The intervention was completed uneventfully.

Figure 2: A 15-year-old male patient undergoing transcatheter closure of the dilated AV after BGP. (A): Pre-occlusion
angiographic image showing the dilated AV originating from the SVC and draining downward. (B): Post-occlusion
angiographic image showing the ASD occluder (indicated by the white arrow) in good shape and position, with no
visualization of the middle and distal segments of the AV. SVC: superior vena cava; AV: azygos vein; MPA: main
pulmonary artery; RPA: right pulmonary artery; LPA: left pulmonary artery.

Figure 3: A 6-year-old male patient who underwent percutaneous VV closure due to residual shunt after TAVPC
correction. (A): Preoperative pulmonary angiography, recirculation showing VV injected through LIV into SVC.
(B): Postoperative pulmonary angiography, recirculation showing the vascular plug shape and position are good (as
indicated by the arrow), with no visualization of VV. SVC: superior vena cava; LIV: left innominate vein; VV: vertical
vein; AA: aortic arch.
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2.3 Follow-Up

Patients underwent regular follow-up either in the outpatient clinic or via telephone after surgery.
During follow-up visits, physical examinations were conducted, and pulse oxygen saturation (SpO;) was
measured. Additional tests included electrocardiography, chest X-rays, and echocardiography.

2.4 Statistical Analysis

All statistical analyses were performed using SPSS software (version 27.0). The normality of all
continuous variables was assessed using appropriate tests. Normally or approximately normally distributed
data are expressed as mean + standard deviation, whereas data with a non-normal distribution are presented
as median (interquartile range, IQR: P25, P75). Given the paired, within-subject design of this study,
comparisons of pre- and post-occlusion parameters were performed using paired statistical tests. The
paired t-test was applied if the differences between paired measurements followed a normal distribution;
otherwise, the Wilcoxon signed-rank test was used. The significance level was set at 0.05 for both sides,
with p < 0.05 indicating a statistically significant difference.

3 Results
3.1 Operation Results

All targeted abnormal veins were successfully occluded. Immediate post-procedural assessment
confirmed complete occlusion in 12 patients (86%), while two patients exhibited minor residual shunting.
For azygos or hemiazygos vein occlusion, ASD occluders were utilized in the majority of cases, with
PDA occluders employed in only two instances. Notable concomitant conditions addressed during the
same procedure included preoperative cavopulmonary anastomosis stenosis (Case 3) and a pulmonary
arteriovenous fistula (PAVF) (Case 9), both of which were successfully managed. Vertical veins were
occluded using vascular plugs.

Occlusion of the azygos or hemiazygos veins resulted in a statistically significant increase in femoral
arterial oxygen saturation (SpaOs: 87.0 + 2.7% vs. 75.1 & 3.7%, p < 0.001; mean difference: 12.0%, 95% CI:
9.3-14.3). Both mean and diastolic pulmonary arterial pressures (mPAP, dPAP) also showed small but
statistically significant increases post-occlusion, though values remained within normal limits (mPAP:
12.3 £ 2.7 mmHg vs. 10.8 + 3.3 mmHg, p = 0.027; mean difference: 1.6 mmHg, 95% CI: 0.2-3.0. dPAP:
10.3 + 3.2 mmHg vs. 8.6 &+ 3.4 mmHg, p = 0.037; mean difference: 1.8 mmHg, 95% CI: 0.1-3.4). In contrast, the
pressure in the superior vena cava (SVCP) did not change significantly after the procedure (12.6 £+ 3.2 mmHg
vs. 11.3 + 3.7 mmHg, p = 0.058; mean difference: 1.3 mmHg, 95% CI: —0.1-2.7). The minimal post-occlusion
pressure gradient between the SVCP (12.6 + 3.2 mmHg) and the mPAP (12.3 + 2.7 mmHg) suggests the
absence of significant stenosis at the cavopulmonary anastomosis.

Following vertical vein occlusion, Spa O, markedly improved in both cases (Case 13: 98% vs. 86%; Case
14: 99% vs. 88%). Detailed pre- and post-operative hemodynamic data for all patients are summarized in
Table 2.

3.2 Evaluation of Follow-Up

During a mean follow-up period of 26.3 £+ 13.9 months (range: 6-50 months), all patients exhibited
marked clinical improvement with resolution of cyanosis. No instances of facial or neck edema, jugular
venous distension, or recanalization of the occluded veins were observed. SpO; remained stable above 90%
throughout the follow-up period. In the two patients with minor residual shunts identified immediately
post-procedure, the shunt size remained stable without progression. Subsequent to the occlusion procedure,
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three patients successfully underwent Fontan completion surgery within six months, all recovering without
complications. In the two cases of vertical vein closure, a transient postoperative increase in mPAP was
noted, which returned to normal levels within one month.

Table 2: Comparison of characteristics before and after interventional treatment.

Azygos/Hemiazygos Vein Pre Post t/z P D and 95%CI
CTR 0.5+0.1 0.5+0.1 z=-1.6 0.115 /
Spa02% 75.1 £ 3.7 87.0 +£ 2.7 t=10.3 <0.001 12.0 (9.3-14.3)
sPAP, mmHg 13.0 + 3.9 144 + 3.2 t=1.5 0.167 1.4 (—0.7-3.5)
dPAP, mmHg 8.6 £3.4 103 £3.2 t=24 0.037 1.8 (0.1-3.4)
mPAP, mmHg 10.8 + 3.3 12.3 + 2.7 t=25 0.027 1.6 (0.2-3.0)
SVCP, mmHg 11.3 £3.7 12.6 £3.2 t=21 0.058 1.3 (—0.1-2.7)
AA, mm 28.0+6.3 289 +53 t=1.1 0.308 0.9 (1.0, 2.8)
LA, mm 27.0 £ 6.1 273 +7.7 t=03 0.087 0.3 (—2.0, 2.5)
LV, mm 40.0 + 10.0 38.9 +£ 8.0 t=-0.8 0.440 —1.2 (-4.4, 2.0)
EF, % 62.5 (59.3, 64.9) 60.0 (60.0, 65.2) z=-09 0.385 /
MPA, mm 133+ 24 13.9 + 2.9 t=0.7 0.517 0.7 (1.5, 2.9)
Vertical vein Case 14 Case 15
Pre Post Pre Post
CTR 0.5 0.5 0.6 0.5
SraO; 86 98 88 99
mPAP, mmHg 20 22 28 30
AA, mm 23 26 24 20
EF, % 71 60 63 65
MPA, mm 27 21 16 18

D: difference value; CI: confidence interval; CTR, cardiothoracic ratio; SgaO,, femoral artery oxygen saturation; sPAP: systolic
pulmonary artery pressure; dPAP: diastolic pulmonary artery pressure; mPAP: mean pulmonary artery pressure; SVCP, superior
vena cava pressure; AA: ascending aorta; LA: anteroposterior diameter of left atrium; LV: left ventricular end-diastolic diameter;
MPA: main pulmonary artery.

4 Discussion

4.1 The Causes of Exacerbated Cyanosis in Patients with CCHD after Surgery

Although the BGP is an effective palliation, patients remain at risk for postoperative sequelae, most
notably hypoxia and progressive cyanosis. Common underlying mechanisms include an age-related
increase in systemic oxygen demand coupled with a relative reduction in the proportion of superior vena
cava flow contributing to total pulmonary blood flow. This mismatch creates a state of “supply-demand
imbalance” The development of systemic venous collaterals and PAVF further exacerbates cyanosis. Venous
collateral formation is a frequent occurrence after BGP, with an incidence reported between 17% and
33% [2,6]. Recruitment of the azygos or hemiazygos veins is most common. Elevated pressure within the
cavopulmonary pathway post-BGP drives decompressive flow through these collateral channels toward
lower-pressure territories—such as the inferior vena cava, right atrium, or pulmonary veins—representing
an adaptive response to altered hemodynamics. Persistent flow through these channels has two principal
detrimental effects: it directly reduces effective pulmonary blood flow (thereby increasing cardiac preload)
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and allows desaturated blood to enter the systemic circulation via the right atrium or pulmonary veins,
significantly lowering systemic arterial oxygen saturation and worsening cyanosis. The underlying elevated
driving pressure can result from multiple factors, including thrombosis within the cavopulmonary pathway,
stenosis at the cavopulmonary anastomosis, pulmonary artery hypoplasia, or inadequate pulmonary artery
ligation [6]. Collateral formation may also involve the recruitment of pre-existing but non-patent venous
channels, such as postnatally occluded vessels or a persistent left superior vena cava that recanalizes [7].
PAVF formation represents another major sequel, particularly following the Kawashima procedure in
patients with left atrial isomerism (polysplenia syndrome), where incidence may reach 32% and tends
to increase over time [8]. Physiologically, PAVF constitute an extracardiac right-to-left shunt, allowing
pulmonary arterial blood to bypass the alveolar capillary bed and shunt directly into the pulmonary
veins. This creates a functional ventilation/perfusion (V/Q) mismatch, which manifests clinically as
worsening cyanosis.

Surgical repair is indicated for all patients with TAPVC, urgently in obstructive forms. However,
due to the lack of normal pulmonary venous return preoperatively, patients with TAPVC often have
an underdeveloped left heart with reduced chamber volume and poor compliance. When pulmonary
venous obstruction coexists, ligation of the vertical vein during repair can precipitate an acute pulmonary
hypertensive crisis. Consequently, for patients with a small left ventricle, poor compliance, or venous
obstruction, vertical vein ligation may be unnecessary and is potentially harmful [9,10]. In such high-risk
scenarios, leaving the vertical vein patent is a deliberate surgical strategy. It functions analogously
to a retained ASD, providing a crucial decompression pathway and allowing right-to-left shunting to
support systemic cardiac output in the early postoperative period. These patent veins help mitigate
the risk of life-threatening pulmonary hypertensive crises. In most patients, they undergo spontaneous
closure as hemodynamics adapt to the corrected circulation [11]. However, in a minority of cases, it
remains patent; persistent left-to-right shunting can lead to excessive right heart pressure and pulmonary
hypertension. This may eventually result in right ventricular pressure exceeding left ventricular pressure,
causing a reversal to right-to-left shunting, which in turn leads to decreased arterial oxygen saturation and
progressive cyanosis [11].

4.2 The Safety and Effectiveness of Interventional Treatment

Khajali et al. [12] first reported a case of successful occlusion of a residual shunt in the azygos vein
after BGP in a patient with CCHD using a ventricular septal defect occluder. Maddali et al. [7] also reported
a case of successful occlusion of a recanalized azygos vein after BGP in a patient with CCHD using a
vascular plug.

Lu et al. [13] evaluated the safety and efficacy of transcatheter closure for residual azygos or hemiazygos
vein shunts after BGP in nine patients with CCHD. The procedure was successful in all patients, resulting
in complete occlusion in 81.8% of vessels, with a mild residual shunt persisting in 18.2%. Post-procedurally,
Sra02% increased from 81% to 88%, while SVCP and mPAP remained stable. No serious adverse events
were reported during follow-up. In the largest retrospective series to date, Dai et al. [14] reported on
24 patients with CCHD who underwent the same intervention for residual shunts after BGP. All procedures
were successful. SpO; increased significantly from 78% to 85% (p < 0.05), whereas SVCP showed no
significant change (13.94 mmHg vs. 14.22 mmHg, p > 0.05). Over a two-year follow-up, no patient developed
complications such as facial/limb edema or abdominal varicosities, and no significant decline in SpO,
was observed. The feasibility of percutaneous vertical vein occlusion has also been documented. For
example, Kobayashi et al. were the first to report successful occlusion of a residual vertical vein shunt
(approximately 8.2 mm in diameter) after repair of subcardiac TAPVC, using a 10 mm Amplatzer Vascular
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Plug I; a Gianturco coil was also deployed to ensure complete closure [15]. Subsequently, Lombardi [16],
Charbel [17], and Akam-Venkata [18], among others, have also reported successful occlusion of residual
vertical vein shunts after supracardiac TAPVC repair using the Amplatzer Vascular Plug II. Gumustas
et al. [19] conducted a retrospective study (2011-2018) to evaluate the efficacy of this intervention in five
patients with residual vertical vein shunts after supracardiac TAPVC repair. All procedures were technically
successful. During a follow-up of 3 to 6 years, transthoracic echocardiography demonstrated normal right
heart dimensions in all patients, with no evidence of pulmonary hypertension, device dislocation, residual
shunt, or device-related thrombosis.

4.3 Selection of Occluders

In clinical practice, the management strategy for shunts involving the azygos or hemiazygos vein
is typically stratified based on shunt severity and venous diameter relative to the innominate vein. For
mild shunts (diameter < 25% of the innominate vein), intervention is generally not required, and periodic
follow-up is considered sufficient. Moderate shunts with mild to moderate venous dilation (diameter < 50%
of the innominate vein) are usually addressed with coil embolization. For severe shunts accompanied
by marked venous dilation (diameter > 50% of the innominate vein), the use of atrial septal defect (ASD)
or patent ductus arteriosus (PDA) occluders is recommended [13]. In our protocol, ASD occluders are
often preferred for such venous occlusions. This preference is based on the relatively thinner wall of veins
compared to arteries; ASD occluders exert lower radial force upon deployment, which may help mitigate
the risk of procedure-related complications.

For transcatheter closure of vertical veins, available devices include vascular plugs, ASD occluders, and
PDA occluders. Among these, vascular plugs offer several technical advantages that make them particularly
suitable for this application. These advantages include a membrane-free design, a lower-profile delivery
system, a reduced risk of embolization, retrievability prior to final release, and the ability to be repositioned
during the procedure.

4.4 Limitation

Several limitations of this study should be acknowledged. First, the investigation was designed as
a single-center, retrospective analysis with a relatively small cohort. This design inherently carries the
potential for selection bias and limits the generalizability of the findings. Second, many of the measured
postoperative hemodynamic parameters did not demonstrate statistically significant changes. We attribute
this likely to the timing of data collection, as most post-procedural measurements were obtained immediately
or within the first day after intervention—a period that may be insufficient for significant physiological
alterations to manifest. Third, although the short- and mid-term clinical outcomes appear favorable over a
mean follow-up period of 26.3 + 13.9 months (range 6—-50 months), the long-term safety and durability of
the procedure remain uncertain. Consequently, further validation through multicenter, prospective studies
with larger sample sizes and extended follow-up is warranted. Finally, a significant portion of our study
cohort remained at the Glenn stage and did not proceed to subsequent Fontan surgery. This may reflect that,
during that historical period, institutional practices were influenced by conventional approaches, rather
than incorporating more current perspectives on surgical management.

5 Conclusions

In patients with CCHD, transcatheter closure of abnormal systemic venous collaterals constitutes a safe
and effective therapeutic strategy following initial palliative surgery. The procedure significantly improves
systemic arterial oxygen saturation, alleviates cyanosis, and enhances cardiac performance. Characterized
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by a high technical success rate and favorable short- to mid-term outcomes, this intervention effectively
obviates the need for repeat thoracotomy, thereby sparing patients the associated physical trauma and
psychological burden.
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