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ABSTRACT: Objective: To investigate the usefulness of the descending aortic retrograde flow area to
forward flow area (dAO RF) ratio using echocardiography in managing pulmonary blood flow during the
perioperative period following Blalock-Thomas-Taussig shunt (BTTS) surgery. Methods: This retrospective
study analyzed patient characteristics, surgical procedures, and perioperative courses. The dAO RF ratio was
measured upon admission to the pediatric intensive care unit (PICU) and 12, 24, 48, and 72 h post-surgery.
Blood pressure, percutaneous oxygen saturation, arterial blood gas values, and lactate levels were measured
at the same time as the dAO RF ratio. Results: Seventy-one cases were analyzed. Excessive and low
pulmonary blood flow occurred in 17 and two patients, respectively. Four patients required resuscitation
within 72 h post-surgery, due to excessive pulmonary blood flow. No deaths occurred within 72 h. The
dAO RF ratio was significantly higher in patients with excessive pulmonary blood flow at PICU admission
and at its maximum (p = 0.049 and p < 0.01, respectively). The maximum dAO RF ratio was significantly
correlated with lactate levels when measured concurrently; however, there was clinical variability in the
resuscitation cases. The dAO RF ratio cutoff of 0.61 was highly accurate (area under the receiver operating
characteristic curve: 0.91 [95% confidence interval: 0.82–1.00]), sensitive (82.4%), and specific (94.4%) for
detecting excessive pulmonary blood flow. Conclusions: Measuring the dAO RF ratio postoperatively can
prevent deterioration in patients with BTTS by accurately detecting excessive pulmonary blood flow, offering
a minimally invasive and accurate assessment of perioperative pathophysiology.

KEYWORDS: Blalock-Thomas-Taussig shunt; aorta; thoracic; echocardiography; pulmonary circulation;
perioperative period

1 Introduction

In congenital heart disease (CHD) with ductus arteriosus-dependent pulmonary blood flow,
a surgical systemic-to-pulmonary artery shunt is the approach to establish stable pulmonary
circulation. This procedure serves as a palliative treatment for CHD with reduced or absent
pulmonary blood flow. Considerable advancements have been made in diagnosis, intensive care,
and intraoperative management in recent decades; however, overall outcomes with modified
Blalock-Thomas-Taussig shunts (BTTS) remain unsatisfactory. Recent studies report mortality
rates of 5.9%–13.5% (14.6% in single ventricle circulation) [1–7] and approximately 10.0%–31.3% in
developing countries [8–10]. The 2021 report from the Japanese Association for Thoracic Surgery

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/chd
http://www.techscience.com
http://dx.doi.org/10.32604/chd.2025.068006
https://www.techscience.com/doi/10.32604/chd.2025.068006
http://creativecommons.org/


452 Congenit Heart Dis. 2025;20(4)

indicated a hospital mortality rate of 2.2% for 405 systemic-to-pulmonary shunt surgeries as
primary procedures [11]. Factors contributing to mortality include low body weight, shunt size,
shunt location, single ventricle physiology, and increased pulmonary vascular resistance, which
is often heightened in the perioperative phase [12,13]. Therefore, proper evaluation of whether
pulmonary blood flow is excessive or insufficient in the acute postoperative period is essential.
This is typically assessed using indicators such as percutaneous oxygen saturation (SpO2), lactate
levels, and urine output. Reports indicate that in neonates with patent ductus arteriosus (PDA),
retrograde flow in the descending aorta, detected by echocardiography, is useful for evaluating
systemic perfusion [14].

The present study aimed to determine whether the ratio of the descending aortic retrograde
flow area to forward flow area (dAO RF ratio) on echocardiography could assist in perioperative
management strategies for patients undergoing BTTS surgery. Moreover, we aimed to identify a
cutoff value for the dAO RF ratio that indicates excessive pulmonary blood flow.

2 Materials and Methods

2.1 Patient Selection

The present study comprised cases in which modified BTTS was performed for CHD at our
hospital between 01 January 2018, and 31 March 2024. Patients with aortic stenosis, greater than
mild aortic regurgitation, preoperative extracorporeal membrane oxygenation management, and
insufficient data were excluded from the study.

2.2 Postoperative Hemodynamic Assessment in Patients

Medical records were reviewed retrospectively to analyze patient characteristics, surgical
procedures, and perioperative courses. The dAO RF ratio was calculated by echocardiography
upon admission to the pediatric intensive care unit (PICU) (immediately after surgery) and 12, 24,
48, and 72 h postoperatively. Other parameters, including blood pressure (systolic/diastolic), SpO2,
partial pressure of oxygen (pO2), partial pressure of carbon dioxide (pCO2), and lactate levels, were
measured at the same time as the dAO RF ratio. The dAO RF ratio measured at PICU admission
served as the baseline for assessing dynamic changes in the postoperative period.

2.3 Standard Unit Practices

Postoperatively, patients were provided with optimal sedation and analgesia using
dexmedetomidine, midazolam, and fentanyl (in some cases, rocuronium) until hemodynamic
stability was attained. For perioperative anticoagulation, heparin therapy was initiated the day
after surgery, following an assessment of drainage and other bleeding conditions. Heparin was
initiated at 10 U/kg/h after an initial bolus dose of 30–40 U/kg, with a maximum flow rate of
30 U/kg/h and a target-activated partial thromboplastin time of 50–70 s. The BTTS material was
expanded polytetrafluoroethylene.

2.4 Echocardiographic Techniques Used

The dAO RF ratio was measured using pulse-wave Doppler in the subcostal window in the
sagittal plane of the descending aorta at the level of the diaphragm, parallel to the descending aorta
(within an angle of 20◦), and averaged over three heartbeats in the transthoracic echocardiographic
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images (Fig. 1). Pediatric cardiologists performed all examinations. Echocardiographic data were
reviewed by a pediatric cardiologist. Cardiac ultrasound was performed using a Philips Affiniti 70
(Tokyo, Japan) ultrasound machine equipped with a 6–12-MHz probe while the patient was sedated.

Figure 1: Assessment of diastolic retrograde flow in the descending aorta by Doppler echocardiography.
Velocity-time integrals of systolic forward flow and diastolic retrograde flow were measured by tracing the
curve above and below the baseline, averaging over three heartbeats.

2.5 Definition of Excessive and Low Pulmonary Blood flow and Resuscitation

Excessive pulmonary blood flow was defined as requiring surgical intervention, such as
BTTS clip adjustment or extracorporeal membrane ventilation to control pulmonary blood flow,
or complications such as cardiac arrest. Low pulmonary blood flow was defined as requiring
surgical intervention, such as emergency chest opening, BTTS revision, extracorporeal membrane
ventilation due to thrombosis in the BTTS, or BTTS or pulmonary artery stenosis. Resuscitation
was defined as requiring open chest procedures, cardiopulmonary resuscitation, and vasopressor
administration. Preoperative ductus arteriosus dependence was defined as requiring a PDA to
maintain systemic or pulmonary circulation and the use of prostaglandin E1.

2.6 Primary Outcome

The primary outcome was assessed by calculating the dAO RF ratio and evaluating whether
the patient had excessive pulmonary blood flow.

2.7 Ethical Compliance Statement

The authors assert that all procedures contributing to this work comply with the ethical
standards of the relevant national guidelines on human experimentation (Ethical Guidelines for
Epidemiological Research of the Ministry of Health, Labor, and Welfare of Japan) [15] and with the
Helsinki Declaration of 1975, as revised in 2008. The study has been approved by the institutional
committee of Saitama Children’s Medical Center (approval number: 2023-05-001; approval date: 11
January 2024). The requirement for written informed consent was waived owing to the retrospective
nature of the study.
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2.8 Statistical Analysis

All statistical analyses were conducted using Easy R (Saitama Medical Center, Jichi Medical
University, Saitama, Japan), a graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria). Easy R is a modified version of R Commander with additional
statistical functions commonly used in biostatistics [16]. The Kolmogorov-Smirnov test was used
to assess the normality of distributions. Statistical significance was set at a two-tailed p < 0.05. The
Mann-Whitney U test was used to compare categorical and continuous variables. Continuous and
categorical variables are presented as medians (ranges) and numbers (percentages), respectively.
Correlation analyses were performed using Spearman’s rank correlation coefficient.

3 Results

We identified 90 relevant cases, of which 19 were excluded (two for extracorporeal membrane
oxygenation management; 17 for incomplete data), and 71 were enrolled. Tables 1 and 2 list the
patient characteristics and shunt procedure details, respectively. Among the patients, 45 (63.3%)
were male, with a median age of 2.2 months (range: 0.1–19.6 months) and a median weight of
4.2 kg (range: 2.3–9.1 kg). Furthermore, 23 (32.4%) patients had antegrade pulmonary blood flow.
Preoperative ductus arteriosus dependence was present in >60% of patients, and single ventricle
circulation in approximately 60% (Table 1). A cardiopulmonary bypass was used in 34 cases (47.8%),
and the most common shunt size was 4.0 mm, used in 50 cases (70.4%). Shunt inflow was via the
brachiocephalic artery in 48 cases (67.6%), and clipping during surgery was performed in nine
cases (12.6%) (Table 2). During the perioperative period, 24 patients (33.8%) were admitted to the
PICU with an open chest, 17 (23.9%) had excessive pulmonary blood flow, and two (2.8%) had
low pulmonary blood flow. Four patients required resuscitation within 72 h post-surgery, all due
to excessive pulmonary blood flow. There were no deaths within 72 h. Of the two deaths during
hospitalization, one was due to excessive pulmonary blood flow (Table 3). The dAO RF ratio
(interquartile range) was significantly higher in patients with excessive pulmonary blood flow (0.44
[0.38–0.58] vs. 0.40 [0.33–0.45], p = 0.049) at PICU admission, and at its maximum (0.68 [0.63–0.72]
vs. 0.49 [0.42–0.56], p < 0.01) (Fig. 2).

Table 1: Patient characteristics.

Sex, male/female, n 45/26
Age at surgery, months, median (range) 2.2 (0.1–19.6)
Weight at surgery, kg, median (range) 4.2 (2.3–9.1)
Diagnosis, n (%)
Tetralogy of Fallot 18 (25.4)
Single ventricle 13 (18.3)
Double-outlet right ventricle 10 (14.1)
Pulmonary atresia with intact ventricular septum 7 (9.9)
Hypoplastic left heart syndrome 6 (8.5)
Common atrioventricular septal defect 6 (8.5)
Critical pulmonary stenosis 5 (7.0)
Tricuspid atresia 4 (5.6)
Transposition of the great arteries (type III) 2 (2.8)
Genetic abnormality/asplenia/polysplenia, n (%) 7 (9.9)/8 (11.3)/5 (7.0)
Presence of antegrade pulmonary blood flow, n (%) 23 (32.4)
Duct-dependent pulmonary circulation before surgery, n (%) 44 (62.0)
Single ventricle circulation, n (%) 42 (59.2)
Previous systemic-to-pulmonary artery shunt, n (%) 9 (12.7)

Of the nine patients with previous systemic-to-pulmonary artery shunt, eight had shunt replacement, whereas one had
contralateral shunt.
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Table 2: Details of the shunt procedure.

Surgical approach, n (%)
Median sternotomy/thoracotomy 54 (76.1)/17 (23.9)
Cardiopulmonary bypass, n (%) 34 (47.9)
Shunt size, n (%)
3.5 mm/4.0 mm/5.0 mm 12 (16.9)/50 (70.4)/9 (12.7)
Shunt inflow, n (%)
Brachiocephalic/subclavian/others 48 (67.6)/21 (29.6)/2 (2.8)
Shunt outflow, n (%)
Central pulmonary/right pulmonary/left pulmonary 8 (11.3)/48 (67.6)/15 (21.1)
Control of blood flow with the clip during systemic-to-pulmonary artery SP shunt, n (%) 9 (12.7)
Concomitant procedure, n (%)
Branch pulmonary artery plasty 19 (26.8)
Norwood 5 (7.0)
Main pulmonary artery banding 4 (5.6)
Damus–Kaye–Stansel anastomosis 3 (4.2)
Total anomalous pulmonary venous connection repair 1 (1.4)
Coarctation of the aorta repair 1 (1.4)
Common atrioventricular valve plasty 1 (1.4)
Glenn take-down 1 (1.4)

The “other” cases of shunt inflow were one via the common carotid artery and one via the ascending aorta.

Table 3: Perioperative details.

Open-chest management at the point of PICU admission, n (%) 24 (33.8)
Excessive pulmonary blood flow, n (%) 17 (23.9)
Low pulmonary blood flow, n (%) 2 (2.8)
Resuscitation within 72 h postoperatively, n (%) 4 (5.6)
Death within 72 h postoperatively, n (%) 0 (0.0)
Death during hospitalization, n (%) 2 (2.8)

PICU = pediatric intensive care unit.

Figure 2: The dAO RF ratio is significantly higher in patients with excessive pulmonary blood flow when
admitted to the PICU, and at its maximum. dAO RF = descending aortic retrograde flow area to forward
flow area; IQR = interquartile range; PICU = pediatric ICU.

The maximum dAO RF ratio correlated with lactate levels (r = 0.34, p = 0.004), but not with
SpO2 (r = 0.18, p = 0.14), the diastolic/systolic blood pressure ratio (r = −0.21, p = 0.08), pO2

(r = 0.14, p = 0.25), or pCO2 (r = 0.15, p = 0.21). All parameters were measured at the same time.
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In cases of excessive pulmonary blood flow, a cutoff value of 0.61 for the dAO RF ratio was
highly accurate, with a sensitivity of 82.4% and a specificity of 94.4% (area under the receiver
operating characteristic curve: 0.91 [95% confidence interval: 0.82–1.0]) (Fig. 3). All four patients
who required resuscitation within 72 h had excessive pulmonary blood flow, with dAO RF ratios
of 0.78, 0.72, 0.85, and 0.88. In two of the four patients, concomitant lactate levels were not
elevated (1.23 and 1.79 mmol/L). Table 4 presents their respective courses; none had undergone
clip adjustment before deterioration.

Figure 3: In excessive pulmonary blood flow, a cutoff value of 0.61 for the descending aortic retrograde flow
area to forward flow area ratio is highly accurate (area under the receiver operating characteristic curve: 0.91
[95% confidence interval: 0.82–1.0]), sensitive (82.4%), and specific (94.4%).
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Table 4: Patients’ demographic data.

No. Diagnosis
Age

(Days)
Body

Weight (g)
Shunt
Route

Size
(mm)

Clip
Antegrade
Pulmonary
Blood Flow

Cardiopulmonary
Bypass

Concomitant Procedure
dAO RF

Ratio
SpO2

(%)
Lactate

(mmol/L)

1 Tetralogy of Fallot 244 8290 BCA-LPA 4 None Yes None None 0.78 93 1.23

2

Single right ventricle,
mitral atresia,

double-outlet right
ventricle, pulmonary

stenosis

65 6120 LSCA-LPA 4 None None Yes
Pulmonary artery plasty.

Pulmonary artery division.
Ductus arteriosus ligation

0.72 84 1.79

3
Single right ventricle,

pulmonary atresia
37 4482 LSCA-LPA 4 None None Yes

Pulmonary artery plasty.
Ductus arteriosus ligation

0.85 88 4.84

4

Double-outlet right
ventricle, pulmonary
stenosis, atrial septal

defect

15 2540 BCA-RPA 3.5 None Yes None
Main pulmonary artery

banding. Ductus
arteriosus ligation

0.88 92 10.04

All four cases of resuscitation within 72 h post-surgery were due to excessive pulmonary blood flow. BCA = brachiocephalic artery; dAO RF = descending aortic
retrograde flow area to forward flow area; LPA = light pulmonary artery; LSCA = light subclavian artery; RPA = right pulmonary artery; SpO2 = percutaneous
oxygen saturation.



458 Congenit Heart Dis. 2025;20(4)

4 Discussion

Pulmonary blood flow can change suddenly to become excessive in the acute postoperative
phase of BTTS, which can be fatal. Therefore, monitoring pulmonary blood flow over time and
maintaining a balance between pulmonary and systemic blood flow is crucial. Postoperatively,
pulmonary blood flow may gradually increase or fluctuate rapidly due to changes in pulmonary
vascular resistance after reducing the volume load or cardiopulmonary bypass [17]. In this study, we
highlighted the usefulness of the dAO RF ratio in assessing pulmonary blood flow during the acute
postoperative phase of BTTS. Previous studies have shown the value of using echocardiography
to assess retrograde blood flow in neonatal ductus arteriosus. Groves et al. [14] reported a strong
correlation between retrograde blood flow and elevated left ventricular output. Furthermore,
Carlo et al. [18] reported that persistent diastolic retrograde blood flow in the abdominal aorta
was linked to a higher risk of necrotizing enterocolitis in infants with CHD. An elevated dAO RF
ratio detected via echocardiography was significantly associated with postoperative complications
linked to high-flow systemic-to-pulmonary shunts, suggesting it could be a valuable marker for
assessing pulmonary blood flow through these shunts. In this study, a dAO RF ratio >0.6 was
associated with excessive pulmonary blood flow.

The dAO RF ratio, calculated over time, can help identify gradual increases in pulmonary blood
flow and hemodynamic changes that may lead to shock, prompting early surgical interventions,
shunt clipping, adjustments in respiratory management, and the administration of various
medications (e.g., cardioactive drugs and vasodilators) before the shock occurs. The maximum
dAO RF ratio was not correlated with SpO2 and pO2. This may suggest that the dAO RF ratio can
be useful in cases in which pulmonary blood flow cannot be assessed solely by oxygenation, such
as when the lung itself is in poor condition or when there is mixing of arteriovenous blood in the
atrium or ventricle.

We found a correlation between the dAO RF ratio and lactate levels. However, lactate levels can
increase during the postoperative acute phase due to various factors, such as the effects of surgical
invasion; therefore, especially in the hyperacute phase, it may be difficult to assess excessive
pulmonary blood flow based solely on lactate levels. Additionally, not all four patients requiring
resuscitation had elevated lactate levels (Table 4), suggesting that lactate levels increase as a result
of circulatory failure and that in the early stages of excessive pulmonary blood flow, the dAO RF
ratio might be a more sensitive marker than lactate levels. It may also be useful to determine the
presence of excessive pulmonary blood flow by echocardiography if lactate levels and SpO2 tend to
increase over time. Using this indicator may be particularly useful in single ventricle circulation,
which is considered to have a high mortality rate [7].

Recent reports have shown an increasing trend in the use of PDA stenting and a declining
trend in the use of BTTS [19]. A meta-analysis indicated that PDA stenting is associated with lower
complication rates, shorter hospital stays, and improved survival compared to BTTS in neonates
and infants with duct-dependent pulmonary circulation [20]. However, in urgent situations such as
ductal closure or anoxic spells, or when anatomical factors make stenting unfeasible, BTTS remains
the preferred option. In the present study, the dAO RF ratio was evaluated in patients undergoing
BTTS. Given that the dAO RF ratio reflects the balance between retrograde and antegrade flow
in the descending aorta, it may serve as a surrogate marker of pulmonary blood flow. While this
parameter may be useful for postoperative monitoring following BTTS, it may also have broader
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applications. For instance, in preoperative ductus-dependent circulation, the dAO RF ratio may
help to optimize prostaglandin E1 dosing to ensure adequate pulmonary perfusion. In addition, its
measurement after PDA stenting may also aid in evaluating pulmonary blood flow. Future studies
should assess its clinical utility across different palliative surgical strategies and stages.

Limitations of the present study include its single-center, retrospective design and several
methodological constraints. Statistical limitations included the small sample size, especially for patients
with excessive pulmonary blood flow (n = 17), which prevented the dAO RF ratio from being combined
with other hemodynamic parameters without risking overfitting in the multivariable analysis, and
precluded calculation of separate cutoff values for different patient subgroups. Methodological
limitations included the lack of echocardiographic measurement reliability assessment (inter- and
intra-observer variability) and potential selection bias from excluding patients with incomplete dAO
RF ratio data, although none of the excluded patients experienced adverse events. We did not
investigate the relationship between the dAO RF ratio and the pulmonary to systemic blood flow ratio
as this is not practical in the acute postoperative phase, nor did we separate cases with and without
antegrade pulmonary blood flow. The limited number of cases with low pulmonary blood flow (n = 2)
prevented the establishment of management values for this condition. Finally, while the dAO RF ratio
can be influenced by aortic regurgitation, none of the patients in the present study had significant
aortic regurgitation affecting postoperative outcomes.

Based on our findings, we suggest measuring the dAO RF ratio at PICU admission, every
12 h for the first 24 h, and every 24 h thereafter until 72 h postoperatively. If an increasing trend is
detected, serial monitoring may be beneficial to track progression. A cutoff of >0.61 may prompt
surgical intervention. Future studies are needed to establish intermediate thresholds and validate
these recommendations in larger cohorts.

In conclusion, if the degree and trend of pulmonary blood flow can be evaluated by measuring
the dAO RF ratio in the acute postoperative phase of BTTS, deterioration related to pulmonary
blood flow can be identified early and potentially avoided. It may also be useful for time-series
comparisons in individual cases. It may also be an important indicator for minimally invasive and
continuous monitoring of perioperative conditions.
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Glossary
BTTS Blalock-Thomas-Taussig shunt
CHD congenital heart disease
dAO RF descending aortic retrograde flow area to forward flow area
pCO2 partial pressure of carbon dioxide
PDA patent ductus arteriosus
PICU pediatric intensive care unit
pO2 partial pressure of oxygen
SpO2 percutaneous oxygen saturation
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