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Background: Low cardiac output syndrome (LCOS) remains a serious postoperative complication for 
children with tetralogy of Fallot (TOF), which often leads to increased morbidity and mortality. Early 
identification of LCOS and timely management are critical for better outcomes. This study aimed to develop 
a prediction model incorporating pre- and intraoperative characteristics for LCOS within 24 hours after 
surgical repair of TOF in children. 
Methods: The training dataset consisted of patients with TOF who underwent surgical repair in 2021, 
while the validation dataset consisted of patients in 2022. The univariable and multivariable logistic 
regression analyses were performed to recognize the risk factors of postoperative LCOS and a predictive 
model was established based on multivariable logistic regression analysis in the training dataset. Model 
predictive power was assessed using the area under the receiver operating characteristic curve (AUC). The 
calibration of the nomogram was evaluated and the Hosmer-Lemeshow test was used to assess the good fit. 
Decision curve analysis (DCA) was used to estimate the net benefits of the prediction model at different 
threshold probabilities.
Results: In the multivariable logistic analysis, peripheral oxygen saturation, mean blood pressure, and 
central venous pressure were independent risk factors for postoperative LCOS. The AUC of the predictive 
model for postoperative LCOS was 0.84 (95% CI: 0.77–0.91) and 0.80 (95% CI: 0.70–0.90) in the training 
and validation datasets, respectively. The calibration curve for the probability of LCOS showed good 
agreement between the prediction by nomogram and actual observation both in the training and validation 
datasets. The Hosmer-Lemeshow test yielded nonsignificant statistics both in the training and validation 
datasets (P=0.69 and 0.54, respectively), indicating a good fit. The DCA revealed that more net benefits 
would be obtained by using the nomogram to predict LCOS than that achieved in either the treat-all-patient 
scheme or the treat-none scheme both in the training and validation datasets.
Conclusions: This study is the first to incorporate pre- and intraoperative characteristics to develop 
a predictive model for LCOS after surgical repair of TOF in children. This model showed good 
discrimination, good fit and clinical benefits. 
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Introduction

Tetralogy of Fallot (TOF) is the most common cyanotic 
congenital heart disease (CHD). Outcomes of surgical 
repair of TOF have significantly improved over time, but 
low cardiac output syndrome (LCOS) remains a serious 
postoperative complication for children with TOF, which 
often leads to increased morbidity and mortality (1). The 
incidence of LCOS after surgical repair of TOF in the 
literature ranges from 8.16–34.8% (2,3). The occurrence 
of LCOS after surgery is influenced by many factors, 
such as preload, afterload, myocardial contractility, heart 
rate, and rhythm. While the most likely cause of LCOS 
after TOF repair is ventricular diastolic dysfunction and  
failure (4). Imaging examinations such as cardiovascular 
magnetic resonance can be used to assess the diastolic 
function after operation for patients with TOF (5). Early 
identification of LCOS and timely management are critical 
for better outcomes.

The risk factors for postoperative LCOS after CHD 
surgery have been identified previously. A meta-analysis 
which included 18 studies showed that age, type of CHD, 
cardiac reoperation, biventricular shunt before operation, 
cardiopulmonary bypass (CPB) time, aortic cross-clamp 

(ACC) time, postoperative residual shunt, cTn-1 level 
2 h after CPB >14 ng/mL and postoperative 24 h MR-
ProADM level >1.5 nmol/L were independent risk factors 
of LCOS after CHD surgery (6). However, these risk 
factors for LCOS in CHD patients may not be relevant to 
patients with TOF undergoing surgical repair, given the 
heterogeneities of CHD. Identifying the risk factors for 
impaired postoperative myocardial performance may help 
to improve risk stratification and perioperative management 
for the treatment of TOF. To date, few studies have 
identified the predictors of LCOS after surgical repair of 
TOF. Richardson et al. reported that previous palliative 
shunt procedure, chronic hypoxia, age <5 years, severe 
postoperative right ventricular hypertension, and extensive 
right ventricular outflow tract reconstruction were risk 
factor for LCOS after surgical repair of TOF (7).

In recent years, statistical predictive models like the 
nomogram have been developed to generate a simple 
graphical representation for individualized prognostic 
predictions. Nomograms are commonly used to predict 
the prognosis with high accuracy compared to prognostic 
grouping or scoring systems (8). Multiple predictive 
models have already been developed to predict outcomes 
in TOF. Liu et al. (9) developed and validated a risk-
classifier-oriented nomogram for in-hospital complications 
in children with TOF repaired at an older age. This 
nomogram showed good discrimination and good fit both 
in the training and external validation datasets. Liu et al. 
(10,11) identified and integrated the risk covariates to build 
and validate prediction nomograms for cardiovascular 
disorder and acute lung injury after surgical repair of TOF. 
They found that the nomograms integrating perfusate 
oxygenation slightly improved the risk discrimination 
compared with covariate-based nomogram alone both in the 
training and validation datasets. So far, no predictive models 
have been developed to predict LCOS after TOF repair.

The purpose of this study was to identify the predictors 
of LCOS after surgical repair of TOF and to develop a 
prediction model incorporating pre- and intraoperative 
characteristics for LCOS within 24 hours after surgical 
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Highlight box

Key findings 
• SpO2, MBP, and CVP are independent risk factors for LCOS after 

surgical repair of TOF.  

What is known and what is new?  
• Multiple predictive models have already been developed to predict 

outcomes in TOF. However, none serves to predict LCOS after 
TOF repair.

• This study incorporated pre- and intraoperative characteristics to 
develop a predictive model for LCOS after surgical repair of TOF 
in children.

What is the implication, and what should change now? 
• Nomograms are developed to calculate the risk of individual 

patients and contribute to diagnosis and treatment.
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repair of TOF in children. Based on their availability 
and clinical adaptability, preoperative and intraoperative 
risk factors in the literature were selected for model 
development which might contribute to the accuracy 
of the current model for predicting LCOS. We present 
this article in accordance with the TRIPOD reporting 
checklist (available at https://tp.amegroups.com/article/
view/10.21037/tp-22-498/rc).

Methods

Study design and population

In this retrospective cohort study, patients with TOF who 
underwent surgical repair under cardiopulmonary bypass 
at Shanghai Children’s Medical Center (SCMC) from 
2021 to 2022 were identified from the hospital database. 
Patients who underwent palliative surgery were excluded 
from this study. The training dataset consisted of patients 
in 2021, while the validation dataset consisted of patients 
in 2022. The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). The 
study was approved by the Institutional Review Board 
of Shanghai Children’s Medical Center (SCMC) (No. 
SCMCIRB-K2022071-1). Written informed consent was 
obtained from all the parents of the patients.

Data collection

Preoperative, intraoperative, and postoperative data were 
obtained from medical records. The literature investigating 
factors associated with LCOS was examined. Based on their 
availability and clinical adaptability, 8 preoperative and 
intraoperative factors were selected for model development. 
Preoperative data included age, gender, weight, and 
peripheral oxygen saturation (SpO2). Intraoperative data 
included cardiopulmonary bypass (CPB) time, aortic cross-
clamp (ACC) time, mean blood pressure (MBP) and central 
venous pressure (CVP) recorded at the conclusion of the 
cardiopulmonary bypass. Postoperative data included the 
duration of ventilation support, cardiac intensive care 
unit (CICU) and hospital stay, in-hospital mortality and 
complications (e.g., LCOS, ventricular fibrillation).

Study outcomes

Our primary outcome was LCOS within 24 hours after 
surgical repair of TOF. Since invasive measurement of 

cardiac index is not routine, LCOS is mainly defined on 
the basis of a combination of clinical signs and abnormal 
parameters (12): (I) cardiac index <2.2 L·min-1·m-2, (II) 
vasoactive inotropic score >20 (13), (III) lactic acid  
>3 mmol/L (27 mg/dL) or at least 2 mmol/L (18 mg/dL)  
higher than the baseline, (IV) urine output <1 mL·kg-1·h-1,  
(V) core body-peripheral skin temperature difference >7 
degrees, (VI) central venous oxygen saturation <50% or 
arterial-central venous oxygen saturation difference >40% 
(14,15), (VII) systolic blood pressure <5th percentile 
of age by sex (16), (VII) serious adverse events such as 
extracorporeal membrane oxygenation (ECMO) or 
ventricular assist device support, cardiac arrest or death. 
Patients were considered meeting the primary outcome if 
two or more of the aforementioned criteria were shown.

Statistical analysis

Continuous variables were presented as mean ± standard 
deviation or median with interquartile range (IQR) and 
the difference was analyzed by student’s t-test or Mann-
Whitney U test, as appropriate. Categorical variables 
were presented as absolute number or percentage and 
the difference was analyzed by Pearson χ2 test or Fisher’s 
exact test. Univariable and multivariable logistic regression 
models were used to assess factors associated with LCOS. 
Variables with P<0.1 in the univariable model were entered 
into the multivariable model. For binary outcome measures, 
we hypothesized a minimum of 5 events per variable is 
required in order to prevent overfitting (17). In the training 
dataset, the effective sample size was attained (33 events 
for 5 variables in the multivariable logistic regression 
model and 3 variables in the nomogram. A nomogram 
was generated based on independent risk factors in the 
multivariable logistic regression model. A receiver operating 
characteristic (ROC) curve was constructed to determine 
the area under the ROC curve (AUC) with 95% confidence 
interval. A threshold value of AUC >0.7 indicated good 
performance of the prediction model. The optimal cut-off 
value was calculated to maximize the Youden index. The 
sensitivity and specificity were reported at the optimal cut-
off value. The calibration of the nomogram was evaluated 
by the calibration curve and the Hosmer-Lemeshow test 
was used to assess the good fit. Decision curve analysis 
(DCA) was used to evaluate the net benefits of the 
nomogram at different threshold probabilities. R version 
4.2.1 (R Foundation for Statistical Computing) was used 
for statistical analyses. A two-sided P<0.05 was considered 

https://tp.amegroups.com/article/view/10.21037/tp-22-498/rc
https://tp.amegroups.com/article/view/10.21037/tp-22-498/rc


Translational Pediatrics, Vol 12, No 6 June 2023 1113

© Translational Pediatrics. All rights reserved.   Transl Pediatr 2023;12(6):1110-1120 | https://dx.doi.org/10.21037/tp-22-498

statistically significant.

Results

Patient characteristics

The training dataset included 137 patients (85 male), 
among whom 33 (24.08%) had postoperative LCOS. While 
the validation dataset included 101 patients, among whom 
25 (24.75%) had postoperative LCOS. The overall median 
age and weight were 194 (IQR, 149–345) days and 7.5 (IQR, 
6.3–8.6) kg, respectively, in the training dataset. While the 
overall median age and weight were 175 (IQR, 132–234) 
days and 7.3 (6.5–8.40) kg, respectively, in the validation 
dataset. The median SpO2 were 95% (IQR, 85–98%) and 
90% (IQR, 89–98%), respectively, in the training and 
validation datasets. The preoperative characteristics of 
patients who did and did not develop postoperative LCOS 

are presented in Table 1. There was a significant difference 
in SpO2 between the 2 groups (P=0.002 and 0.003, 
respectively) both in the training and validation datasets. 
There was no significant difference in gender (P=0.688 and 
0.526, respectively), age (P=0.819 and 0.281, respectively), 
and weight (P=0.639 and 0.132, respectively) between the 2 
groups both in the training and validation datasets.

Intraoperative data

Intraoperative data are presented in Table 1. The overall 
median CPB and ACC time were 89 (IQR, 71–113) and 54 
(IQR, 44–73) minutes, respectively, in the training dataset. 
While the overall median CPB and ACC time were 86 
(IQR, 73–102) and 52 (IQR, 43–65.5) minutes, respectively, 
in the validation dataset. The overall mean MBP was  
66.57±9.09 mmHg and the overall median CVP was 

Table 1 Characteristics of patients with tetralogy of Fallot who underwent surgical repair

Variable
Training dataset Validation dataset

LCOS (n=33) Non-LCOS (n=104) P value LCOS (n=25) Non-LCOS (n=76) P value

Age, day 193 (132, 406) 196 (149.75, 302.75) 0.819 155 (128, 216.00) 182 (135.25, 240.00) 0.281

Weight, kg 7.90 (6.40, 9.00) 7.50 (6.30, 8.50) 0.639 7.05±1.26 7.60±1.65 0.132

Male 19 (57.6) 66 (63.5) 0.688 13 (52.0) 47 (61.8) 0.526

SpO2, % 85 (80, 95) 95 (90, 98) 0.002 90 (84, 91) 93 (90, 98) 0.003

MBP, mmHg 61.64±8.58 68.13±8.71 <0.001 63.42±7.94 65.77±8.57 0.229

CVP, mmHg 13.67 (13.00, 14.67) 12.33 (11.00, 13.33) <0.001 14.75±1.82 12.82±1.54 <0.001

CPB time, min 106.00 (85.00, 140.00) 88.00 (66.50, 105.25) 0.002 97.80±25.11 84.00 (72.75, 98.00) 0.046

ACC time, min 64.00 (50.00, 81.00) 51.50 (41.00, 66.25) 0.003 59.88±14.96 51.00 (41.75, 61.00) 0.051

CICU stay, day 6 (4, 7) 3 (2, 4) <0.001 5.08±1.53 4.00 (3.00, 5.00) 0.001

Ventilation, hour 72.03 (49.28, 121.85) 26.16 (21.31, 48.26) <0.001 48.93 (25.03, 68.57) 42.59 (23.66, 46.94) 0.025

Hospital stay, day 19.00 (16.00, 22.00) 13.00 (11.00, 16.00) <0.001 17.04±3.75 15.00 (13.00, 17.00) 0.055

Delayed chest closure 6 (18.2) 1 (1) 0.001 4 (16.0) 0 (0) 0.003 

ECMO 3 (9.1) 1 (1) 0.043 3 (12.0) 0 (0) 0.017 

Ventricular fibrillation 4 (12.1) 0 (0) <0.001 3 (12.0) 1 (1.3) 0.074

Reoperation 3 (9.10) 2 (1.92) 0.090 1 (4.0) 0 (0) 0.557

Peritoneal dialysis 10 (30.30) 1 (0.96) <0.001 8 (32.0) 0 (0) <0.001

Death 1 (3) 1 (1) 0.425 1 (4.0) 0 (0) 0.557

Continuous variables are presented as mean ± standard deviation or median (interquartile range) according to data distribution. 
Categorical variables are presented as number (percentage). ACC, aortic cross-clamp; CICU, cardiac intensive care unit; CPB, 
cardiopulmonary bypass; CVP, central venous pressure; ECMO, extracorporeal membrane oxygenation; LCOS, low cardiac output 
syndrome; MBP, mean blood pressure.



Song et al. Nomogram to predict LCOS after surgical repair of TOF1114

© Translational Pediatrics. All rights reserved.   Transl Pediatr 2023;12(6):1110-1120 | https://dx.doi.org/10.21037/tp-22-498

13 (IQR, 11.33–13.67) mmHg, respectively, in the 
training dataset. While the overall mean MBP was  
65.19±8.44 mmHg and the overall median CVP was 13.33 
(IQR, 12–14.42) mmHg, respectively, in the validation 
dataset. Patients who developed postoperative LCOS had 
longer CPB (P=0.002) and ACC time (P=0.003), and lower 
MBP (P<0.001) and higher CVP (P<0.001) in the training 
dataset. While patients who developed postoperative LCOS 
had longer CPB (P=0.046) and higher CVP (P<0.001) in 
the validation dataset.

Postoperative results

Postoperative results are presented in Table 1. The overall 
in-hospital mortality rate was 1.5% (n=2) and 1.0% (n=1), 
respectively, in the training and validation datasets. The 
overall median CICU stay was 4 (IQR, 3–5) days in both 
the training and validation datasets. The overall hospital 
stay was 14 (IQR, 12–18) and 16 (IQR, 13–18) days, 
respectively, in the training and validation datasets. The 
overall median length of ventilator support was 42.77 (IQR, 
22.33–65.80) and 43.78 (24.07, 50.00) hours, respectively, 
in the training and validation datasets. Delayed sternal 
closure, ECMO, and peritoneal dialysis were performed 
in 7 patients (5.11%), 4 patients (2.92%) and 11 patients 
(8.03%), respectively, in the training dataset while 4 
patients (3.96%), 3 patients (2.97%) and 8 patients (7.92%), 
respectively, in the validation dataset. Ventricular fibrillation 
developed in 4 patients (2.92% and 3.96%, respectively) 
both in the training and validation datasets. Patients who 
developed LCOS required longer mechanical ventilation 
support (P<0.001), postoperative cardiac intensive care unit 
stay (P<0.001), and hospital stay (P<0.001) in the training 
dataset. The incidence of delayed chest closure (P=0.001), 
ECMO support (P=0.043), ventricular fibrillation (P<0.001), 
and peritoneal dialysis (P<0.001) were significantly higher in 
patients who developed LCOS in the training dataset. There 
was no significant difference in the incidence of reoperation 
(P=0.090) between the 2 groups, nor a significant difference 
in in-hospital mortality (P=0.425) in the training dataset. 
Patients who developed LCOS required longer mechanical 
ventilation support (P<0.025) and postoperative cardiac 
intensive care unit stay (P=0.001) in the validation dataset. 
The incidence of delayed chest closure (P=0.003), ECMO 
support (P=0.017), and peritoneal dialysis (P<0.001) were 
significantly higher in patients who developed LCOS in 
the validation dataset. There was no significant difference 
in the length of hospital stay (P=0.055), in the incidence of 

ventricular fibrillation (P=0.074), reoperation (P=0.557), or 
in-hospital mortality (P=0.557) between the 2 groups in the 
validation dataset.

Logistic regression analysis

Results of univariable and multivariable logistic analyses 
for risk factors for postoperative LCOS in the training 
dataset are provided in Table 2. In the univariable analysis, 
SpO2 (P=0.001), CPB time (P<0.001), ACC time (P=0.006), 
MBP (P=0.001) and CVP (P<0.001) were risk factors for 
postoperative LCOS. In the multivariable analysis, SpO2 

(P=0.016), MBP (P=0.004), and CVP (P=0.002) were 
independent risk factors for postoperative LCOS.

Nomogram construction and model evaluation

Based on the multivariable logistic regression model in 
the training dataset, an intuitive nomogram integrating 
SpO2, MBP, and CVP for predicting postoperative LCOS 
after surgical repair of TOF is constructed and presented 
in Figure 1. The receiver operating characteristic (ROC) 
curve was established to evaluate the predictive value of 
the model. The area under ROC curve was 0.84 (95% CI: 
0.77–0.91) and 0.80 (95% CI: 0.70–0.90) in the training and 
validation datasets, respectively, which meant the prediction 
ability of the model is stable (Figure 2). At the optimal 
cut-off value in the training dataset, the sensitivity and 
specificity were 87.9% and 68.3%, respectively. While at the 
optimal cut-off value in the validation dataset, the sensitivity 
and specificity were 68.0% and 78.9%, respectively. The 
calibration curve for the probability of LCOS showed 
good agreement between the prediction by nomogram 
and actual observation both in the training and validation 
datasets (Figure 3). The Hosmer-Lemeshow test yielded 
nonsignificant statistics both in the training and validation 
datasets (P=0.69 and 0.54, respectively), indicating a good 
fit. The DCA revealed that more net benefits would be 
obtained by using the nomogram to predict LCOS than 
that achieved in either the treat-all-patient scheme or the 
treat-none scheme both in the training and validation 
datasets (Figure 4).

Discussion

This study found that SpO2, MBP and CVP were 
independent risk factors for postoperative LCOS after 
surgical repair of TOF. A predictive nomogram based on 
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these pre- and intraoperative characteristics was developed 
to predict LCOS after surgical repair of TOF in children. 
This model showed good discrimination, good fit and 
clinical benefits.

The variables included in the predictive model are 
all readily available. SpO2 is a routine test item during 
hospitalization. CVP and MBP are routinely monitored 
during heart surgery. This nomogram is easy to implement 
in clinical practice.

Although TOF has traditionally been considered 
as a right heart defect, it is increasingly accepted that 
biventricular dysfunction begins early after surgical repair 
in patients with TOF (18,19). The surgical destruction of 
pulmonary valve integrity leads to pulmonary regurgitation, 
right ventricular volume overload, poor right ventricular 
remodeling, and therefore affecting the diastolic function 
of both left and right ventricles due to adverse ventricular 
interaction. Prolonged and uneven postoperative recovery 

Table 2 Univariable and multivariable logistic regression analysis for the risk factors for low cardiac output syndrome after surgical repair of 
tetralogy of Fallot in the training dataset

Variable
Univariable analysis Multivariable analysis

OR 95% CI P value OR 95% CI P value

Gender 1.280 0.577–2.841 0.544

Age 1.000 1.000–1.001 0.227

Weight 1.015 0.955–1.080 0.624

SpO2 0.935 0.897–0.974 0.001 0.942 0.898–0.989 0.016

MBP 0.913 0.866–0.962 0.001 0.905 0.846–0.968 0.004

CVP 2.201 1.511–3.208 <0.001 1.867 1. 257–2.775 0.002

CPB time 1.018 1.008–1.028 <0.001 1.014 0.993–1.035 0.186

ACC time 1.025 1.007–1.043 0.006 1.001 0.965–1.039 0.956

ACC, aortic cross-clamp; CI, confidence interval; CPB, cardiopulmonary bypass; CVP, central venous pressure; MBP, mean blood 
pressure; OR, odds ratio.

Figure 1 Nomogram for low cardiac output syndrome after surgical repair of tetralogy of Fallot. MBP, mean blood pressure; CVP, central 
venous pressure.
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Figure 2 The ROC curve showing the performance of the nomogram to predict low cardiac output syndrome after surgical repair of 
tetralogy of Fallot in the training dataset (A) and validation dataset (B). Area under the ROC curve is 0.84 and 0.80 in the training dataset 
and validation dataset, respectively. ROC, receiver operating characteristic.

Figure 3 Calibration curve of the nomogram for the probability of LCOS after surgical repair of tetralogy of Fallot in the training dataset 
(A) and validation dataset (B). Calibration curves depict the calibration in terms of the agreement between the predicted risks and observed 
outcomes of LCOS. The y-axis represents the actual LCOS rate. The x-axis represents the predicted LCOS risk. The diagonal dotted line 
represents a perfect prediction by an ideal model. The red solid line represents the performance of the nomogram, of which a closer fit to 
the diagonal dotted line represents a better prediction ability. LCOS, low cardiac output syndrome.

in these patients is characterized in our study. The effects of 
biventricular circulation are comprehensively considered in 
this prediction model. MBP can represent left ventricular 
function and systemic resistance, while CVP reflects right 
ventricular function and volume status.

This study demonstrated that lower SpO2 was an 
independent risk factor for postoperative LCOS. Many 
studies also revealed that preoperative hypoxia would 
induce structural changes in the myocardium and impair 
cardiac function in TOF. Preoperative oxygen saturation 

≤75% is independent risk factor for LCOS and prolonged 
intubation period (20-22). The cause of the association 
is multifactorial. First, hypoxia can initiate cardiac injury 
process where cardiac fibroblasts convert to myofibroblasts. 
Myofibroblasts produce a large amount of extracellular 
matrix which leads to pathologic remodeling, myocardial 
fibrosis and eventually ventricular dysfunction (23). Second, 
metabolic reprogramming changes in response to chronic 
hypoxia may lead to chronic myocardial damage (24). In 
addition, hypoxia would increase sensitivity to free radical 
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injury of myocytes and trigger systemic inflammatory 
response, therefore leading to reperfusion injury after 
cardiac surgery (25).

The data from this study demonstrated that elevated 
CVP was an independent predictor for postoperative 
LCOS. For patients with TOF, higher CVP indicates 
the presence of right ventricular restrictive physiology 
which would lead to LCOS in the early postoperative 
period after surgical repair (26). The right ventricle fails 
to dilate effectively and serves merely as a passive conduit 
for antegrade diastolic pulmonary blood flow during atrial 
systole. The retrograde flow in the superior vena cava 
and rapid deceleration of the early rapid filling velocity 
consistent with right ventricular restrictive physiology 
would promote LCOS (26). Obstructed venous return and 
visceral congestion caused by elevated CVP may further 
result in decreased cardiac output (27). To mitigate this 
issue, negative pressure ventilation is applied to reduce 
intrathoracic pressure to increase the systemic venous 
return, and thus improve the cardiac output (28).

This study demonstrated that lower MBP was also an 
independent predictor for postoperative LCOS. MBP is 
related to cardiac output and systemic vascular resistance 
and also reflects left ventricular end-diastolic pressure. 
The right ventricular restrictive physiology impairs the left 
ventricular diastolic function via ventricular interaction 
which would lead to decreased MBP (29). The decrease in 
compliance of the left ventricle might also result from the 

curvature of the ventricular septum into the left ventricle as 
a result of right ventricular hypertension (26). To maintain 
cardiac output during the early postoperative period, 
surgeons may choose to leave an atrial septal defect to allow 
for right-to-left shunt (30). In addition, lower MBP would 
further reduce blood supply to the heart and damage cardiac 
function.

This study demonstrated that longer CPB and ACC 
time were also associated with postoperative LCOS. 
Previous studies also demonstrated that cardiopulmonary 
bypass would cause postoperative myocardial injury and 
dysfunction because of inflammatory response and ischemic 
injury and longer CPB and ACC time would increase 
the risk for LCOS (22,31). Therefore by reducing CPB 
and ACC time, myocardial injury and the incidence of 
postoperative LCOS would also be reduced.

LCOS after TOF surgery in children mostly occurs 
within 24 hours after the surgical repair, indicating that the 
identifying of preoperative and intraoperative risk factors of 
LCOS and early LCOS prediction are essential which can 
provide an early warning so as to achieve prevention as early 
as possible. Meanwhile, medical staff can alter preoperative 
and intraoperative modifiable factors to reduce the risk of 
postoperative LCOS. Early identification of LCOS and 
timely intervention are effective measures to achieve good 
outcomes. It is vital to perform frequent clinical evaluation 
and continuous monitoring for early recognition of 
LCOS. Common signs of LCOS after TOF repair include 

Figure 4 Decision curve analysis for the nomogram to predict LCOS after surgical repair of tetralogy of Fallot in the training dataset (A) 
and validation dataset (B). The y-axis represents the net benefits. The red line represents the nomogram. The grey line represents the 
assumption that all patients have LCOS. The black line represents the assumption that no patients have LCOS. The decision curve showed 
that using the nomogram to predict postoperative LCOS adds more benefits than the treat-all-patient scheme or the treat-none scheme 
both in the training dataset (A) and validation dataset (B). LCOS, low cardiac output syndrome.

0.30

0.20

0.15

0.10

0.05

0

–0.05

0.25

0.20

0.15

0.10

0.05

0

–0.05

Model

All

None

Model

All

None

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

N
et

 b
en

ef
it

N
et

 b
en

ef
it

High risk threshold High risk threshold

A B



Song et al. Nomogram to predict LCOS after surgical repair of TOF1118

© Translational Pediatrics. All rights reserved.   Transl Pediatr 2023;12(6):1110-1120 | https://dx.doi.org/10.21037/tp-22-498

tachycardia, elevated right atrial pressure or central venous 
pressures, low blood pressure, peripheral hypoperfusion, 
cold limbs, hepatomegaly, oliguria, decreased mixed venous 
oxygen saturation, and/or acidosis. Management of LCOS 
varies depending on the source of dysfunction, because 
preload, afterload, myocardial contractility, heart rate, and/
or rhythm can be altered. Maintenance of normal sinus 
rhythm, right ventricular preload, appropriate myocardial 
support, and ventilation are key in prevention of LCOS 
after repair of TOF (4).

Several limitations present in this study. First, this 
study is a single-center retrospective analysis with a small 
sample size, hence, the application of the findings here to 
other populations and institutions needs to be validated in 
further prospective large-scale multi-center studies. Second, 
surgical strategy in the study was determined by the cardiac 
surgeons, and the selection of measurement indicators was 
not comprehensive, potentially limiting the generalizability 
of the results found in the study. Third, there were 
substantial differences in the definitions of the outcomes in 
different studies, and the variability of the clinical judgment 
of the intensivists was another possible confounder. Fourth, 
the study was limited to patients undergoing radical 
repair. Patients undergoing palliative surgical repair for 
functionally univentricular circulations were excluded due 
to the distinct hemodynamic characteristics. Therefore, the 
applicability of the prediction model to such patients cannot 
be determined.

Conclusions

In conclusion, this study is the first to incorporate pre- and 
intraoperative characteristics to develop a predictive model 
for LCOS after surgical repair of TOF in children. This 
model showed good discrimination, good fit and clinical 
benefits.
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