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Visual abstract

Key question: Predict the risk of prolonged mechanical ventilation (>24 h) before surgery.

Key  findings:  Preoperative  prediction  of  postoperative  prolonged  mechanical  ventilation

(>24 h) risk is reliable.

Take-home message: The prediction model of risk of prolonged mechanical ventilation (>24

h) after surgery is constructed with good accuracy. 
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Abstract

Background:

We aimed to use preoperative clinical data from paediatric patients with simple congenital

heart disease to predict the risk of prolonged mechanical ventilation after surgery.

Methods:

The clinical data from paediatric patients with simple congenital heart disease who underwent

anatomical correction under cardiopulmonary bypass in a single centre during a continuous

period were retrospectively collected. Univariate and multivariate logistic regression analyses

were performed to identify the risk factors for prolonged mechanical ventilation (>24 h) after

surgery, and a mathematical model was established. Then, using data from another centre, we

adopted an ROC curve to verify the scalability of the model.

Results:

A total of 585 paediatric patients were eligible for inclusion in this study. Multivariate logistic

regression analysis showed that weight (kg), the size of the ventricular septal defect, the size

of  the  atrial  septal  defect  and  the  shunt  direction  of  the  defect  site  were  significantly

correlated with prolonged mechanical ventilation (>24 h) after surgery. The risk prediction

model was established and the area under the curve of the model was 0.853 (ROC curve). A

set of data from another heart centre, with equivalent inclusion criteria, was used to validate

the scalability of the model, and the area under the curve of the accepted validated data was

0.841 (ROC curve).

Conclusions:

The risk of prolonged mechanical ventilation (>24 h) after surgery in paediatric patients with

simple  congenital  heart  disease  with  anatomical  correction  assisted  by cardiopulmonary

bypass can be well predicted by using preoperative clinical data.

Keywords:  Congenital  Heart  Disease;  Mechanical  Ventilation;  Surgery;  Cardiopulmonary

Bypass; complications

Article word：2788 words.
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1 Introduction

The incidence of congenital heart disease (CHD) is approximately 3-6 in 1,000, and CHD is

one of the main causes of birth malformations and deaths in newborns [1,2]; more than 60%

of cases are simple CHDs[2], such as atrial septal defects (ASDs), ventricular septal defects

(VSDs), and a patent ductus arteriosus (PDA), which may exist alone or in combination [3].

This group of paediatric patients is defined as having simple CHD because it is known at the

time  of  diagnosis  that  they  can  undergo  anatomical  correction. The  development  of

transcatheter closure technology has enabled some simple CHD patients to avoid thoracotomy

repair,  and most  paediatric patients who receive transcatheter  closure can recover quickly

after  surgery,  but  transcatheter  closure  is  not  applicable  to  all  simple  CHD  paediatric

patients[4,5]. Most paediatric patients with simple CHD who receive cardiopulmonary bypass

(CBP)-assisted anatomical correction surgery can obtain a good prognosis[5], and the greatest

problem for such paediatric patients is perioperative safety. Prolonged mechanical ventilation

(PMV) after surgery is a cause and effect of many other complications, so how to avoid or

predict PMV after surgery is particularly important[6]. This study retrospectively collected

data from paediatric patients with CHD who received CBP-assisted anatomical correction in

an experienced heart centre. 

Combined with the results of previous studies[7,8], the preoperatively available data were

used to  evaluate  the  risk factors  for  PMV in  these  paediatric  patients  and  to  establish a

prediction model. We hope that the possible risk factors can be perceived and improved in

advance, and perioperative risk can be reduced.

2 Materials

This study collected data from paediatric patients (age: 7 d to 14 years) with simple CHD who

received anatomical correction under CBP in a single centre from 2012 to 2019. These data

include ASD, VSD, PDA, right ventricular outflow tract stenosis, pulmonary hypertension,

etc.  We  excluded  some  complex  CHD cases,  including  all  patients  in  whom anatomical

correction could not be identified preoperatively, such as those with  tetralogy of Fallot,  a

single atrium or single ventricle, defects with right to left shunting, and endocardial cushion

defects.  In addition, in order to have better comparability of data, we excluded premature

babies and children with obvious extracardiac deformities. Data from paediatric patients with

interventional closure therapy were excluded. Finally, 585 children were eligible for the study

(figure 1). Ninety-three paediatric patients needed  mechanical ventilation for more than 24

hours after surgery. Of these, 20 had respiratory problems, and 73 had unstable circulation.

The clinical data collected included age, sex, weight, preoperative routine blood test results,

preoperative colour Doppler ultrasound information, etc. (table 1). Furthermore, we collected

clinical data from 164 paediatric patients with the same inclusion criteria from another heart

centre from 2018 to 2019 to verify the model.

The  timing  of  postoperative  extubation  was  jointly  decided  by  anesthesiologist,  cardiac

surgery care unit doctor, and surgeon.The main criteria for stopping mechanical ventilation:

1)Blood pressure of children with discontinuation or low-dose use of inotropic drugs can be
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maintained  within  the  normal  range,  2)Arterial  blood  gas  analysis  indicates  oxygenation

index≥300,  3)Positive  End  Expiratory  Pressure(PEEP) ＜ 10,  4)Use  Preassure  Support
Ventilation(PSV) mode or Synchronized Intermittent Mandatory Ventilation(SIMV ) mode as

transitional ventilation mode before tracheal intubation removed,with spontaneous breathing

and spontaneous tidal volume≥5ml/Kg during transitional ventilation mode.

All  paediatric  patients  included  in  this  study  achieved  anatomical  correction,  and

echocardiography was re-examined before discharge. In 17 cases, a small amount of residual

shunting was observed at the repair site of the ventricular septal defect, but all of them were

less than 2 mm, and the ejection distance was less than 1.5 m, which was considered to be

unnecessary[9]. Table 1 shows that 2 children in the PMV group died.One of the children

suffered severe pulmonary infection and died after PMV (114h) after surgery, and the other

died of heart failure after 79 hours of mechanical ventilation.

In addition, it is worth noting that in our data, there are 63 cases with bidirectional shunt at

the defect site.This bidirectional shunt that still exists after strict medical treatment, including

oral bosentan or viagra. Among them, 47 cases are mainly left to right shunt, and 16 cases are

right to left shunt.All patients underwent right heart catheterization before operation, which

indicated that pulmonary vascular resistance less than 5wood or oxygen inhalation for 10-15

minutes  could  reduce  pulmonary  artery  pressure  by  20-30%.Therefore,  preoperative

evaluation suggested that anatomical correction could be performed in these children.

3 Statistical method

Univariate and multivariate regression was used to analyse the relationship between patient

age, sex, weight, preoperative cardiac ultrasound and postoperative PMV and to establish a

logistic regression  model.  ROC  curves  were used  to  verify  the  consistency  between  the

regression model and the occurrence of PMV. The extensibility of the prediction model was

verified  by  using  external  data.  SPSS20.0  software  was  used  for  the  statistical  analysis

described above. Finally, R language was used to draw nomogram to visualize the prediction

model and draw calibration curves to varify the prediction model.

4 Results:

4.1 Risk factors associated with postoperative PMV

A total of 585 paediatric patients were eligible and eventually included in this study, including

93 patients with postoperative PMV. Univariate regression confirmed that age (OR: 0.67, 95%

CI: 0.58-0.78, P<0.001), height (OR: 0.95, 95% CI: 0.93-0.96, P<0.001), weight (OR: 0.75,

95% CI: 0.70-0.81, P<0.001), size of the ASD (OR: 0.96, 95% CI: 0.93-1.0, P=0.045), size of

the VSD (OR: 1.14, 95% CI: 1.09-1.20, P<0.001), pulmonary hypertension (PH) (OR: 2.03,

95% CI: 1.68-2.45, P<0.001), diameter of the main pulmonary artery (MPA) (OR: 0.90, 95%

CI:  0.85-0.96,  P=0.001),  diagnosis  (OR:  1.32,  95%  CI:  1.17-1.50,  P<0.001),  and  shunt

direction of the defect site (OR: 8.47, 95% CI: 4.82-14.87, P<0.001) were associated with the

incidence of postoperative PMV. Ultimately, we included nine factors, including weight, into

the multivariate  regression model,  considering the correlation between all  factors  and the

limitation of sample size. The results are shown in table 2.

4.2 Multivariate logistic regression was used to establish a prediction model
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Multivariate logistic regression analysis showed that the weight (kg), size of the VSD, size of

the ASD and shunt direction of the defect site were significantly correlated with PMV after

surgery. The risk prediction model was established in combination with the corresponding

regression  coefficients  (Y=-0.961-0.208*X1+0.147*X2+0.095*X3+1.045*X4)[X1:  weight

(kg), X2: size of the VSD (cm), X3: size of the ASD (cm), X4: shunt direction of the defect

site (1: left to right; 2: bi-directional shunt)], and the area under the curve of the model was

0.853,95%CI:0.812-0.895 (ROC curve). The results are shown in figure 2A.

4.3 Verify the prediction model

In another cardiac centre,  we adopted the same inclusion and exclusion criteria to collect

clinical  data  from 164  paediatric  patients  and  entered  these  data  into  the  model  for

verification. The general information of the 164 patients is shown in table 3. The area under

the ROC curve was 0.843, 95%CI:0.751-0.934 (Figure 2B). The calibration plots presented an

excellent  agreement  in  the  total  samples  and random subsamples  between the nomogram

prediction and actual observation for PMV(Figure 3). This proves that our prediction model

had good scalability.

4.4 Visualization operation of the prediction model – nomogram

Finally, we used R language to draw the nomogram and visualize the prediction model. The

result is shown in figure 4. We use the data of a child in validation data to illustrate the use of

the model: a 2-year-old male child with a weight of 13Kg, diagnosed as a ventricular septal

defect, and with a defect diameter of 3.0cm and shunt left to right, and no other congenital

heart  disease  .  According  to  the  prediction  model  Y=0.961-

0.208×13.0+0.147×3.0+0.095×0+1.045×1=-0.257. When Y=-0.257, the value of the vertical

corresponding “probabilities” line is at 0.2, which means that the probability of PMV in this

child is about 20%.

5 Discussion

Postoperative PMV in paediatric patients with CHD indicates an increased risk of death[10].

We selected a heart centre with rich experience in paediatric CHD surgery (more than 500

operations per year) to conduct this retrospective study, with the purpose of assessing the

available preoperative clinical data in order to predict the risk of postoperative PMV. This

prediction would be significant if risk factors could be actively corrected preoperatively in

order to reduce PMV risk.

With the use of single-factor regression at the beginning of the study, we analysed all factors

that were possibly associated with postoperative PMV, including the patient's age, weight,

height, type of defect, defect size, and so on, with more than 30 factors. Finally, we focused

on 18 factors (P<0.05). Taking into account the correlation between all factors, as well as the

statistical  requirements  of  sample  size  and  the  results  of  previous  studies[6-8,10],  we

ultimately  selected  9  factors  (table  2),  including  weight  and  shunt  direction,  to  conduct

multivariate logistic regression analysis and build a prediction model.

The correlation between body weight and postoperative ventilator-assisted ventilation time in
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children  has  been  confirmed  by  almost  all  relevant  studies  [6-8,10],  and  our  study  also

confirmed this close correlation (ORadj: 0.81, 95% CI:  0.73-0.91). Right-to-left shunting in

children is  due to  the  continuous increase  in pulmonary hypertension,  and most  of  these

children cannot obtain anatomical correction. In our study, there were no children with right-

to-left  shunting.  However,  bidirectional  shunting is  a  factor  that  requires  surgeons  to

determine whether they can perform primary anatomical correction. In this study, there were

63 children with bidirectional shunting, among whom 47 had mainly left-to-right shunting, 16

had  mainly  right-to-left  shunting,  and  all  patients  had  combined  severe  pulmonary

hypertension. Preoperatively, pulmonary artery catheters were assessed to  ensure  that they

would be able to be placed during radical surgery. Primary anatomical correction resulted in

PMV  after  surgery  in  33  children.  It  can  be  seen  from  our  prediction  model  that  the

shunt direction  of the defect  had  the  greatest  weight  on  the  prediction  result.  For  these

patients, we routinely treated pulmonary artery hypertension preoperatively, but whether this

treatment reduces the risk of PMV is worth further consideration.

VSDs,  especially  large  VSDs,  are  highly  associated  with  increased  PH  and  decreased

pulmonary circulation blood flow after repair, prompting surgeons to carefully remove the

endotracheal tube. Of course, most of the VSDs included in our study were not suitable for

interventional closure therapy; age is an important factor[11], and some of the reasons  for

subaortic or infracristal VSDs (type II Kirklin) are obviously descending aortic valves, large

defects, and the combination of other heart defects [12-13]. Whether these factors influenced

our prediction results is unknown. This is one of the shortcomings of the study. Additionally,

in terms of the influence of ASDs on postoperative outcomes, mostly on the basis of the

existence of VSDs and ASDs alone, there were only 3 cases of postoperative PMV in our

study; however, when considering the coexistence of VSDs and ASDs in terms of the issue of

anatomical correction surgery, ASDs were alleviated after repairing the right heart load.  At

the same time,  pulmonary hypertension (with a lack of atrioventricular defects in children

with different levels of pulmonary artery pressure) could also reduce pulmonary blood flow,

and this is likely the main cause of this kind of PMV in children.

Although the CBP time was not known preoperatively, most studies[14,15] confirmed that

CBP intraoperative factors were associated with postoperative PMV, so we also analysed the

relationship between the CBP time and postoperative PMV.  It was found that there was no

correlation between the CBP time and postoperative PMV (P=0.57). This may be because we

selected data  from a single  experienced heart  surgery centre.  The  CBP time was closely

related to the surgeon's experience with the level of technology.

This  study only  predicted  risk  factors  for  children  with  simple  CHD,  rather  than  for  all

paediatric  patients  with  CHD,  because  we  believe  that  the  availability  of  anatomical

correction for CHD is fundamentally different in terms of the perioperative risks and long-

term prognoses[14-16].

As a retrospective study, in order to balance the sample data, we used data from a single

experienced centre to construct the prediction model, which inevitably led to limitations of
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the study. Another limitation is the stability of prediction results in different regions, such as

the  difference  between  plateau  and  non-plateau  regions[17]. In  addition,  whether

improvements in the risk factors found in the prediction model  will  definitely reduce the

incidence of adverse events is also lacking evidence.

Therefore, we plan to design a multicentre prospective clinical study based on this study,

hoping to compensate for the deficiencies in this study. We hope that future studies can reduce

the incidence of PMV and promote the rapid recovery of CHD in children by improving the

risk factors from the prediction model.

6 Conclusion

In an experienced paediatric cardiac surgery centre, for children with simple congenital heart

disease repaired under CBP, weight,  atrioventricular size and shunt direction are the main

factors influencing the occurrence of PMV after surgery. The prediction model established

based on this study is reliable for small sample validation.

7 Abbreviations 
CHD:congenital heart diseas, PMV:Prolonged mechanical ventilation,CBP :cardiopulmonary

bypass,  VSD:Ventricular  septal  defect,  ASD:Atrial  septal  defect,  PDA:Patent  ductus

arteriosus,  PH:  pulmonary  hypertension,  AVP:Aortic  valve  prolapse,  DCRV:double-

chambered right ventricle, PS:pulmonary stenosis, DS:Down's syndrome

Added
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Table 1: 585 cases of pediatric patients eligible and eventually included in this study.

Factors
No-PMV(<24h)，n=492 PMV(>24h),n=93

P values

Gender 0.14

Male 258 41

Female 234 52

Age(years) 3.79±3.50 1.48±2.37 <0.001

Weight(kg) 14.59±9.98 7.62±4.73 <0.001

Height(cm) 97.48±24.95 70.72±19.21 <0.001

Diagnosis <0.001

VSD 267 36

ASD 94 3

PDA 16 1

VSD+ASD 74 42

VSD+PDA 17 6

VSD+ASD+PDA 11 3

ASD+PDA 13 2

With PH 184 64 <0.001

With DCRV 17 4 0.688

With PS 45 9 0.886

With AVP 62 5 0.007

With DS 15 5 0.349

With Favism 15 3 0.928

Shunt Direction  <0.001

Left to right shunt 462 60

Bi-directional shunt 30 33

Size of VSD(mm) 5.85±4.77 8.99±4.09 <0.001

Size of ASD(mm) 4.59±8.09 2.81±5.09 0.006

Pressure difference 34.20±1.81 30.89±3.41 <0.001

MPA 16.82±4.84 14.97±4.51 0.001

BP 114.42±20.26 128.76±18.56 <0.001

Time of CBP 57.14±22.96 59.13±32.00 0.57

Death 0 2 \

Abbreviations:PMV:Prolonged mechanical ventilation,VSD:Ventricular septal defect, 

ASD:Atrial septal defect, PDA:Patent ductus arteriosus, PH: pulmonary hypertension, 

DCRV:double-chambered right ventricle, PS:pulmonary stenosis, AVP:Aortic valve prolapse 

DS:Down's syndrome,MPA: Main pulmonary artery,HR: Heart rate,CBP :cardiopulmonary 

bypass 
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Table 2 Univariate and multivariate analysis of factors related to the occurrence of PMV
　 Univariate OR(95%CI) P values Multivariate OR(95%CI) P values

Weight 0.75(0.70-0.81) <0.001 0.81(0.73-0.91) <0.001

Size of VSD 1.14(1.10-1.20) <0.001 1.16(1.03-1.30) 0.013

Size of ASD 0.96(0.93-1.00) 0.045 1.10(1.00-1.20) 0.042

Diagnosis 1.32(1.17-1.50) <0.001 1.10(0.90-1.34) 0.341

PH 2.03(1.68-2.45) <0.001 0.95(0.68-1.33) 0.765

Shunt Direction  8.47(4.82-14.87) <0.001 2.84(1.32-6.11) 0.007

Pressure 

difference 0.96(0.96-0.97) <0.001 0.99(0.97-1.00) 0.126

BP 1.04(1.02-1.05) <0.001 1.00(0.98-1.02) 0.948

MPA 0.90(0.85-0.96) 0.001 0.95(0.86-1.04) 0.232
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Figure 1: Flowchart for screening eligible patients in this study.

Figure 2A: The established model was used to diagnose the risk of postoperative PMV in 585

patients  included  in  the  study,  and  the  ROC  curve  proved  that  the  diagnosis  was

consistent(AUC=0.853).  B:  A  set  of  separate  data  including  162  patients  from  another

experienced heart center were  confirmed the value of prediction model. ROC curve proved

that the diagnosis was scalability(AUC=0.843)

Figure 3: The calibration curves for predicting patient at risk of PMV for the Study of 585 

cases. Nomogram-predicted risk of PMV is plotted on the x-axis; actual risk of PMV is 

plotted on the y-axis. A plot along the 45-degree line would indicate a perfect calibration 

model in which the predicted probabilities are identical to the actual outcomes.

Figure 4: Nomogram of PMV after anatomical repair assisted by CBP for patients with simple

CHD. Y= -0.961-0.208*X1+0.147*X2+0.095*X3+1.045*X4, X1: weight (kg), X2: size of 

the VSD (cm), X3: size of the ASD (cm), X4: shunt direction of the defect site (1: left to 

right; 2: bi-directional shunt).
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	Combined with the results of previous studies[7,8], the preoperatively available data were used to evaluate the risk factors for PMV in these paediatric patients and to establish a prediction model. We hope that the possible risk factors can be perceived and improved in advance, and perioperative risk can be reduced.

