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Risk factors for postoperative respiratory failure in patients undergoing

cardiovascular surgery and construction of a prediction model
ZHOU Fuchao, LIU Xiang, LU Kaizhi, SHAO Jianliang Department of Anesthesiology, First Affiliated Hospital ,
Army Medical University (Third Military Medical University) , Chongqing, China

[Abstract] Objective To identify risk factors for postoperative respiratory failure (PORF) in
cardiovascular surgery patients using machine learning algorithms and to construct a specific risk prediction
model. Methods A retrospective cohort was conducted on 1 623 patients undergoing cardiovascular surgery
between 2011 and 2020 from the INSPIRE database. Following data quality analysis, multiple imputation was
employed to handle missing data, and the Boruta algorithm was used for feature selection. Eight machine
learning models were constructed based on the selected features, including Gradient Boosting Machine (GBM),
Generalized Linear Model (GLM), Extreme Gradient Boosting (XGBoost), K-Nearest Neighbors (KNN), Neural
Network (NNET), Naive Bayes (NB), Support Vector Machine (SVM), and Random Forest (RF). Model
performance was evaluated using metrics including the area under the curve (AUC), sensitivity, and

specificity. Variables significantly influencing PORF were identified using the permutation importance
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algorithm. Results The overall incidence of PORF was 27. 05% (439/1 623). The in-hospital mortality rate
was significantly higher in the PORF group than the non-PORF group (12. 98% vs 1. 60%, P<0.001). Among
the developed models, the SVM model demonstrated the best performance, achieving an AUC of 0. 705 in the
testing set, with a sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV)
of 0. 481, 0. 825, 0. 504, and 0. 812, respectively. Based on feature importance analysis, the top 10 variables
most predictive of PORF were anesthesia duration, arterial partial pressure of carbon dioxide (PaCO.), calcium
level, lymphocyte percentage, cardiopulmonary bypass duration, intraoperative blood loss, age, creatinine
level, aspartate aminotransferase (AST) level, and activated partial thromboplastin time (aPTT).
Conclusion A predictieon model for PORF following cardiovascular surgery is successfully developed. This
model can identify high-risk patients and estimate their probability of developing respiratory failure, thereby

facilitating data-driven clinical decision-making.
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Table 1 Baseline demographic data of the postoperative respiratory failure group and the non-postoperative respiratory failure

group [M(P,, P.), n(%)]

Non—postoperative respiratory Postoperative respiratory failure 2

Indicators failure (n=1184) (n=439) X P-value
Age, years 60. 00(50. 00,70. 00) 65.00(55.00,75.00) -2.928 0. 003
Gender 25.816 <0. 001
Female 591(49.92%) 157(35.76%)
Male 593(50. 08%) 282(64.24%)
Body Mass Index/(kg/m?) 23.42(21.19,25.76) 23.38(20.43,25.91) -1.242 0.214
ASA 64.513 <0. 001
I 116(9. 96%) 28(6.50%)
I 481(41.29%) 103(23.90%)
1 525(45.06%) 260(60. 32%)
v 42(3.61%) 38(8.82%)
A% 1(0. 09%) 2(0. 46%)
Emergency 1.615 0.204
No 1047(88. 43%) 378(86. 10%)
Yes 137(11.57%) 61(13.90%)
Anesthesia method 4. 859 0. 088
Monitoring Anesthesia 10€0. 84%) 0(0. 00%)
Nerve Block Anesthesia 3(0.25%) 0(0. 00%)
General Anesthesia 1171(98.90%) 439(100. 00%)
Surgery type 14. 195 0. 007
Pericardial Surgery 55(4.65%) 14(3. 19%)
Great Vessel Surgery 17(1. 44%) 5(1. 14%)

Coronary Surgery
Valve Surgery
Other

168(14.19%)
736(62. 16%)
208(17.57%)

95(21. 64%)
256(58.31%)
69(15.72%)
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Table 1 Baseline demographic data of the postoperative respiratory failure group and the non-postoperative respiratory failure

Non—postoperative respiratory

Postoperative respiratory failure

2

Indicators failure (n=1184) (n=439) Z/x P-value

Surgical Approach 1.033 0.310
Minimally Invasive 32(2.70%) 8(1.82%)
Open 1152(97.30%) 431(98. 18%)

Anesthesia Duration, minutes 315. 00(220. 00,420. 00) 425.00(331.25,520.00) -11.781 <0. 001
Cardiopulmonary Bypass Duration, minutes 115.00(0. 00,190. 00) 185.00(115. 00,240. 00) -10. 702 <0.001
Surgical Blood Loss/mL 240. 56(0. 00,698. 36) 385.92(0. 00,931.39) -3.057 0. 002
Creatinine/(mmol/L) 0.84(0.71,1.05) 0.92(0.77,1. 16) -5.903 <0. 001
Blood Urea Nitr()gcn/(mg/dL) 16.00(12.00,21.00) 17.00(12.00,21.00) -3. 147 0. 002
Phosphorus/(mmol/L) 3.60(3.20,3.90) 3.50(2.90,3.90) -1.504 0.133
Chloride/(mg/dL) 104. 00(102. 00, 106. 00) 103. 00(100. 25,106. 00) -2.743 0. 006
Potassium/(mmol/L) 3.60(3.40,4.00) 3.80(3.40,4.00) -1. 856 0. 063
Sodium/(mmol/L) 137.00(136.00,139.00) 136. 00(135. 00,139. 00) -6.599 <0. 001
Alanine Aminotransferase/(U/L) 18.00(13.00,27.00) 20.00(13.00,30. 00) -1.922 0. 055
Aspartate Aminotransferase/(U/L) 22.00(18.00,28.00) 24.00(19. 00,35.00) -5. 385 <0. 001
Alkaline Phosphatase/(U/L) 64.00(52. 00,80. 00) 68. 00(55.00,86.00) -2. 667 0. 008
Total Bilirubin/(mg/dL) 0.70(0. 50,0. 80) 0. 80(0.50,1.20) -5.705 <0. 001
Albumin/(g/dL) 4.10(3.90,4. 30) 4.00(3. 60,4.20) -5.584 <0. 001
Total Protein/(g/dL) 6.90(6.50,7.30) 6.90(6.40,7.30) -2.776 0. 006
Calcium/(mg/dL) 9.00(8. 60,9.30) 8.80(8.50,9.20) -4.186 <0. 001
Fibrinogen/(mg/dL) 301. 00(263. 00,357.00) 301. 00(263. 00,357. 00) -1.170 0.242
Activated Partial Thromboplastin Time, seconds 31.70(29. 60,34.70) 33.80(30. 10,38.20) -6.456 <0. 001
International Normalized Ratio 1.00(0.95,1.07) 1.03(0.97,1.20) -6.249 <0. 001
Blood Glucose/(mg/dL) 105.00(91. 00, 132.00) 115.00(96. 00, 145. 00) -4.633 <0. 001
Lymphocyte Percentage 28.70(22.10,37.80) 24.10(18. 30,31. 30) -6.262 <0. 001
Neutrophil Percentage 58.60(53.10,67.50) 63.20(56.00,71.70) -5.420 <0. 001
Platelet/(x10%/p.L) 211.00(166. 00,258. 00) 189. 00(152. 00,233.00) -4. 821 <0. 001
Hematocrit 35.20(31.00,40. 40) 35.20(30.00,39.75) -1.724 0. 085
Hemoglobin/(g/dL) 12.90(11. 60, 14.20) 12.50(11. 00, 14.20) -2.695 0. 007
White Blood Cell/(x10%/pL.) 6.30(5.20,7.46) 6.30(5.20,7.90) -2.498 0.012
C-Reactive Protein/(mg/dL) 0.11(0.02,0.31) 0. 19(0. 06,0. 77) -6. 286 <0. 001
Lactic Acid/(mmol/L) 0.90(0. 60,1.40) 0.90(0. 80,1.50) -1.417 0. 156
Tonized Calcium/(mmol/L) 1.10(1.06,1. 14) 1.10(1.05,1. 14) -0.437 0. 662
Oxygen Saturation 99. 00(98. 00, 100. 00) 99.20(98. 00, 100. 00) -0. 904 0. 366
Bicarbonate/(mmol/L) 25.40(24.20,27.20) 25.80(23.80,27. 80) -2.260 0. 024
Arterial Oxygen Pressure/mmHg 153.00(110. 00,209. 00) 165.00(110.00,227. 80) -0. 790 0.43
Arterial Carbon Dioxide Pressure/mmHg 38.00(35.00,41. 40) 40. 00(35.00,42.30) -2.697 0. 007
pH 7.42(7.40,7.45) 7.42(7.39,7.46) -0.178 0. 859
Residual Alkali/(mmol/L) 0.40(-1.40,1.30) 0. 40(-1. 40,2.30) -0.061 0.061
Chronic obstructive pulmonary disease 24(2.0%) 10(2.3%) 0. 098 0. 754
Cerebrovascular disease 107(9. 04%) 31(7.06%) 1. 607 0.205
Major cardiovascular disease 502(42.40%) 255(58. 09%) 31.670 <0. 001
Hypertension 147(12. 42%) 75(17.08%) 5.912 0.015
Diabetes 100(8. 45%) 45(10.25%) 1.282 0.258
Coagulation Dysfunction 8(0. 68%) 19(4.33%) 26. 114 <0. 001
In-hospital death 19(1. 60%) 57(12.98%) 92.910 <0. 001
Preoperative use of tranexamic acid 30(2.53%) 33(7.52%) 21.316 <0. 001
Preoperative use of B—blockers 354(29.90%) 145(33. 03%) 1.474 0.225
Preoperative use of ACEI drugs 41(3. 46%) 29(6.61%) 7. 666 0. 006

ASA, American Society of Anesthesiologists
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Inclusion criteria:
(1) Patients undergoing cardiovascular surgery;

Patients underwent
cardiovascular surgery,
n=2792

(2) Adult patients, aged over 18 years;
(3) Patients admitted to the ICU for treatment
after surgery.

- %

Exclusion criteria:

Patients underwent
cardiovascular
surgery, n=1 623

Patients with preoperative respiratory failure
(n=1169) were excluded.

S )

Postoperative

respiratory
failure, n=439

Non-postoperative

respiratory

failure, n=1184

1 WAHERRRFZER

Figure 1 Flowchart for inclusion and exclusion of the participants

®2 BRERBRE

Table 2 Information about the missing data

fndex ) Preennge fndex ) Pesvetae
Body Mass Index 9 0.55% International Normalized Ratio 36 2.22%
ASA 27 1. 66% Glucose 27 1. 66%
Creatinine 24 1. 48% Lymphocytes 205 12. 63%
Blood Urea Nitrogen 28 1.73% Neutrophils 205 12.63%
Phosphorus 41 2.53% Platelets 30 1.85%
Chloride 20 1.23% Hematocrit 3 0. 18%
Potassium 7 0.43% Hemoglobin 21 1.29%
Sodium 7 0.43% White Blood Cells 22 1.36%
Alanine Aminotransferase 35 2.16% C-Reactive Protein 121 7.46%
Aspartate Aminotransferase 35 2. 16% Lactic Acid 302 18.61%
Alkaline Phosphatase 52 3.20% Ionized Calcium 281 17.31%
Total Bilirubin 53 3.27% Oxygen Saturation 90 5.55%
Albumin 51 3. 14% Bicarbonate 90 5.55%
Total Protein 46 2.83% Arterial Oxygen Pressure 118 7.27%
Calcium 41 2.53% Arterial Carbon Dioxide Pressure 118 7.27%
Fibrinogen 69 4.25% pH 118 7.27%
Activated Partial Thromboplastin Time 51 3. 14% Base Excess 415 25.57%
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Table 3 Statistical comparison before and after imputation of missing indicators [ M(P,,, P..), n(%) ]

R3 REEREIITESRITER

2

Indicator Before imputation After imputation Z/X P-value

BM1/(kg/m?) 23.42 (21.00,25.78) 23.42 (21.00,25.78) -0.013 0.991
ASA 0. 028 1

| 144 (9. 02%) 148 (9. 12%)

il 584 (36.59%) 593 (36.54%)

I 785 (49.19%) 799 (49.23%)

v 80 (5.01%) 80 (4.93%)

\ 3(0.19%) 3(0. 18%)
Creatinine/(mg/dL) 0.84(0.71,1.05) 0.84(0.71,1.05) -0. 140 0.903
Blood Urea Nitrogen/(mg/dL) 16. 00 (12.00,21.00) 16. 00 (12.00,21.00) -0. 245 0. 832
Phosphorus/(mg/dL) 3.50 (3.20,3.90) 3.50 (3.20,3.90) -0. 125 0.914
Chloride/(mmol/L) 103.00 (101. 00,106. 00) 103. 00 (101. 00,106. 00) -0. 007 0.995
Potassium/(mmol/L) 3.60 (3.40,4.00) 3.60 (3.40,4.00) -0. 960 0.934
Sodium/(mmol/L) 137.00 (135.00,139. 00) 137.00 (135.00,139.00) -0. 048 0. 966
Alanine Aminotransferase/( U/L) 18. 00 (13.00,30.00) 18. 00 (13.00,30.00) -0. 053 0.963
Aspartate Aminotransferase/( U/L) 23.00 (18.00,31.00) 23.00 (18.00,31.00) -0. 108 0.926
Alkaline Phosphatase/(U/L) 64. 00 (52.00,80.00) 64. 00 (52.00,80.00) -0. 200 0.986
Total Bilirubin/(mg/dL) 0.70 (0.50,1.00) 0.70 (0.50,1.00) -0. 356 0.757
Albumin/(g/dL) 4.10 (3.80,4.30) 4.10 (3.80,4.30) -0.374 0.745
Total Protein/(g/dL) 6.90 (6.50,7.30) 6.90 (6.50,7.30) -0. 142 0.902
Calcium/(mg/dL) 8.90 (8.60,9.30) 8.90 (8.60,9.30) -0.254 0. 826
Fibrinogen/(mg/dL) 301. 00 (263. 00,357.00) 301. 00 (263. 00,357.00) -0. 138 0.905
Activated Partial Thromboplastin Time, seconds 32.30 (29.60,34.70) 31.70 (29. 60,34.70) -0. 339 0.768
International Normalized Ratio 1.00 (0.95,1.09) 1.00 (0.95,1.09) -0. 369 0.749
Glucose/(mg/dL) 110. 00 (91.00,138.00) 110. 00 (91. 00,132.00) -0. 184 0.873
Lymphocyte Percentage 28.70 (20.10,34. 10) 28.70(22.10,34.10) -1.378 0.228
Neutrophil Percentage 61.00 (53.10,67.50) 58. 60 (53.10,67.50) -1.357 0.235
Platelets/(x10%/wL) 200. 00 (166. 00,258. 00) 211. 00 (166. 00,258. 00) -0. 133 0.908
Hematocrit 35.20 (31.00,40. 40) 35.20 (31.00,40. 40) -0. 009 0.994
Hemoglobin/(g/dL.) 12.90 (11.30,14.20) 12.90 (11.30,14.20) -0. 197 0. 864
White Blood Cells/(x10%/w.L) 6.30 (5.20,7.46) 6.30 (5.20,7.46) -0. 041 0.972
C—Reactive Pr()tein/(mg/dL) 0.11 (0.06,0.50) 0.11 (0.06,0.50) 0. 500 0. 663
Lactate/(mmol/L) 0.90 (0. 60,1.40) 0.90 (0.60,1.40) 0. 606 0.593
lonized Calcium/(mmol/L) 1.10 (1.05,1. 14) 1.10(1.06,1.15) -3.566 0. 002
Oxygen Saturation 99. 00 (98. 00,100. 00) 99. 00 (98. 00,100. 00) -1.403 0.222
Bicarbonate/(mmol/L.) 25.80 (23.80,27.20) 25.40 (23.80,27.20) -0.422 0.714
Arterial Blood Oxygen Pressure/mmHg 165.00 (110.00,227.80) 153. 00 (110. 00,209. 00) -1.984 0. 084
Arterial Blood Carbon Dioxide Pressure/mmHg 38.00 (35.00,41. 40) 38.00 (35.00,41. 40) -0. 436 0. 704
pH 7.42(7.39,7.46) 7.42 (7.40,7. 46) -0. 024 0.983
Base Excess/(mmol/L) 0.40 (-1.40,1.80) 0.40 (-1.40,1.80) -0. 684 0. 544

ASA': American society of anesthesiologists

2.3 HMAMEEIN

BTN R R ZE AL, AT T 8
FRAEEAY /351 J& GBM .GLM . XGBoost [ KNN NB NNET,
SVM Fl RF A5 R, 45570 7 I 25 4 DL K 46 v g 2 1
W24, fEMHREE T, GBM . SVM DL} RF B %1 H: AUC
(BHZE R A A 0. 7 DL b, 3 — &5 5 0 3540 1 Ho Al e
R 2R B, XGBoost 1 SV M AR 75 {14 i I 4 22
Eaehr kAR 2 B ) — B R . g kT
TR R A (DCA) DL IR AR Y B4 11f A 58k 25 AN
45 R R AEAE BE T, SVM A RF ALY 1) v i 25
By FHANRIR, WK 3, 286 T A TS FE bR, SVM 5

RIS, He R U e 5 B | PR 9 4 ot {2y
0.481.0. 825.0. 504 .0. 812,
2.4 HIEE T

BT HES) AL 38 i B AILAT L SRS RRAE
(B, WEBH PR BE T B FR I, 8 5 X PORF S0 5% M) £
KAHT A8 5, SRR L 3h kot — 010 Rk 43 1
T NG TSRS o A N T2 N N SO NS Sl 1= g 2
W LI ORI A% 2 Bk I 2 5 2 % g AR A6 958 4 68 1L
T BT [R], T AR A A Y Tk R G o T AR
ik, WLIE 4,




http : //aammt. tmmu. edu. cn

Bl 2542 R R 22412, 2025, 47(16)

1977

25 o
o
e
g 15 S
c S
£
= -
5 10
E
=
-5 e
LI N N D D D D |
CETVCVECTNOQANBEBECTOHEOOS X0 DFENVOCNGTCCOOVVNQETOEDETELEQQ
S0aCogp Q |ooo§5mm-:ﬁi’ﬁnEN::Q‘EwSnmnn:ogwa'ﬁ:m:woagms.gg'—'agaEE
20890 >%fcoga ™ 2 2030 cns58cn #2000 LE8ca 009920 EJFEDR2ITEE
o0sEslan 7 SE 2 © @ o2E"Eo0c s 983E£078%H
220=2ELg®202 P45 228T S FT£3 | s oEs =8 8o 0352 4w
Sg 38 o © o] £2~a £ 36y o 8= © 2 3 £2FP® oc
Te © T 5 5 S TAag 2 _i8 0o 2® g © ©
£ 3 a3 = £28 © g ° £ s
S R 53 =
1]
o

Green indicates importance, yellow indicates temporary importance, blue indicates shadow values, and red indicates unimportance

2 BorutaHfEEFERERE

Figure 2 Feature selection using Boruta
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A, B, and C: the ROC curve, calibration curve, and decision curve of the training set respiratory failure prediction model, respectively;

D, E, and F: the ROC curve, calibration curve, and decision curve of the test set respiratory failure prediction model, respectively
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Figure 3 Performance of 8 respiratory failure prediction models
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Table 4 Comparisons of predictive performance of machine learning models for risk of respiratory failure

Training set

Models AUC ACC Sensitivity Specificity PPV NPV Fl1 Kappa Brier
GBM 0. 946 0. 883 0.791 0.942 0. 897 0.877 0. 840 0.749 0. 104
XGBoost 1. 000 0. 999 0. 998 1. 000 1. 000 0. 998 0.999 0. 998 0. 008
GLM 0.784 0.714 0.435 0. 891 0.718 0.713 0.542 0.352 0. 184
KNN 0. 900 0. 809 0.774 0. 831 0.744 0.853 0.759 0. 601 0.123
NB 0.787 0.712 0.316 0. 964 0. 847 0. 689 0. 460 0.316 0.252
NNET 0.915 0. 844 0.738 0.911 0. 840 0. 846 0.785 0. 663 0. 104
SVM 0. 895 0. 847 0.711 0.932 0. 870 0. 836 0.782 0. 666 0.119
RF 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 0.015
Test set
Models AUC ACC Sensitivity Specificity PPV NPV F1 Kappa Brier
GBM 0. 706 0.726 0.428 0. 837 0.491 0.798 0.457 0.275 0. 187
XGBoost 0. 693 0.722 0.374 0. 851 0.480 0.787 0.421 0.242 0.211
GLM 0.704 0.728 0. 420 0. 842 0.797 0.797 0.455 0.275 0. 185
KNN 0. 652 0. 679 0.397 0.793 0.403 0.779 0. 400 0. 181 0.226
NB 0. 700 0.757 0.344 0.910 0.584 0.790 0.433 0.291 0. 205
NNET 0. 700 0.712 0.481 0.797 0.467 0. 806 0.474 0.275 0.223
SVM 0.705 0.733 0.481 0. 825 0. 504 0.812 0.492 0.311 0. 186
RF 0.721 0.765 0. 260 0.952 0. 667 0.777 0.374 0.262 0.172

AUC:

area under the ROC curve, quantifies the overall performance under the receiver operating characteristic curve (ROC Curve) ;

F1 score: the harmonic mean of precision and recall, assessing the model’s comprehensive performance on positive class samples; Kappa: Kappa

coefficient,

agreement occurring by chance; Brier score: a metric assessing the accuracy of probabilistic predictions.

actual positive samples correctly identified; Specificity:

measures the agreement between classification predictions and random chance expectations, accounting for the possibility of

Sensitivity : the proportion of

the proportion of actual negative samples correctly identified; PPV: positive

predictive value, the proportion of samples predicted as positive that are actual positives; NPV : negative predictive value, the proportion of

samples predicted as negative that are actual negatives
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PaCO,: partial pressure of carbon dioxide; CPB:
cardiopulmonary  bypass;  AST:  aspartate
transferase; APTT: activated partial thromboplastin time
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Figure 4 Ranking of Feature Importance
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