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Background: Hypoxemia is common in patients undergoing cardiac surgery, however,
few studies about severe hypoxemia (SH) after cardiac surgery exist. The objectives of
this study were to clarify the incidence, risk factors, and outcomes of SH after cardiac
surgery.

Methods: Patients undergoing cardiac surgery from 2016 to 2019 in a single center
were enrolled and were divided into two groups based on whether postoperative
SH developed. Independent risk factors for SH were identified by univariate and
multivariate analysis. Model selection statistics were applied to help determine the most
parsimonious final model.

Results: Severe hypoxemia developed in 222 of the 5,323 included patients (4.2%),
was associated with poorer clinical outcomes. Six independent risk factors for SH
after cardiac surgery were identified by multivariate analysis, such as surgical types,
white blood cell (WBC) count, body mass index (BMI), serum albumin, cardiopulmonary
bypass (CPB) time, and intraoperative transfusion of red blood cells (RBCs). After
comprehensively considering the discrimination, calibration, and simplicity, the most
appropriate and parsimonious model was finally established using four predictors, such
as WBC count, BMI, CPB time, and intraoperative transfusion of RBCs. A nomogram
and a web-based risk calculator based on the final model were constructed to facilitate
clinical practice. Patients were stratified into three risk groups based on the nomogram
and clinical practice.

Conclusion: Severe hypoxemia was common after cardiac surgery and was associated
with poorer clinical outcomes. A parsimonious final model with good discrimination,
calibration, and clinical utility was constructed, which may be helpful for personalized
risk assessment and targeted intervention.

Keywords: hypoxemia, cardiac surgery, risk factor, prediction model, nomogram

Abbreviations: AUC, area under the receiver operating characteristic curve; BMI, body mass index; CI, confidence interval;
CPB, cardiopulmonary bypass; ICU, intensive care unit; NYHA, New York Heart Association; OR, odds ratio; PaO,-FiO,,
arterial oxygen tension-inspired oxygen concentration; RBC, red blood cell; ROC, receiver operating characteristic curve; SH,
severe hypoxemia; WBC, white blood cell.
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INTRODUCTION

Postoperative hypoxemia is one of the most common
complications after cardiac surgery, and is associated with
a higher risk of morbidity and mortality (1-3). Due to different
definitions and populations in various studies, the incidence of
hypoxemia varies widely in the literature, up to 84% (1).

Several studies focused on predictors for severe hypoxemia
(SH) after cardiac surgery have been carried out and some
significant risk factors have been identified, such as body mass
index (BMI) and cardiopulmonary bypass (CPB) time (4-6).
However, most of these studies were conducted in patients
undergoing surgery for acute type A aortic dissection due
to its ultrahigh prevalence. Moreover, the majority of the
previous studies reported in the literature were based on small
sample sizes, and there is still a lack of a credible large
sample study in this field. In addition, none of those previous
studies developed a reasonable online tool, such as a web-
based risk calculator for SH after cardiac surgery, which may
be more convenient for modern clinical work. Therefore, our
understanding of the predictors for SH following cardiac surgery
remains limited, and developing a risk prediction model is still an
urgent priority.

The objectives of this study were first to clarify the incidence
and predictors of SH after cardiac surgery and to develop a
parsimonious risk prediction model, and second to clarify the
relationship between SH and clinical outcomes.

MATERIALS AND METHODS

Ethics Statement

The study was conducted according to the Declaration of
Helsinki’s ethical principles. Study approval was granted
by the Ethics Committee of Tongji Medical College of
Huazhong University of Science and Technology (IORG No.
IORG0003571). As this was a retrospective observational study,
written informed consent was waived.

Study Population

Consecutive adults (older than 18 years) undergoing cardiac
surgery in a tertiary medical center between January
2016 and December 2019 were enrolled. Those who died
intraoperatively of immunodeficiency, immunosuppression, or
organ transplantation, as well as those with incomplete medical
records, were excluded from the current study.

Data Extraction

Clinical data collection was completed through the electronic
medical records management system of our hospital. Baseline
characteristics collected and compared in our analysis
included patients’ age, sex, BMI, smoking history, drinking
history, diabetes mellitus, hypertension, chronic obstructive
pulmonary disease, cerebrovascular disease, peripheral vascular
disease, atrial fibrillation, gastrointestinal tract disease, renal
insufficiency, previous cardiac surgery, general surgical history,
New York Heart Association (NYHA) class, pericardial effusion,

pulmonary artery hypertension, the diameter of the left and
right atria and ventricles, left ventricular ejection fraction,
counts of white blood cell (WBC), red blood cell (RBC) and
platelet, hemoglobin, serum creatinine, albumin, and globulin.
Intraoperative factors included surgical types, CPB time, aortic
cross-clamp time, and transfusion of RBCs.

Endpoints and Definitions

The primary endpoint was SH after cardiac surgery in this study.
The arterial blood gas measurements were routinely performed
postoperatively using a blood gas analyzer (Radiometer,
ABL800PLEX, Denmark). The oxygenation index was calculated
from arterial oxygen partial pressure and inspired oxygen
concentration (PaO,-FiO;). In this study, we defined SH
as PaO,/FiO; < 100 mmHg based on previous reports in
the literature and the diagnosis of acute respiratory distress
syndrome in the Berlin definition (1, 7). SH was diagnosed based
on the worst values of the recorded PaO,/FiO;, ratios within the
first 24 h postoperatively, and patients were classified into the SH
group and the non-SH group according to whether SH occurred
within the first 24 h after cardiac surgery.

The secondary endpoints included the duration of mechanical
ventilation, pneumonia, reintubation, tracheostomy, readmission
to the intensive care unit (ICU), the duration of ICU stay, the
duration of hospital stay, and in-hospital mortality.

Statistical Analysis

A statistical analysis was conducted using R software (version
4.0.5)" and SPSS (IBM SPSS Statistics 26.0, SPSS Inc., Chicago,
IL). A two-tailed p-value of less than 0.05 was considered
statistically significant.

To test whether continuous variables were distributed
normally, Kolmogorov-Smirnov tests were used. Continuous
variables were expressed as means =+ standard deviations
(SDs) for normally distributed variables and as medians with
interquartile ranges (IQRs) for skewed variables. Categorical
variables were presented as counts and percentages. A univariate
analysis was conducted first to screen for potential risk factors.
Students ¢-test and Mann-Whitney U-test were applied to
continuous variables. The chi-square test and Fishers exact
test were applied to categorical variables. Then, a forward
stepwise multivariate logistic regression analysis was conducted
to identify independent risk factors for SH after cardiac surgery.
An odds ratio (OR) with a 95% confidence interval (CI)
was calculated. Model selection statistics were applied to help
determine the most parsimonious final model considering the
discrimination, calibration, and simplicity. A nomogram and
a web-based risk calculator were constructed based on the
final model.

A bootstrap method with 1,000 replications was used for
internal validation. A Hosmer-Lemeshow goodness-of-fit test
and a calibration plot were used to evaluate calibration. The area
under the receiver operating characteristic (ROC) curve (AUC)
was used to evaluate discrimination. A decision curve analysis
was used to evaluate clinical utility.

'www.R-project.org/
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RESULTS

Demographic Characteristics

A total of 5,323 cases met the inclusion criteria and were
included in this study, 51.4% were men. The average age of these
patients was 51.18 years and the BMI was 23.35 kg/m?. The
incidence of SH within the first 24 h after cardiac surgery was
4.2% (222/5,323).

In this study population, there were multiple underlying
conditions and comorbidities. Smoking history existed in 29.1%
of these patients, drinking history in 21.7%, hypertension in
30.1%, diabetes mellitus in 8.2%, chronic obstructive pulmonary
disease in 10.5%, atrial fibrillation in 17.1%, renal insufficiency
in 9.8%, pulmonary artery hypertension in 26.1%, pericardial
effusion in 14.2%, gastrointestinal tract disease in 8.4%, cardiac
surgery history in 7.1%, and general surgery history in 28.1%
of the patients.

Of the 5,323 operations, 54% were performed for isolated valve
surgery, 11% for isolated coronary artery bypass grafting, 9% for
mixed valve and coronary surgery, 17% for aortic surgery, and 9%
for other types of surgery. The median CPB time and aortic cross-
clamp time were, respectively, 105 (78, 142) and 69 (46, 95) min,
and the intraoperative transfusion of RBCs was 1 (1, 3) units.

Identification of Independent Risk

Factors

A univariate analysis was first performed to screen possible risk
factors for SH after cardiac surgery (Table 1). Those factors
with a p-value less than 0.1 or deemed clinically relevant
were further analyzed by multivariate analysis, such as sex,
age, BMI, smoking history, drinking history, hypertension,
chronic obstructive pulmonary disease, cerebrovascular
disease, peripheral vascular disease, atrial fibrillation, renal
insufficiency, general surgery history, NYHA class, pulmonary
artery hypertension, pericardial effusion, diameter of the left
atrium, diameter of the right atrium, WBC count, hemoglobin,
platelet count, serum albumin, serum globulin, serum creatinine,
surgical types, CPB time, and intraoperative transfusion of RBCs.
After multivariate analysis, six independent risk factors for SH
after cardiac surgery were identified, such as aortic surgery,
WBC, BMI, serum albumin, CPB time, and transfusion of RBCs
(Supplementary Table 1). All regression analyses were checked
for multicollinearity.

Model Construction

The logistic regression model (model 1) constructed using the
six predictors above showed good discrimination (AUC = 0.912,
95% CI, [0.893-0.932]) and calibration (Hosmer-Lemeshow ¥ 2-
value = 5.615, p = 0.690). On the basis of model 1, we constructed
multiple models by reducing the variables in the model to identify
the most parsimonious model without losing discrimination
and calibration (Supplementary Table 2-11, models 2-11).
The comparison of statistics concerning discrimination and
calibration of these models are presented in Table 2. After
comprehensive comparison and screening, we finally selected
model 5 as the most appropriate and parsimonious model,

which indicated excellent discriminative ability (AUC = 0.911,
95% CI, [0.891-0.930]) and calibration (Hosmer-Lemeshow ¥ 2-
value = 8.772, p = 0.362) at the same time. Four independent
risk factors were included in model 5, such as WBC, BMI, CPB
time, and transfusion of RBCs (Supplementary Table 5). Based
on the four predictors in model 5 and the logistic rule, a visual
nomogram was constructed used to facilitate the prediction of
SH after cardiac surgery (Figure 1). Based on the regression
coeflicient of each variable, we scaled their scores to 0-100 points
to reflect their relative importance.

Using the nomogram, the risk of SH in patients undergoing
cardiac surgery can be easily predicted by adding the points of
the four predictors. Patients who have a higher BMI, higher WBC
count, longer CPB time, and more intraoperative transfusion of
RBCs can have higher total points and a resultant higher risk of
SH. A specific patient is shown in Figure 1 to show the use of
the nomogram. In addition, to better adapt to modern clinical
work, we created a web-based risk calculator for SH after cardiac
surgery, which is available online.?

Model Assessment and Internal

Validation

In addition to the goodness-of-fit test, the final nomogram
model was well calibrated by visual inspection of the calibration
plots (Figure 2A). The results of the internal validation by
bootstrapping with 1,000 resamples showed that the final
model performed well. By plotting the ROC curve and
calculating the AUC, the nomogram model indicated excellent
discriminative ability (Figure 2B). By the decision curve
analysis, the nomogram model showed remarkable clinical
usefulness (Figures 2C,D). The decision and clinical impact
curves indicated that compared with the “treat-none” strategy,
patients could obtain more clinical net benefits among the
thresholds of below 0.5 when using the nomogram; and
compared with the “treat-all” strategy, patients could obtain
more clinical net benefits among almost the whole range of
threshold probabilities.

The ROC curves and the AUCs of the other ten
models mentioned above were also plotted and calculated
(Figures 3A-J). As can be clearly seen, the AUC of the final
model was almost equal to the AUCs of model 1 and model
2, but was relatively greater than the other models. However,
the number of variables in the final model was reduced to
four from the original six independent risk factors, which may
significantly reduce the model complexity and facilitate clinical
application. In addition, the ROC curves and the AUCs of the
six independent risk factors for SH after cardiac surgery were
plotted and calculated (Figures 3K-P).

Risk Stratification

To facilitate clinical application, a risk stratification was
performed on the basis of the nomogram model for SH
after cardiac surgery and clinical practice (Table 3). Predicted
probabilities of 0.05 and 0.1 were selected as the cutoft values
of low-, medium-, and high-risk groups, corresponding to

Zhttps://severehypoxemia.shinyapps.io/dynnomapp/
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TABLE 1 | The univariate analysis of possible risk factors for SH after cardiac surgery.

Characteristics Without SH n = 5,101 (%) With SH n = 222 (%) P-value
Demographics

Male 2,827 (55.4) 174 (78.4) <0.001
Age (years) 51.18 + 12.98 51.00 &+ 11.40 0.821
Height (cm) 164.80 + 8.00 168.94 + 7.86 <0.001
Weight (kg) 63.29 + 11.64 76.81 + 14.10 <0.001
Body mass index (kg/m?) 23.20 + 3.31 26.76 + 3.64 <0.001
Smoking history 1,445 (28.3) 103 (46.4) <0.001
Drinking history 1,072 (21.0) 82 (36.9) <0.001
Underlying conditions

Hypertension 1,464 (28.7) 140 (63.1) <0.001
Diabetes mellitus 420 (8.2) 18(8.1) 0.947
Chronic obstructive pulmonary disease 542 (10.6) 15 (6.8) 0.065
Cerebrovascular disease 1,759 (34.5) 53 (23.9) 0.001
Peripheral vascular disease 2,211 (43.3) 47 (21.2) <0.001
Atrial fibrillation 897 (17.6) 15 (6.8) <0.001
Renal insufficiency 432 (8.5) 92 (41.4) <0.001
Gastrointestinal tract disease 433 (8.5) 14 (6.9) 0.251
Pulmonary edema 244 (4.8) 9(4.1) 0.617
Cardiac surgery history 361 (7.1) 15 (6.8) 0.855
General surgery history 1,450 (28.4) 47 (21.2) 0.019
NYHA class IIl-IV 851 (16.7) 25 (11.3) 0.033
Pulmonary artery hypertension 1,367 (26.8) 23 (10.4) <0.001
Pericardial effusion 699 (13.7) 57 (25.7) <0.001
Diameter of the left atrium (cm) 4.2 (3.6, 5.0) 3.8 (3.4, 4.3) <0.001
Diameter of the left ventricle (cm) 5.0 (4.5, 5.7) 4.9 (4.5, 5.5) 0.120
Diameter of the right atrium (cm) 3.8 (3.5, 4.4) 3.8(3.5,4.2) 0.019
Diameter of the right ventricle (cm) 3.6 (3.3, 4.0 3.7 (3.4, 4.0 0.450
Left ventricular ejection fraction (%) 62 (58, 66) 61 (60, 65) 0.174
Laboratory values

White blood cell count (x10%/L) 5.73 (4.75, 7.01) 9.74 (7.10, 12.70) <0.001
Red blood cell count (x10"2/L) 4.27 (3.92, 4.63) 4.35 (3.90, 4.69) 0.218
Hemoglobin (g/1) 129 (118, 140) 133 (120, 143) 0.040
Platelet count (x109/L) 180 (145, 221) 167 (127, 206) <0.001
Serum albumin (g/L) 40.5 (38.0, 42.8) 38.6 (35.9, 41.3) <0.001
Serum globulin (g/L) 24.3(21.7,27.2) 25.0 (22.2, 28.2) 0.028
Serum creatinine (wmol/L) 71.6 (60.7, 84.8) 82.9 (68.4, 112.3) <0.001
Surgical types <0.001
Isolated valve surgery 2,861 (56.1) 36 (16.2)

Isolated coronary artery bypass grafting 580 (11.4) 11 (5.0)

Mixed valve and coronary artery bypass grafting 468 (9.2) 13 (5.8)

Aortic surgery 746 (14.6) 158 (71.2)

Other types 446 (8.7) 4(1.8)

Cardiopulmonary bypass time (minutes) 108 (77, 138) 200 (146, 260) <0.001
Aortic cross clamp time (minutes) 67 (46, 92) 113 (86, 146) <0.001
Transfusion of red blood cells (units) 1(1,3 4(3,7) <0.001

NYHA, New York Heart Association; SH, severe hypoxemia.

the scores of < 179, 179-189, and > 189 points on the
nomogram model. The consistency of the predicted and observed

probabilities within each risk interval and the significant

differences in different risk intervals also showed the good fit
of the model and the rationality of the risk interval division. In
this study, 85.1% of the patients were stratified into the low-risk

Clinical Outcomes
Patients included in this study had an overall mortality rate
of 3.1% (222/5,323), with a rate of 2.6% in patients without

group, 6.6% in the medium-risk group, and 8.3% in the high-
risk group.
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TABLE 2 | Comparison of the multiple logistic regression models for SH after cardiac surgery.

Models Number of predictors Included predictors AUC (95% CI) Hosmer-lemeshow
goodness-of-fit test
¥2-value P-value
Model 1 6 BMI, WBC, albumin, surgical types, CPB time, 0.912 (0.893-0.932) 5.615 0.690
transfusion of RBCs
Model 2 5 BMI, WBC, albumin, CPB time, transfusion of RBCs 0.911 (0.891-0.931) 8.811 0.359
Model 3 4 BMI, albumin, CPB time, transfusion of RBCs 0.900 (0.880-0.920) 10.760 0.216
Model 4 4 WBC, albumin, CPB time, transfusion of RBCs 0.875 (0.848-0.901) 4,954 0.763
Model 5 4 BMI, WBC, CPB time, transfusion of RBCs 0.911 (0.891-0.930) 8.772 0.362
Model 6 4 BMI, WBC, albumin, transfusion of RBCs 0.901 (0.880-0.923) 6.227 0.622
Model 7 4 BMI, WBC, albumin, CPB time 0.901 (0.878-0.923) 8.335 0.401
Model 8 3 BMI, CPB time, transfusion of RBCs 0.897 (0.878-0.917) 11.396 0.180
Model 9 3 WBC, CPB time, transfusion of RBCs 0.874 (0.848-0.901) 9.397 0.310
Model 10 3 BMI, WBC, transfusion of RBCs 0.901 (0.880-0.922) 8.772 0.362
Model 11 3 BMI, WBC, CPB time 0.899 (0.876-0.922) 11.149 0.193

AUC, area under the receiver operating characteristic curve; BMI, body mass index;
severe hypoxemia;, WBC, white blood cell.

Cl, confidence interval;, CPB, cardiopulmonary bypass; RBC, red blood cell; SH,

Points 0 20 IR 60 80 100
Intraoperative transfusion of red blood cells (units) F 7@ s
0 4 8
| ! |
White blood cell count (x 10°/L) A
0 4 ' 8! 12 16 20 24
I 1
—
Cardiopulmonary bypass time (minutes) 0 1 03 2-00 300 200 300 600
e
. s _— |
Body mass index (kg/m”) (o™ "5 (67 13 20 22 24 26 28 30 32 34 36 38 40
. 168
Total points 100 120 140 160 180 200 220 240 260 280
0.0254‘
Probability 0.002 0.008  0.025  0.08 03 0.6 08 092
FIGURE 1 | Nomogram for the prediction of severe hypoxemia after cardiac surgery.

SH vs. 15.8% in those with SH (p < 0.001). In addition, the
durations of mechanical ventilation, ICU stay, and hospital stay
were significantly longer in patients with SH, and the rates
of postoperative pneumonia, reintubation, tracheostomy, and
readmission to the ICU were significantly higher compared to
patients without SH (Table 4).

DISCUSSION

Hypoxemia has been considered to be associated with a higher
risk of poorer clinical outcomes after cardiac surgery (1-3), which
was reconfirmed by this study. The incidence rate varied widely
in previous reports according to different definitions and surgical
populations (1, 5, 6, 8, 9). In the current study, the incidence
rate of SH after cardiac surgery was 4.2%, and the mortality rate
was 3.1%. However, the probabilities of in-hospital mortality and

several other poor clinical outcomes were significantly higher in
patients with SH, highlighting the need to explore significant risk
factors and develop an authentic prediction model for SH after
cardiac surgery.

Using clinical data from 5,323 patients in a single institution,
we attempted to explore the predictors and develop a
parsimonious prediction model for SH after cardiac surgery
in this study. By univariate and multivariate analyses, a total
of six significant risk factors associated with the occurrence
of SH were identified, such as aortic surgery, WBC, BMI,
serum albumin, CPB time, and transfusion of RBCs. After
comprehensive comparison and screening, a final model with
excellent discriminative ability, calibration, and clinical utility
was considered to be the most appropriate and parsimonious
model, which included four independent risk factors (WBC,
BMI, CPB time, and transfusion of RBCs). A nomogram and
a web-based risk calculator predicting the risk of SH after
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cardiac surgery was then established on the basis of the final
model. Ultimately, three risk groups were divided based on the
nomogram model and clinical practice. To our knowledge, this
is currently the largest study in this field and the first attempt to
construct a nomogram and a web-based risk calculator for SH
after cardiac surgery worldwide, which may have certain guiding
significance for clinical work.

A correlation between BMI and postoperative hypoxemia has
been reported following various surgeries (3-5, 9-13), which
was consistent with the results of the current study. In our
analysis, BMI contributed the largest range of weight among all
the predictors, and BMI alone showed moderate discrimination
ability for SH after cardiac surgery (AUC = 0.767). Ranucci
et al. conducted a large retrospective single-center study in
patients undergoing cardiac operations with CPB to investigate
the incidence, predictors, and outcomes associated with
hypoxemia (3). They found that 30.6% of the patients developed
hypoxemia and a significant inverse correlation between BMI
and PaO,/FiO, ratio was observed. The risk of hypoxemia
increased by 1.7-fold per each incremental BMI class and

BMI > 30 kg/m? was associated with a 2.4-fold increased risk
of postoperative hypoxemia. They also discovered a U-shaped
relationship between BMI and ICU stay, with longer ICU
stays in moderate-morbid obese and underweight patients.
Zhou et al. conducted a single-center retrospective study
to investigate independent risk factors for hypoxemia in
patients undergoing surgery for acute type A aortic dissection,
finding that patients with SH exhibited a remarkably higher
BMI, and BMI was identified as an independent risk factor
in the multivariate analysis. They illustrated that having a
higher BMI was linked to the development of SH because
obese patients often showed a decreased total lung capacity,
functional residual capacity, expiratory reserve volume, and
vital capacity. Moreover, obesity was associated with abdominal
distention, decreased chest wall compliance, and increased
respiratory resistance (14). In addition, the increase in chronic
inflammatory response and oxidative stress has been reported
to be associated with cell membrane damage and lung injury,
which may provide new ideas for the treatment of hypoxemia
(4,12).
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FIGURE 3 | The ROC curves and the AUCs of the other ten models and the six independent risk factors for severe hypoxemia after cardiac surgery. AUC, area
under the receiver operating characteristic curve; Cl, confidence interval; ROC, receiver operating characteristic curve.

TABLE 3 | Risk intervals of SH based on the nomogram and clinical practice.

Risk intervals Low risk (<179 points)

Medium risk (179-189 points) High risk (>189 points)

Predicted risk interval (%) <5

Predicted probability, % (95% Cl) 1.3(1.2-1.9)
Observed probability, % (95% ClI) 1.1(0.8-1.4)
No. of patients (%) 4,531 (85.1)

5-10 ~10

6.9 (6.8-7.1) 31.7 (29.7-33.6)

8.9 (5.9-11.9) 32.3 (27.9-36.7)
349 (6.6) 443 (8.3)

Cl, confidence interval; SH, severe hypoxemia.

White blood cell was identified as a significant predictor for
SH in the multivariate analysis and itself can exhibit a good
discriminative ability (AUC = 0.823). This was consistent with

some previous reports (6, 8). Liu et al. conducted a retrospective
study in patients undergoing surgical repair of acute type A aortic
dissection to identify the predictors for postoperative hypoxemia,
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TABLE 4 | Postoperative variables in patients with and without SH after cardiac surgery.

Variables All cases n = 5,323 (%) Without SH n = 5,101 (%) With SH n = 222 (%) P-value
Mechanical ventilation (hours) 22.6 (18.5, 43.6) 22.2(18.2,42.3) 90.1 (49.5, 170.2) <0.001
Pneumonia 530 (10.0) 424 (8.3) 106 (47.7) <0.001
Reintubation 247 (4.6) 210 (4.1) 37 (16.7) <0.001
Tracheostomy 128 (2.4) 91 (1.8) 37 (16.7) <0.001
Readmission to ICU 207 (3.9) 175 (3.4) 32 (14.4) <0.001
ICU stay (hours) 68.3 (44.7,112.6) 67.5 (44.5,108.2) 202.9 (116.7, 315.7) <0.001
Hospital stay (days) 15 (11, 19) 14 (11, 19) 22 (17, 30) <0.001
Mortality 167 (3.1) 132 (2.6) 35 (15.8) <0.001

ICU, intensive care unit; SH, severe hypoxemia.

finding that the incidence of hypoxemia was 30% and patients
with hypoxemia had significantly longer durations of ventilation,
ICU stay, and hospital stay (8). Preoperative WBC > 15,000/l
was identified as an independent risk factor for postoperative
hypoxemia in their analysis, associated with a 9.8-fold increased
risk. Ge et al. conducted a retrospective study in patients
undergoing acute aortic dissection surgery to develop and
validate a regression model to predict postoperative hypoxemia
(8). After a purposeful selection procedure, WBC count was
identified as an independent risk factor for postoperative
hypoxemia, showing a positive correlation relationship. The
association between higher WBC and an increased risk of
hypoxemia may be partially explained by systemic inflammatory
response. As one of the important biomarkers, higher WBC
count reflected more intense inflammatory responses, which may
result in respiratory dysfunction and hypoxemia (15, 16). Duan
et al. suggested that the serum level of C-reactive protein was
independently associated with preoperative hypoxemia, which
was a sensitive and non-specific inflammatory marker of acute
phase reactant. Recent attention to the relationship between
inflammation and hypoxemia may provide new and enlightening
insights (17). In addition, the use of some drugs, such as
ulinastatin may produce significant protective effects (15).
Cardiopulmonary bypass time as an independent risk factor
for hypoxemia has also been reported in previous studies (6, 11),
which was also identified in our analysis. CPB time exhibited
the best discriminative ability among the six independent risk
factors, with an AUC of 0.844. Szeles et al. conducted an
observational transversal study to identify predictive factors for
SH in patients undergoing myocardial revascularization (11).
They found that the application of CPB was associated with
an increased risk of SH, and the risk increased to 3.1 times in
patients with CPB greater than 120 min. In the findings of Wang
et al., circulatory arrest time was independently associated with
postoperative hypoxemia (18). Similar results were also obtained
by Liu et al., who found that deep hypothermic circulatory arrest
time > 25 min was an independent risk factor for postoperative
hypoxemia, associated with a 3.3-fold increased risk (8). CPB
can lead to systematic inflammatory responses, activate various
cytokines and inflammatory mediators, and weaken immune
responses (19, 20). Although progress has been made in CPB
technique these years, CPB is still a non-physiological circulation,
which may significantly alter the perfusion of peripheral tissues.

To improve the weaknesses and deficiencies of traditional CPB,
minimal invasive extracorporeal circulation has been introduced
these years and the concept of “more physiologic” cardiac surgery
has been proposed (21, 22). In addition, longer surgical time and
surgeon experience have also been reported to be independently
associated with the development of postoperative hypoxemia in
the literature (23, 24). Therefore, more training and improved
surgical skills of surgeons may benefit patients significantly.

The volume of intraoperative transfusion of RBCs was another
independent risk factors for SH in our analysis results, which
has also been reported previously (12, 13, 18). Although blood
transfusion can be life-saving in cardiac surgery, increasing
evidence suggests that massive transfusion of blood and blood
products is associated with poorer clinical outcomes (25-34).
Nakajima et al. found that the volume of transfused RBCs was
positively associated with the risk of postoperative hypoxemia in
patients undergoing surgery for acute type A aortic dissection,
showing a dose-effect relationship (13). In the findings of Wang
et al,, blood transfusion more than 3,000 ml was identified
as an independent risk factor for postoperative hypoxemia in
Stanford A aortic dissection, associated with a 9.5-fold increased
risk (18). The results of Sheng et al. demonstrated that blood
transfusion more than 6 units was independently associated with
postoperative hypoxemia and the risk increased to 12 times
(12). Changes in immune function may partially explain the
development of postoperative hypoxemia in response to blood
transfusion (35, 36). The length of blood storage time can also
have a certain impact on the development of postoperative
hypoxemia due to the capacity to carry oxygen of the RBCs may
decrease and the transfusion-related inflammation may increase
with time (37, 38). On the other hand, massive blood transfusion
may be due to massive bleeding, which can also have adverse
consequences. Even so, current clinical guidelines on transfusion
management still recommend the use of restrictive transfusion
strategies in practice (39, 40).

Surgical types were identified as an independent risk factors
and serum albumin was identified as a protective factor in
the multivariate analysis. Compared with several other types
of surgery, the risk of hypoxemia after aortic surgery was
significantly higher. This was similar to several previous reports
(6, 41, 42). In the results of Ge et al., the risk of postoperative
hypoxemia was 4.5 times higher in patients undergoing Stanford
type A aortic compared with type B (6). In the findings of
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Yoram, emergency surgery and hypoalbuminemia were identified
as significant risk factors for post-CPB hypoxemia (41). Rady
et al. obtained similar results, who identified that large BMI,
hypoalbuminemia, emergency surgery, and prolonged CPB time
were risk factors for the early onset of severe postoperative
pulmonary dysfunction (41). The increased risk of aortic surgery
may be related to greater surgical trauma and longer operative
time. In our analysis, the overall discrimination was not
significantly decreased after the removal of the variable of surgical
type from the model 1, and the other factors were relatively more
weighted instead. The albumin was similar, which meant that
these two factors could be reflected and replaced by the other
four predictors to some extent. Therefore, we excluded surgical
types and albumin from the final model to construct a more
parsimonious prediction model with good discrimination and
calibration to facilitate clinical application.

Additionally, several other predictors for postoperative
hypoxemia have also been reported previously in the literature
but were not found to be significant when analyzed by the
multivariate analysis in the current study, such as advanced age,
hypertension, smoking history, renal insufficiency, female sex,
poor cardiac function, and diabetes (1, 23, 24, 43, 44). Some
postoperative factors have also been reported to be related to the
occurrence of postoperative hypoxemia, but we did not include
postoperative factors into our analysis due to these factors were
not available early. Despite this, the final model we constructed
performed well in various aspects.

The prediction model can be useful in predicting individual
risk, identifying high-risk populations, and preventing adverse
outcomes. Several prevention measures for hypoxemia and acute
respiratory distress syndrome have been proposed in recent years,
such as low tidal volume and inspiratory pressure ventilation,
prone positioning, high-frequency oscillatory ventilation, lung
recruitment maneuvers, appropriate application of positive end-
expiratory pressure, and the use of extracorporeal membrane
oxygenation (45). Using appropriate preventive interventions
and treatments targeted at high-risk patients identified by the
prediction model may result in substantial economic gains as well
as improved clinical outcomes.

Several limitations were present in this study. First, this
was a retrospective single-center study and was not validated
outside, which may limit the model’s generalizability. Second,
some factors, such as preoperative PaO,/FiO,, were not included
in this study, which may be associated with the occurrence
of SH. Third, the SH included in this study was within the
first 24 h after surgery, which may underestimate the overall
incidence of hypoxemia. Fourth, only the association between
SH and in-hospital outcomes was analyzed, and long-term
prognosis after discharge was not collected, which should be
reinforced in the future.

CONCLUSION

Severe hypoxemia after cardiac surgery was common and was
related to poorer clinical outcomes. By using the multivariate
analysis, six independent risk factors for SH after cardiac

surgery were identified, such as surgical types, WBC, BMI,
serum albumin, CPB time, and transfusion of RBCs. After
comprehensive comparison and screening, a final model with
excellent discriminative ability, calibration, and clinical utility
was considered to be the most appropriate and parsimonious
model, which included WBC, BMI, CPB time, and transfusion
of RBCs. A nomogram and a web-based risk calculator was
then established based on the final model, and three risk
groups were divided. The prediction model may be helpful for
informed decision-making, individualized risk assessment, high-
risk patient identification, and targeted prevention.
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