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Background: Postoperative pneumonia (POP) is a frequent complication following

cardiac surgery, related to increased morbidity, mortality and healthcare costs. The

objectives of this study were to investigate the risk factors associated with POP in adults

undergoing elective cardiac surgery and to develop and validate nomogram models.

Methods: We conducted a multicenter retrospective study in four cardiac centers

in China. Adults operated with elective open-heart surgery from 2016 to 2020 were

included. Patients were randomly allocated to training and validation sets by 7:3

ratio. Demographics, comorbidities, laboratory data, surgical factors, and postoperative

outcomes were collected and analyzed. Risk factors for POP were identified by univariate

and multivariate analysis. Nomograms were constructed based on the multivariate

logistic regression models and were evaluated with calibration, discrimination and

decision curve analysis.

Results: A total of 13,380 patients meeting the criteria were included and POP

developed in 882 patients (6.6%). The mortality was 2.0%, but it increased significantly

in patients with POP (25.1 vs. 0.4%, P < 0.001). Using preoperative and intraoperative

variables, we constructed a full nomogram model based on ten independent risk

factors and a preoperative nomogram model based on eight preoperative factors. Both

nomograms demonstrated good calibration, discrimination, and were well validated. The

decision curves indicated significant clinical usefulness. Finally, four risk intervals were

defined for better clinical application.

Conclusions: We developed and validated two nomogram models for POP following

elective cardiac surgery using preoperative and intraoperative factors, which may be

helpful for individualized risk evaluation and prevention decisions.

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

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.750828
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.750828&domain=pdf&date_stamp=2021-10-11
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Dr_xfhuang@hust.edu.cn
mailto:644720889@qq.com
mailto:xinlingdu@hust.edu.cn
https://doi.org/10.3389/fcvm.2021.750828
https://www.frontiersin.org/articles/10.3389/fcvm.2021.750828/full


Wang et al. Nomograms for Postoperative Pneumonia

INTRODUCTION

Postoperative pneumonia (POP) is a prevalent infection in
patients undergoing elective cardiac surgery (ECS), strongly
related to higher rates of morbidity and mortality (1, 2). As a
result, healthcare costs and resource utilization are also evidently
increased (3). The prevalence rate of POP after cardiac surgery
varied significantly in previous reports and the true incidence
may be underestimated (4, 5).

Globally, many studies have been carried out to explore
risk factors for POP following cardiac surgery due to its high
prevalence and poor outcome (5–8). Some significant predictors
have been identified and several risk prediction models have
been established (6–9). However, the baseline characteristics and
comorbidities of patients have changed greatly these years due
to great advances in surgical and anesthesia techniques (10).
Numerous studies were nearly decades old and some of the
earlier drawn conclusions may now be obsolete due to the narrow
patient selection and small samples. New large-scale persuasive
researches on this topic have been uncommon in recent years.
To our knowledge, most published studies were conducted in
coronary artery bypass grafting ormixed surgeries, but none were
designed specific for patients undergoing ECS. It’s still in urgent
need to establish a convincing prediction model to predict the
probability of POP after ECS, and it may make more sense than
previous predictionmodels as the vast majority of cardiac surgery
are elective procedures.

The objectives of this study were to identify independent
risk factors for the occurrence of POP in adult patients
who underwent ECS and to develop and validate two
nomogram models to facilitate individualized risk assessment
and reasonable prevention.

MATERIALS AND METHODS

Study Population
This is a multicenter, observational, retrospective study. Adult
patients who underwent elective open-heart surgery from 2016
to 2020 in four tertiary care centers in China were included.
Patients with one or more of the listed conditions were excluded:
(1) emergent cardiac surgery; (2) acquired pneumonia within 2
weeks before surgery; (3) discharged or died within postoperative
48 h; and (4) immunosuppression, immune deficiency, or
organ transplantation.

Data Collection
We collected clinical data using the hospital’s electronic medical
record systems. Demographics, comorbidities, laboratory values,
and intraoperative variables were collected and analysed.
Postoperative variables were also collected and compared
between groups.

Abbreviations: AUC, area under the receiver operating characteristic curve;
CI, confidence interval; COPD, chronic obstructive pulmonary disease; CPB,
cardiopulmonary bypass; ECS, elective cardiac surgery; ICU, intensive care unit;
POP, postoperative pneumonia; RBC, red blood cell; ROC, receiver operating
characteristic curve.

Definition of Important Variables
POP was diagnosed based on the recommendations of the
2016 clinical practice guideline (11). Smoking history referred
to previous daily or current smoking. Chronic obstructive
pulmonary disease (COPD) referred to FEV1/FVC ≤0.7.
Drinking history referred to drinking once or more a week
more than 1 year, current drinking, or quitting within
3 years. Diabetes mellitus referred to previous diagnosis,
use of diabetic medication, fasting glucose ≥7.0 mmol/L,
or random glucose ≥11.1 mmol/L. Hypertension referred
to previous diagnosis, using antihypertensive medication, or
blood pressure ≥140/90 mmHg. Renal insufficiency referred
to previous diagnosis or serum creatinine level >110 µmol/L.
Body mass index was defined as the ratio of weight to
height squared.

Statistical Analysis
Statistical analyses were performed using SPSS (IBM SPSS
Statistics, version 26) and R software (version 4.0.4, https://www.
R-project.org/). It was considered statistically significant when
two-tailed P-value < 0.05.

The overall dataset was randomly allocated to the training
set and the validation set at a ratio of 7:3. The training set
was used to develop the model, whereas the validation set was
used to validate the model. Continuous variables in normal
distribution were presented as means± standard deviations, and
those that were skewed were presented as medians with inter-
quartile ranges. Categorical variables were presented as counts
with percentages. Missing data were handled using multiple
imputation.We first conducted univariate analysis in the training
set to screen potential risk factors. Continuous variables with
homogeneous variance and normal distribution were compared
by Student’s t-test, otherwise, the Mann-Whitney U-test was
used. Categorical variables were compared using the chi-square
test or Fisher’s exact test. Factors screened were further applied
for a forward stepwise multivariate logistic regression analysis
to identify independent predictors. A nomogram was then
constructed to assess the risk of POP after ECS based on the
multivariate model.

Both Hosmer-Lemeshow goodness-of-fit test and visual
inspection were used to assess the calibration of the model. The
area under the receiver operating characteristic (ROC) curve
(AUC) were used to evaluate the discrimination. Decision curve
analysis was used to evaluate the clinical utility. The internal
validation was performed using 1,000 bootstrap replicates. The
external validation was performed in the validation set.

RESULTS

Demographic Characteristics
Among the 15,207 adults undergoing cardiac surgery, 1,189
patients experienced emergency surgery, 69 patients had
pneumonia within 2 weeks before surgery, 21 patients died
or discharged within 48 h after surgery, and 548 patients
experienced organ transplantation, immunosuppression, or
immune deficiency. The remaining 13,380 cases meeting the
inclusion criteria were further analyzed (Figure 1), including
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FIGURE 1 | Flow chart of the study. POP, postoperative pneumonia.

6,122 cases from Union Hospital of Tongji Medical College
of Huazhong University of Science and Technology, 5,735
cases from First Affiliated Hospital of Zhengzhou University,
1,256 patients from The Central Hospital of Wuhan, and 267
cases from Huaihe Hospital of Henan University. The mean
age of these patients was 51.55 ± 13.16 years, in which
54.0% were males. The incidence rate of POP after ECS
was 6.6%.

The study population had different patient details and
comorbidities. Patients with smoking history accounted for
27.1%, drinking history 20.2%, COPD 11.5%, hypertension
25.0%, diabetes mellitus 7.9%, renal insufficiency 7.3%,
gastrointestinal tract disease 8.1%, atrial fibrillation 19.4%,
cardiac surgery history 6.9%. The average CPB time was 100 (77,
129) min and the average aortic cross clamp time was 67 (47,
88) min. Intraoperative RBC transfusions were used in 71.8% of
the patients and the average volume was 1.0 (0, 3.0) units. The
characteristics, comorbidities and surgical factors of the patients
were similar in the training and validation datasets (Table 1).
The POP incidence was respectively, 6.5 and 6.8% in the two sets
(P = 0.48).

Development of the Full Nomogram Model
In the training set, we conducted univariate analysis of potential
predictors for POP after ECS and presented the results inTable 2.
Factors with P < 0.1 were further analyzed by multivariate
logistic regression and ten independent risk factors were
identified, including advanced age, smoking history, diabetes
mellitus, hypertension, renal insufficiency, COPD, lower left
ventricular ejection fraction, cardiac surgery history, longer
CPB time, and intraoperative RBC transfusion (Table 3). A full
nomogram model was established to predict the probability of
POP after ECS based on the full multivariate logistic regression
model (Figure 2). Coefficients of the variables were scaled to
scores within the range of 0 to 100, reflecting their relative
importance. The individualized probability of POP after ECS can
be directly and easily predicted by summing the corresponding
scores. A specific case is presented in Figure 2.

Validation and Assessment of the Full
Nomogram Model
The full nomogram was well validated by internal validation
using 1,000 bootstrap replications and external validation in the
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TABLE 1 | Comparison of characteristics between the training and validation sets.

Characteristic All cases Training set Validation set P-value

n = 13,380 (%) n = 9,366 (%) n = 4,014 (%)

Demographics

Age (years) 51.55 ± 13.16 51.57 ± 13.21 51.49 ± 13.04 0.762

Male 7,225 (54.0) 5,094 (54.4) 2,131 (53.1) 0.167

Body mass index (kg/m2 ) 23.13 ± 3.29 23.14 ± 3.30 23.10 ± 3.29 0.485

Smoking history 3,627 (27.1) 2,552 (27.2) 1,075 (26.8) 0.578

Drinking history 2,705 (20.2) 1,888 (20.2) 817 (20.4) 0.796

Underlying conditions

Hypertension 3,345 (25.0) 2,338 (25.0) 1,007 (25.1) 0.879

Diabetes mellitus 1,059 (7.9) 714 (7.6) 345 (8.6) 0.056

Chronic obstructive pulmonary disease 1,533 (11.5) 1,055 (11.3) 478 (11.9) 0.284

Cerebrovascular disease 2,337 (17.5) 1,634 (17.4) 703 (17.5) 0.925

Peripheral vascular disease 2,931 (21.9) 2,048 (21.9) 883 (22.0) 0.866

Renal insufficiency 971 (7.3) 681 (7.3) 290 (7.2) 0.925

Gastrointestinal tract disease 1,088 (8.1) 768 (8.2) 320 (8.0) 0.659

Atrial fibrillation 2,591 (19.4) 1,802 (19.2) 789 (19.7) 0.576

General surgery history 3,896 (29.1) 2,753 (29.4) 1,143 (28.5) 0.284

Cardiac surgery history 924 (6.9) 640 (6.8) 284 (7.1) 0.613

New York Heart Association class III-IV 2,274 (17.0) 1,566 (16.7) 708 (17.6) 0.195

Pulmonary artery hypertension 3,905 (29.2) 2,716 (29.0) 1,189 (29.6) 0.468

Pericardial effusion 1,747 (13.1) 1,203 (12.8) 544 (13.6) 0.265

Left ventricular ejection fraction (%) 62 (57, 67) 62 (57, 67) 62 (57, 67) 0.356

Laboratory values

White blood cell count (× 109/L) 5.67 (4.72, 6.80) 5.66 (4.72, 6.80) 5.68 (4.74, 6.77) 0.685

Red blood cell count (× 1012/L) 4.30 (3.94, 4.66) 4.30 (3.94, 4.66) 4.29 (3.93, 4.65) 0.095

Hemoglobin (g/l) 130 (118, 141) 130 (118, 141) 129 (118, 141) 0.478

Serum creatinine (µmol/L) 71.2 (60.5, 83.9) 71.2 (60.5, 84.0) 71.3 (60.4, 83.3) 0.669

Serum albumin (g/L) 40.58 ± 3.81 40.58 ± 3.80 40.60 ± 3.83 0.769

Serum globulin (g/L) 24.64 ± 4.38 24.65 ± 4.38 24.62 ± 4.36 0.748

Operative variables

Cardiopulmonary bypass time (min) 100 (77, 129) 100 (77, 129) 100 (76, 130) 0.777

Aortic cross clamp time (min) 67 (47, 88) 67 (47, 88) 67 (47, 89) 0.917

Intraoperative transfusion of RBC (units) 1 (0, 3) 1 (0, 3) 1 (0, 3) 0.962

RBC, red blood cell.

validation set. By visual inspection of the calibration plots, the
nomogram was well calibrated in both the training set (Hosmer-
Lemeshow χ

2 = 2.758, P = 0.949; Figure 3A) and the validation
set (Hosmer-Lemeshow χ

2 = 7.641, P = 0.469; Figure 3B). To
assess the discriminative power of the nomogram, the ROC
curves in the two sets were drawn (Figure 3C). The AUC was
respectively, 0.844 (95% CI, 0.828–0.860) and 0.856 (95% CI,
0.834–0.878) in the two sets, indicating good discrimination,
without significant difference (P = 0.38). Compared with
published risk prediction models, the nomogram outperformed
Allou’s score (AUC: 0.638; 95% CI, 0.618–0.658) and Kilic’s
score (AUC: 0.693; 95% CI, 0.675–0.710) in predicting POP
(P < 0.001; Figure 3C). The decision curves in the two sets
indicated that the nomogram could obtain more clinical net
benefits compared with “no intervention” and “intervention
for all” strategies (Figure 3D). The clinical impact curves also

demonstrated excellent predictive ability and showed good
clinical usefulness (Figures 3E,F).

Development, Validation, and Assessment
of the Preoperative Nomogram Model
We constructed the above nomogram model using both pre-
and intra-operative variables. For the convenience of clinical
application, we further constructed a preoperative model, in
which only factors available before surgery were included.
Eight significant risk factors were identified by univarite and
multivariate logistic regression analysis in the training set
(Table 4), and then a preoperative nomogram was constructed
(Figure 4A).

This model was also well validated by both internal validation
and external validation. We assessed the goodness of fit of
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TABLE 2 | Univariate analysis of possible risk factors for POP after elective cardiac surgery in the training set.

Characteristic Without POP With POP χ
2/Z/t P-value

n = 8,758 (%) n = 608 (%)

Demographics

Age (years) 51.01 ± 13.15 59.60 ± 11.22 18.030 <0.001

Male 4,700 (53.7) 394 (64.8) 28.428 <0.001

Body mass index (kg/m2 ) 23.11 ± 3.28 23.54 ± 3.53 2.886 0.004

Smoking history 2,294 (26.2) 258 (42.4) 75.650 <0.001

Drinking history 1,742 (19.9) 146 (24.0) 6.004 0.014

Underlying conditions

Hypertension 2,057 (23.5) 281 (46.2) 156.814 <0.001

Diabetes mellitus 596 (6.8) 118 (19.4) 128.225 <0.001

Chronic obstructive pulmonary disease 915 (10.4) 140 (23.0) 89.997 <0.001

Cerebrovascular disease 1,474 (16.8) 160 (26.3) 35.517 <0.001

Peripheral vascular disease 1,857 (21.2) 191 (31.4) 34.696 <0.001

Renal insufficiency 554 (6.3) 127 (20.9) 178.821 <0.001

Gastrointestinal tract disease 717 (8.2) 51 (8.4) 0.031 0.861

Atrial fibrillation 1,663 (19.0) 139 (22.9) 5.490 0.019

General surgery history 2,541 (29.0) 212 (34.9) 9.391 0.002

Cardiac surgery history 540 (6.2) 100 (16.4) 94.403 <0.001

New York Heart Association class III-IV 1,381 (15.8) 185 (30.4) 87.740 <0.001

Pulmonary artery hypertension 2,521 (28.8) 195 (32.1) 2.984 0.084

Pericardial effusion 1,098 (12.5) 105 (17.3) 11.375 0.001

Left ventricular ejection fraction (%) 62 (57, 67) 60 (55, 65) 11.102 <0.001

Laboratory values

White blood cell count (× 109/L) 5.65 (4.71, 6.80) 5.78 (4.80, 6.92) 0.775 0.083

Red blood cell count (× 1012/L) 4.31 (3.96, 4.67) 4.16 (3.76, 4.51) 0.574 <0.001

Hemoglobin (g/l) 130 (118, 141) 127 (114, 140) 0.260 <0.001

Serum creatinine (µmol/L) 70.8 (60.2, 83.3) 79.6 (65.3, 95.0) 6.781 <0.001

Serum albumin (g/L) 40.67 ± 3.78 39.43 ± 3.96 3.191 <0.001

Serum globulin (g/L) 24.61 ± 4.35 25.15 ± 4.84 2.691 0.007

Operative variables

Cardiopulmonary bypass time (min) 98 (76, 127) 121 (95, 154) 19.953 <0.001

Aortic cross clamp time (min) 66 (47, 87) 78 (59, 101) 15.107 <0.001

Intraoperative transfusion of RBC (units) 1 (0, 2.5) 4 (1.5, 7) 17.825 <0.001

POP, postoperative pneumonia; RBC, red blood cell.

TABLE 3 | Multivariate analysis of independent risk factors for POP after elective cardiac surgery.

Characteristic Coefficient Standard error OR (95% CI) P-value

Smoking history 0.637 0.098 1.891 (1.562–2.290) <0.001

Diabetes mellitus 0.729 0.127 2.073 (1.615–2.661) <0.001

Chronic obstructive pulmonary disease 0.525 0.119 1.690 (1.339–2.134) <0.001

Renal insufficiency 0.463 0.127 1.589 (1.240–2.038) <0.001

Age (years) 0.033 0.005 1.033 (1.024–1.043) <0.001

Left ventricular ejection fraction (%) −0.035 0.005 0.965 (0.956–0.975) <0.001

Hypertension 0.476 0.101 1.610 (1.321–1.962) <0.001

Cardiopulmonary bypass time (min) 0.005 0.001 1.005 (1.003–1.007) <0.001

Transfusion of RBC (units) 0.352 0.019 1.422 (1.369–1.477) <0.001

Cardiac surgery history 1.076 0.141 2.932 (2.224–3.867) <0.001

Intercept −4.626 0.416 0.010 <0.001

CI, confidence interval; OR, odds ratio; POP, postoperative pneumonia; RBC, red blood cell.
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FIGURE 2 | Nomogram for the prediction of POP after ECS. A specific patient was shown to illustrate how to use the nomogram. This was a 61-year-old patient who

had a smoking history, hypertension, diabetes mellitus, previous cardiac surgery, a left ventricular ejection fraction of 66%, a cardiopulmonary bypass time of 88min,

without chronic obstructive pulmonary disease, renal insufficiency and RBC transfusion. The individual item score corresponding to each factor was presented at the

top, and the total points were obtained from the sum of the scores corresponding to each factor by a red dot. Given values of the 10 predictors, the patient can be

intuitively mapped onto the nomogram. It can be clearly seen from the nomogram that the total points of this patient was 336 points and the corresponding probability

of POP was 0.164. ECS, elective cardiac surgery; POP, postoperative pneumonia; RBC, red blood cell.

the nomogram by visual inspection of the calibration plots
(Figures 4B,C) and the Hosmer-Lemeshow goodness-of-fit test.
Both indicated good calibration, with Hosmer-Lemeshow χ

2

values of 14.284 (P = 0.075) and 11.898 (P = 0.156) in the
training and validation sets, respectively. The AUC was 0.792
(95% CI, 0.774–0.810) in the training set and 0.789 (95%
CI, 0.762–0.816) in the validation set (Figure 4D), without
significant difference (P = 0.86). The decision curve analysis
demonstrated that the nomogram model had usefulness in
clinical practice (Figures 4E–G).

Risk Stratification
We further defined four risk intervals as very low, low,
medium, and high risk groups for POP on the basis of the
full nomogram model and clinical practice. The cutoff values
were selected as 302, 322, and 356 points, corresponding to
estimated probabilities of 0.05, 0.1, and 0.3 (Table 5). In this
study, more than two-thirds of the patients were classified into
the very low risk group, 14.6% into the low risk group, 11.9%
into medium risk group, and only 4.7% into the high risk group.
Estimated probabilities and observed probabilities in the two sets
of the four risk intervals are presented in Figure 5, indicating
good consistency.

Outcome
The overall mortality rate was 2.0%, but it increased significantly
in patients with POP compared to patients without that (25.1
vs. 0.4%, P < 0.001). Similarly, we observed obviously higher
risks of reintubation, tracheotomy, and readmission to ICU in
patients with POP. In addition, the postoperative length of ICU
and hospital stay were also significantly longer in these patients.
Details are compared between patients with and without POP
after ECS (Table 6).

DISCUSSION

POP is now recognized as an important cause of morbidity and
mortality in patients undergoing cardiac surgery (12), which
was further confirmed by the present study. The observed rate
of POP was 6.6% in this study, within the range reported in
the literature (5). The overall mortality was 2.0%, similar to
other reports (13, 14). The mortality and other poor outcomes
increased significantly among patients with POP, consistent with
the results in the literature (2, 15), emphasizing the importance
of identifying predictors and high-risk patients.

Some studies focused on POP following cardiac surgery
have been conducted and several predictive rules have been
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FIGURE 3 | Assessment of the full nomogram model for POP after ECS. Calibration plots in the training set (A) and the validation set (B), ROC curves in the two sets

and comparison with previous models (C), decision curves in the two sets (D), and clinical impact curves in the training set (E) and the validation set (F). AUC, area

under the receiver operating characteristic curve; CI, confidence interval; ECS, elective cardiac surgery; POP, postoperative pneumonia; ROC, receiver operating

characteristic curve.

TABLE 4 | Multivariate analysis of preoperative predictors for POP after elective cardiac surgery.

Characteristic Coefficient Standard error OR (95% CI) P-value

Age (years) 0.051 0.004 1.053 (1.044–1.062) <0.001

Smoking history 0.572 0.092 1.772 (1.481–2.121) <0.001

Diabetes mellitus 0.759 0.121 2.136 (1.685–2.708) <0.001

Chronic obstructive pulmonary disease 0.736 0.110 2.087 (1.682-2.589) <0.001

Renal insufficiency 0.758 0.119 2.135 (1.692–2.694) <0.001

Cardiac surgery history 1.433 0.131 4.191 (3.245–5.414) <0.001

Hypertension 0.463 0.095 1.589 (1.318–1.916) <0.001

Left ventricular ejection fraction (%) −0.029 0.005 0.971 (0.962–0.980) <0.001

Intercept −4.579 0.384 0.010 <0.001

CI, confidence interval; OR, odds ratio; POP, postoperative pneumonia.

established (6–9), however, none of these models performed
well when applied to the present study population. This may
be because most of the studies were done in developed
countries such as Europe and the United States, and there
are discrepancies regarding to ethnic groups and clinical
baseline characteristics compared with Asians. To the best of
our knowledge, this study is the first large-sized multicenter
study to develop and validate nomogram models for POP

after ECS. In this study, we used data from 13,380 patients
undergoing ECS to develop and validate two multivariate
nomogram models for POP. Eight preoperative independent
risk factors and two intraoperative independent risk factors
were identified. A full and a preoperative nomogram model
were then constructed based on these predictors. Finally, four
risk intervals were defined as very low, low, medium and high
risk groups.
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FIGURE 4 | Development, validation, and assessment of the preoperative nomogram model for POP after ECS. Preoperative nomogram for POP after ECS (A); A

specific patient was shown to illustrate how to use the preoperative nomogram. This was a 50-year-old patient who had a smoking history, hypertension, diabetes

mellitus, a left ventricular ejection fraction of 66%, without chronic obstructive pulmonary disease, renal insufficiency and previous cardiac surgery. The individual item

score corresponding to each factor was presented at the top, and the total points were obtained from the sum of the scores corresponding to each factor by a red

dot. Given values of the 8 predictors, the patient can be intuitively mapped onto the nomogram. It can be clearly seen from the nomogram that the total points of this

patient was 453 points and the corresponding probability of POP was 0.103. Calibration plots in the training set (B) and the validation set (C), ROC curves in the two

sets (D), decision curves in the two sets (E), and clinical impact curves in the training set (F) and the validation set (G). AUC, area under the receiver operating

characteristic curve; CI, confidence interval; ECS, elective cardiac surgery; POP, postoperative pneumonia; ROC, receiver operating characteristic curve.

Although independent predictors for POP vary greatly
in different reports, several patient characteristics have been
widely recognized (1). (8) first conducted a multicenter study
and established a prediction model for POP after coronary

artery bypass grafting identifying that smoking history, COPD
and serum creatinine level >1.2 mg/dL were independently
associated with the increased risk of POP (8). Another
multicenter prospective study conducted by (6) found that

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 October 2021 | Volume 8 | Article 750828

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Nomograms for Postoperative Pneumonia

TABLE 5 | Risk intervals of POP based on the full nomogram model.

Risk intervals Very low risk Low risk Medium risk High risk

(≤302 points) (303–322 points) (323–356 points) (>356 points)

Estimated probability (%) <5 5–10 10–30 >30

Observed probability, % (95% CI) 2.0 (1.7–2.2) 7.4 (6.2–8.5) 16.4 (14.6–18.2) 47.1 (43.2–51.1)

No. of patients (%) 9,206 (68.8) 1,952 (14.6) 1,592 (11.9) 630 (4.7)

CI, confidence interval; POP, postoperative pneumonia.

FIGURE 5 | Bar chart showing the agreement between estimated and observed probabilities.

TABLE 6 | Postoperative variables in patients with and without POP after elective cardiac surgery.

Outcome All patients Without POP With POP P-value

n = 13,380 (%) n = 12,498 (%) n = 882 (%)

Reintubation 429 (3.2) 114 (0.9) 315 (35.7) <0.001

Tracheotomy 168 (1.3) 18 (0.1) 150 (17.0) <0.001

Readmission to ICU 413 (3.0) 192 (1.5) 221 (25.1) <0.001

ICU stay (days) 3 (2, 4) 3 (2, 4) 10 (7, 16) <0.001

Hospital stay (days) 14 (11, 18) 13 (10, 17) 25 (19, 33) <0.001

Mortality 277 (2.0) 56 (0.4) 221 (25.1) <0.001

ICU, intensive care unit; POP, postoperative pneumonia.

17 preoperative factors including older age, diabetes mellitus,
smoking history, chronic lung disease and lower ejection fraction
were independent predictors for POP following coronary artery
bypass grafting (6). (7) developed and validated a simplified risk
score for POP in patients undergoing cardiac surgery claiming
that age ≥65 years, poor cardiac function and chronic lung
disease were associated with increased risk of POP (7). Another

multicenter prospective study conducted by Ailawadi obtained
similar results (9).

Cardiac surgery history was identified as the most important
preoperative risk factors in our analysis. In comparison with
initial cardiac operations, redo cardiac surgery carries an inherent
risk for adverse outcomes and relates to an increased risk
of morbidity and mortality (16). Complications after redo
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cardiac surgery are more common owing to more complex
anatomy and operation (17). A redo sternotomy is challenging
when the aorta and the heart are closely adhered to the
back of the sternum. A prospective study conducted by (18)
indicated that patients with previous cardiac surgery had a
3-fold increased risk of POP following cardiac surgery (18).
Another multicenter study conducted by Kinlin et al. reported
that the odds of experiencing POP after coronary artery
bypass grafting were 2.3 times higher in patients with prior
internal mammary artery graft (8). Valentino et al. compared
the redo and first-time cardiac operations through a large
propensity-matched series finding that there were significantly
more comorbidities in the redo cardiac surgery group (16).
Blood product transfusion, prolonged ventilator requirements
and operative mortality were also increased for the reoperative
cohort. (19) revealed that compared with patients without
cardiac surgery history, patients with cardiac surgery history
had advanced age, more comorbidities, more concomitant
procedures, more intraoperative blood transfusion, and longer
CPB time (19).

Unsurprisingly, the length of CPB was independently related
to the development of POP following ECS in our analysis, which
was consistent with most of the existing reports (1). Olga et al.
reported that the duration of CPB was an independent risk factor
for the development of POP following cardiac surgery, with an
increased risk of 1% per min (20). A meta-analysis conducted
by He et al. indicated that prolonged CPB may significantly
increase the probability of POP following cardiac surgery. (7)
reported that patients who underwent CPB > 100min had
a 1.71-fold higher risk of POP following cardiac surgery (7).
Positive association between the risk of POP and the CPB time
was also reported by (21). In their multivariate analysis, the risk
of POP increased with the duration of CPB. After inclusion and
selection of interactions, the interaction between duration of CPB
>60min and intraoperative RBC transfusion was identified as
an independent predictors in their final model, with a 2.98-fold
increased risk of POP in those patients (21).

CPB can reduce pulmonary compliance and lead to
pulmonary dysfunction by inducing ischemia reperfusion
injuries and systemic inflammatory responses (22). However,
the importance of CPB is often underestimated or even
neglected by some cardiac surgeons. Recently, minimal invasive
extracorporeal circulation has been introduced and reported to
be able to markedly improve clinical outcomes (23). This system
have initiated important efforts within science and technology
to further improve the biocompatibility of CPB components
to minimize the adverse effects (24). Current clinical evidence
have justified the superiority of minimal invasive extracorporeal
circulation over conventional CPB in reducing haemodilution
and better preserving haematocrit, which may reduce the need
for perioperative blood transfusion. Furthermore, this system
can significantly attenuate systemic inflammatory response and
preserve end-organ function (24).

Minimal invasive extracorporeal circulation is a closed system
which allows optimal perfusion. The system can provide systemic
vascular resistance close to normal values and higher mean
arterial pressure for any given flow, which may reduce the need

for vasoactive drugs (23). In the past decade, this system has been
developed as the best available perfusion technology in clinical
practice. A large meta-analysis by (25) indicated that the use
of minimal invasive extracorporeal circulation can significantly
reduce postoperative morbidity and mortality in cardiac surgery
compared to conventional CPB (25). Recently, they have also
introduced the concept of a “more physiologic” cardiac surgery
to highlight the requirement for further improvement of patient’s
outcomes (26).

The other independent intraoperative predictor for POP after
ECS identified in our analysis was the volume of RBC transfusion.
Transfusions of blood and blood products during cardiac surgery
is common and can be lifesaving, however, there is growing
evidence that blood transfusion is associated with side effects
(27, 28). As evidenced by the prospective multicenter study of
(29) the risk of POP after cardiac surgery increased 3.4 times in
patients receiving blood transfusion and there was a substantial
increase with each unit increase of transfused RBC (29). Another
multicenter study conducted by (30) demonstrated that blood
product conservation was related to improved outcomes and
reduced costs after cardiac surgery. There was a significant
reduction in both the risk of adverse events, such as POP and
death, and the health care costs when implementing restricted
perioperative blood transfusion strategy (30).

The changes of immune function can partially explain
the relationship between the development of POP and blood
transfusion (31). There is also an opinion that the risk of POP is
related to the length of blood storage. The capacity of carrying
oxygen may reduce and the inflammatory reactions related to
transfusion may expand with time, leading to poor outcomes
(32, 33). Several clinical practice guidelines have been developed
for the management of blood transfusion, in which a restrictive
transfusion strategy is especially recommended (34, 35). Given
the numerous latent risks of transfusion, studies focusing on
exploring alternative therapies may be a novel direction.

Several reported predictors for POP following cardiac surgery
in the literature were not identified as independent predictors
in our analysis, such as cerebrovascular and peripheral vascular
disease (6–8). This discrepancy may be caused by different
demographic characteristics and comorbidities of the study
populations. The duration of mechanical ventilation has been
frequently reported to be associated with the development of
POP, as well as reintubation and tracheotomy (9, 18, 36). This
may be explained by the fact that endotracheal intubation and
tracheotomy can significantly damage the respiratory system’s
defense mechanism (37). However, we did not include these
factors into multivariate analysis as candidate variables due
to their nature of postoperative variables and cannot be
available early.

The nomogram models may have an immense role in risk
assessment, risk stratification, as well as identifying high-risk
patients. Some preventive measures have been introduced these
years, such as oropharyngeal nursing (38), subglottic secretion
drainage (39), and respiratory physiotherapy (40). However, it
may be not appropriate to apply these measures to all patients
without selection because some are time consuming, expensive
and laborious. Instead, the implementation of appropriate
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interventions and preventive measures for high-risk populations
identified by the nomogram models may result in significant
clinical benefits. In addition, the nomogram models may
contribute to a better doctor-patient communication in the
medical setting, which is important and cannot be neglected.

Limitations
This study has limitations due to its retrospective nature. First
of all, although the standardized diagnostic criteria for POP had
been established before study initiation, we cannot completely
deny that some degree of variability and subjectivity may exist
when clinically diagnosed. This may have allowed for over-
or underestimation of the real incidence of POP. A well-
designed prospective study in the future may be required to
obtain a more accurate estimation of POP incidence. Second,
some possible predictors that may affect the development of
POP were not included in the multivariate analysis, such as
drug use and surgery types. Even so, the nomograms have
performed well in terms of calibration, discrimination, and
clinical usefulness. Third, the clinical and outcome data were
only documented during patient’s hospitalization, which may
lead to underestimation of morbidity and mortality. It would be
of interest to perform long-term follow-up in subsequent work.

CONCLUSIONS

To our knowledge, this is the first study reporting nomogram
models for POP after ECS. Eight preoperative variables and
two intraoperative variables were identified as independent risk
factors bymultivariate logistic regression analysis. A preoperative
nomogram model and a full nomogram model were developed
and well validated. Both nomograms performed well in terms
of calibration and discrimination, and may have good clinical
usefulness. Risk stratification was performed and four risk
intervals were identified. The nomogram models may help
improve clinical decision making through individualized risk
estimation and high-risk patients identification.
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