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Purpose: Myocardial injury after non-cardiac surgery is closely related to major adverse cardiac and cerebrovascular event and is 
difficult to identify. This study aims to investigate how to predict the myocardial injury of thoracic surgery and whether intraoperative 
variables contribute to the prediction of myocardial injury.
Methods: The prospective study included adult patients with high cardiovascular risk who underwent elective thoracic surgery from 
May 2022 to October 2022. Multivariate logistic regression was used to establish a model with baseline variables and a model with 
baseline and intraoperative variables. We compare the predictive performance of two models for postoperative myocardial injury.
Results: In general, 31.5% (94 of 298) occurred myocardial injury. Age ≥65 years old, obesity, smoking, preoperative hsTnT, and one- 
lung ventilation time were independent predictors of myocardial injury. Compared with baseline model, the intraoperative variables 
improved model fit, modestly improved the reclassification (continuous net reclassification improvement 0.409, 95% CI, 0.169 to 
0.648, P<0.001, improved integrated discrimination 0.036, 95% CI, 0.011 to 0.062, P<0.01) of myocardial injury cases, and achieved 
higher net benefit in decision curve analysis.
Conclusion: The risk stratification and anesthesia management of high-risk patients are essential. The addition of intraoperative 
variables to the baseline predictive model improved the performance of the overall model of myocardial injury and helped 
anesthesiologists screen out the patients at the greatest risk for myocardial injury and adjust anesthesia strategies.
Keywords: prediction model, myocardial injury, thoracic surgery, cardiovascular risk, hsTnT

Introduction
Myocardial injury after non-cardiac surgery (MINS) has been defined as postoperative troponin elevation caused by 
myocardial ischemia within 30 days after surgery, and it does not require ischemic characteristics.1 It is estimated that 
one out of every seven surgical patients over 45 years old with an increased risk of perioperative cardiovascular (CV) 
events suffered from MINS.2 In the largest cohort study of cardiovascular events in patients undergoing non-cardiac 
surgery (VISION), the incidence of MINS after thoracic surgery was 19.8%.3 Troponin increased during the periopera-
tive period is an essential indicator of poor prognosis in patients, which will increase the risk of death within 30 days 
after surgery and is independently related to the increase in mortality.4–6 A cohort study of 3085 patients showed that the 
higher postoperative troponin level was independently related to the lower self-reported score of Health-Related Quality 
of Life (HRQoL) at one-year follow-up.7
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Pathological and physiological causes of MINS are varied, and the imbalance of oxygen supply or demand is 
considered the main cause of MINS.8 The patients undergoing thoracic surgery are aging gradually. During one-lung 
ventilation (OLV) in thoracic surgery, the increase of pulmonary vascular resistance and pulmonary artery pressure may 
lead to acute cardiovascular changes, which may trigger excessive contraction of myocardium and lead to the increase of 
troponin.9 However, up to 82% of myocardial injuries are asymptomatic,5 and most occurred within 1–2 days after 
surgery. The majority of patients were still using self-controlled analgesia pumps or sedative drugs, which makes the 
symptoms of myocardial injury more difficult to identify. Sinus tachycardia, hypotension, nausea, and other manifesta-
tions of myocardial ischemia may be mistaken for complications such as atelectasis, hypovolemia, or drug side effects.10 

The consensus statement issued by the European Society of Cardiology/American College of Cardiology/American Heart 
Association/World Heart Federation suggested that routine postoperative troponin measurement should be used as 
a valuable strategy to identify MINS.11,12 Therefore, it is crucial to stratify the risk of patients with high cardiovascular 
risk so as to identify the high-risk patients who may need further examination and more intensive monitoring and 
support. The Revised Cardiac Risk Index (RCRI), commonly used to predict cardiac complications, has been proven to 
be independently related to MINS and is helpful in guiding postoperative troponin monitoring. It has been widely used in 
the past 20 years, because it is simple and easy to implement.13,14 Polygenic Risk Scores (PRS) can also gradually 
improve the ability to predict MINS.15 Additionally, some studies have revealed a poor correlation between the National 
Surgical Quality Improvement Program (NSQIP) and MINS.16

Several risk factors have been proven to be related to MINS, such as preoperative anemia, the duration of surgery, 
three or more complications, atrial fibrillation, etc.2,4,17 However, compared with the model composed entirely of 
preoperative variables, it is unclear whether and how the increase of intraoperative variables will affect the baseline 
prediction model of MINS after thoracic surgery. Accurate prognosis information is crucial for patients and doctors to 
make the best health-related and life decisions.18 Therefore, in this study, we will establish a baseline prediction model of 
myocardial injury in thoracic patients with high cardiovascular risk after thoracic surgery and develop another model 
containing intraoperative variables to determine whether the intraoperative data improve our ability to identify MINS in 
patients with high cardiovascular risk.

Materials and Methods
Participants
This prospective research included 298 patients with high cardiovascular risk who underwent elective thoracic surgery to 
understand the occurrence and progress of MINS. This study was conducted at the Affiliated Hospital of Xuzhou Medical 
University from May 2022 to October 2022. This study complies with the Declaration of Helsinki, has been approved by 
the Clinical Trial Ethics Committee of the Affiliated Hospital of Xuzhou Medical University on 9 May 2022 
(XYFY2022-KL126-01), and was registered at the Chinese Clinical Trial (ChiCTR2200059926).

Researchers screened eligible patients before the operation. Eligible patients were over 45 and must satisfy at least 
one of the following criteria: 1. Coronary artery disease; 2. Peripheral arterial disease; 3. Stroke OR 4. Any two of the 
following seven conditions (a-g): a). Over 70 years old; b). History of congestive heart failure; c). Cerebrovascular 
diseases; d). Hypertension; e). Diabetes and currently taking oral hypoglycemic drugs or insulin; f). Smoking; g). 
Preoperative creatinine >2.0 mg/dl. Patients who meet one of the following criteria will be excluded: 1. Sepsis; 2. Using 
inotropic drugs; 3. Severe heart failure; 4. History of asthma. Patients who met one of the following criteria were 
eliminated from the trial: 1. Voluntary withdrawal; 2. Operation cancelled; 3. Myocardial injury is caused by non- 
ischemic causes such as pulmonary embolism and myocarditis. 4. Biomarker is not measured once after the operation.

Data Collection
All patients had obtained written informed consent before the operation. Before the experiment started, we planned to 
collect demographic (age and sex) and anthropometric (body mass index, BMI) data, preoperative complications 
(including hypertension, diabetes, coronary heart disease, peripheral arterial disease, cerebrovascular disease, chronic 
renal failure, chronic heart failure, chronic obstructive pulmonary disease), smoking, laboratory examination 
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(hemoglobin, troponin, arterial oxygen partial pressure), and preoperative medication. In addition, we collected the 
American Society of Anaesthesiologists physical status (ASA physical status) and Age-adjusted Charlson Comorbidity 
Index (ACCI). The patients’ RCRI scores were counted, and our patients’ RCRI scores were ≥2. Intraoperative data 
include duration of anesthesia, duration of surgery, one-lung ventilation time, duration of leaving operating room, 
cumulative duration of intraoperative hypotension (IOH), blood loss, infusion volume of crystalloid fluid, and colloid 
fluid, variables related to anesthesia management during operation (dosage of narcotic drugs and vasoactive drugs), type 
of surgery and operative posture. The duration of leaving operating room is defined as the time from the end of the 
surgery to leaving the anesthesia recovery room. We measured the non-invasive blood pressure and invasive arterial 
blood pressure and recorded the blood pressure of each patient every 20 seconds during the whole operation. The 
cumulative duration of IOH is defined as the duration that the intraoperative blood pressure is 20% lower than the basal 
blood pressure.

Study Outcomes
The primary outcome was postoperative myocardial injury, defined as postoperative hsTnT >20 to <65 ng/L, and the 
absolute change is at least 5 ng/L or hsTnT level of at least 65 ng/L.19 We measured hsTnT on postoperative days 1~3, 
and the highest postoperative measurement allowed the diagnosis of MINS, which was considered to be the occurrence 
of MINS. MINS is not considered to have occurred if the hsTnT increase was due to non-ischemic causes, including 
congestive heart failure, pulmonary embolism, aortic valve disease, and sepsis.

Sample Size
The sample size of this experiment was not recalculated. We included all patients who met the inclusion criteria in the 
analysis to maximize the statistical ability. Our primary outcome is the incidence of MINS. According to the principle of 
events per variable, we think that at least 10 outcome events should be included in each predictor variable. Therefore, the 
required sample size was a minimum of 50 patients presenting with MINS (5 predictors).

Statistical Analysis
Firstly, we divided patients into groups according to whether MINS occurred and described the characteristics of 
variables, respectively. Continuous variables were visually assessed for normal distribution using histograms and pp- 
plots, and the homogeneity of variance was tested by Levene test. The continuous variables with normal distribution were 
reported as mean (SD) and were compared by Student’s t-tests. The non-normal distribution data were reported as 
median (IQR, [range]) and were compared by Mann–Whitney U-tests. The categorical variables were reported as counts 
(percentages) and were compared by χ2 or Fisher’s exact tests.

We used the Least Absolute Shrinkage and Selection Operator (LASSO) method to select non-zero characteristic 
factors, risk factors associated with MINS were selected from the raw data, and the complexity of the model was 
controlled by a series of parameters.20 Risk factors were taken as independent variables and MINS as dependent 
variables, and multivariate logistic regression was used to build a baseline model with preoperative variables. Then, 
a second model with baseline and intraoperative variables was established using the same criteria above. We used the 
Variance Inflation Factor (VIF) to evaluate the collinearity of all risk factors, a VIF ≥10 indicated strong multi-
collinearity. The discrimination of the model was evaluated by the area under the receiver operating characteristic 
curve (AUC), and the calibration of the model was evaluated by Hosmer–Lemeshow test. The final model calibration is 
a calibration curve formed by visualizing the results of goodness-of-fit test, showing actual incidence and predicted 
incidence.

The AUC and DeLong tests were used to compare the ability of the two models to distinguish MINS from non-MINS. 
The reclassification ability of the model was evaluated by the Net Reclassification Index (NRI) and Integrated 
Discrimination Improvement (IDI), which indicate the net proportion of patients with improved risk classification. We 
use continuous NRI for preliminary analysis, because it is considered a more objective method to compare various 
studies. For patients with MINS, this can be explained by the increase of true positive rate. For patients without MINS, 
this can be explained by the decrease of false positive rate, so as to find a better model to predict MINS.
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The calibration between models was tested by the likelihood ratio test, Akaike Information Criterion (AIC), Bayesian 
Information Criterion (BIC), and Nagelkerke R2, Brier Score. Prediction model with smaller AIC and BIC values has 
better fitting and calibration. Not only the fitting of the model is improved but also the penalty term is introduced so that 
the model parameters are as few as possible, which helps to reduce the possibility of over-fitting. The Decision Curve 
Analysis (DCA) was also carried out to evaluate the effectiveness of the two models, that is, the probability level of 
patients choosing to receive treatment, and compared the net benefits of the models within a series of reasonable 
thresholds. In any given threshold, a greater net benefit is better. The clinical impact curve (CIC) was drawn to evaluate 
the benefit ratio of the model. We used 1000 bootstrap samples for internal verification to evaluate the robustness of our 
model.

Statistical analysis was performed using SPSS statistical software version 26.0 (IBM) and R version 4.2.1 (R 
Foundation for Statistical Foundation, Vienna, Austria). Among all analyses, P-values <0.05 were considered statistically 
significant.

Results
Preoperative and Intraoperative Characteristics of Patients
We recruited 308 patients with increased risk of CV and finally included 298 patients in the analysis, of whom 94 (31.5%) 
had MINS. The baseline characteristics of the two groups of patients are provided in Table 1. Patients with MINS are 
more likely to be elderly men and obese. Although there is no significant difference in the incidence of complications 
such as hypertension and diabetes between the two groups, the incidence of MINS is higher in patients with an ACCI 
score of 5. In addition, there are more people who smoke in patients with MINS, and the preoperative baseline value of 
hsTnT was also higher (Supplementary Figure 1).

Table 1 Comparison of Baseline and Intraoperative Characteristics Between Patients

Variable Overall (n=298) No MINS (n=204, 68.5%) MINS (n=94, 31.5%) P-value

Age (years) 68.3 (7.0) 67.7 (7.1) 69.6 (6.5) 0.028

BMI (kg/m2) 25.2 (3.2) 24.9 (3.3) 25.7 (3.0) 0.048

Sex

Men 153 (51.3%) 94 (46%) 59 (62.7%) 0.007
Women 145 (48.6%) 110 (53.9%) 35 (37.2%)

Comorbidities

Hypertension 148 (49.6%) 100 (49%) 48 (51%) 0.743

Diabetes 92 (30.8%) 67 (32.8%) 25 (26.5%) 0.278
Coronary artery disease 90 (30.2%) 58 (28.4%) 32 (34%) 0.327

Peripheral artery disease 12 (4%) 11 (5.3%) 1 (1%) 0.077

Cerebrovascular disease 192 (64.4%) 135 (66.1%) 57 (60.6%) 0.353
Chronic obstructive pulmonary disease 2 (0.6%) 1 (0.4%) 1 (1%) 0.573

Chronic kidney failure 4 (1.3%) 2 (0.9%) 2 (2.1%) 0.424

Smoking 78 (26.1%) 50 (24.5%) 41 (43.6%) 0.001

Hemoglobin (g/dL) 133.4 (14.35) 133.2 (13.6) 133.8 (15.95) 0.751

hsTnT (ng/L) 7.6 (5–11.0) 6 (4.1–8.5) 13.2 (8.7–15.4) <0.001
PaO2 (mmHg) 94.6 (13.9) 94.7 (14.3) 94.2 (13.1) 0.782

Bronchodilator/ICS 148 (49.6%) 111 (54.4%) 37 (39.3%) <0.001

ASA physical status

II 171 (57.3%) 118 (57.8%) 53 (56.3%) 0.813

III 126 (42.2%) 85 (41.6%) 41 (43.6%) 0.751
IV 1 (0.3%) 1 (0.4%) - -

(Continued)
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There are also differences in intraoperative variables between the two groups. Although the duration of surgery and 
anesthesia in the two groups of patients were not much different, the patients with MINS experienced longer one-lung 
ventilation time, longer cumulative duration of IOH, and more blood loss.

Establish Baseline and Intraoperative Prediction Models
We used LASSO regression to identify five potential risk factors: preoperative factors include age ≥65 years old, obesity, 
smoking, preoperative hsTnT, and intraoperative risk factors include one-lung ventilation time (Supplementary Table 1, 

Table 1 (Continued). 

Variable Overall (n=298) No MINS (n=204, 68.5%) MINS (n=94, 31.5%) P-value

RCRI

2 32 (10.7%) 23 (11.2%) 9 (9.5%) 0.660
3 198 (66.4%) 138 (67.6%) 60 (63.8%) 0.517

4 65 (21.8%) 41 (20%) 24 (25.5%) 0.291

5 3 (1%) 2 (0.9%) 1 (1%) 0.947

ACCI

1 1 (0.3%) 1 (0.4%) - -
2 12 (4%) 8 (3.9%) 4 (4.2%) 0.947

3 96 (32.2%) 68 (33.3%) 28 (29.7%) 0.543

4 121 (40.6%) 88 (43.1%) 33 (35.1%) 0.190
5 62 (20.8%) 34 (16.6%) 28 (29.7%) 0.010

6 5 (1.6%) 4 (1.9%) 1 (1%) 0.575

7 1 (0.3%) 1 (0.4%) - -

Intraoperative characteristics

Duration of anesthesia (min) 130 (100–175) 132.5 (100–170) 130 (105–180) 0.435
Duration of surgery (min) 110 (80–150) 110 (80–150) 110 (88.8–155) 0.275

One-lung ventilation time (min) 100 (70–135) 100 (70–130) 105 (80–151.3) 0.026
Duration of leaving operating room (min) 55 (45–65) 54 (46.5–65) 55 (45–65) 0.708

Cumulative duration of IOH (min) 8 (5.4–12.4) 8 (5–12) 9 (5.6–14) 0.049

Fluid management

Blood Loss (mL) 30 (10–50) 0 (0–50) 30 (20–50) 0.011

Crystalloid (mL) 970.8 (310.8) 979.9 (308.5) 951.1 (316.4) 0.458
Colloid (mL) 0 (0–500) 0 (0–500) 0 (0–500) 0.972

Anesthesia management
Remifentanil (mg) 2.1 (1.4–2.9) 2 (1.4–2.7) 2.25 (1.4–3.1) 0.285

Propofol (mg) 549.2 (260.1) 541.5 (264.7) 565.9 (250.3) 0.453

Sevoflurane (mL) 16 (10–21) 15 (10–21) 18 (10.8–21) 0.207
Phenylephrine (ug) 250 (80–540) 240 (80–520) 280 (40–620) 0.730

Operative posture
Left 188 (63%) 130 (63.7%) 58 (61.7%) 0.737

Right 110 (36.9%) 74 (36.2%) 36 (38.2%)

Type of Surgery

Pulmonary wedge resection 77 (25.8%) 56 (27.4%) 21 (22.3%) 0.349

Pulmonary segmentectomy 64 (21.4%) 44 (21.5%) 20 (21.2%) 0.955
Pulmonary lobectomy 157 (52.6%) 104 (50.9%) 53 (56.3%) 0.385

Notes: Continuous variables with normal distribution were shown as mean (standard deviation), with non-normal distribution were shown as median (interquartile range). 
Categorical variables were shown as counts (percentages). 
Abbreviations: BMI, body mass index; ICS, Inhaled Corticosteroid; ASA physical status, American Society of Anaesthesiologists physical status; RCRI, Revised Cardiac Risk 
Index; ACCI, Age-adjusted Charlson Comorbidity Index; IOH, intraoperative hypotension.
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Supplementary Figure 2). Univariate analysis showed that preoperative use of bronchodilators and ICS could reduce the 
incidence of postoperative myocardial injury. However, considering that other hospitals do not necessarily use broncho-
dilators and ICS before thoracic surgery, other studies have not confirmed that they are independently related to MINS. We 
decided not to include bronchodilators and ICS in LASSO regression. Multivariate logistic regression showed that these 
five risk factors were statistically significant with MINS. Therefore, we established a baseline model including preoperative 
risk factors and an intraoperative model including all risk factors (Table 2). The AUC of the baseline model was 0.931, and 
the AUC of the intraoperative model was 0.940 (Figure 1A). The calibration curve showed that the calibration of the model 
is good (Figure 1B). The final intraoperative model was represented by the nomogram in Figure 2.

Improvement of Prediction Model by Intraoperative Variables
For the baseline model that included only preoperative risk factors, the AUC was 0.931 (95% CI, 0.903–0.959). With the 
addition of intraoperative factors in the baseline model, AUC increased to 0.940 (95% CI, 0.913–0.967), an increase of 0.009 
(P for change = 0.141, Table 3). Although the DeLong test showed that the difference between the two models is not 
statistically significant, the likelihood ratio test showed that the intraoperative model fits better when the intraoperative 
factors are added (P < 0.001). The AIC and BIC values of the intraoperative model were 180.92 and 203.11, which were 
smaller than the baseline model and improved the fitting of the model. Nagelkerke R2 and Brier scores also showed that the 
fitting and calibration of the intraoperative model were better (Table 3). The reclassification of patients with MINS increased 

Table 2 Multivariate Logistic Regression Analysis of Baseline Model and Intraoperative Model

Variable Baseline Model Intraoperative Model

β-coefficient OR (95% CI) P-value β-coefficient OR (95% CI) P-value

Age ≥65 yr 2.02 7.56 (3.15–20.32) <0.001 1.92 6.84 (2.74–19.26) <0.001

BMI ≥28 1.66 5.27 (2.02–14.29) <0.001 2.00 7.35 (2.55–22.79) <0.001
Smoking 1.50 4.49 (2.06–10.18) <0.001 1.63 5.09 (2.26–12.08) <0.001

hsTnT, ng/L 0.50 1.64 (1.46–1.89) <0.001 0.54 1.71 (1.50–1.99) <0.001

One-lung ventilation timea - - - 0.02 1.02 (1.01–1.03) <0.001

Notes: Values are OR (95% CI). aAccumulated time of one-lung ventilation. 
Abbreviations: OR, odds ratio; CI, confidence interval; BMI, body mass index.

Figure 1 The receiver operating characteristic (ROC) curve and calibration curve. 
Notes: (A) Receiver-operating characteristic (ROC) curve of baseline model and intraoperative model. The AUC of baseline model was 0.931 (95% CI, 0.903–0.959). The 
AUC of intraoperative model was 0.940 (95% CI, 0.913–0.967), an increase of 0.009. (B) Calibration curve of baseline model and intraoperative model.
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by 8.5% (95% CI, −0.153–0.376), and that of patients without MINS increased by 32.4% (95% CI, 0.162–0.550). The overall 
improvement of net reclassification was significant (continuous NRI = 0.409, 95% CI, 0.169–0.648, P<0.001), and IDI was 
0.036 (95% CI, 0.011–0.062). Decision curve analysis can be seen from Figure 3A. With the increase of threshold 
probability, the net benefit of the model will decrease. According to the prediction results of the intraoperative model, the 
performance of the model is better under other threshold probabilities, except that the threshold probability is very small, and 
the performance of the model is always better than that of the baseline model (Figure 3A). The CIC analysis showed that the 
clinical effective rates of the two models are similar (Figure 3B). When the threshold probability is greater than 80%, the 
prediction model determines that the high-risk population of MINS is highly matched with the actual population with MINS.

Internal Verification
The bootstrapping internal verification showed the C-index of the baseline model was 0.926, and the C-index of the 
intraoperative model was 0.933. The performance of internal verification is similar.

Figure 2 Nomogram for intraoperative predictive model of MINS. 
Notes: Nomogram for perioperative estimation of MINS risk. The first step of using nomogram is to find the position of each variable on the corresponding axis, draw a line 
on the point axis, add the points of all variables, and draw a line on the total point axis to determine the MINS rate at the lower line of nomogram.

Table 3 Additional Performance Metrics of Intraoperative Model Compared with Baseline Model

Baseline Model Intraoperative Model

AUC (95% CI) 0.931 (95% CI, 0.903–0.959) 0.940 (95% CI, 0.913–0.967)
ΔAUC (P-value) Reference 0.009 (P = 0.141)

Continuous NRI (95% CI, P-value) Reference 0.409 (95% CI, 0.169–0.648, P<0.001)

NRI for events (95% CI) Reference 0.085 (95% CI, −0.153–0.376)
NRI for non-events (95% CI) Reference 0.324 (95% CI, 0.162–0.550)

IDI (95% CI, P-value) Reference 0.036 (95% CI, 0.011–0.062, P<0.01)

HL-test, P-value 0.787 0.852
LR-test, P-value <0.001 <0.001

AIC 192.46 180.92

BIC 210.94 203.11
Nagelkerke R2 0.659 0.692

Brier 0.096 0.088

Abbreviations: CI, confidence interval; AUC, area under the curve; ΔAUC, change in area under the curve; NRI, net reclassification 
improvement; IDI, integral discrimination improvement; HL-test, Hosmer–Lemeshow test; LR-test, likelihood ratio test; AIC, Akaike 
Information Criterion; BIC, Bayesian Information Criterion.
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Discussion
In this prospective study of myocardial injury in patients with high cardiovascular risk undergoing thoracic surgery, we 
found that age ≥65 years old, obesity, smoking, preoperative hsTnT, and one-lung ventilation time were independent 
predictors of MINS. Compared with the baseline model containing routine preoperative risk factors (such as demo-
graphics, complications, laboratory examination, etc.), the predictive model with intraoperative risk factors has the better 
predictive ability for MINS and moderately improves the ability to distinguish and reclassify patients with MINS. These 
variables are significantly related to the risk of MINS, indicating that intraoperative data can better help us predict the 
risk of MINS after surgery.

Our research did not emphasize the role of individual risk factors but focused on the overall prediction and examined the 
overall impact of risk factors in the context of MINS. Compared with the baseline model, the intraoperative model has better 
discrimination. Although the absolute change of AUC may seem small, AUC is an insensitive indicator to evaluate the impact of 
newly added risk factors. Because the AUC of the baseline model is already very large, it will be very difficult to improve it when 
the risk forecast is significantly improved. Even if there is no statistical difference between the two models, there is no doubt that 
the intraoperative model has a strong predictive ability. However, NRI and IDI showed that adding intraoperative data could 
improve the risk reclassification of patients with MINS. The decision curve analysis can also support the improvement of 
intraoperative model performance. Our findings supplement previous studies, which usually do not consider the influence of 
intraoperative factors on MINS. Intraoperative blood transfusion, intraoperative hypotension, and blood loss, which are the risk 
factors of perioperative adverse cardiovascular events.21,22 We also found the existence of changeable risk factors, such as 
smoking and one-lung ventilation time. Targeted support can improve the prognosis of patients. For example, advising patients to 
quit smoking in advance, shortening the time of one-lung ventilation as much as possible during the surgery, and intermittently 
giving both lungs ventilation can be considered the steps to prevent MINS. Preoperative anemia, duration of surgery, RCRI, and 
hsTnT are also proven to be risk factors for MACCE.23,24 Although there is no evidence-based guideline to support any 
preoperative strategy to improve MINS, enhancing hemodynamic monitoring, blood management, and optimization of cardi-
ovascular drugs can improve the perioperative management of anesthesiologists.4

In our study, patients with high preoperative troponin are more likely to have myocardial injury after surgery, 
which may be because most of them have cardiovascular complications. In a multivariate model, the risk of 
myocardial injury is increased in patients with preoperative high hsTnT, and this risk will be enlarged if hsTnT is 
further increased, which is consistent with our results. Chew et al supported increasing hsTnT in RCRI to identify 

Figure 3 Decision curve and clinical impact curve. 
Notes: (A) Decision curve was used for assessing the net benefit of using models with or without MINS. (B) Clinical impact curve was used for assessing the clinical 
effective rates of the two models.
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high-risk patients, so as to improve the value of preoperative risk stratification.4 A previous study showed that, in 
addition to the increase in preoperative hsTnT level, the risk of adverse cardiovascular events gradually increased 
when the level of perioperative hsTnT changed.17 However, when the changes of hsTnT during perioperative period 
are considered, preoperative measurement alone cannot provide information on acute perioperative events. Although 
the advantage of informing patients about risks before the operation is lost to some extent, the information obtained 
can be used to determine the postoperative troponin measurement. Therefore, we suggest that hsTnT should be 
monitored routinely after operation.

Our multivariate regression analysis showed that the probability of MINS increased in patients older than 65 years. 
Sixty-four percent of our patients are over 65 years old, and almost all of them have preoperative hypertension or 
coronary artery history. Most experts agreed that for all patients over 65 years old and those over 45 years old with at 
least one cardiovascular risk factor, postoperative troponin monitoring is required.25 A recent study showed that over-
weight is inversely related to postoperative mortality, while underweight and obesity are positively related to mortality. 
This phenomenon persists during long-term follow-up.26 Our multivariate regression analysis also found that obesity was 
independently related to MINS. Smoking was also found to be an independent risk factor for MINS in an observational 
study.9 Smoking can cause an increase of secretion in the trachea, and long-term smoking may cause pulmonary fibrosis 
and atrophy, which can easily cause alveolar infection and pulmonary vascular injury. The relationship between smoking 
and MINS is complex, and it may also be related to inflammatory reactions and airway remodeling, so it probably cannot 
be reduced to simple indicators. These relationships need to be further explored.

There are few studies to observe the correlation between one-lung ventilation time and MINS during thoracic surgery. During 
OLV in thoracotomy, blood is redistributed to the ventilated side and non-operative lung due to gravity and increased pulmonary 
vascular resistance. Hypoxic pulmonary vasoconstriction and the increase of pulmonary vascular resistance will lead to excessive 
contraction of myocardium, which will lead to the increase of troponin.27,28 In our study, there was no difference in the duration 
of surgery and anesthesia between the two groups, while the patients with longer one-lung ventilation time were more likely to 
have postoperative myocardial injury. Our study found for the first time that shortening the time of one-lung ventilation during 
operation may be beneficial to myocardial injury. In a preoperative clinical model to predict myocardial injury with a large 
sample size, age, vascular surgery, and ASA scores III and IV were identified as three independent preoperative predictors of 
MINS.2 Compared with our experiment, the most significant difference may be due to the study population and the type of 
operation. We included people with high cardiovascular risk, and thoracic surgery has a special physiological state, which 
explains why our model included new risk factors.

The RCRI is a commonly used clinical risk assessment tool for cardiac complications. The VISION study found that 
RCRI is not enough to guide MINS monitoring.16 In an analysis of the predictors of adverse events within 30 days after 
non-cardiac surgery, low-risk RCRI (1 variable) underestimated the incidence of MINS and death in this population. The 
National Surgical Quality Improvement Program (NSQIP) was proved to have a poor correlation with MINS.14,29 We 
collected ACCI and RCRI scores before the operation. The results showed that ACCI scores were strongly correlated 
with MINS in univariate analysis. The more patients with ACCI score of 5, the greater the risk of MINS. Although there 
is no correlation in the multivariate model, we can still refer to it. ACCI also needs to be combined with other prediction 
tools and biomarkers to predict MINS accurately.

Our predictive model, as a simple tool, can not only be used to identify patients with middle and high risk of MINS 
but also be used as a simple guide for anesthesiologists to manage MINS. Our model does not simply classify patients 
into high-risk or low-risk but continuously and comprehensively manages the risks of MINS. Our prediction model is 
easy to use and suitable for patients with cardiovascular risk factors, but our findings may not be suitable for relatively 
healthy people. Another advantage of our model is that it includes intraoperative parameters so that anesthesiologists 
have the opportunity to prevent MINS during surgery. Our study also has some limitations. As a single-center 
experiment, our results may not be applicable to other races. Our experiment also needs external verification, but the 
relationships established in our study are generally acceptable. The relationship between our predicted variables and 
MINS may be complicated and nonlinear. Future analysis may benefit from alternative methods that can explain these 
relationships, such as spline function. Our analysis focused on specific intraoperative variables, but there may be other 
related factors to be considered, such as cardiac output, arrhythmia, hypertension, temperature, etc.
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Conclusions
In summary, our study found that the addition of intraoperative variables to the baseline predictive model improved the 
performance of the overall model of myocardial injury and helped anesthesiologists screen out the patients at the greatest 
risk for MINS and adjust anesthesia strategies. The risk stratification and anesthesia management of high-risk patients are 
essential. Further studies are required to validate our findings.
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