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Background: Compared with cardiopulmonary bypass surgery, off-pump coronary artery bypass grafting
(OPCABG) reduces trauma to the body. However, there is still a risk of neurological complications,
including postoperative delirium (POD). To date, few studies have been conducted on the risk of POD in
OPCABG patients, and no standardized prediction model has been established. Thus, this study sought to
analyze the factors influencing POD in OPCABG patients and to construct a risk prediction model.
Methods: A total of 1,258 patients with OPCABG were enrolled and divided into the training set for model
construction (944 cases) and the test set for model validation (314 cases). A risk prediction model for POD
in OPCABG patients was established by least absolute shrinkage and selection operator (LASSO) regression
and multivariate logistic regression, and a nomogram was drawn. The discrimination and calibration degree
of the model was evaluated by the receiver operator characteristic (ROC) curve and calibration curve.
Results: Eight variables [i.e., age, tissue oxygen saturation, mean arterial pressure (MAP), carotid stenosis,
the anterior-posterior diameter of the aortic sinus, ventricular septum thickness, left ventricular ejection
fraction (LVEF), and Mini-Mental State Examination (MMSE) scores] were screen out by the LASSO
regression and multivariate logistic regression, and the model was constructed. The area under the ROC
curve of the training set was 0.702 [95% confidence interval (CI): 0.662-0.743], and that of the test set was
0.658 (95% CI: 0.585-0.730). The results of the Hosmer-Lemeshow goodness-of-fit test showed that the
predicted POD risk of OPCABG patients in the training and test sets was consistent with the actual POD
risk (’=5.154, P=0.74).

Conclusions: The occurrence of POD in OPCABG patients is related to age, tissue oxygen saturation,
MAP, carotid artery stenosis, the anterior-posterior diameter of aortic sinus, ventricular septal thickness,
LVEE, and MMSE scores. The prediction model constructed with the above variables had high predictive
performance, and thus may be helpful in the early identification of such patients.
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Introduction

Along with the improvement of living standards among
people, the incidence of coronary heart disease has
increased year by year, as has the number of patients
undergoing off-pump coronary artery bypass grafting
(OPCABG) (1,2). Compared with on-pump coronary
artery bypass grafting, OPCABG, a technique in which the
anastomoses are performed on the beating heart, can reduce
myocardial injury by preserving native coronary blood flow
(3,4). However, it has a risk of neurological complications,
including postoperative delirium (POD) (5,6).

POD is an acute psychotic disorder characterized by
reversible changes in the central nervous system caused by
an underlying systemic disorder (7). Its main manifestations
include decreased consciousness, impaired thinking, and
impaired attention (8). In the Guideline for Postoperative
Delirium published by the European Society of
Anaesthesiology in 2017, the observation time of POD was
adjusted from the anesthesia recovery period to a timepoint
of 120 hours after surgery (9). With advances in surgical
techniques, the incidence of POD in cardiac surgery has
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* Postoperative delirium (POD) is associated with age, tissue oxygen
saturation, mean arterial pressure, carotid artery stenosis, the
anterior-posterior diameter of the aortic sinus, interventricular
septal thickness, left ventricular ejection fraction, and mini-
mental state examination scores in patients who undergo off-pump
coronary artery bypass grafting (OPCABG). The predictive
model constructed based on these variables had high predictive
performance and could be helpful in the early identification of
patients who are at risk of POD.

What is known and what is new?

e Compared to on-pump coronary artery bypass grafting, OPCABG
has the advantage of reduced trauma, but there is still a risk of
neurological complications, such as POD. POD is associated with
a poor prognosis and can lead to increased mortality, a prolonged
hospital stay, an increased risk of re-admission within six months,
decreased cognitive function, and memory decline.

e This study established a clinical prediction model, which is helpful
for early identification of patients with increased risk for post-
OPCABG delirium.

What is the implication, and what should change now?

e The early identification of patients with an increased risk of POD
and appropriate interventions could reduce the incidence of POD
and related adverse events.
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decreased over time. However, at a rate of 26-52%, the
incidence of POD remains high (10,11).

POD is associated with a poor prognosis and can lead to
increased mortality, a prolonged hospital stay, an increased
risk of rehospitalization within 6 months, cognitive decline,
and memory decline, and it can also have adverse effects on
patients’ physiological function and quality of life (12-14).
The pathogenesis of POD is not completely clear. The
core approach in POD management is prevention.
Reducing POD has important clinical and social value (15).
Delirium is usually reversible, and early identification and
intervention in patients at high risk of POD can reduce
the incidence of POD and complications, shorten hospital
stays, improve patient outcomes, and reduce healthcare
costs (16-18). To date, few studies have been conducted on
the risk of POD in OPCABG patients, and no standardized
prediction model has been established. This study sought to
construct a POD prediction model for OPCABG patients
that can assist medical staff to identify high-risk patients as
early as possible and actively and effectively prevent POD.
We present this article in accordance with the TRIPOD
reporting checklist (available at https://jtd.amegroups.com/
article/view/10.21037/jtd-24-578/rc).

Methods
Subjects

The clinical data of patients who underwent OPCABG at
the Tianjin University Chest Hospital from June 2021 to
March 2023 were screened. In total, 1,258 patients were
randomly divided into the training set (944 cases, 75%) and
test set (314 cases, 25%). Patients were excluded from the
study if any important clinical data were lacking.

Methodology

Study design

This study is a sub-analysis of the Tianjin Science and
Technology Program project—Early warning method and
application of perioperative adverse events in off-pumtp coronary
artery bypass surgery based on artificial intelligence data analysis
(ChiCTR2100045079). The study was conducted in
accordance with the Declaration of Helsinki (as revised
in 2013) and was approved by the Ethics Committee of
Tianjin University Chest Hospital (No. 2020YS-022-01).
All the patients’ legal representatives signed the written
informed consent form.
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General clinical information

The general clinical information of the patients were
collected, including their age, gender, smoking history,
alcohol history, body mass index, education level, working
type, history of type 2 diabetes mellitus, history of
hypertension, history of myocardial infarction, history
of arrhythmia, neurological history, and cardiac output,
stroke volume, systemic vascular resistance one day before
surgery, mean arterial pressure (MAP), heart rate, tissue
oxygen saturation, Montreal Cognitive Assessment score,
Mini-Mental State Examination (MMSE) score, metabolic
equivalent, and European Cardiovascular Surgery Risk
Factor score.

Preoperative indicators

The preoperative laboratory examination results and
ultrasound examination results of the patients were
collected, including the pH, partial pressure of carbon
dioxide, partial pressure of oxygen, K, HCO;", blood
glucose, standard base excess (SBE), hemoglobin, platelet
count, hematocrit in the blood routine examination, alanine
aminotransferase, aspartate aminotransferase, albumin,
urea nitrogen, creatinine, uric acid, creatine kinase, lactate
dehydrogenase, hydroxybutyrate dehydrogenase, cardiac
troponin T, C-reactive protein, B-type natriuretic peptide,
carotid artery stenosis, atrioventricular cavity diameter,
ventricular septal thickness, pulmonary artery systolic blood
pressure, and left ventricular ejection fraction (LVEF).

Intraoperative indicators

In our hospital, the majority of coronary artery bypass
grafting surgery were performed using the off-pump
method. Only if intraoperative hemodynamic instability or
serious arrhythmia occurred, the operation would switch
to on-pump. The intraoperative anesthesia induction time,
operation duration, number of coronary artery bypasses,
minimum intraoperative hemoglobin concentration, and
maximum intraoperative lactate level were collected for the
patients.

Postoperative indicators

During the anesthesia recovery period and five days post-
surgery, each patient was observed and monitored each
morning and each afternoon. Under the Diagnostic and
Statistical Manual of Mental Disorders, Sth edition developed
by the American Psychiatric Association (12), the diagnostic
criteria for POD are as follows: (I) acute alterations or
fluctuations in mental status; (II) attention disorders;
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(ITT) disordered thinking; and (IV) a decreased level of
consciousness. Patients were diagnosed with POD if their
clinical presentation complied with (I) and (II), plus either
(III) or (IV). POD was defined as a positive screening
diagnosis at least once.

Statistical methods

The data analysis was performed using R Core Team [2023].
R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org/. The normally distributed
quantitative data are expressed as the mean = standard
deviation (¥=s), the independent samples #-test was used
for comparisons between groups. The quantitative data
with a skewed distribution are expressed as the median
[interquartile range (IQR)], and the non-parametric test was
used for comparisons between groups. The qualitative data
are presented as number (percentage), and the chi-square
test was used for comparisons between groups. The variables
affecting the occurrence of POD were screened out by
least absolute shrinkage and selection operator (LASSO)
regression analysis. A prediction model and nomogram was
constructed by the multivariate logistic regression analysis.
The discrimination ability of the model was evaluated by
using the receiver operating characteristic (ROC) curve.
Prediction accuracy was assessed by the calibration curves.
The clinical utility of the model was evaluated by a decision
curve analysis (DCA). The effectiveness of the nomogram
was verified by the test set.

Results
Cobort comparison

A total of 1,258 eligible patients were enrolled in the
study. The enrolled patients were randomly divided into
the training set (n=944) and the test set (n=314) at a ratio
of 3:1. There was no significant difference in the clinical
data between the training set and the test set (P>0.05). The
incidence of delirium was 21.5% and 21.0% in the training
and test sets, respectively (Table 1).

Screening of variables affecting the occurrence of POD in
OPCABG patients

A total of 59 variables were analyzed by a univariate
regression analysis and 46 variables with statistically
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Table 1 Comparison of the baseline features between the training and validation sets
Characteristics Training set (n=944) Validation set (n=314) t? P value
Age (years) 66.77+7.05 66.90+6.68 -0.280 0.78
Male 681 (72.1) 232 (73.9) 0.361 0.56
Drink (yes) 247 (26.2) 85 (27.1) 0.099 0.76
BMI (kg/mz) 25.52+3.21 25.36+3.35 0.724 0.46
Education (secondary school and below) 611 (64.7) 203 (64.6) 0.001 >0.99
Work type (manual labor) 652 (69.1) 206 (65.6) 1.303 0.25
Diabetes history 1.947 0.37

No 544 (57.6) 195 (62.1)

Yes, good control 47 (5.0) 14 (4.5)

Yes, bad control 353 (37.4) 105 (33.4)
Hypertension history 0.973 0.61

No 291 (30.8) 105 (33.4)

Yes, good control 303 (32.1) 93 (29.6)

Yes, bad control 350 (37.1) 116 (36.9)
MI history (yes) 243 (25.7) 83 (26.4) 0.059 0.80
Arrhythmia history (yes) 85 (9.0) 27 (8.6) 0.048 0.82
Neurological history (yes) 228 (24.2) 68 (21.7) 0.816 0.36
CO (/min) 4.57+1.52 4.47+1.43 1.064 0.28
SV (mL) 64.67 (53.67, 79.25) 64.00 (53.59, 79.00) -0.358 0.72
SVR (dynes~s/cm5) 1,638.67 (1,244.33, 1,866.34)  1,538.34 (1,259.59, 1,903.50) -0.720 0.47
MAP (mmHg) 90.00+12.16 90.03+13.22 -0.037 0.97
HR (beat/min) 67.93+9.46 67.07+9.24 1.400 0.16
Tissue oxygen (%) 74.04+4.90 73.97+4.53 0.224 0.82
MoCA score 23.00 (19.00, 26.00) 23.00 (19.00, 26.00) -0.872 0.38
MMSE score 26.00 (23.00, 28.00) 26.00 (23.00, 28.00) -1.528 0.12
MET score 4.50 (4.50, 4.50) 4.50 (4.38, 4.50) -0.196 0.84
EuroScore 3.469 0.17

0.80% 280 (29.7) 104 (33.1)

3.00% 499 (52.9) 147 (46.8)

11.20% 165 (17.5) 63 (20.1)
pH 7.40+0.20 7.41+0.03 -0.759 0.44
pCO2 (mmHg) 37.96+3.81 37.85+4.53 0.406 0.68
pO2 (mmHg) 95.54+23.34 95.6+23.88 -0.041 0.96
Serum potassium (mmol/L) 3.74+1.08 3.69+0.30 0.789 0.43
HCOs (mmol/L) 23.67+6.84 23.44+1.88 0.594 0.55

Table 1 (continued)
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Characteristics Training set (n=944) Validation set (n=314) ty P value
Glu (mmol/L) 9.59+3.89 9.30+3.98 1.145 0.25
Standard base excess (mmol/L) -0.73+2.09 -0.73+2.29 -0.025 0.98
Hb (g/L) 133.71+20.71 134.51+19.01 -0.602 0.54
PLT (1 Og/L) 211.82+57.82 215.52+56.84 -0.985 0.32
Hct (%) 40.34+9.49 40.30+4.48 0.059 0.95
ALT (U/L) 18.20 (13.10, 26.68) 18.80 (13.18, 28.15) -0.936 0.34
AST (U/L) 18.10 (14.80, 24.00) 17.80 (14.40, 24.13) -0.490 0.62
ALB (g/L) 41.15+3.77 41.21+£3.41 -0.231 0.81
BUN (mmol/L) 5.60 (4.60, 6.80) 5.50 (4.50, 6.73) -0.850 0.39
Cr (umol/L) 79.41+20.7 80.26+18.52 -0.648 0.51
UA (umol/L) 323.69+88.49 327.02+85.66 -0.581 0.56
CK (U/L) 67.00 (49.00, 91.75) 66.50 (47.00, 95.25) -0.117 0.90
LDH (U/L) 193.13+48.03 199.29+48.36 -1.966 0.05
HBDH (U/L) 148.49+39.88 152.00+39.71 -1.351 0.17
cTnT (ug/L) 0.07+0.26 0.10+0.43 -1.230 0.21
CRP (mg/L) 2.07 (0.77, 5.39) 1.76 (0.74, 5.05) -0.663 0.50
BNP (pg/mL) 39.95 (14.71, 130.62) 38.93 (15.40, 118.70) -0.049 0.96
Bilateral carotid artery stenosis 351 (37.2) 121 (38.5) 0.184 0.68
Aortic sinus post-diameter (mm) 34.00+3.36 34.10+3.58 -0.448 0.65
Left atriumo post-diameter (mm) 37.99+4.23 38.42+4.63 -1.526 0.12
Left ventricle end diastolic diameter (mm) 51.99+5.02 52.23+5.61 -0.718 0.47
Interventricular septal thickness (mm) 10.38+1.79 10.39+£1.93 -0.007 0.99
Right ventricle post-diameter (mm) 17.09+2.70 16.99+1.61 0.571 0.56
Right ventricle basa diameters (mm) 32.96+3.38 32.94+3.87 0.079 0.93
Pulmonary artery systolic pressure (mmHg) 30.40+2.45 30.54+2.50 -0.878 0.38
LVEF (%) 57.36+7.48 57.46+7.22 -0.193 0.84
Anesthesia induction time (am) 539 (57.1) 177 (56.4) 0.051 0.82
Surgical duration (min) 191.00 (162.00, 224.75) 190.00 (165.75, 224.00) -0.042 0.96
Coronary arteries number 3.00 (2.00, 3.00) 3.00 (2.00, 3.00) -1.013 0.31
Hb mini (g/L) 11.30 (10.30, 12.40) 11.50 (10.30, 12.70) -1.155 0.24
Lactic acid max (mmol/L) 1.10 (0.90, 1.40) 1.10 (0.90, 1.50) -1.231 0.21
Delirium 203 (21.5) 66 (21.0) 0.033 0.85

Data are expressed as the x+s, n (%), or the M (P25, P75). BMI, body mass index; CO, cardiac output; SV, stroke volume; SVR, systemic vascular
resistance; MAP, mean arterial pressure; HR, heart rate; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination; MET,
metabolic equivalent; pCO,, partial pressure of carbon dioxide; pO,, partial pressure of oxygen; Glu, blood glucose; Hb, hemoglobin; PLT, platelet;
Hct, hematocrit in the blood routine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALB, albumin; BUN, urea nitrogen; Cr,
creatinine; UA, uric acid; CK, creatine kinase; LDH, lactate dehydrogenase; HBDH, hydroxybutyrate dehydrogenase; cTnT, cardiac troponin T;
CRP, C-reactive protein; BNP, B-type natriuretic peptide; LVEF, left ventricular ejection fraction; M (P25, P75), median (percentiles25, percentiles75).
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Figure 1 LASSO regression analysis of POD in patients undergoing OPCABG. LASSO, least absolute shrinkage and selection operator;
POD, postoperative delirium; OPCABG, off-pump coronary artery bypass grafting.

Table 2 Multivariate logistic analysis of POD in patients with OPCABG

Variables Estimate Wald OR (95% ClI) P value
Bilateral carotid artery stenosis 0.419 6.160 1.520 (1.091-2.116) 0.01
Age 0.038 7.884 1.038 (1.012-1.067) 0.005
Tissue oxygen -0.050 8.694 0.951 (0.920-0.983) 0.003
MAP 0.016 5.192 1.016 (1.002-1.030) 0.02
Aortic sinus post-diameter 0.052 4.281 1.053 (1.003-1.107) 0.03
Interventricular septal thickness 0.099 4.581 1.104 (1.008-1.210) 0.03
LVEF -0.026 5.535 0.974 (0.954-0.996) 0.01
MMSE -0.102 29.538 0.903 (0.871-0.937) <0.001

POD, postoperative delirium; OPCABG, off-pump coronary artery bypass grafting; MAP, mean arterial pressure; LVEF, left ventricular
ejection fraction; MMSE, Mini-Mental State Examination; OR, odds ratio; Cl, confidence interval.

significant differences were identified. These 46 variables
were included in the LASSO regression analysis, and the
most significant variables included in the model were
identified. In total, 15 variables were identified in the
LASSO regression analysis (Figure I). Next, 8 clinically
significant variables (i.e., age, tissue oxygen saturation, MAP,
carotid stenosis, the anteroposterior diameter of the aortic
sinus, ventricular septum thickness, LVEF, and MMSE
score) were further identified by the multivariate logistic
regression analysis and included in the prediction model.

Construction of a prediction model for POD in patients

with OPCABG

The results of the multivariate logistic regression analysis

© Journal of Thoracic Disease. All rights reserved.

showed that age, tissue oxygen saturation, MAP, carotid
artery stenosis, the anteroposterior diameter of the aortic
sinus, ventricular septal thickness, LVEF, and MMSE score
were predictors of POD in patients with OPACDG (P<0.05)
(1able 2). Based on the results of the multivariate regression
analysis, a nomogram model was constructed using R
Core Team [2023] to predict the occurrence of POD in
OPACDG patients (Figure 2).

Evaluation and validation of the POD prediction model in
patients with OPCABG

The ROC curve results demonstrated that the area under
the curve (AUC) of the development model was 0.702
[95% confidence interval (CI): 0.662-0.743], and the
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specificity). ROC, receiver operator characteristic curve; AUC, area under the curve; CI, confidence interval.

discrimination performance of the model was verified in
the validation model (AUC: 0.658; 95% CI: 0.585-0.730)
(Figure 3).

The calibration curves of the nomogram model were
then plotted, and the accuracy of the nomogram model
was evaluated by the Hosmer-Lemeshow goodness-of-
fit test. The analysis showed that the predicted POD risk
of OPCABG patients in the training and test sets was
consistent with the actual POD risk (x’=5.154, P=0.74)
(Figure 4).

© Journal of Thoracic Disease. All rights reserved.

The DCA demonstrated that the model was clinically
useful with the net benefit at a threshold probability of
0.1-0.35 (Figure 5).

Discussion

POD is a common complication of heart surgery (19), and
coronary artery bypass grafting accounts for about 21.1%
of all cardiac surgeries in China (20). OPCABG has a
lower risk of post-operative delirium compared to other
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types of bypass grafting surgery (6,21). In this study, the
incidence of POD in the OPCABG patients was 21.5%.
This represents a decrease from the incidence of POD
reported in previous studies on cardiac surgery of 26-52%
(22,23). POD significantly increases the short- and long-
term mortality rate of patients after surgery, and affects the
physiological and social functions of patients (24,25). Rapid
identification and effective prevention could have great
significance in reducing the occurrence of POD; thus, a
model based on the risk factors of POD in patients with
OPCABG is necessitated. In this study, the retrospective
analysis showed that age, tissue oxygen saturation, MAP,
carotid artery stenosis, anteroposterior diameter of the
aortic sinus, ventricular septal thickness, LVEE, and MMSE
score were independent influencing factors for POD in
OPCABG patients. The preliminary validation results
indicated that the prediction model had certain clinical
practical value.
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Risk factors and precautionary measures for POD in
patients with OPCABG

POD in OPCABG patients is influenced by a variety of
factors. In this study, MMSE score and age were the top two
independent risk factors for the occurrence of POD. This
finding is consistent with the results of other domestic and
foreign study (26). Patients with mild preoperative cognitive
impairment are at an increased risk of POD. Impaired
cognitive function is an independent predictor of POD
(27-32). Cognitive function is assessed by the MMSE. The
MMSE can be classified into the following five dimensions:
orientation, memory, attention, recall, and language ability.
Among these dimensions, individuals with reduced memory
and recall scores have been shown to be at greater risk of
developing delirium (33,34).

Aging is often associated with cerebral atrophy,
decreased brain volume, other senile brain changes, and
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an increased risk of neurological diseases, such as stroke
and cerebral blood supply insufficiency (24,28). Chronic
inflammatory changes in cerebral blood vessels can also
lead to brain dysfunction, reduced compensatory ability,
metabolic disorders of neurotransmitters, and cerebral
hypoperfusion, inducing POD (31,35). Ventricular
septal thickening predominantly occurs in patients with
hypertension. Persistently elevated blood pressure increases
afterload, a large resistance to pumping blood from the left
heart system, and thickening of the ventricular septum may
occur, all of which indicate poorly controlled hypertension.
Hypertension with complications is associated with an
increased risk of POD (36).

Tissue oxygen saturation, a parameter influenced by
the balance between tissue oxygen consumption and
oxygen supply, can reflect tissue perfusion. When oxygen
consumption is greater than oxygen supply, it will lead to
tissue hypoperfusion, which could cause functional lesions
and the subsequent POD (37,38). As anti-hypertension may
be performed during OPCABG surgery, blood pressure
fluctuations can occur during surgery in patients with
relatively high preoperative blood pressure. It has been
reported that blood pressure fluctuation during surgery is
significantly correlated with POD (6).

In addition, reduced LVEF is an independent risk
factor for POD. Cai et al. (39) found that the higher the
LVEF, the lower the incidence of POD after OPCAB
surgery. LVEF reflects left ventricular systolic function.
Reduced LVEEF, reduced left ventricular systolic function,
reduced cardiac output, and less perfusion to each organ
may contribute to cerebral ischemia-reperfusion injury.
Carotid artery disease has been associated with POD after
cardiac surgery (32), which is consistent with the results of
this study. We found that the widening of the aortic sinus
is also an independent risk factor for POD. The widening
of the aortic sinus may lead to a decrease in cardiac output
and a decrease in cerebral blood supply, which could lead
to POD.

Several previously published studies had reported that
preoperative and intraoperative interventions could attenuate
the risk of POD. Preoperative measures mainly include
education and psychological comfort (40), rehabilitation
training, shortening preoperative fasting water duration,
hearing or visual assistance, improving sleep quality (41-43),
correcting anemia and hypoproteinemia, nutritional support,
controlling infection, and standardized management of blood
glucose and blood pressure (44,45). Using bispectral index
(BIS) to control the depth of anesthesia and appropriate
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use of dexmedetomidine intraoperatively could reduce the
incidence of POD as well (46).

Effectiveness of POD prediction models in patients with
OPCABG

In terms of model construction, this is the first study to
predict the occurrence of POD in patients with OPCABG.
All the variables included in the prediction model are
readily available predictors. The risk factors for POD in the
OPCABG patients were identified by LASSO regression,
and a prediction model was established based on these
variables. The application of this model may help clinicians
to identify and intervene early to prevent the occurrence of
POD. However, this study was a single-center retrospective
study and may be subject to bias. In the future, it is
necessary to conduct multi-center prospective studies
with larger sample sizes to further evaluate the clinical
application efficacy of the model.

Conclusions

After reviewing the 1,258 patients who underwent OPCABG
surgery, eight independent predictors of the development
of POD were identified. A nomogram was constructed with
these eight predictors to identify patients at high risk of
developing POD. Early intervention can reduce the risk of
developing POD.
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