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Purpose: Postoperative delirium (POD) is a common but serious complication after cardiac surgery and is associated with various
short- and long-term outcomes. In this study, we investigated the effects of intraoperative glycemic variability (GV) and other
glycemic variables on POD after cardiac surgery.
Patients and Methods: A retrospective single-center cohort analysis was conducted using data from electronic medical record from
2018 to 2020. A total of 705 patients undergoing coronary artery bypass graft surgery and/or valve surgery, and/or aortic replacement
surgery were included in the analysis. Intraoperative GV was assessed with a coefficient of variation (CV), which was defined as the
standard deviation of five intraoperative blood glucose measurements divided by the mean. POD assessment was performed three
times a day in the ICU and twice a day in the ward until discharge by trained medical staff. POD was diagnosed if any of the
Confusion Assessment Method for the Intensive Care Unit was positive in the ICU, and the Confusion Assessment Method was
positive in the ward. Multivariable logistic regression was used to identify associations between intraoperative GV and POD.
Results: PODoccurred in 306 (43.4%) patients.When intraoperative glycemic CVwas compared as a continuous variable, the delirium group
had higher intraoperative glycemic CV than the non-delirium group (22.59 [17.09, 29.68] vs 18.19 [13.00, 23.35], p < 0.001), and when
intraoperative glycemic CVwas classified as quartiles, the incidence of POD increased as intraoperative glycemic CV quartiles increased (first
quartile 29.89%; second quartile 36.67%; third quartile 44.63%; and fourth quartile 62.64%, p < 0.001). In the multivariable logistic regression
model, patients in the third quartile of intraoperative glycemic CVwere 1.833 times (OR 1.833, 95% CI: 1.132–2.967, p = 0.014), and patients
in the fourth quartile of intraoperative glycemic CVwere 3.645 times (OR 3.645, 95%CI: 2.235–5.944, p < 0.001) more likely to develop POD
than those in the first quartile of intraoperative glycemic CV.
Conclusion: Intraoperative blood glucose fluctuation, manifested by intraoperative GV, is associated with POD after cardiac surgery.
Patients with a higher intraoperative GV have an increased risk of POD.
Keywords: postoperative delirium, cardiac surgery, glycemic variability, coefficient of variation

Introduction
Postoperative delirium (POD) is an acute and fluctuating alteration of the mental state that occurs after surgery,
characterized by an altered consciousness with reduced ability to focus, sustain, or shift attention.1 The incidence of
POD after cardiac surgery ranges from 4.1% to 54.9% when validated assessment tools are used.2,3 Despite efforts on
prevention and treatment, POD remains one of the most common complications after cardiac surgery.4 POD after cardiac
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surgery is associated with both short-term and long-term consequences, including increased anxiety, depression,
cognitive decline, length of stay in an intensive care unit (ICU) and hospital, in-hospital complications, and
mortality.5–7

Extensive research has been conducted in this field considering the high incidence and adverse outcomes of POD after
cardiac surgery. The prevention and identification of the risk factors for POD are of utmost importance because
therapeutic interventions for POD have little effect on outcomes once they are developed.8 A recent meta-analysis
suggested several risk factors for POD, including age, diabetes, preoperative depression, mild cognitive impairment,
carotid artery stenosis, New York Heart Association (NYHA) functional class III or IV, duration of mechanical
ventilation, and length of ICU stay.2 However, these risk factors are either preoperatively (age and underlying conditions)
and/or postoperatively (duration of mechanical ventilation and length of ICU stay) non-modifiable factors. Therefore,
these risk factors are of little value in preventing POD. Identifying modifiable risk factors that occur before the
development of POD (preoperative and intraoperative, not postoperative) should be paramount in the management of
POD.8–11 For example, risk factors such as preoperative physical activity measured by Life Space Assessment, are likely
to be modified before surgery.12

Although the exact mechanism of POD is not well understood and is considered multifactorial, blood glucose has
been proposed to play a key role in predisposing or directly causing POD.13 Moreover, glucose tolerance is often
impaired during cardiac surgery due to the stress response associated with cardiopulmonary bypass pump (CPB), as well
as from insulin resistance induced by hypothermia.14 Glucose homeostasis and inflammation are interlinked,15,16 and
neuroinflammatory response as a result of systemic inflammation is thought to be a crucial mechanism in the develop-
ment of POD.17 Preoperative hemoglobin A1c (HbA1c), perioperative hyperglycemia, and hypoglycemia are all
associated with POD after cardiac surgery.18–20 Recently, glycemic variability (GV) has been suggested as a novel
measure of glycemic control.21 GV is a measure of fluctuations in blood glucose levels.22 Increased GV is known to
cause more harm than chronic hyperglycemia.23 In cardiac surgery, increased postoperative GV was associated with
major adverse events, including postoperative cardiac arrest, myocardial infarction, pneumonia, renal failure, stroke,
sepsis, deep sternal infection, reoperation, and 30-day mortality.24,25 However, studies on the association between GVand
POD in cardiac surgery are rare. Although one study examined the association between postoperative GV and POD in
patients with acute aortic dissection,26 no studies have been conducted on intraoperative GV, the period during which
glucose tolerance is altered the most.

The current study aimed to determine the effect of intraoperative GV on POD after cardiac surgery in mixed cardiac
surgery patients. The effects of other intraoperative glycemic variables, including intraoperative mean glucose, were also
investigated in relation to the development of POD. We hypothesized that increased intraoperative GV would be
associated with POD after cardiac surgery.

Materials and Methods
Study Population
This study was a retrospective single-center cohort analysis. The study protocol was approved by the Institutional Review
Board (IRB) of Seoul St. Mary’s Hospital, the Catholic University of Korea (approval number: KC21RISI0488, approval
date: July 9, 2021). The requirement for written informed consent was waived due to the retrospective nature of the study
and the lack of interaction with the patients. After obtaining approval from the IRB, we evaluated patients aged over 18
years who underwent coronary artery bypass graft surgery (CABG) and/or valve surgery, and/or aortic replacement
surgery at Seoul St. Mary’s Hospital, the Catholic University of Korea between January 2018 and December 2020 from
our electronic medical records. The following patients were excluded: 1) patients who underwent off-pump CABG, 2)
patients with altered mental status before the surgery (Glasgow Coma Scale less than 13), 3) patients who remained in
a coma and/or died within 24 h after the surgery, and 4) patients with incomplete intraoperative glucose measurements.
Patients who underwent off-pump CABG were excluded because the use of CPB was associated with profound
alterations in glucose tolerance and cerebral perfusion. Patients with altered mental status before surgery and those
who remained in a coma and/or died within 24 h after the surgery were excluded because the assessment of POD was not
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possible. The study was conducted in accordance with the Declaration of Helsinki. The study was reported according to
the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines.27

Delirium Assessment
The American Psychiatric Association’s Diagnostic and Statistical Manual of Mental Disorders, fifth edition (DSM-5),
lists five key features that characterize delirium: a disturbance in attention and awareness; a disturbance that develops
over a short period, represents a change from baseline, and tends to fluctuate during the course of the day; an additional
disturbance in cognition; a disturbance that is not better explained by another preexisting, evolving, or established
neurocognitive disorder, and does not occur in the context of a severely reduced level of arousal, such as coma; and
evidence from the history, physical examination, or laboratory findings that the disturbance is caused by a medical
condition, substance intoxication or withdrawal, or medication side effects.28 POD assessment was performed in every
cardiac surgery patient as part of our institutional cardiac surgery and anesthesia protocol. It was performed three times
a day in the ICU and twice a day in the ward until discharge by trained medical staff. POD was diagnosed if any of the
Confusion Assessment Method for the Intensive Care Unit (CAM-ICU) was positive in the ICU, and the Confusion
Assessment Method (CAM) was positive in the ward.29,30 We considered POD occurring only within the first 24 h as
positive.

Measurement of Glycemic Variables and Glycemic Control Protocol
Preoperative HbA1c and fasting serum glucose values were collected within a day before surgery. Intraoperative
glycemic management was standardized as part of our institutional cardiac surgery and anesthesia protocol during the
study period.14 Intraoperative blood glucose was measured using a point-of-care blood gas analyzer (ABL800 FLEX
blood gas analyzer, Radiometer Medical ApS, Brønshøj, Denmark) with arterial blood. It was measured at a minimum of
five defined periods: 1) at the induction of anesthesia, 2) 5 min before the initiation of CPB, 3) 30 min after the initiation
of CPB, 4) 5 minutes after the termination of CPB, and 5) at the end of the surgery. If multiple blood glucose
measurements were performed between the defined periods, blood glucose measurements were averaged into a single
value. Five different intraoperative glycemic variables were calculated. Intraoperative mean glucose was the average of
five intraoperative blood glucose measurements, and intraoperative peak glucose was the highest of the five.
A hyperglycemic episode was defined as any intraoperative blood glucose level > 200 mg/dL, and a hypoglycemic
episode was defined as any intraoperative blood glucose level < 60 mg/dL. Intraoperative GV was assessed with
a coefficient of variation (CV), which was defined as the standard deviation of five intraoperative blood glucose
measurements divided by the mean.21,22,31

Blood glucose levels were targeted below 180 mg/dL throughout the surgery.14 When blood glucose exceeded
180 mg/dL, four units of regular insulin were administered intravenously for blood glucose between 180 and 200 mg/
dL, and eight units of regular insulin were administered intravenously for blood glucose between 200 and 250 mg/dL.
When blood glucose exceeded 250 mg/dL or remained above 180 mg/dL after two boluses of regular insulin, continuous
infusion of regular insulin was commenced at a rate of 5 units/h and was adjusted as follows: 1. blood glucose < 120 mg/
dL, stop insulin, recheck in 30 min, and when > 150 mg/dL, restart with rate 50% of previous rate; 2. blood glucose 120–
180 mg/dL, no action; 3. blood glucose 180–200 mg/dL, bolus 3 units and infusion 3 units/h; 4. blood glucose 200–
225 mg/dL, bolus 4 units and infusion 4 units/h; 5. blood glucose 225–250, bolus 5 units and infusion 5 units/h; and 6.
blood glucose > 250 mg/dL, bolus dose (blood glucose/50) and infusion 6 units/h. When blood glucose fell below 70 mg/
dL, 20 mL of 50% dextrose in water was administered. Blood glucose was re-measured 30 min after any intervention. No
glucose-containing solutions were used throughout the surgery.

Anesthesia and Surgery
Standard anesthesia and surgical protocols were used during the study period. Anesthesia was induced with intravenous
propofol, etomidate, rocuronium, and remifentanil. Anesthesia was maintained with sevoflurane, and a continuous
infusion of dexmedetomidine and remifentanil to maintain a bispectral index (BIS; A-2000TM SP, Aspect Medical
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Systems, Norwood, MA, USA) value between 40 and 60. Skeletal muscle relaxation was maintained with a continuous
infusion of rocuronium. No glucocorticoids were used throughout the surgery.

All surgeries were performed via a median sternotomy. Anticoagulation was achieved with the administration of 300
IU/kg of heparin to target an activated clotting time of more than 480 s. A non-pulsatile CPB was used with standard
hypothermic and hyperkalemic cardioplegia. Alpha-stat pH management was used during CPB. Mild hypothermia (32–
35 °C) or deep hypothermia (< 28 °C) was used depending on the type of surgery and the need for circulatory arrest. The
mean arterial pressure was targeted at 50–80 mmHg. The arterial partial pressure of oxygen was maintained at 150–250
mmHg, and alpha-stat management of pH was used to maintain partial pressure of carbon dioxide at 35–45 mmHg. After
the termination of CPB, intravenous protamine sulfate was administered to reverse the effects of heparin. Immediately
after the surgery, the patients were transferred to the ICU being intubated. Sedation with a continuous infusion of
dexmedetomidine and remifentanil was continued until the patient was extubated. The patients were extubated after
confirming successful ventilator weaning and hemodynamic stability.

Data Collection
After obtaining approval from the IRB, we collected baseline characteristics and perioperative findings associated with
POD after cardiac surgery.2,32–35 Baseline characteristics were as follows: age, sex, body mass index (BMI), history of
smoking, history of alcohol abuse, and final education level of the patient.

Preoperative variables were the following: hypertension, diabetes, dyslipidemia, chronic kidney disease (dialysis-
dependent), chronic lung disease (FEV1 < 75%, or on chronic inhaled or oral bronchodilator therapy), liver disease
(history of hepatitis B, hepatitis C, drug-induced hepatitis, autoimmune hepatitis, cirrhosis, portal hypertension, esopha-
geal varix, liver transplant, or congestive hepatopathy), peripheral vascular disease, cerebrovascular disease (history of
stroke, transient ischemic accident, or ≥ 50% stenosis of any of the major extracranial or intracranial vessels to the brain),
neuropsychiatric disease (major depressive disorder, bipolar disorder, schizophrenia, or cognitive impairment), immu-
nocompromised-state, endocarditis, history of atrial fibrillation, type of hypoglycemic agents, delirium-related medica-
tion use, polypharmacy, history of prior cardiac surgery, emergency, NYHA classification, European System for Cardiac
Operative Risk Evaluation (EuroSCORE) II, ejection fraction on preoperative echocardiogram, and laboratory findings
including hematocrit, glomerular filtration rate (GFR), albumin, C-reactive protein (CRP) and sodium disturbance.
Delirium-related medication use was defined as the use of any medication known to cause delirium according to the
American Geriatric Society Beers Criteria.36 Polypharmacy was defined as the daily use of five or more medications.37

Emergency was defined as operation before the beginning of the next working day after the decision to operate. Sodium
disturbance was defined as an abnormal serum sodium level (< 136 mmol/L or > 145 mmol/L).

Intraoperative variables were the following: type of surgery, duration of surgery, duration of CPB, use of total
circulatory arrest (TCA), total fluid administration, packed red blood cell (PRC) transfusion, urine output, mean BIS
value, mean cerebral oximeter value, highest lactic acid value, and vasoactive-inotropic score (VIS)38 at the end of the
surgery. The type of surgery was categorized into three: 1) isolated CABG, 2) valve surgery (isolated valve surgery and
CABG combined with valve surgery), and 3) aortic surgery (isolated aortic surgery, CABG, and/or valve surgery
combined with aortic surgery). These were categorized by the need for an open chamber procedure (ie valve surgery)
and arterial cannulation at the axillary artery (ie surgery on the ascending aorta) because they have the potential for
embolic events and/or compromised cerebral perfusion.4 The mean BIS and cerebral oximeter values were defined as the
average of all intraoperative values, which were recorded every 15 min during surgery.

Additional postoperative outcome variables were the duration of mechanical ventilation, duration of ICU stay,
duration of hospital stay, major adverse events (MAE), and 30-day mortality. MAE was defined as a composite outcome
of mortality, permanent stroke, pneumonia, renal failure, prolonged ventilation, deep sternal wound infection, and
reoperation.

Statistical Analysis
The patients were divided into delirium and non-delirium groups. Continuous variables were tested for normality using
the Kolmogorov–Smirnov test and Q-Q plot, and none of the continuous variables were normally distributed. Continuous
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variables of the two groups were compared using the Mann–Whitney U-test and are presented as median (IQR).
Categorical variables of the two groups were compared using Pearson chi-square or Fisher’s exact test, as appropriate,
and are presented as the number of patients (percentage).

To assess the association between intraoperative glycemic variables and POD after cardiac surgery, multivariable
logistic regression analysis was performed. Separate models were constructed for two different intraoperative glycemic
variables: intraoperative glycemic CV and intraoperative mean glucose. Preoperative and intraoperative variables with
a p-value < 0.1 on univariable analysis were considered significant predictors for multivariable analysis. All continuous
variables, except intraoperative glycemic CV, were dichotomized by the median or appropriate clinical cut-off; intrao-
perative glycemic CV was classified into quartiles (first quartile < 15%; second quartile 15–20%; third quartile 20–25%;
fourth quartile > 25%). Multivariable logistic regression models were constructed by selecting variables kept in
a backward stepwise selection. Multicollinearity was assessed using the variance inflation factor (VIF), and all predictors
were less than 10. The variables that ended up in the models were age, final education level, GFR, type of surgery,
duration of CPB, mean BIS value and VIS at the end of the surgery. The model fit was evaluated using the Hosmer-
Lemeshow test. The predictive accuracy of the final models after multivariable analysis was assessed using the area
under the receiver operator characteristic (AUROC) statistics and Brier score. Delong’s test was used to compare the
models. Further analysis was performed adjusting for three preoperative variables that might affect intraoperative blood
glucose levels: diabetes, preoperative HbA1c, and the type of hypoglycemic agents. Three models were constructed for
each of the three variables forced into the model, and another model was constructed forcing all three factors into the
model. A subgroup analysis was performed classifying patients according to the type of surgery: isolated CABG, valve
surgery, and aortic surgery. Statistical significance was set at p < 0.05. Statistical analysis was performed using SPSS
(version 25.0; IBM SPSS Inc., Chicago, IL, USA) and MedCalc (version 19.5; MedCalc Software Ltd., Ostend,
Belgium).

Results
During the study period, 782 patients underwent CABG, valve surgery, and/or aortic replacement surgery. In total, the
excluded patients were 77, and 12 of them were excluded due to incomplete intraoperative glucose measurements.
A total of 705 patients were included in the analysis. A flow diagram of the patients included in this study is shown in
Figure 1.

The baseline characteristics of the patients are shown in Table 1. Of the 705 patients included in the analysis, 306
(43.4%) were diagnosed with POD after cardiac surgery. The delirium group had a higher age and BMI than the non-
delirium group. Female patients and patients with a final education below high school were more likely to develop POD.

A comparison of preoperative variables between the two groups is shown in Table 2. Patients with hypertension and
a history of atrial fibrillation were more likely to develop POD. The incidence of diabetes did not differ between the two
groups. Variables regarding the patients’ medications did not differ between the two groups. Patients who underwent
emergency surgery and were classified as NYHA classification III or IV were more likely to develop POD. The delirium
group had higher EuroSCORE II and lower hematocrit, GFR, albumin, and CRP values than the non-delirium group.
Patients with sodium disturbance were more likely to develop POD.

A comparison of intraoperative variables between the two groups is shown in Table 3. Patients who underwent aortic
surgery showed the highest incidence of POD, whereas patients who underwent isolated CABG showed the lowest
incidence of POD. The delirium group received a longer duration of surgery and CPB and were more likely to undergo
TCA than the non-delirium group. The delirium group received more PRC transfusions and had less urine output than the
non-delirium group. In addition, the delirium group had smaller mean BIS and cerebral oximeter values than the non-
delirium group. Patients with a higher lactic acid value and VIS at end of surgery were more likely to develop POD.

Preoperative and intraoperative glycemic variables were the main predictors of interest. The median preoperative
HbA1c level was 5.8%, and the median glucose level at admission was 103 mg/dL. The median values of intraoperative
mean glucose and peak glucose were 134 mg/dL and 167 mg/dL, respectively. The average blood glucose values at five
intraoperative defined periods are shown in Figure 2. The percentage of patients with hyperglycemic episodes was
27.09%, and the median intraoperative glycemic CV was 19.97%.
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Intergroup comparisons of preoperative and intraoperative glycemic variables are shown in Table 4. The preoperative HbA1c
and glucose values at admission did not differ between the two groups. The delirium group had higher intraoperative mean
glucose and peak glucose than the non-delirium group (142 [126, 163] vs 130 [119, 146], p < 0.001, and 186 [155, 219] vs 158
[141, 189], p < 0.001, respectively). Patients with intraoperative hyperglycemic episodes were more likely to develop POD
(38.24% vs 18.55%, p < 0.001). When intraoperative glycemic CV was compared as a continuous variable, the delirium group
had higher intraoperative glycemic CV than the non-delirium group (22.59 [17.09, 29.68] vs 18.19 [13.00, 23.35], p < 0.001), and
when intraoperative glycemic CV was classified as quartiles, the incidence of POD increased as intraoperative glycemic CV
quartiles increased (first quartile 29.89%; second quartile 36.67%; third quartile 44.63%; and fourth quartile 62.64%, p < 0.001).

The two separate models constructed with two different intraoperative glycemic variables (intraoperative glycemic CVand
mean glucose) were statistically significant (p < 0.001 for both models). The Hosmer-Lemeshow test was not statistically
significant in either model (intraoperative glycemic CV, p = 0.368; mean glucose, p = 0.256). Eight independent variables were
associated with POD after cardiac surgery in the intraoperative glycemic CV model. Patients in the third quartile of
intraoperative glycemic CV had 1.833 times (OR 1.833, 95% CI: 1.132–2.967, p = 0.014), and patients in the fourth quartile

Figure 1 Flow diagram of patients included in the study.

Table 1 Baseline Characteristics of the Patients

Variable Total (n = 705) Delirium (n = 306) Non-Delirium (n = 399) p value

Age, years 66 [58, 74] 70 [62, 77] 63 [54, 71] <0.001*

Female 288 (40.85%) 144 (47.06%) 144 (36.09%) 0.004*

BMI, kg/m2 23.61 [21.30, 25.88] 23.14 [20.75, 25.78] 23.83 [21.68, 26.08] 0.012*

Education below high school 233 (33.05%) 133 (43.46%) 100 (25.06%) <0.001*

Smoking 219 (31.06%) 89 (29.09%) 130 (32.58%) 0.362

Alcohol 99 (14.04%) 41 (13.40%) 58 (14.54%) 0.748

Notes: Values are presented as median [IQR], or number of patients (percentage). *p < 0.05, statistical significance.
Abbreviation: BMI, body mass index.
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of intraoperative glycemic CV had 3.645 times (OR 3.645, 95%CI: 2.235–5.944, p < 0.001) higher odds of POD than patients
in the first quartile of intraoperative glycemic CV after adjusting for age, education level, GFR, type of surgery, duration of
CPB, mean BIS, and mean VIS at the end of the surgery (Table 5). A summary of the two models is presented in Table 6. The
model with intraoperative glycemic CV explained 27.2% (NagelKerke R2) of the variance in POD and correctly classified
70.2% of cases. The sensitivity and specificity were 60.5% and 77.7%, respectively. The AUROC curve statistics for the two
models were both statistically significant (p < 0.001 for both models). In the model with intraoperative glycemic CV, the
AUROC curve statistic was not different from the model with intraoperative mean glucose, (0.766, 95% CI: 0.732–0.796 vs
0.758, 95% CI: 0.725–0.789, respectively; Figure 3), and the Brier score was not different from the model with intraoperative
mean glucose (0.194 vs 0.198, respectively). However, the differences were not statistically significant (p = 0.507).

Further analysis of three preoperative variables that might affect intraoperative blood glucose levels showed that
patients in the third quartile of intraoperative glycemic CV had 1.837 times (OR 1.837, 95% CI: 1.134–2.976, p = 0.013),
and patients in the fourth quartile of intraoperative glycemic CV had 3.666 times (OR 3.666, 95% CI: 2.247–5.980, p <
0.001) higher odds of POD than patients in the first quartile of intraoperative glycemic CV after adjusting for diabetes

Table 2 Comparison of Preoperative Variables Between the Delirium Group and the Non-Delirium Group

Variable Delirium (n = 306) Non-Delirium (n = 399) p value

Underlying disease

Hypertension 196 (64.05%) 218 (54.64%) 0.015*

Diabetes 97 (31.70%) 121 (30.32%) 0.757
Dyslipidemia 161 (52.61%) 201 (50.38%) 0.608

Chronic kidney diseasea 22 (7.19%) 15 (3.76%) 0.064
Chronic lung disease 33 (10.78%) 32 (8.02%) 0.260

Liver disease 19 (6.21%) 29 (7.27%) 0.687

Peripheral vascular disease 34 (11.11%) 32 (8.02%) 0.206
Cerebrovascular disease 73 (23.86%) 84 (21.05%) 0.426

Neuropsychiatric disease 46 (15.03%) 42 (10.53%) 0.093

Immunocompromised 6 (1.96%) 7 (1.75%) 1.000
Endocarditis 26 (8.50%) 31 (7.77%) 0.832

History of atrial fibrillation 83 (27.12%) 66 (16.54%) 0.001*

Medications

Delirium-related drug useb 82 (26.80%) 81 (20.30%) 0.053
Polypharmacyc 180 (58.82%) 209 (52.38%) 0.103

Preoperative parameters

Prior cardiac surgery 27 (8.82%) 33 (8.27%) 0.901

Emergency 60 (19.61%) 54 (13.53%) 0.039*
NYHA classification III & IV 116 (37.91%) 112 (28.07%) 0.007*

EuroSCORE II, % 2.82 [1.56, 5.97] 1.47 [0.94, 3.21] <0.001*

Ejection fraction, % 59.4 [50.0, 63.0] 60.0 [52.0, 63.4] 0.176

Laboratory findings

Hematocrit, % 36.9 [31.6, 40.5] 37.7 [34.2, 41.6] 0.003*

GFR, mL/min/1.73m2 68.50 [49.49, 87.90] 80.51 [66.54, 96.54] <0.001*

Albumin, g/dL 3.9 [3.4, 4.2] 4.1 [3.7, 4.4] <0.001*
C-reactive protein, mg/dL 0.28 [0.07, 1.38] 0.15 [0.05, 0.67] 0.001*

Sodium disturbanced 37 (12.09%) 21 (5.26%) 0.002*

Notes: Values are presented as median [IQR], or number of patients (percentage). *p < 0.05, statistical significance. aPatients with chronic kidney disease
requiring dialysis. bUse of any medication known to cause delirium according to in the American Geriatric Society Beers Criteria. cUse of five or more
medications daily. dAbnormal value of serum sodium (< 136 mmol/L or > 145 mmol/L).
Abbreviations: NYHA, New York Heart Association; EuroSCORE, European System for Cardiac Operative Risk Evaluation; GFR, glomerular filtration rate.
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and the seven variables in the previous model. After adjusting for preoperative HbA1c, patients in the third and fourth
quartile had 1.832 times and 3.625 times higher odds of POD than the first quartile (OR 1.832, 95% CI: 1.131–2.967, p =
0.014 and OR 3.625, 95% CI: 2.223–5.911, p < 0.001, respectively). After adjusting for the type of hypoglycemic agents
used, patients in the third and fourth quartile had 1.827 times and 3.653 times higher odds of POD than the first quartile
(OR 1.827, 95% CI: 1.127–2.960, p = 0.014 and OR 3.653, 95% CI: 2.239–5.960, p < 0.001, respectively). The model

Table 3 Comparison of Intraoperative Variables Between the Delirium Group and the Non-Delirium Group

Variable Delirium (n = 306) Non-Delirium (n = 399) p value

Surgical parameters

Type of surgery <0.001*

Isolated CABG 61 (19.94%) 147 (36.84%)
Valve surgerya 143 (43.73%) 183 (45.87%)

Aortic surgeryb 102 (33.33%) 69 (17.29%)
Surgery duration, min 194 [161, 230] 185 [145, 220] 0.001*

CPB duration, min 98 [76, 125] 82 [62, 102] <0.001*

TCA use 19 (6.21%) 10 (2.51%) 0.024*

Fluid balance

Total fluid administration, mL 2150 [1500, 3050] 2000 [1400, 2900] 0.124

PRC transfusion, pack 3.0 [2.0, 5.0] 3.0 [2.0, 4.0] <0.001*

Urine output, mL/kg/hr 1.64 [0.88, 2.73] 2.34 [1.39, 3.57] <0.001*

Cerebral parameters

Mean BIS 33 [26, 40] 35 [30, 40] 0.002*

Mean cerebral oximeter, % 54 [44, 57] 55 [48, 58] 0.010*

Intraoperative parameters

Highest lactic acid, mmol/L 2.7 [1.9, 4.0] 2.2 [1.6, 3.1] <0.001*
VIS at end of surgeryc 6.0 [3.0, 11.0] 4.0 [2.5, 8.0] <0.001*

Notes: Values are presented as median [IQR], or number of patients (percentage). *p < 0.05, statistical significance. aIsolated valve surgery, CABG combined
with valve surgery. bIsolated aortic surgery, CABG and/or valve surgery combined with aortic surgery. c1 x dopamine + 1 x dobutamine + 100
x isoproterenolol + 100 x norepinephrine + 100 x epinephrine + 10 x milrinone + 10,000 x vasopressin.
Abbreviations: CABG, coronary artery bypass graft surgery; CPB, cardiopulmonary bypass; TCA, total circulatory arrest; PRC, packed red blood cells; BIS,
bispectral index; VIS, vasoactive-inotropic score.

Figure 2 Average blood glucose values at five intraoperative defined time periods. Error bars indicate standard deviation. 1, at the induction of anesthesia; 2, five minutes
before the initiation of cardiopulmonary bypass pump (CPB); 3, 30 minutes after the initiation of CPB; 4, five minutes after the termination of CPB; 5, at the end of the
surgery.
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adjusted for all previous seven statistically significant variables and three additional variables showed that patients in the
third quartile and fourth quartile had 1.829 times and 3.643 times higher odds of POD than the first quartile (OR 1.829,
95% CI: 1.128–2.966, p = 0.014 and OR 3.643, 95% CI: 2.232–5.946, p < 0.001, respectively). Detailed results are
presented in Supplement Table 1.

The subgroup analysis of the patients according to the type of surgery (isolated CABG, valve surgery, and aortic
surgery) showed that the baseline characteristics, preoperative and intraoperative variables were different among the
three groups (Supplement Tables 2–4). The incidence of POD was significantly different in the three groups (isolated
CABG 61 (29.33%) vs valve surgery 143 (43.87%) vs aortic surgery 102 (59.65%), p < 0.001). The comparison of
intraoperative glycemic variables in the three groups showed that intraoperative glycemic CV was significantly different
(isolated CABG 18.15 [12.94, 23.90] vs valve surgery 20.55 [15.81, 25.90] vs aortic surgery 21.69 [15.92, 28.04], p =
0.001; Supplement Table 5). In the isolated CABG group, patients in the fourth quartile of intraoperative glycemic CV
had 4.675 times higher odds of POD than patients in the first quartile of intraoperative glycemic CV (OR 4.675, 95% CI:
1.761, 12.407, p = 0.002). In the valve surgery group and the aortic surgery group, patients in the fourth quartile had
3.780 times and 2.743 times higher odds of POD than patients in the first quartile (OR 3.780, 95% CI: 1.838–7.777, p <
0.001 and OR 2.743, 95% CI: 1.005–7.484, p = 0.049, respectively; Supplement Table 6). Detailed results are presented
in Supplement Tables 2–6.

The postoperative effects of intraoperative glycemic CV are shown in Table 7. Patients with high intraoperative
glycemic CV had a longer duration of mechanical ventilation, ICU stay, and hospital stay than patients with low
intraoperative glycemic CV. The incidence of MAE was higher in patients with high intraoperative glycemic CV than in
those with low intraoperative glycemic CV, and there was no difference in 30 day-mortality between the two groups.

Table 4 Intergroup Comparison of Preoperative and Intraoperative Glycemic Variables

Variable Delirium (n = 306) Non-Delirium (n = 399) p value

Preoperative variables

HbA1c, % 5.8 [5.4, 6.4] 5.7 [5.3, 6.5] 0.634

Glucose at admission, mg/dL 104 [89, 136] 103 [92, 124] 0.847
Type of hypoglycemic agent 0.863

None 282 (70.68%) 212 (69.28%)
Diet only 6 (1.50%) 3 (0.98%)

Oral 98 (24.56%) 79 (25.82%)

Insulin 13 (3.26%) 12 (3.92%)

Intraoperative variables

Total insulin dose, IU 5 [0, 10] 0 [0, 10] 0.056

Mean glucose, mg/dL 142 [126, 163] 130 [119, 146] <0.001*

Peak glucose, mg/dL 186 [155, 219] 158 [141, 189] <0.001*
With hypoglycemic episodea 3 (0.98%) 0 (0.00%) 0.162

With hyperglycemic episodeb 117 (38.24%) 74 (18.55%) <0.001*

CV, %c 22.59 [17.09, 29.68] 18.19 [13.00, 23.35] <0.001*
CV by quartile <0.001*

First quartile (< 15) 52 (29.89%) 122 (70.11%)

Second quartile (15–20) 66 (36.67%) 114 (63.33%)
Third quartile (20–25) 79 (44.63%) 98 (55.37%)

Fourth quartile (> 25) 109 (62.64%) 65 (37.36%)

Notes: Values are presented as median [IQR], or number (percentage). *p < 0.05, statistical significance. aNumber of patients with any hypoglycemic episode
(< 60 mg/dL). bNumber of patients with any hyperglycemic episode (> 200 mg/dL). c(Standard deviation/Mean) x 100.
Abbreviation: CV, coefficient of variation.
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Table 5 Logistic Regression Models for Delirium After Cardiac Surgery

Variable Unadjusted Odd Ratio (95% CI) p value Adjusted Odd Ratio (95% CI) p value

Glycemic CVa

Age ≥ 65 yearsb 2.267 (1.666, 3.087) <0.001 1.720 (1.182, 2.503) 0.005

Education below high school 2.299 (1.669, 3.165) <0.001 1.727 (1.171, 2.547) 0.006

GFR < 60 mL/min/1.73m2 2.593 (1.833, 3.668) <0.001 2.550 (1.721, 3.777) <0.001

Type of surgery
Isolated CABG 1.0 (Reference) 1.0 (Reference)

Valve surgeryc 1.883 (1.301, 2.726) <0.001 2.009 (1.311, 3.079) 0.001

Aortic surgeryd 3.562 (2.324, 5.461) <0.001 3.401 (2.033, 5.688) <0.001

CPB duration ≥ 88 min2 2.400 (1.767, 3.261) <0.001 1.628 (1.133, 2.340) 0.008

Mean BIS ≥ 34b 1.472 (1.091, 1.986 0.011 1.433 (1.020, 2.013) 0.038

VIS at end of surgery ≥ 5.0b, e 1.617 (1.195, 2.189) 0.002 1.743 (1.225, 2.479) 0.001

Glycemic CV

First quartile (< 15%) 1.0 (Reference) 1.0 (Reference)
Second quartile (15–20%) 1.358 (0.871, 2.118) 0.177 1.312 (0.807, 2.133) 0.273

Third quartile (20–25%) 1.891 (1.219, 2.935) 0.004 1.833 (1.132, 2.967) 0.014

Fourth quartile (> 25%) 3.934 (2.516, 6.151) <0.001 3.645 (2.235, 5.944) <0.001

Mean glucose

Age ≥ 65 yearsb 2.267 (1.666, 3.087) <0.001 1.744 (1.206, 2.522) 0.003

Education below high school 2.299 (1.669, 3.165) <0.001 1.592 (1.087, 2.331) 0.017

GFR < 60 mL/min/1.73m2 2.593 (1.833, 3.668) <0.001 2.522 (1.713, 3.712) <0.001

Type of surgery

Isolated CABG 1.0 (Reference) 1.0 (Reference)

Valve surgeryc 1.883 (1.301, 2.726) <0.001 2.415 (1.579, 3.695) <0.001
Aortic surgeryd 3.562 (2.324, 5.461) <0.001 3.691 (2.220, 6.135) <0.001

CPB duration ≥ 88 min2 2.400 (1.767, 3.261) <0.001 1.742 (1.218, 2.490) 0.002

VIS at end of surgery ≥ 5.0b, e 1.617 (1.195, 2.189) 0.002 1.771 (1.250, 2.507) 0.001

Mean glucose ≥ 135 mg/dLb 2.410 (1.745, 3.329) <0.001 2.443 (1.708, 3.495) <0.001

Notes: a(Standard deviation/Mean) x 100. bCategorized by median value. cIsolated valvular surgery, CABG combined with valvular surgery. dIsolated aortic surgery, CABG
and/or valvular surgery combined with aortic surgery. e1 x dopamine + 1 x dobutamine + 100 x isoproterenolol + 100 x norepinephrine + 100 x epinephrine + 10
x milrinone + 10,000 x vasopressin.
Abbreviations: CI, confidence interval; CV, coefficient of variation; GFR, glomerular filtration rate; CABG, coronary artery bypass graft surgery; CPB, cardiopulmonary
bypass; BIS, bispectral index; VIS, vasoactive-inotropic score.

Table 6 Model Summary

Glucose Variable Nagelkerke R2 Accuracy Sensitivity Specificity AUROC Curve (95% CI) Brier Score

Glycemic CV 0.272 70.2% 60.5% 77.7% 0.766 (0.732, 0.796) 0.194

Mean glucose 0.254 67.8% 53.6% 78.7% 0.758 (0.725, 0.789) 0.198

Abbreviations: AUROC, area under the receiver operator characteristic; CV, coefficient of variation.
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Discussion
POD is a common but serious complication after cardiac surgery and is associated with various short- and long-term
outcomes. In this study, we investigated the associations of intraoperative GV and other glycemic variables on POD after
cardiac surgery. The incidence of POD after cardiac surgery in the present study was 43%. Intraoperative glycemic CV
and mean glucose levels were associated with POD after cardiac surgery. The incidence of POD tended to increase as the
intraoperative glycemic CV increased. Patients in the third quartile of intraoperative glycemic CV were 1.833 times and
patients in the fourth quartile of intraoperative glycemic CV were 3.645 times more likely to develop POD than those in
the first quartile of intraoperative glycemic CV.

Although the exact mechanisms are not well understood, glycemic variables have been proposed to play a key role in
the development of postoperative neurocognitive disorders including POD.4,13 Glucose is the main source of energy for
many cells, including the brain. The brain accounts for 50% of the body’s glucose consumption at any given time and
lacks the ability to utilize the energy stored in other forms such as lipids and fatty acids. Therefore, the brain is
particularly sensitive to serum glucose concentrations. Glucose-sensing neurons are present in the brain and control the
metabolism and homeostasis of blood glucose levels.39 Severe hypoglycemia reduces adenosine triphosphate levels in
nerve cells, resulting in neuronal hyperpolarization, which is clinically manifested by seizure activity, alteration in mental
status, and delirium.13,40 Hyperglycemia causes oxidative stress, which results in neuronal damage and cognitive

Figure 3 The receiver operator characteristic curves of the models with intraoperative glycemic variability and mean glucose.

Table 7 Postoperative Outcomes by Intraoperative Glycemic Coefficient of Variation

Glycemic CV < 20 (n = 354) Glycemic CV ≥ 20 (n = 351) p value

Mechanical ventilation duration, hours 5.0 [3.5, 8.0] 6.0 [4.0, 12.0] 0.001*

Intensive care unit stay, days 1.0 [1.0, 3.0] 2.0 [1.0, 3.0] <0.001*

Hospital stay, days 9.0 [7.0, 12.0] 10.0 [7.0, 15.0] <0.001*

Mortality 16 (4.52%) 17 (4.84%) 0.980

Major adverse eventa 42 (11.86%) 79 (22.51%) <0.001*

Notes: Values are presented as median [IQR], or number (percentage). *p < 0.05, statistical significance. aComposite outcome of in-hospital mortality,
permanent stroke, pneumonia, renal failure, prolonged ventilation, deep sternal wound infection, reoperation.
Abbreviation: CV, coefficient of variation.
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impairment.15 Hyperglycemia is both a result and cause of perioperative inflammation,16,41 and the relationship between
hyperglycemia and POD is evident considering that neuroinflammation is an important mechanism for the development
of POD.4,42 Neuroinflammation can be caused by systemic inflammation,4,17 and systemic inflammation, glucose
homeostasis, and oxidative stress are all closely interlinked.15,16,23,42–44 Moreover, hyperglycemia and concomitant
inflammation are profound in cardiac surgery due to the use of CPB, administration of heparin, hypothermia, adminis-
tration of glucose-containing solutions, and the use of inotropes.14 Given that diabetes is linked to Alzheimer’s disease
and neurodegeneration, the long-term effects of glucose dysregulation on brain function are clear.45

The association between diabetes, preoperative long-term glucose control, and POD after cardiac surgery is con-
troversial. Diabetes and preoperative long-term glucose control, analyzed by HbA1c, have been identified as predisposing
factors for POD after cardiac surgery in several studies,2,19,20,32,33,35 while others did not.34,46 In a study performed in
ICU patients, diabetes was not associated with delirium, but glucose dysregulation, including hyperglycemia and
hypoglycemia, was associated with delirium.47 The same pattern was demonstrated in our study; diabetes and preopera-
tive HbA1c were not associated with POD after cardiac surgery, but intraoperative glycemic variables were. Moreover,
intraoperative GV was associated with POD after adjusting for diabetes, preoperative HbA1c, and the type of hypogly-
cemic agents used. Although the presence of diabetes and elevated preoperative HbA1c is closely related to perioperative
glycemic variables,24,48 the development of POD after cardiac surgery may be attributed to the actual glycemic variables
at the time of surgery. This is encouraging because diabetes and preoperative HbA1c are non-modifiable factors, while
perioperative glycemic variables can be modified.

Although studies have examined glycemic variables other than the intraoperative period in the perioperative period,
little is known about the association between intraoperative glycemic variables and POD after cardiac surgery.
Preoperative fasting glucose,49,50 postoperative glucose,51,52 mean glucose extending to the postoperative period,53 and
intraoperative glucose measured only during CPB54 showed conflicting results on POD after cardiac surgery. Compared
with the preoperative and postoperative periods, the intraoperative period is the period with the most profound stress and
inflammation leading to glucose dysregulation, and thus POD.4,11,14 In addition, given that prevention is the most
effective method for managing POD,8,11 postoperative glycemic variables are of little value because it is difficult to
accurately assess whether changes in certain postoperative glycemic variables have occurred before and/or after the
development of POD.47,55 The impact of intraoperative glucose management on neurologic function has been demon-
strated in one randomized controlled trial, in which verbal learning after cardiac surgery was maintained with intrao-
perative maintenance of normoglycemia.56 Intraoperative glycemic variables, mean glucose, and GV were associated
with POD after cardiac surgery in the present study. These results are consistent with those of previous studies in cardiac
surgery26,57,58 and surgeries other than cardiac surgery.59,60

GV, a metric for swings in blood glucose levels, is an emerging target in the management of blood glucose.21,22,31 In
an observational study of patients undergoing surgery for acute aortic dissection, postoperative GV was associated with
POD.26 However, in this study, only postoperative GV was investigated, and it was therefore unclear whether changes in
postoperative GV occurred before or after the development of POD. In addition, the measurement of GV used in this
study was the standard deviation. Although there are a variety of measurements for GV, and there is not a single
universally accepted measurement, CV is considered a preferred measure of GV22 and has been adopted in many
studies.24,25,48,61 In this study, we demonstrated that intraoperative GV, presented as CV, is associated with POD after
cardiac surgery. Furthermore, the incidence of POD increased as the intraoperative glycemic CV increased. In addition,
increased intraoperative GV was related to the duration of ICU and hospital stay, and MAE, which is consistent with
previous studies.24,25,48,61

In previous studies, an increase in GV was found to be more harmful than chronic hyperglycemia. In two previous
articles reporting cell culture studies, oscillating high glucose caused more oxidative stress and cellular apoptosis in
human umbilical vein endothelial cells and coronary artery endothelial cells than persistent high glucose.43,44 These
results have been demonstrated in a clinical model with normal and type 2 diabetes patients, with oscillating glucose
leading to increased endothelial dysfunction and oxidative stress compared with mean glucose.23 However, the predictive
ability of intraoperative GV was not different from that of intraoperative mean glucose in our study. Five intraoperative
measurements of blood glucose may not accurately detect all changes in blood glucose levels. Since GV is a more
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complex measure than mean glucose, future well-designed prospective studies, possibly with continuous glucose
monitoring, are needed to justify the use of GV.

Patients who underwent off-pump CABG were excluded from this study because the use of CPB is known to be
associated with severe changes in glucose tolerance and cerebral perfusion.62,63 Moreover, large quantities of inflam-
matory mediators are released during CPB resulting in neuroinflammation, which in turn increases the risk of delirium
and neurocognitive dysfunction.64,65 According to recent retrospective analysis, patients receiving off-pump cardiac
surgery resulted in a significantly lower incidence of POD than those receiving on-pump cardiac surgery.66 In a clinical
trial comparing the effect of off-pump and on-pump CABG on the cognitive outcome, patients who underwent off-pump
CABG showed less cognitive dysfunction than those who underwent on-pump CABG.67 In our study population, the
incidence of POD in off-pump and on-pump CABG were 16.1% and 29.3%, and intraoperative glycemic CV in off-pump
and on-pump CABG was 17.06% and 18.15%. This result is consistent with previous studies.65–67

The three types of cardiac surgery included in this study, CABG, valve surgery, and aortic replacement surgery all
pose an inherent risk to the occurrence of POD.4 Coronary artery disease is caused by atherosclerotic plaque formation in
the vessel lumen, and diseased vessels are not limited to coronary arteries, but also, the aorta.68 The direct manipulation
of the aorta during surgery results in aortic plaque disruption, which can release microemboli that can migrate to the
brain.69 In addition, atherosclerosis reduces perfusion to the brain and the muscles, resulting in functional impairment.70

Valve surgery requires the opening of the heart, which frequently results in the formation of gaseous microemboli.71

Complex aortic replacement surgery utilizes TCA, in which cerebral perfusion is impeded for a short period of time.72

Therefore, different risks for POD according to the type of cardiac surgery have been reported in the literature,9,33,73,74

which was also demonstrated in this study.
An important finding in our study was that intraoperative GV varies depending on the type of cardiac surgery. In

a previous study that evaluated the effect of different degrees of blood glucose control on clinical outcomes in cardiac
surgery, the highest perioperative blood glucose level differed according to the type of cardiac surgery.75 This may be due
to differences in patient characteristics and multiple factors leading to different levels of stress.3,4,75 In line with this
previous result, intraoperative GV differed depending on the type of cardiac surgery. Nevertheless, intraoperative GV
was associated with POD in all types of cardiac surgery analyzed in our study.

Other than intraoperative GV, the predictors that were associated with POD after cardiac surgery were age,
educational level, GFR, type of surgery, duration of CPB, mean BIS, and VIS at the end of the surgery. Age is the
most important and well-known predisposing risk factor.2,3,9,10,32–35 Final education level is closely linked to cognitive
reserve,76 and the cognitive reserve has been identified as a predictor for POD in many studies.3,4,9 The kidney and the
brain are known to interact in various mechanisms such as sodium dysregulation, edema formation, extravasation of
leukocytes, oxidative stress, and cytokine-induced damage.77 Longer duration of CPB is associated with greater numbers
of cerebral microemboli, which is known to be an important factor in the development of POD.78 Low BIS values to
anesthetics indicate a higher vulnerability, which may result in an unnecessary increase in anesthesia levels and possible
neurotoxic effects.79 Although the association between VIS at the end of the surgery and POD has never been studied in
cardiac surgery, high VIS values are known to be associated with adverse outcomes, and the use of beta-adrenergic
agents can induce hyperglycemia.38

In the present study, we defined POD as delirium diagnosed using CAM and CAM-ICU within 24 h of surgery.
Delirium can be classified into three subtypes: hyperactive, hypoactive, and mixed, and the detection of hypoactive
delirium is often difficult in practice.80 Therefore, using a validated tool for the diagnosis of delirium is important for
clinical research. CAM and CAM-ICU are validated delirium assessment instruments used in many clinical studies.29,30

Previous studies may have underestimated the incidence by using heterogeneous instruments for the diagnosis of POD
after cardiac surgery.2,10,30,32–34

This study has some limitations. First, this was a retrospective study and had the potential for unrecognized
confounding factors. However, a rigorous review of previous studies was conducted, and data on all possible confound-
ing factors were collected. The predictors identified in this study, age, educational level, GFR, type of surgery, duration of
CPB, mean BIS, and VIS at the end of the surgery, were all supported by previous studies.2−22−35 Second, patients with
glucose dysregulation tend to undergo more glucose measurements, resulting in different variances. We tried to overcome
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this potential bias by averaging multiple blood glucose measurements to a single value within a defined period. Third,
inclusion criteria for age in our study was patients aged over 18 years, which resulted in a wide range of age groups. It is
well-known that older patients are more susceptible to POD than younger patients. However, the average age of patients
in this study was 66 years old, and intraoperative GV was associated with POD after adjusting for age. Fourth, a recent
recommendation defines POD as occurring within one week from the procedure,1 but in this study, POD was considered
positive to occur only within 24 h because we wanted to limit the concomitant effects of postoperative variables. We
found that the association between postoperative factors and POD was difficult to define because the postoperative events
may have occurred after the development of POD, which could lead to a bias given the retrospective nature of the study.
Moreover, POD after cardiac surgery most often occurs on the initial postoperative day.81 Finally, the use of continuous
intraoperative glucose monitoring would have resulted in more accurate intraoperative glycemic variables. Unfortunately,
there are currently no continuous glucose monitoring devices approved for use in cardiac surgery.82

Conclusion
Intraoperative blood glucose fluctuation, manifested by intraoperative GV, and a higher mean glucose level are associated
with POD after cardiac surgery. Patients with a higher intraoperative GV have an increased risk of POD. Future research
is needed to identify other adverse outcomes related to intraoperative GV, and whether optimal intraoperative GV control
in patients undergoing cardiac surgery will change outcomes.
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