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AIM: Postoperative delirium (POD) is a common complication with significant adverse effects in elderly patients. Electroencephalog-
raphy (EEG) provides a promising approach for predicting the risk of POD. This study aims to elucidate the correlation between intra-
operative EEG spectrum and the incidence of POD in elderly patients undergoing orthopedic surgery.
METHODS: A single-center prospective observational cohort study was conducted at Zhongda Hospital, Southeast University, from
September 2022 to March 2023, registered on Chinese Clinical Trail Registry (ChiCTR2300069548). Among the 172 patients who
underwent orthopedic surgery, 125 completed the study with available data. Preoperative baseline cognitive function was assessed using
the mini-mental state examination (MMSE). An intraoperative 4-channel EEG was recorded. Total power spectra and power spectral
density for beta, alpha, theta, and delta bands were calculated. Spectral edge frequency, burst suppression ratio, and patient state index
were directly extracted from the EEG monitor. The primary outcome was POD, assessed using a 3-minute Diagnostic Interview for
Confusion Assessment Method (CAM)-Defined Delirium scale or the CAM for the Intensive Care Unit. Patients were divided into POD
and non-postoperative delirium (non-POD) groups. Logistic regression analysis was conducted to evaluate the independent predictive
effect of intraoperative spectral distribution and other quantitative EEG data for POD.
RESULTS: The incidence of delirium within 72 hours after surgery was 8.8%. Compared to the non-POD group, the POD group showed
significantly lower absolute power in the beta [0.06 (0.03, 0.09) dB vs 0.14 (0.08, 0.26) dB, p < 0.001], alpha [0.41 (0.25, 0.71) dB vs
1.24 (0.55, 2.57) dB, p = 0.008], and theta [0.77 (0.44, 1.01) dB vs 1.19 (0.72, 2.02) dB, p = 0.035] bands. Logistic regression analysis
identified several independent risk factors for POD, including lower intraoperative alpha power [odds ratio (OR) 10.210, 95% confidence
interval (CI) 1.233–84.568, p = 0.031], advanced age (OR 7.713, 95% CI 1.022–58.204, p = 0.048), preoperative anemia (OR 6.636, 95%
CI 1.091–40.358, p = 0.040), and preoperative depression (OR 10.089, 95%CI 1.029–98.909, p = 0.047). In contrast, higher preoperative
MMSE scores appeared to be a protective factor for POD (OR 0.130, 95% CI 0.021–0.820, p = 0.030).
CONCLUSIONS: Intraoperative EEG frontal low alpha power demonstrated a significant independent association with POD in elderly
patients after orthopedic surgery. This parameter may serve as an intraoperative neurophysiological marker of cerebral vulnerability to
POD. Additionally, advanced age, lower preoperativeMMSE scores, preoperative anemia, and preoperative depression were independent
risk factors for POD.
CLINICAL TRIAL REGISTRATION: Chinese Clinical Trial Registry (ChiCTR2300069548).
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Introduction

Postoperative delirium (POD) is an acute disturbance of
consciousness that commonly occurs within 24 to 72 hours
post-surgery. It manifests as sudden onset disorientation,
altered consciousness, and cognitive impairment [1]. POD
often leads to adverse clinical outcomes, increasing the risk
of postoperative complications, readmission rates, reoper-
ation rates, and even mortality [2]. Demographic projec-
tions indicate that by 2030, individuals aged 60 years and
above will constitute over 20% of the global population
[1, 3]. Concurrently, the prevalence of orthopedic condi-
tions in the elderly (including degenerative joint diseases
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and fragility fractures) will continue to rise, leading to an
increased demand for surgical interventions. Study has pre-
dicted that the number of hip replacement surgeries will
double by 2030 [4]. In non-cardiac surgeries, the incidence
of POD is higher among elderly orthopedic patients. Do-
mestic guidelines indicate that the overall incidence of POD
in non-cardiac surgery patients aged 65 and above is 11.1%.
This incidence increases to 15.2% in spine and joint surg-
eries [5]. POD assessment mainly relies on delirium assess-
ment scales, which are often subjective, time-consuming,
and require significant resources. Furthermore, there is a
critical lack of effective predictors for POD. Consequently,
identifying reliable predictive indicators and implementing
effective interventions remains a significant challenge for
clinical healthcare professionals.
The precise mechanisms underlying POD remain unclear.
Risk factors for POD include advanced age, pre-existing
cognitive impairments, anesthesia and surgical stress, de-
pendence on psychotropic medications, and sleep distur-
bances [5, 6]. Although there are currently no effective
treatments for POD, early identification of POD risk can
significantly improve patient prognosis.
Electroencephalography (EEG) is a non-invasive neuro-
physiological monitoring technique used clinically to study
brain activity and diagnose neurological disorders. Pro-
cessed EEG (pEEG) monitors have recently been widely
used for intraoperative anesthesia depth monitoring [6].
The pEEG index is a quantitative parameter that translates
EEG signals into numerical values to monitor the depth of
anesthesia [7]. Examples of such indices include the bis-
pectral index (BIS) and patient state index (PSI). However,
study has shown that while pEEG indices are suitable for
assessing anesthesia depth, they have limitations in ana-
lyzing the actual brain functional state. Quantitative EEG
(qEEG) provides a more precise method for assessing brain
functional states by quantifying the absolute power and fre-
quency of various brain wavebands [8]. Recent qEEG stud-
ies have identified specific intraoperative EEG abnormali-
ties that correlate with an increased risk of POD, includ-
ing increased delta and theta activity [8], decreased alpha
and beta activity [9], increased burst suppression (BS) [10],
and reduced EEG coherence [11]. Notably, these associa-
tion have been predominantly observed in cardiac surgeries
[12, 13]. However, there is a paucity of research focused
on orthopedic surgery.
The primary objective of this study is to examine the corre-
lation between intraoperative EEG spectral characteristics
and POD in elderly patients undergoing orthopedic surgery.
This research aims to establish a foundation for identifying
predictive EEG biomarkers that can assess the risk of POD.
The ultimate goal is to improve patient outcomes by en-
abling early detection and intervention strategies for POD.

Materials and Methods
Study Design and Setting
This single-center, prospective, observational cohort
study included 125 elderly patients who underwent elec-
tive orthopedic surgeries, including lumbar, knee, hip,
and femoral surgeries, at Zhongda Hospital, Southeast
University, from September 2022 to March 2023. The
study was approved by the Human Ethics Committee of
Zhongda Hospital, Southeast University (Ethics Approval
Number: 2022ZDSYLL210-P01) and was registered in
the Chinese Clinical Trial Registry (ChiCTR2300069548),
(https://www.chictr.org.cn/hvshowproject.html?id=226458
&v=1.2). All participants provided written informed
consent. This study was conducted in accordance with the
principles outlines in the Declaration of Helsinki.
The inclusion criteria were as follows: Patients aged 65
years or older and classified as American Society of Anes-
thesiologists (ASA) physical status II–III. Additionally, pa-
tients were scheduled for elective single-site orthopedic
surgery involving arthroplasty (total hip arthroplasty, to-
tal knee arthroplasty, femoral head replacement) and trans-
foraminal lumbar interbody fusion under general anesthe-
sia.
The exclusion criteria were as follows: Patients with vi-
sual or auditory impairment, history of dialysis, previous
open-heart or pulmonary surgery, long-term use of ben-
zodiazepines or antipsychotics, or preexisting preoperative
neurocognitive dysfunction. Additionally, patients or their
families who refused to provide informed consent were ex-
cluded from participation.

Data Collection
Baseline data included demographics (sex, age, height,
weight, body mass index, education level, ASA classifi-
cation), smoking and alcohol consumption history, labora-
tory tests, surgical and anesthesia details (type of surgery,
duration of surgery, duration of anesthesia, intraoperative
anesthetic dosage), and postoperative follow-up indicators
[length of stay, Intensive Care Unit (ICU) admission].
Baseline cognitive function was assessed using the mini-
mental state examination (MMSE) scale [14] at the patient’s
bedside one day before surgery. The MMSE evaluates six
cognitive domains: temporal orientation, spatial orienta-
tion, arithmetic ability, short-term memory, attention, and
language. Preoperative pain levels were evaluated using the
Numeric Rating Scale one day before surgery. The scale
ranges from 1 to 10, with higher values corresponding to
more severe pain: mild (1–3), moderate (4–6), and severe
(7–10). Anxiety and depression were evaluated using the
Hospital Anxiety and Depression Scale [15], with scores
above 7 indicating potential significant anxiety or depres-
sion. The age-adjusted Charlson Comorbidity Index scale
[16] was conducted to evaluate the presence and severity of
comorbid conditions. Anemia was defined as a hemoglobin
(Hb) level below 13 g/dL in men and below 12 g/dL in
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women. All assessments were conducted by the same anes-
thesiologist, who was professionally trained in administer-
ing these scales.

Perioperative Management and Monitoring

Patients followed standard preoperative fasting guidelines
and did not receive preoperative medications. Upon admis-
sion to the operating room, peripheral intravenous access
was established, and continuous physiological monitoring
was initiated, comprising electrocardiogram, SpO2, inva-
sive blood pressure, temperature, and EEG.
General anesthesia induction included midazolam (ap-
proval number: H19990027, Enhua Pharmaceutical Co.,
Ltd., Xuzhou, China) (1–2 mg), sufentanil (approval num-
ber: H20054171, Yichang Renfu Pharmaceutical Co., Ltd.,
Yichang, China) (0.3–0.6 µg/kg), propofol (approval num-
ber: 21091531, Yangtze River Pharmaceutical Group Co.,
Ltd., Taizhou, China) (2–3 mg/kg), and cisatracurium (ap-
proval number: H20060869, Jiangsu Hengrui Pharmaceuti-
cals Co., Ltd., Lianyungang, China) (0.2 mg/kg) or rocuro-
nium (approval number: H20213778, Guangdong Sunho
Pharmaceutical Co., Ltd., Zhongshan, China) (0.6 mg/kg).
Once muscle relaxation was achieved, tracheal intubation
was performed using a video laryngoscope. The ventila-
tor settings were adjusted as follows: tidal volume was
set to 6–8 mL/kg, a respiratory rate was adjusted to 10–16
breaths per minute, and the inspiratory-to-expiratory ratio
was maintained at 1:2. The fraction of inhaled oxygen con-
centration was titrated between 40% and 80% to achieve
an end-tidal CO2 level of 35–45 mmHg. Anesthesia was
maintained using a continuous infusion of remifentanil (ap-
proval number: H20143314, Jiangsu Hengrui Pharmaceu-
ticals Co., Ltd., Lianyungang, China) (0.05–2 µg/kg/min)
and sevoflurane inhalation (approval number: H20150020,
Maruishi Pharmaceutical Co., Ltd., Osaka, Japan). No ad-
ditional anesthetics, such as propofol or dexmedetomidine,
were administered. The initial concentration of sevoflurane
was 1 minimal alveolar concentration (MAC) and subse-
quently adjusted based on the PSI between 25 to 50, ensur-
ing an appropriate depth of anesthesia. Every 40–60 min-
utes during the surgery, a supplemental dose of muscle re-
laxant at 1/3 to 1/5 of the induction dose was administered.
Intraoperative blood pressure was maintained within 20%
of baseline values using vasoactive drugs as needed. Fluid
administration was guided by hemodynamic parameters to
ensure adequate tissue perfusion. All anesthetic drugs were
discontinued at the end of the surgery, and patients were
transferred to either the post-anesthesia care unit or ICU for
recovery.

EEG Monitoring and Processing

EEG data were acquired continuously throughout the
surgery using the SedLine monitor (7362A-RDS7, Masimo
Corporation, Irvine, CA, USA). Before data collection, the
patient’s forehead was cleansed with alcohol-soaked gauze

to ensure electrode impedance below 8 kOhm and inter-
channel differences below 5 kOhm. Electrodes were placed
at Fp1, Fp2, F7, and F8, with the ground electrode at Fpz
and the reference electrode 1 cm above Fpz. The sampling
rate was 178 Hz. For each patient, a 2-minute EEG epoch
of continuous, artifact-free EEG data, was selected approx-
imately one hour after the start of the surgery. This epoch
was extracted from a stable segment of the recording, free
from motion, electrocautery artifacts and burst suppression
(BS). Visual inspection was performed to manually identify
EEG segments suitable for analysis, ensuring the absence of
artifacts.
The raw EEG data, spectral edge frequency (SEF), BS ra-
tio, and PSI were directly extracted from the SedLine moni-
tor. Burst suppression duration was calculated according to
previous study [17]. Spectral analysis was performed using
customizedMATLAB scripts based on EEGLAB (v2022.1,
University of California, San Diego, CA, USA) and the
Chronux toolbox in MATLAB R2022b (9.13.0, © 1984–
2022 The MathWorks, Inc, Natick, MA, USA). The param-
eters for spectral analysis were set as follows: sliding win-
dow length T = 2 s with 1.9 s overlap, time-bandwidth prod-
uct TW = 3, number of tapers K = 5, notch filter setting at
48–52 Hz, and band-pass filter range of 0.5–45 Hz. Signals
from the Fp1, Fp2, F7, and F8 channels were averaged and
weighted, and the power spectral density for beta (12.1–30
Hz), alpha (8–12 Hz), theta (4–7.9 Hz), and delta (1–3.9
Hz) bands were calculated.

Outcome Measures

The primary outcome of this study was the incidence of
POD. Trained investigators utilized the validated Chinese
version of the 3D Confusion Assessment Method (3D-
CAM) [18] scale or the Confusion Assessment Method
(CAM) for the ICU [19] for intubated patients. Delirium
assessment was conducted twice daily, between 8–10 am
and 6–8 pm, for 3 days following surgery [20]. POD was
diagnosed if one or more positive event(s) were obtained
out of 6 tests performed within 3 days postoperatively. In
cases where delirium was suspected outside the designated
assessment times, researchers promptly visited the ward to
conduct additional evaluations.

Sample Size Calculation

This study is a prospective cohort study. Based on relevant
literature, the intraoperative alpha power in patients with
cognitive dysfunction constitutes approximately 5% of the
total EEG power (P1 = 0.05), while in cognitively normal
patients, it accounts for about 57% (P0 = 0.57) [21]. With
α = 0.05 and β = 0.2, ensuring a statistical power of 80%
for a two-sided test, the calculated sample size is n = 11.
This indicates that at least 11 patients with delirium need to
be observed. Given that the incidence of POD incidence in
elderly orthopedic patients has previously been reported to
range from 5% to 38% [22], we estimate an incidence rate
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Table 1. Characteristics and perioperative data of patients between non-POD and POD.
Non-POD POD

t/Z/χ2 p
N = 114 N = 11

Gender 0.056 0.812
Male 42 (36.8%) 5 (45.5%)
Female 72 (63.2%) 6 (54.4%)

Age (years) 71 [68, 77] 80 [75, 83] –3.270 0.001
Age group (years) 7.705 0.006

65–74 75 (65.8%) 2 (18.2%)
≥75 39 (34.2%) 9 (81.8%)

Education 0.031 0.984
Primary 70 (61.4%) 7 (63.6%)
Secondary 34 (29.8%) 3 (27.3%)
Tertiary 10 (8.8%) 1 (9.1%)

BMI (kg/m2) 24.34 ± 3.60 22.33 ± 4.28 1.746 0.083
Preoperative pain 0.823 0.364

Mild 72 (63.2%) 9 (81.8%)
Moderate-severe 42 (36.8%) 2 (18.2%)

Smoking 17 (14.9%) 2 (18.2%) 0.023 0.880
Drinking 17 (14.9%) 1 (9.1%) 0.006 0.940
CHD 18 (15.8%) 1 (9.1%) 0.023 0.880
Hypertension 73 (64.0%) 8 (72.7%) 0.060 0.806
Diabetes 26 (22.8%) 3 (27.3%) 0.000 1.000
MMSE 26 [23.75, 28] 22 [18, 24] –3.485 <0.001
MMSE 8.917 0.003

<25 36 (31.6%) 9 (81.8%)
25–30 78 (68.4%) 2 (18.2%)

ACCI 4 [3, 5] 4 [3, 6] –1.282 0.200
Anxiety 4 (3.5%) 1 (9.1%) 0.374
Depression 2 (1.8%) 3 (27.3%) 0.005
WBC (×109/L) 5.755 0.056

3.5–9.5 101 (88.6%) 7 (63.6%)
>9.5 11 (9.6%) 3 (27.3%)
<3.5 2 (1.8%) 1 (9.1%)

RBC (×1012/L) 2.304 0.129
4.3–5.8 42 (36.8%) 1 (9.1%)
<4.3 72 (63.8%) 10 (90.9%)

Anemia 19 (16.7%) 6 (54.5%) 6.785 0.009
CRP (mg/L) 4.107 0.043

0–3 89 (78.1%) 5 (45.5%)
>3 25 (21.9%) 6 (54.5%)

ALB (g/L) 12.196 0.002
>40 51 (44.7%) 1 (9.1%)
30–40 61 (53.5%) 8 (72.7%)
<30 2 (1.8%) 2 (18.2%)

ASA classification 6.982 0.008
II 73 (64.0%) 2 (18.2%)
III 41 (36.0%) 9 (81.8%)

Surgery type 6.100 0.014
Arthroplasty 35 (30.7%) 8 (72.7%)
TLIF 79 (69.3%) 3 (27.3%)

Remifentanil (mg) 0.73 [0.52, 0.91] 0.61 [0.52, 0.81] –0.967 0.333
Sevoflurane (mL) 25.00 [25.54, 30.36] 24.11 [18.75, 31.70] –0.336 0.737
Surgery duration (min) 140 [114.5, 170] 135 [100, 185] –0.336 0.737
Anesthesia duration (min) 165 [135, 195] 173 [125, 210] –0.105 0.917
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Table 1. Continued.
Non-POD POD

t/Z/χ2 p
N = 114 N = 11

ICU admission 6 (5.3%) 4 (36.4%) 0.005
LOS (d) 10 [8, 12.25] 12 [9, 14] –1.078 0.281
Preoperative LOS (d) 3 [2, 5] 4 [3, 5] –0.613 0.540
Postoperative LOS (d) 6.5 [5, 8] 7 [6, 11] –0.725 0.468

Continue variables are presented as mean± SD or median (IQR). Counting
data are presented as numbers and percentages. POD, postoperative delir-
ium; non-POD, non-postoperative delirium; ACCI, age-adjusted Charlson
Comorbidity Index; ALB, albumin; ASA, American Society of Anesthe-
siologists; BMI, body mass index; CHD, coronary heart disease; CRP, C-
reactive protein; ICU, Intensive Care Unit; IQR, interquartile range; LOS,
length of stay; MMSE, mini-mental state examination; RBC, red blood
cell; SD, standard deviation; TLIF, transforaminal lumbar interbody fusion;
WBC, white blood cell.

of 10%. Consequently, a total of 110 patients were required
for the study. Accounting for a 10% dropout rate, the study
should recruit at least 123 patients.

Statistical Analysis
The statistical analysis was conducted using SPSS 26.0
software (IBM Corporation, Armonk, NY, USA). Descrip-
tive statistics were calculated for all variables. Normally
distributed continuous data are presented as mean ± stan-
dard deviation (SD), while non-normally distributed data
are reported as median and interquartile range. Categori-
cal data are described using percentages. Continuous vari-
ables were compared using the Mann-Whitney U test or
Student’s t-test, while categorical variables were analyzed
using Fisher’s exact test or the chi-square test. Receiver op-
erating curve (ROC) analysis was conducted to assess sen-
sitivity, specificity, and optimal cutoff values for intraop-
erative EEG spectrum parameters (spanning delta to beta
bands), SEF, and MMSE score, based on Youden’s index,
in relation to clinically defined POD categories.
Factors demonstrating statistically significant differences in
univariate analysis were included into a logistic regression
model, with a significance level set at α = 0.05. To address
multicollinearity, we used variance inflation factor (VIF)
derived from linear regression. A given predictor was re-
moved from the logistic regression model if the VIF be-
tween the variable and other predictor variables was greater
than 5, while the factor with the smallest p-value was se-
lected. A forward stepwise multivariate logistic regression
was conducted to identify independent risk factors associ-
ated with POD. A p-value < 0.05 was considered statisti-
cally significant.

Results
Patient Population
A total of 172 patients were initially recruited for the study.
Among them, 8 patients changed their anesthesia method,

1 patient died within three days post-surgery, 1 patient un-
derwent additional surgeries due to multiple traumatic frac-
tures, and 37 patients had incomplete EEG data. Among
them, the EEG records of 20 patients were unintentionally
deleted during equipment maintenance because researchers
did not export the data promptly. Additionally, 9 patients
had incomplete records due to electrode malfunctions. Fur-
thermore, there was high electrode impedance in 8 pa-
tients’ EEG records. Ultimately, 125 patients were in-
cluded in the study. Based on the assessment scales, pa-
tients were divided into the POD group (11 patients) and
the non-postoperative delirium (non-POD) group (114 pa-
tients), with a POD incidence rate of 8.8%. The screening
process is illustrated in Fig. 1.

The patient characteristics and perioperative data are sum-
marized in Table 1. Fig. 2 illustrates the ROC curves
using various indicators to predict POD after orthopedic
surgery. ROC curve analysis for POD showed an opti-
mal cut-off value for intraoperative alpha power of 0.735
Hz, with a sensitivity of 0.675, specificity of 0.818, and
area under the curve (AUC) of 0.744; 95% confidence in-
terval (CI), 0.573–0.916, p = 0.005 (Table 2). Based on
this cut-off value, patients were classified into two groups:
low alpha power group (<0.735 Hz) and high alpha power
group (≥0.735 Hz). The cut-off values for delta, theta, beta
power, and SEF were also calculated, and patients were
classified based on these values. Similarly, the cut-off value
for MMSE was established at 24.5 for predicting POD risk,
with a sensitivity of 0.684, specificity of 0.818, and AUC
of 0.817. Patients were divided into two groups based on
their MMSE scores: those with MMSE scores below 25
and those with MMSE scores between 25 and 30. Compar-
ative analysis revealed that the POD group exhibited signif-
icantly higher mean age (p = 0.001) and a greater propor-
tion of patients with an ASA score of III (p = 0.008) rela-
tive to the non-POD group. The POD group also had lower
preoperative MMSE scores (p < 0.001), a higher preva-
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Fig. 1. Flow diagram of the participant selection process for the trial. EEG, electroencephalography.

Table 2. Predictive value of various indicators for postoperative delirium after orthopedic surgery.
Indicators AUC Standard error Optimal cut-off value Sensitivity Specificity p value 95% CI

Delta power 0.614 0.087 2.800 0.640 0.636 0.188 0.444–0.784
Theta power 0.693 0.080 1.200 0.491 0.818 0.016 0.536–0.850
Alpha power 0.744 0.088 0.735 0.675 0.818 0.005 0.573–0.916
Beta power 0.807 0.055 0.105 0.658 0.909 <0.001 0.700–0.913
SEF 0.663 0.083 12.125 0.588 0.727 0.049 0.501–0.826
MMSE 0.817 0.062 24.5 0.684 0.818 <0.001 0.696–0.938

AUC, area under curve; CI, confidence interval; SEF, spectral edge frequency.

lence of preoperative anemia (p = 0.009) and hypoalbu-
minemia (p = 0.002), and higher C-reactive protein (CRP)
levels (p = 0.043). Additionally, POD patients showed
a higher incidence of depression (p = 0.005) and arthro-
plasty (p = 0.014), and were more likely to require ICU
(p = 0.005). The two groups did not show any significant
differences regarding preoperative comorbidities, preoper-
ative pain scores, smoking and alcohol history, surgery and
anesthesia duration, or length of hospital stay (p > 0.05).
Moreover, the consumption of remifentanil and sevoflurane
did not differ significantly between the two groups (p >

0.05). A comparative analysis of characteristics and periop-
erative data between patients excluded from and included in
the study revealed no significant differences across all vari-
ables examined (Supplementary Table 1).

EEG Power Spectral Analysis

Intraoperative EEG power spectral analysis showed that pa-
tients in the POD group exhibited significantly lower bilat-
eral SEF compared to the non-POD group [SEF_L (10.01

± 3.63 Hz vs 12.59 ± 3.57 Hz, p = 0.024), SEF_R (10.09
± 3.74 vs 12.31 ± 3.43 Hz, p = 0.044)]. Additionally, the
POD group had significantly reduced power in the beta, al-
pha, and theta bands relative to the non-POD group (p <

0.05). Although the delta band power was also lower in the
POD group, this difference did not reach statistical signifi-
cance. No significant differences were observed in the PSI,
BS duration, or BS percentage between the two groups (p
> 0.05) (Table 3).

Fig. 3 illustrates the intraoperative frontal group spectro-
grams over a single EEGwindow of 120 ms, comparing the
non-POD group with the POD group. The custom-written
MATLAB code was employed to assess the statistical sig-
nificance of the differences in power within various fre-
quency bands. Fig. 3A depicts the spectrogram of the non-
POD group, displaying the power distribution across time
and frequency, with time (seconds) arranged along the x-
axis and frequencies (Hz) arranged along the y-axis. Fig.
3B presents the corresponding spectrogram for the POD
group, highlighting notable differences in power distribu-
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Fig. 2. ROC diagram of each indicator for diagnosis of POD
after orthopedic surgery. MMSE, mini-mental state examina-
tion; ROC, Receiver operating curve; SEF, spectral edge fre-
quency. The SPSS software SPSS (26.0, IBM, Armonk, NY,
USA) was used to create the image.

tion when compared to the non-POD group. Fig. 3C di-
rectly compares the POD and non-POD groups, emphasiz-
ing the altered power dynamics observed in the POD group.
Fig. 3D further elucidates these differences through a sub-
traction of the two groups’ power spectrograms, thereby
highlighting the specific frequency bands exhibiting signif-
icant power variations.

Risk Factors for POD
The results of the multivariate logistic regression analysis
for POD risk factors are presented in Table 4. After ad-
justing for potential confounding factors that were statisti-
cally different between the groups, such as ASA, albumin
(ALB), CRP, depression, ICU admission, and surgery type,
forward stepwise logistical analysis indicated that among
the EEG spectral monitoring data, only lower intraopera-
tive absolute alpha power [odds ratio (OR) 10.210, 95% CI
= 1.233–84.568, p = 0.031] was an independent risk factor
for POD. Additionally, advanced age (OR 7.713, 95% CI
1.022–58.204, p = 0.048), preoperative anemia (OR 6.636,
95% CI 1.091–40.358, p = 0.040), and preoperative depres-
sion (OR 10.089, 95% CI 1.029–98.909, p = 0.047) were
also independent risk factors for POD. In contrast, higher
MMSE scores (OR 0.130, 95% CI 0.021–0.820, p = 0.030)
appeared to be a protective factor against POD. RBC count
was manually excluded from the regression model due to
its VIF exceeding 5 when considered alongside Hb. Beta
power and SEF were also removed from the regression
model due to their multicollinearity with alpha power. The
VIF values for all statistically significant variables in the
univariate analysis are presented in Supplementary Table
2.

Discussion
In this study, intraoperative lower intraoperative absolute
alpha power, advanced age, lower preoperative MMSE
scores, preoperative anemia, and preoperative depression
were independently associated with POD, indicating the
ability of intraoperative EEG spectral characteristics to
identify patients with a higher risk to develop POD during
an early stage of anesthesia.
The prevalence of POD among elderly orthopedic surgery
patients was 8.8%, which is lower than the internationally
reported range of 12%–51% [1]. This lower incidence may
be attributed to the limitations inherent in a single-center
study. The majority of the included surgeries were lum-
bar fusion surgeries (69.3%), with knee and hip surgeries
comprising only 22.8% of the sample, which may have rel-
atively higher POD incidence rates. Yang JS et al. [22]
reported a 7.4% incidence of POD following lumbar fusion
surgery, while Kwon YS et al. [23] found a 5.9% incidence
of POD using clinical database analysis for the same type
of surgery. A systematic review and meta-analysis of 44
studies involving 104,572 participants undergoing hip frac-
ture surgery found that the incidence of POD was 16.93%
[24]. In contrast, a recent multicenter randomized con-
trolled trial conducted in China among elderly orthopedic
surgery patients found a 5.1% incidence of POD in the gen-
eral anesthesia group [25]. Differences in perioperative
management, including anesthesia protocols, pain manage-
ment, and postoperative care, may have contributed to the
lower incidence of POD observed in the study center. Varia-
tions in diagnostic criteria and assessment methods can also
lead to differences in reported incidence rates, with stan-
dardized tools and consistent assessment timing impacting
detection. Additionally, the study design and data collec-
tion methods, including sample size and inclusion criteria,
can influence the results.
This study found that only low absolute alpha power during
intraoperative EEG monitoring was independently associ-
ated with POD in elderly orthopedic patients. Alpha waves
typically appear when the brain is in a relaxed state (awake
with eyes closed), with maximal amplitude observed in the
occipital cortex. However, the administration of sedative
anesthetics like propofol, induces a characteristic shift in al-
pha waves topography, with attenuation in occipital regions
and predominance in frontal areas. Research suggests that
this unique anteriorization of alpha waves is due to thalam-
ocortical synchronization induced by anesthetic sedatives,
possibly related to the action on γ-Aminobutyric acid sub-
typeA receptors, as these drugs commonly target this recep-
tor [11]. Given that EEG recordings were obtained from the
frontal region, alpha power serves as a reliable indicator of
cerebral functional status under general anesthesia.
In this study, intraoperative absolute alpha power was
significantly diminished in the POD group compared to
the non-POD group, with the maximal difference peaking
around 12 Hz. Additionally, density spectral array anal-
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Fig. 3. Intraoperative frontal group spectrograms. Intraoperative frontal group spectrograms over a single EEG window of 120 ms
comparing non-POD (n = 114) (A) with POD group (n = 11) (B). A custom-written Matlab code (R2022b, MathWorks Inc, Natick, MA,
USA) was used to assess the statistical significance of the difference in power within different frequency bands. In the spectrograms, time
(s) is arranged along the x-axis and frequencies (Hz) are arranged along the y-axis. (C) POD group compared to the non-POD group,
(D) Subtraction of two groups of power. POD, postoperative delirium; non-POD, non-postoperative delirium. MATLAB (R2022b,
MathWorks Inc, Natick, MA, USA) was used to create the image.

ysis revealed markedly reduced activity of low-frequency
slow waves in the POD group compared to the non-POD
group. The observed decrease in alpha power during gen-
eral anesthesia may indicate a compromised brain function,
potentially increasing the risk of POD. This finding aligns
with previous research by Shao YR et al. [26], who found
a strong correlation between low frontal alpha power and
the “fragile brain” model under anesthesia. This model in-
volves aspects of brain metabolism, cognition, and aging,
suggesting that increased brain fragility correlates with a
higher risk of postoperative cognitive dysfunction (POCD).
This hypothesis suggests that low alpha power may serve as
a common EEG indicator of fragile brain function. Corrob-
orating evidence from additional study has demonstrated
a significant correlation between low intraoperative alpha
power and preoperative cognitive impairment [2]. Fur-
thermore, Shao YR et al. [26] observed that patients who

subsequently developed delirium postoperatively showed a
greater decrease in alpha power during surgery. Therefore,
we believe that low intraoperative alpha power is a char-
acteristic EEG feature in patients with fragile brain func-
tion and is strongly associated with the occurrence of POD,
making it a potential predictor of POD.

The statistical analysis in this study indicated that the POD
group exhibited a longer duration and a higher percentage
of BS during surgery compared to the non-POD group, al-
though these differences were not statistically significant.
BS may be caused by increased cortical excitability, de-
pletion of extracellular calcium ions, and activity of adeno-
sine triphosphate-gated potassium channels, leading to sub-
sequent suppression [27]. This phenomenon is frequently
observed in states of deep anesthesia and in the presence
of neurological disorders. Several studies suggest that pro-
longed durations of BS may increase the incidence of POD
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Table 3. Intraoperative EEG parameter of patients between non-POD and POD.
Non-POD POD

t/Z/χ2 p
N = 114 N = 11

Delta power (dB) 3.91 (2.29, 5.73) 2.66 (2.02, 5.59) –1.242 0.214
Delta power 2.183 0.140

Low 41 (35.96%) 7 (63.64%)
High 73 (64.04%) 4 (36.36%)

Theta power (dB) 1.19 (0.72, 2.02) 0.77 (0.44, 1.01) –2.105 0.035
Theta power 2.862 0.091

Low 47 (41.23%) 8 (72.73%)
High 67 (58.77%) 3 (27.27%)

Alpha power (dB) 1.24 (0.55, 2.57) 0.41 (0.25, 0.71) –2.667 0.008
Alpha power 8.495 0.004

Low 37 (32.46%) 9 (81.82%)
High 77 (67.54%) 2 (18.18%)

Beta power (dB) 0.14 (0.08, 0.26) 0.06 (0.03, 0.09) –3.349 <0.001
Beta power 11.257 0.001

Low 39 (34.21%) 10 (90.91%)
High 75 (65.79%) 1 (9.09%)

(delta+theta)/(alpha+beta) 4.04 (2.05, 6.37) 6.05 (3.74, 22.81) –1.913 0.056
SEF_L (Hz) 12.59 ± 3.57 10.01 ± 3.63 2.278 0.024
SEF_L 4.251 0.039

Low 41 (35.96%) 8 (72.73%)
High 73 (64.04%) 3 (27.27%)

SEF_R (Hz) 12.31 ± 3.43 10.09 ± 3.74 2.031 0.044
SEF_R 2.377 0.123

Low 23 (20.18%) 5 (45.45%)
High 91 (79.82%) 6 (54.55%)

SEF (Hz) 12.45 ± 3.45 10.05 ± 3.66 2.184 0.031
SEF 2.862 0.091

Low 47 (41.23%) 8 (72.73%)
High 67 (58.77%) 3 (27.27%)

PSI 39.06 (33.21, 47.26) 46.27 (36.28, 47.90) –0.886 0.376
Burst suppression duration (s) 9.40 (3.16, 42.84) 16.40 (5.70, 44.02) –0.713 0.476
Burst suppression percent 0.12 (0.03, 0.52) 0.23 (0.08, 0.65) –0.693 0.489

Continues variables are presented as mean ± SD or median (IQR). Counting data are presented as
numbers and percentages. PSI, patient state index; SD, standard deviation; SEF, spectral edge fre-
quency.

[27, 28, 29]. However, some researchers also suggest that
pharmacologically induced BS can significantly decrease
the cerebral metabolic rate of oxygen, potentially exerting
neuroprotective effects [30]. There are also studies that
have reported no clear relationship between BS and POD
[31, 32]. The causal link between intraoperative BS and
POD, as well as the validation of interventions aimed at re-
ducing or eliminating BS to decrease the incidence of POD,
still require further research.

Study utilizing frontal EEG-based BIS monitors to mea-
sure anesthetic depth measurement has demonstrated cor-
relations between POD and low BIS values [33]. A pre-
vious review indicated that light anesthesia was associated
with a decrease in POD in comparison with deep anesthe-
sia [34]. In our study, although delirium patients exhibited

a higher trend in PSI, there was no significant difference in
PSI between the two groups. Additionally, there was no sig-
nificant difference in the consumption of anesthetic drugs
between the two groups. Therefore, we conclude that pa-
tients who developed delirium in this study did not undergo
deeper anesthesia.

Multivariate logistic regression analysis indicated that a low
preoperative MMSE score is an independent risk factor for
POD. This finding suggests that patients with preexisting
cognitive impairment are more likely to develop POD. A
meta-analysis by Cao SJ et al. [35], which included one
randomized controlled trial, two retrospective cohort stud-
ies, and 18 prospective cohort studies, found that patients
with perioperative MMSE decline had higher rates of POD,
in-hospital mortality, and one-year mortality. The study’s
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Table 4. Multivariable logistic regression analysis for POD.
Variables Regression coefficient SE p OR (95% CI)

Age (years)
65–74 Reference Reference
≥75 2.043 1.031 0.048 7.713 (1.022–58.204)

Alpha power
High Reference Reference
Low 2.323 1.079 0.031 10.210 (1.233–84.568)

MMSE
<25 Reference Reference
25–30 –2.041 0.940 0.030 0.130 (0.021–0.820)

Anemia 1.892 0.921 0.040 6.636 (1.091–40.358)
Depression 2.311 1.165 0.047 10.089 (1.029–98.909)

CI, confidence index; OR, odds ratio; SE, standard error.

conclusions highlighted the value of MMSE in risk strati-
fication and prognostic assessment of elderly surgical pa-
tients. Similarly, another study [36] also identified low
MMSE scores as a consistent risk factor for increased POD
and proposed its incorporation into a high-performing pre-
dictive model for screening out high-risk patients. How-
ever, Liu J et al. [37] reported no statistical difference in
preoperative cognitive impairment as assessed by MMSE
between the POD and non-POD groups. They suggested
that educational level might confound MMSE scores, lead-
ing to significant bias.
Advanced age remains a significant predictor of POD, con-
sistent with other reports. A systematic review and meta-
analysis published in 2021 identified age as an independent
predictor of POD following total hip and knee arthroplasty
[38]. Travica N et al. [39] found a grade III association
between preoperative age and an increased risk of POCD.
The exact mechanisms linking advanced age and POD are
not fully understood, but one theory suggests that aging in-
creases the brain’s vulnerability to stress [20, 40].
Additionally, perioperative anemia was found to be an in-
dependent risk factor for POD, consistent with previous
studies [41, 42, 43]. The prevailing hypothesis posits that
low Hb concentration reduces cerebral oxygen delivery, a
key element in the pathophysiology of POD [44]. A retro-
spective study by Elsamadicy AA et al. [45] showed that
lower preoperative Hb levels in elderly male patients un-
dergoing spinal fusion surgery correlated with longer hos-
pital stays, increased incidence of POD, and higher rates of
non-incisional infections and hematoma formation. Simi-
larly, a prospective observational study by Tahir M et al.
[46] indicated that preoperative anemia could increase the
risk of POD by nearly threefold. Conversely, a study by
Myint PK et al. [47], which examined elderly patients ad-
mitted to five emergency surgical hospitals in the United
Kingdom, found no association between anemia and POD
after reviewing. The association between preoperative Hb
levels and POD may be influenced by other factors such
as age, comorbidities, type, and duration of surgery. Fur-

ther research is needed to fully understand the relationship
between preoperative Hb levels and POD and to identify
additional potential risk factors contributing to POD devel-
opment.
In this study, we also found that among delirium patients,
a higher proportion of patients underwent arthroplasty in-
stead of lumbar interbody fusion. A meta-analysis includ-
ing 5364 patients receiving hip surgery suggested the accu-
mulated incidence of delirium was 24.0% [48], while an-
other meta-analysis involving 50 cohort studies reported
the pooled incidence rate of POD was 7% following spine
surgery [49]. It was demonstrated that the occurrence of
POD varied across different types of operations, aligning
with our findings.
This study has several limitations. First, as an observational
study, it utilized clinical data from only one hospital with
a small sample size, which may introduce selection bias.
Second, the study lacks information on postoperative com-
plications, which could be a significant factor influencing
POD. Third, the study only analyzed intraoperative EEG
components and did not account for relevant EEG changes
before and after surgery, resulting in a lack of dynamic com-
parison. Fourth, the study only followed up POD data for 3
days, rather than longer periods such as 5 or 7 days, which
may lead to an underestimation of POD incidence. Finally,
larger multicenter studies are necessary to externally vali-
date these findings and further optimize the results.

Conclusions
In elderly orthopedic patients, individuals who developed
POD exhibited a reduced absolute alpha power on EEG dur-
ing the operation. Intraoperative EEG monitoring emerges
as a potentially valuable and straightforward tool for pre-
dicting the development of POD. Specifically, low intraop-
erative alpha power has been identified as an independent
risk factor for POD. Additionally, preoperative cognitive
impairment, advanced age, preoperative anemia, and pre-
operative depression have been described as independent
predictors of POD occurrence.
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