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Background: Postoperative delirium (POD) is a common complication following surgery, associated with extended hospital stays,
cognitive decline, and increased mortality, yet effective pharmacological prevention remains elusive. Processed electroencepha-
lography (p-EEG) guided general anesthesia is designed to reduce excessive neural suppression linked to POD development.
However, conflicting evidence exists due to variations in devices and regional practices.
Methods: We systematically searched Medline, Embase, and the Cochrane Central Register of Controlled Trials from database
inception to January 2025, randomized controlled trial (RCT) comparing p-EEG guided general anesthesia with standard care in
adult surgical patients. Statistical analysis employed random-effects models calculated risk ratios (RR) and mean differences (MD)
with 95% confidence intervals (CIs). The primary outcome was POD incidence.
Results: Twelve RCTs involving 4523 surgical patients were included. p-EEG guided general anesthesia reduced the incidence of
POD compared with control group (RR 0.81, 95%CI 0.69–0.95, I2 = 46%), with pronounced benefits in elderly patients (≥60 years,
RR 0.83, 95% CI 0.69–0.99) and non-cardiac surgeries (RR 0.78, 95% CI 0.64–0.95). Regional heterogeneity was significant:
European and East Asian/Australasian trials demonstrated efficacy, whereas North American studies showed no benefit. In
addition, p-EEG guided general anesthesia reduced postoperative cognitive dysfunction (RR 0.66, 95% CI 0.49–0.89), shortened
hospital stays (MD −0.90 days, 95% CI −1.60 to −0.20), and lowered vasopressor requirements (RR 0.73, 95% CI 0.64–0.83).
Mortality did not differ between groups.
Conclusion: p-EEG guided general anesthesia demonstrates reduces POD incidence and associated complications, especially in
elderly patients and non-cardiac surgeries. However, the effectiveness may vary due to differences in practice, anesthetic
protocols, and cultural factors. Our findings support the implementation of tailored neuromonitoring in high-risk populations.
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Introduction

Postoperative delirium (POD), a clinically significant neuropsy-
chiatric syndrome occurring postoperatively[1,2], appears as
sudden mental confusion marked by poor focus, disordered
thoughts, and changes in awareness[3,4]. Associated with longer
hospital stays, worsening brain function, and more medical
complications[1,5,6], occurring in 5%–10% of general surgery
patients but exceeding 50% in high-risk groups such as cardiac
surgery patients[7–10]. The exact biological causes remain unclear.

Current theories involve interactions between neuroinflammatory
pathways, neurotransmitter imbalances, and potentially exacer-
bated neurodegenerative processes[2,7,11–15]. Although risk
stratification tools exist, effective pharmacological prevention
remains elusive, positioning anesthetic management optimization
as a critical preventive strategy.
Traditional hemodynamic-based depth-of-anesthesia (DOA)

monitoring risks anesthetic overdose. This may cause burst sup-
pression electroencephalography (EEG) patterns (manifesting as
thalamocortical discharges) linked to neuronal injury through tau
phosphorylation and synaptic dysfunction[16–18]. These injury
mechanisms may underlie POD pathogenesis[19–21], motivating
research into neuromonitoring-based prevention approaches.
Processed electroencephalography (p-EEG) systems aim to opti-
mize cerebral activity during anesthesia[17,22,23], yet their efficacy
in preventing POD shows inconsistent evidence. The ENGAGES
trial found no delirium reduction with BIS monitoring[24],
whereas the BALANCED substudy demonstrated significant
risk reduction (RR 0.58, 95% CI 0.38–0.88) using shallow
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anesthesia protocols[25]. Meta-analyses show borderline statistical
significance (OR 0.78, 95%CI 0.60–1.00)[26]. This contrasts with
recent trials such as ENGAGES-Canada, which confirmed no
significant effects[27]. These discrepancies reflect methodological
differences across studies and diverse patient populations.
Given this clinical uncertainty, we conducted a systematic

review and meta-analysis to examine p-EEG’s role in preventing
POD. Our rigorous methodology enabled evidence-based recom-
mendations for intraoperative neuromonitoring strategies.

Methods

We conducted this comprehensive systematic review and meta-
analysis in strict accordance with the 2020 Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines[28]

(Supplemental Digital Content Table S1, available at: http://
links.lww.com/JS9/E696) and the Assessing the Methodological
Quality of Systematic Reviews guidelines[29] (Supplemental
Digital Content Table S2, available at: http://links.lww.com/JS9/
E696). The study protocol was prospectively registered with
PROSPERObefore commencing data collection to enhance meth-
odological transparency and minimize reporting bias. This study
was conducted and reported in accordance with the Transparency
In The reporting of Artificial Intelligence – the TITAN guideline
criteria for transparent and artificial intelligence[30] (Supplemental
Digital Content Table S3, available at: http://links.lww.com/JS9/
E696).

Search strategy

We conducted a comprehensive literature search across data-
bases: MEDLINE (PubMed), Embase (Ovid), and the Cochrane
Central Register of Controlled Trials. The search encompassed all
relevant literature available up to January 2025. Furthermore, we
examined reference lists from both included studies and relevant
systematic reviews to identify additional eligible trials, with
detailed search strategies provided in Supplemental Digital
Content Materials, available at: http://links.lww.com/JS9/E696.

Eligibility criteria

The included trials enrolled adult patients aged 18 years or older
undergoing surgery with general anesthesia. The intervention
group received anesthesia management guided by p-EEG mon-
itoring, using proprietary DOA indices, p-EEG waveforms, or
derived indices were also considered, such as burst suppression
ratio, spectral edge frequency 95%, and electromyographic
activity. The control group received standard anesthesia care
either without EEG guidance or with sham monitoring, where
clinicians remained blinded to all EEG parameters except essen-
tial device functionality indicators like signal quality indices.
Only peer-reviewed randomized controlled trials (RCTs) pub-
lished in English that reported POD incidence were eligible for
inclusion. We excluded involving pediatric populations or ani-
mal subjects, using neuraxial anesthesia with sedation or regio-
nal block-based analgesia. Studies on delirium in long term
intensive care unit (ICU) settings were excluded to avoid con-
founding from critical care-related cognitive dysfunction. The
CAM-ICU tool was allowed for early postoperative assessments
in post-anesthesia care units or transitional care units, consistent
with its validation for rapid detection in non-prolonged critical

care contexts. All the retained trials ensured that the delirium
evaluation reflected the acute effects of surgery and anesthesia
rather than the factors acquired during ICU stay.

Study selection and data extraction

Two investigators (L.C. and Q.C.) independent conducted titles
and abstracts for initial screening based on predefined eligibility
criteria. We assessed potentially eligible article through dual
independent full-text reviews, and a third investigator (H.L.)
was involved in a consensus discussion to resolve discrepancies.
Data collection was conducted by one reviewer (Y.Y.X.) and
independently cross-checked for accuracy by two reviewers (L.
C. and Q.C.). We collected the following (1) study characteris-
tics (authors, publication year, country, sample size), (2) parti-
cipant demographics (clinical background, surgical procedure),
(3) interventions/comparisons (monitoring devices), and (4) out-
come measures (assessment method, frequency, follow-up per-
iod). When data were missing, we contacted the corresponding
authors to request the necessary information.

Study outcomes

The primary outcome was the incidence of POD (a positive
diagnosis was made when at least one assessment met the cri-
teria). Delirium was assessed using the established Confusion
Assessment Method (CAM) or CAM-ICU[31,32]. Secondary out-
comes included postoperative cognitive dysfunction (POCD).
POCD was defined in an individual when the reliable change
index score was < −1.96 on ≥ 2 tests, the combined Z score was
< −1.96, or both. Other secondary outcomes were hospital
length of stay (LOS), which was the total days from surgery
to discharge; mortality, referring to postoperative all-cause
mortality; end-tidal volatile anesthetic concentrations (ETAC),
expressed as age-adjusted minimum alveolar concentration
(MAC) multiples; and intraoperative adverse events such as
hypotension requiring inotrope or vasopressors, which meant
the intraoperative administration of any inotrope or vasoactive
agent.

Risk of bias and evidence certainty assessment

Two investigators (L.C. and Y.Y.X.) independent evaluated the
risk of bias for each included RCTs assessed using the Cochrane
risk-of-bias tool 2.0 (RoB 2.0)[33]. The RoB 2.0 tool

HIGHLIGHTS

● Processed electroencephalography (EEG)-guided anesthe-
sia significantly reduces postoperative delirium (POD)
risk in elderly non-cardiac surgery patients, proving par-
ticularly valuable for high-risk populations.

● Geographic variations occurred: European and East
Asian/Australasian trials reduced POD significantly,
unlike North American studies, possibly due to differing
anesthetic protocols.

● Beyond reducing delirium, EEG guidance decreases
cognitive deficits, shortens hospital stays, and lowers vaso-
pressor requirements, underscoring its broader role in
enhancing perioperative outcomes and resource efficiency.
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systematically evaluates five critical domains: risk of bias arising
from the randomization process, deviations from the intended
interventions, missing outcome data, measurement of the out-
come, and selection of the reported result. Each domain received
one of three ratings: “low risk,” “moderate concern,” or “high
risk” based on predefined signaling questions and algorithmic
decision rules outlined in the ROB 2.0 handbook. The overall
certainty of evidence was appraised through the Grading of
Recommendations Assessment, Development, and Evaluation
(GRADE) framework, which evaluating key dimensions includ-
ing risk of bias, inconsistency, indirectness, imprecision, and
publication bias. Using the GRADE framework, we categorized
evidence quality into four levels: high, moderate, low, or very
low[34]. To minimize assessment bias, two investigators per-
formed all evaluations independently using standardized
forms. Discrepancies in domain judgments or GRADE evalua-
tions were resolved through repeated review of original studies
followed by adjudication with the third author (H.L.) until
consensus was achieved.

Statistical analysis

All analyses were performed with R statistical software (version
4.4.1) with the meta and metafor packages[35]. We used
a random-effects model with inverse-variance weighting to
determine the combined effect sizes and address potential
research discrepancies. DerSimonian–Laird estimator was used
for the meta-analysis[36]. Dichotomous outcomes were pooled as
risk ratios (RRs) and continuous outcomes as mean differences
(MD), both with 95% confidence intervals (CIs). When studies
reported continuous data as medians with interquartile ranges,
we converted the medians and interquartile ranges to means and
standard deviations using validated transformation methods[37].
We used I2 and Tau2 statistics to assess heterogeneity[38] and
supplemented it with visual inspection of L’Abbe plots.
Specifically, we calculated the 95% prediction interval (PI) to
show the extent of between study heterogeneity. The L’Abbe
plot displays outcome event incidence in intervention (y-axis)
and control (x-axis) groups. Specifically, homogeneous studies
align along a straight line, while deviations suggest potential
heterogeneity sources. We assessed publication bias across stu-
dies by visually inspecting funnel plots for asymmetry and using
Egger’s test for the primary outcome. We conducted a trial
sequential analysis (TSA) for primary outcomes, using TSA,
version 0.9.5.10 to test the certainty of the results in by mini-
mizing the random error by calculating the required sample size,
adjusting the thresholds for the cumulative statistical signifi-
cance by the α-spending method (O’Brien-Fleming boundaries),
and testing for futility with a type-1 error of 5.0% and a power
of 80.0% set as the futility boundaries.

Subgroup and sensitivity analysis

We prespecified subgroup analyses to examine potential effect
modifiers of p-EEG-guided general anesthesia on POD incidence:
Age stratification: Elderly (≥ 60 years) versus younger adults

(< 60 years)
Surgical category: Cardiac (with cardiopulmonary bypass)

versus non-cardiac procedures
Anesthetic protocol: Total intravenous anesthetic (based on

propofol) versus volatile anesthetic

These stratification approaches helped evaluate whether the
intervention effects varied across clinically relevant patient
subgroups.
Beyond subgroup analyses, we used two complementary

approaches to assess result robustness. We did leave-one-out
cross-validation by systematically excluding individual studies
to evaluate their influence on the overall results. Additionally,
we categorized the analysis based on study quality, comparing
outcomes between trials with low risk of bias and those with
some concerns or high risk of bias for our primary outcome.
This rigorous approach offered robust evidence supporting the
reliability of our conclusions.

Results

Literature screening

Our comprehensive literature search initially identified 1438
potentially relevant records from electronic databases. We first
removed 672 duplicate entries and excluded 614 clearly irrele-
vant records during preliminary screening. Then, two indepen-
dent researchers evaluated the remaining 152 articles at the
abstract level. Subsequently, detailed full-text assessments were
performed on 53 studies that appeared to meet eligibility cri-
teria. Ultimately, our rigorous selection process yielded 12 high-
quality RCTs encompassing a total of 4523 participants that
satisfied all predefined inclusion requirements[24,25,27,39–47]

(Fig. 1 and Table 1).

Study characteristics

Among the 12 studies, including three cardiac surgery trials
(n = 1680)[27,43,46] and nine non-cardiac surgery trials (n = 2843)
[24,25,39–42,44,45,47], with no studies reporting neurosurgical
populations. Geographically, four trials originated from
China[39,40,45,47], four from North America[24,27,44,46], three
from Europe[41–43], and one multinational trial spanned
Australia, China, and the United States[25]. Eight of the twelve
studies employed single-center designs[24,40,41,43–47], while four
utilized multicenter methodologies[25,27,39,42]. p-EEG-guided
general anesthesia protocols exhibited notable heterogeneity in
monitoring devices and implementation strategies. Most studies
(n = 7) employed the Bispectral Index (BIS®; Covidien, Boulder,
CO, USA) for DOA monitoring[24,25,39,40,42,46,47]. Other devices
included the SedLine® EEG monitor (Masimo Corporation,
Irvine, CA) in two studies[44,45], which incorporated Patient
State Index, spectral edge frequency (SEF95%), density spectral
array, and real-time EEG waveform analysis, the A-line monitor
(Danmeter A/S, Odense, Denmark) targeting mid-latency audi-
tory evoked potentials in one study[41], the Narcotrend® system
(Hannover, Germany) maintaining a Narcotrend Index between
37 and 64 in one study[43], and the BIS monitor or SedLine®

monitor or NeuroSENSE® monitor in one study[27]. Control
group strategies varied significantly across trials. Ten studies
adopted a blinded EEG monitoring approach[24,27,39–45,47],
where clinicians were restricted from accessing EEG-derived
parameters except signal quality indices. One trial compared
light (BIS target 50) and deep (BIS target 35) general anesthesia
regimens[25], while another involving open-heart surgery utilized
ETAC-guided alerts (thresholds: <0.7 or >1.3 age-adjusted
MAC)[46]. Seven studies used combined intravenous and volatile
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anesthetic regimens[24,25,27,39,41,43,44], typically pairing propofol
with sevoflurane or desflurane. Three studies maintained anesthe-
sia exclusively via intravenous propofol infusions[40,45,47]. One
trial permitted either total intravenous anesthesia (TIVA) with
propofol or volatile agents based on clinician preference[42].
Notably, a single study in open heart surgery employed ETAC-
guided volatile anesthesia[46]. ROB 2.0 evaluation revealed a high
risk of bias in two RCTs[41,47] and some concerns in two
others[40,43]. The remaining eight trials demonstrated a robust
risk of bias with low risk of bias[24,25,27,39,42,44–46] (Fig. 2).
Variability in assessment methodologies across studies compro-
mised the reliability of POD outcome evidence. This methodolo-
gical heterogeneity contributed to the overall GRADE evaluation
indicating limited confidence in the conclusion that p-EEG mon-
itoring effectively reduces POD incidence (Table 2).

Primary outcome: POD

All included studies used validated diagnostic tools (3D-CAM,
CAM-ICU, or CAM)[24,25,27,39–47] to assess POD. Evaluations
were performed once or twice daily during follow-up periods
lasting 1–10 days postoperatively. Reported delirium incidence
varied substantially across trials, reflecting differences in surgical
populations and assessment protocols. Pooled analysis showed
p-EEG guided anesthesia reduced delirium risk by 16% (RR
0.81, 95% CI 0.69–0.95, 95% PI 0.52–1.24), with incidence
rates of 15.0% (562/3743) versus 17.9% (676/3778) compared
to conventional care. (Fig. 3 and Table 2), and moderate hetero-
geneity (I2 = 46%) (L’Abbe plot; Supplemental Digital Content
Figure S1, available at: http://links.lww.com/JS9/E696).
However, the PIs encompassed values either side of the null effect,
thus suggesting that p-EEG guided general anesthesia may not

significantly reduce POD in similar future studies. TSA showed
that the curve crossed the conventional significance threshold but
not the TSA boundary, and the accrued information size did not
reach the required information size. These findings suggest that
the meta-analysis may have produced a false positive result, and
additional trials are required to confirm the efficacy of the treat-
ment (Supplemental Digital Content Figure S2, available at: http://
links.lww.com/JS9/E696).
Five studies additionally reported delirium duration or severity

using standardized scales (Memorial Delirium Assessment
Scale)[24,27,41,44,46]. No studies identified significant intergroup dif-
ferences. Our comprehensive analysis found no significant effect
modification by surgical category (cardiac vs. non-cardiac proce-
dures) on the association between p-EEG monitored anesthesia
and POD risk (P for interaction = 0.56; Supplemental Digital
Content Figure S3, available at: http://links.lww.com/JS9/E696).
The treatment effect remained consistent regardless of patient age
stratification (≥60 years vs. <60 years; P for interaction = 0.51;
Supplemental Digital Content Figure S4, available at: http://links.
lww.com/JS9/E696) or anesthetic maintenance regimen (propofol-
based intravenous anesthesia vs. volatile agent maintenance vs.
TIVA; P for interaction = 0.58; Supplemental Digital Content
Figure S5, available at: http://links.lww.com/JS9/E696).
Our exploratory analysis of regional subgroups revealed sig-

nificant heterogeneity (P for interaction = 0.002; Supplemental
Digital Content Figure S6, available at: http://links.lww.com/JS9/
E696). Trials conducted in Europe (RR 0.79, 95% CI 0.63–0.99)
and East Asia/Australia (RR 0.65, 95% CI 0.54–0.79) demon-
strated significant reductions in POD incidence with p-EEG-
guided general anesthesia. In contrast, North American trials
showed no evidence of benefit (RR 1.01, 95% CI 0.87–1.16).

Figure 1. PRISMA flowchart of the included studies.
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The robustness of primary outcome findings was substan-
tiated through sensitivity analyses. No significant variation in
effect direction or magnitude was observed when comparing
studies with low versus some concerns/high risk of bias (P for
interaction = 0.54; Supplemental Digital Content Figure S7,
available at: http://links.lww.com/JS9/E696). Exclusion of the
ENGAGES trial eliminated statistical heterogeneity (I2 decreas-
ing from 46% to 0%) and strengthened the treatment effect (RR
0.76, 95% CI 0.66–0.88). Exclusion of any other single study
maintained both statistical significance (RR range: 0.76–0.84)
and heterogeneity levels (I2 range: 37%–51%), confirming no
disproportionate influence from any individual trial
(Supplemental Digital Content Figure S8, available at: http://
links.lww.com/JS9/E696). Funnel plot analysis of the primary
outcome revealed asymmetry, suggesting potential publication

bias (Supplemental Digital Content Figure S9, available at:
http://links.lww.com/JS9/E696). While funnel plot asymmetry
suggested potential publication bias, Egger’s test showed no
significant small-study effects (intercept = −1.16, P = 0.152),
though interpretation remains cautious given methodological
heterogeneity and limited studies.

Secondary outcomes

Four studies evaluated neurocognitive outcomes with follow-up
periods ranging from 1 month to 1 year postoperatively[39–42].
Compared to conventional management, p-EEG guided anesthe-
sia showed a 35% relative reduction in POCD risk (RR 0.66,
95% CI 0.49–0.89; Supplemental Digital Content Figure S10,
available at: http://links.lww.com/JS9/E696 and Table 2), with

Figure 2. Rob2 risk of bias assessment for primary outcome.

Table 2
GRADE score for significant outcomes reported in the manuscript

Outcome RCT p-EEG Controls
RR or MD
(95% CI)

Risk of
bias Inconsistency Indirectness Imprecision

Other
considerations Certainty Comment

POD 12 3743 3778 0.82
(0.69–0.95)

Serious Serious No No No ⊕⊕⊝⊝
Low

Increased risk of bias,
Inconsistency
among studies

POCD 4 1094 1105 0.66
(0.49–0.89)

Serious Serious No No No ⊕⊕⊝⊝
Low

Increased risk of bias,
Inconsistency
among studies

Hospital LOS 8 3464 3504 −0.90
(−1.60
to −0.20)

No Serious No Serious No ⊕⊕⊝⊝
Low

Inconsistency among
studies,
Imprecision with
wide CI and high I2

Vasopressor
require

4 844 850 0.73
(0.64–0.83)

Serious No No No No ⊕⊕⊕⊝
Moderate

Increased risk of bias

Mortality 4 2052 2062 0.55
(0.23–1.31)

No Serious No Serious No ⊕⊕⊝⊝
Low

Inconsistency among
studies,
Imprecision with
wide CI and high I 2

CI, confidence intervals; LOS, length of stay; MD, mean difference; POCD, postoperative cognitive dysfunction; POD, postoperative delirium; RCT, randomized controlled trials; RR, risk ratios.
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moderate heterogeneity across trials (I2 = 33%). Heterogeneity
stemmed from differing assessment tools (Montreal Cognitive
Assessment or Mini-Mental State Examination) and different
follow-up periods.
Eight RCTs (n = 6968) reported hospital LOS, with mean dura-

tions between 5.6 and 15.9 days[24,25,27,39,40,42,45,46]. Our pooled
analysis revealed that p-EEG guided anesthesia or lighter p-EEG
targets significantly reduced LOS compared to conventional care
showing an MD of −0.90 days (95% CI −1.60 to −0.20) despite
substantial between-study heterogeneity (I2 = 85%) (Supplemental
Digital Content Figure S11, available at: http://links.lww.com/JS9/
E696 and Table 2), indicating protocol-specific or population-spe-
cific variability in effect sizes.
Six trials reported intraoperative inotrope or vasopressor

requirements[24,25,39–41,47], with four providing quantitative data
for pooled analysis[25,39,40,47]. First, ENGAGES trial demonstrated
a significant reduction in phenylephrine dose with p-EEG
guided (MD −0.63 mg, 95% CI −1.22 to −0.03)[24]. Another
study observed significantly lower ephedrine requirements in the
intervention group (2.4 ± 1.2 vs. 10 ± 17.5 mg, P < 0.005)[41].
Finally, pooled analysis of four studies[25,39,40,47] showed p-EEG
guided reduction in inotrope or vasopressor requirements (RR
0.73, 95% CI 0.64–0.83, I2 = 44.1%) (Supplemental Digital
Content Figures S12, available at: http://links.lww.com/JS9/
E696 and Table 2).
Postoperative mortality was evaluated in four

RCTs[24,40,42,45]. Among these trials, the pooled analysis showed
no statistically significant difference in mortality between p-EEG
guided anesthesia and standard care (RR 0.55, 95% CI 0.23–
1.31, I2 = 67%) (Supplemental Digital Content Figure S13,
available at: http://links.lww.com/JS9/E696, and Table 2).
While the point estimate suggested a numerical reduction in
mortality risk with EEG guidance, the wide CI crossing the
null value (RR = 1) precluded definitive conclusions about ben-
efit or harm.
Among five studies reporting ETAC[24,25,27,39,41], four used

MAC multiples[24,25,27,39] while one specifically measured
desflurane[41], all studies showed reduced ETAC with p-EEG

guided versus conventional practice. Due to high heterogeneity
(I2 = 98%) and methodological variability in concentration
measurements, we adopted narrative synthesis instead of quan-
titative meta-analysis. Given these limitations in quantitative
synthesis, we omitted forest plot generation for this outcome.

Discussion

This meta-analysis demonstrates that p-EEG guided general
anesthesia reduces POD incidence, particularly in elderly
patients (≥65 years) and non-cardiac surgeries. However, effi-
cacy varied by region. European and East Asian/Australasian
cohorts showed significant reductions, whereas North
American trials reported neutral effects. Secondary benefits
include reduced intraoperative vasopressor requirements,
shorter hospital stays, and decreased risk of POCD. The study
demonstrated no mortality benefit. However, methodological
differences in EEG algorithms and perioperative management
prevent definitive conclusions, emphasizing the need for stan-
dardization. The difference between Sumner et al[26] and Sun
et al[48] mainly reflects whether ENGAGES-Canada[27] was
included and how the ENGAGES trial[24] was analyzed.
Crucially, when adherence to EEG targets was achieved in
non-cardiac surgeries and elderly populations, pooled effects
consistently favored intervention. Differences in practice across
regions further explain why North American trials couldn’t
reproduce the benefits seen in other areas. The current study
and Sumner et al[26] included high-risk populations. In addition,
the sensitivity analysis for Sun et al[48] showed a shift to positive
results after excluding the ENGAGES study[24], which suggests
that the ENGAGES data had a great impact on their conclu-
sions. The subgroup analysis of Sumner et al[26] showed
a significant effect in studies that followed device guidelines,
which suggests the importance of implementation quality.
ENGAGES-Canada[27] reduced EEG suppression time but not
delirium, supporting the view that delirium mechanisms are com-
plex, and EEG alone is insufficient. The current study added three
new trials[27,37,42], including ENGAGES-Canada[27], with a larger

Figure 3. Forest plot for postoperative delirium. Analysis with random-effects model. p-EEG, processed electroencephalography; CI, confidence interval; IV,
inverse-variance.
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sample size and subgroup analyses to strengthen the conclusion of
a benefit of non-cardiac surgery in the elderly, and sensitivity
analyses to demonstrate the robustness of the results.
p-EEGmonitoring aims to mitigate anesthesia-induced neural

suppression through real-time cerebral activity tracking.
Extended EEG suppression during surgery, especially burst sup-
pression (indicating deep anesthesia), shows a clear dose-
response relationship with POD risk[18,19]. When suppression
ratios exceed 50%, indicating significant cortical network dis-
ruption, every extra minute of suppression raises delirium risk
by 3.8 percentage points in elderly patients[49]. Deep anesthesia
(BIS <40) decreases cerebral oxygen metabolism by 30%–40%
and may disrupt glymphatic neurotoxin clearance[50]. However,
clinical implementation challenges persist, retrospective studies
establish a critical burst suppression threshold (>4.4 minutes)
for elevated POD risk, beyond which prolonged suppression
shows no additional risk increase[51]. The ENGAGES trial
achieved reduced median suppression times (7 vs. 13 minutes).
However, neither group reached subthreshold levels, potentially
explaining the null delirium outcomes[24]. These findings high-
light both the need for strict suppression duration targets
(<4.5 minutes) to optimize efficacy and the value of comprehen-
sive evidence synthesis despite trial discrepancies[52]. While the
ENGAGES-Canada trial[27] achieved a 64% reduction in EEG
suppression time, delirium rates remained nearly identical
(18.15%with EEG guidance versus 18.10%without), highlight-
ing delirium’s complex pathophysiology. Technical limitations,
such as automated BIS algorithms underestimating suppression
duration by 42% versus raw EEG analysis, further challenge
device-dependent protocols[53]. Cardiac surgery-related delirium
arises from combined stressors like hemodynamic instability and
hypoperfusion. This requires comprehensive risk assessment
combining EEG biomarkers (frontal alpha power, connectivity
patterns) with systemic physiological measures[19].
Variability in intraoperative medications complicates assess-

ment of p-EEG’s neuroprotective effects. While historical studies
implicated benzodiazepines in POD, recent large-scale trials –
including the B-Free trial (n = 20 000 cardiac patients) and
a cohort study of 5000 elderly non-cardiac patients both showed
no significant association between midazolam use and POD
risk[54,55]. In contrast, anticholinergic drug burden demonstrates
a consistent dose-dependent delirium risk[56], necessitating vigi-
lant pharmacologic oversight. Anesthetic agents further compli-
cate EEG interpretation, while propofol enhances gamma
activity (30–45 Hz) and elevates BIS values by 5–10 units, vola-
tile anesthetics primarily induce delta oscillations (1–4 Hz). This
divergence underscores anesthetic-specific EEG target optimiza-
tion, as BIS shows stronger correlation with cerebral metabolism
during propofol anesthesia (r = 0.82) compared with sevoflurane
(r = 0.65)[57,58]. Vasopressor heterogeneity also obscures out-
comes – phenylephrine associates with higher delirium risk
than ephedrine[59]. Implementing standardized pharmacologic
protocols are imperative to isolate p-EEG’s neuroprotective
efficacy.
Commercial EEGmonitoring systems employ proprietary algo-

rithms to generate DOA indices (e.g. BIS, entropy), introducing
significant inter-device variability in detecting burst suppression,
filtering artifacts, and interpreting anesthetic-specific EEG
patterns[60]. These indices (dimensionless, 0–100 scales) exhibit
critical limitations[61,62], most notably, they often fail to account for
age-related EEG changes (e.g. attenuated alpha power [8–13 Hz]

and delta dominance [1–4 Hz] in elderly patients)[63], leading to
inaccuracies in vulnerable populations. Comparative analyses of
five DOA monitors revealed contradictory recommendations in
two-thirds of cases, with one-third overestimating hypnotic depth
relative to raw EEG findings[60]. These inconsistencies reveal the
limitations of processed indices and underscore why raw EEG
interpretation is needed, which directly visualizes cortical oscilla-
tions (e.g. alpha-delta coherence) and quantifies burst suppression –
key electrophysiological biomarkers linked to POD risk[64,65].
Despite being technically demanding, raw EEG analysis outper-
forms index-guided protocols for delirium prevention. This super-
iority probably stems from its capacity for age-adjusted spectral
analysis and reduced algorithmic bias and suppress algorithmic
biases inherent to commercial systems. While our findings support
p-EEG’s utility in high-risk populations, optimizing its neuropro-
tective potential requires targeted innovation. We propose three
priority directions for p-EEG guided anesthesia to prevent delirium
more effectively. First, combinemachine learningwith preoperative
brain scans to identify patients at high risk of anesthesia-related
cognitive complications. Second, create combined treatment plans
that involve EEG monitoring during surgery and cognitive rehabi-
litation after surgery, including virtual reality therapies. Third,
standardize EEG interpretation by setting consistent brain activity
thresholds, training clinicians to read raw EEG data, and using
EEG measurements to guide medication choices. Future research
should determine whether EEG-based pain monitoring reduces
brain inflammation that may cause delirium.

Limitations

There are three main limitations that need to be considered
when interpreting these findings. First, commercial DOA
indices have two key limitations: they are affected by signal
artifacts and pharmacological variability. Consequently, their
reliability as standalone hypnotic depth measures is limited.
Ironically, overreliance on these metrics may increase the
risk of intraoperative awareness. Second, methodological
variability – particularly inconsistent reporting of continuous
variables – and clinical heterogeneity, including diverse delir-
ium assessments and surgical cohorts, compromise both data
synthesis and generalizability. Furthermore, the high statistical
heterogeneity suggests that the effect reliability might be over-
estimated. Third, the limited sample sizes precluded stratified
analyses of either device-specific protocols or vasopressor stra-
tegies, which consequently restricted our ability to examine
hemodynamic-EEG interactions.

Conclusions

p-EEG guided general anesthesia reduces POD incidence, parti-
cularly in elderly patients and non-cardiac surgeries. However,
efficacy differed regionally because of differences in anesthetic
protocols and delirium assessment rigor. Crucially, reduced
intraoperative anesthetic exposure (lower ETAC/MAC, shorter
burst suppression) may mediate POD reduction. Implementation
requires standardized EEG monitoring parameters to address
device heterogeneity. Future trials should validate whether raw
EEG monitoring, in terms of effectiveness and accuracy, outper-
forms processed indices for delirium prevention.
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