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ARTICLE INFO ABSTRACT
Keywords: Background: Processed electroencephalography (pEEG) provides quantitative indices for monitoring anesthetic
Anesthesia depth and is recommended in international guidelines. Prior meta-analyses have assessed EEG-guided anesthesia
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Meta-analysis

Systematic review
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but none have evaluated available evidence stratified by pEEG technology.

Methods: We performed a systematic literature review and meta-analysis of randomized controlled trials in adults
undergoing surgical, endoscopic, or dental procedures comparing pEEG-guided with non-pEEG-guided anes-
thesia. Primary outcomes were anesthetic drug use (TIVA and volatile agents) and postoperative delirium (POD
<10 days). Secondary outcomes were extubation time, wake-up time, time to orientation, and post-anesthesia
care unit (PACU) length of stay. Searches (PubMed Central, MEDLINE) were conducted on 11 April 2025; the
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protocol was registered in PROSPERO (CRD420251067170). Random-effects models produced standardized
mean differences (SMD), mean differences (MD), and risk ratios (RR) with 95% confidence interval (CI).
Results: Eighty-seven RCTs (30,611 patients; 13,586 pEEG; 17,025 non-pEEG) were included. pEEG significantly
reduced propofol use (SMD —0.42, 95% CI —0.74 to —0.10; p = 0.01) and volatile anesthetic use (SMD —1.27,
95% CI —1.88 to —0.66; p < 0.01). The risk of POD decreased by 27% (RR 0.73, 95% CI 0.63 to 0.84; p < 0.01).
Efficiency outcomes favored pEEG: extubation time (MD —2.90 min, 95% CI —3.64 to —2.16; p < 0.01), wake-up
time (MD —1.83 min, 95% CI —2.42 to —1.25; p < 0.01), time to orientation (MD —4.11 min, 95% CI —6.99 to
—1.23; p < 0.01), and PACU length of stay (MD —2.81 min, 95% CI —4.66 to —0.96; p < 0.01). Subgroup analyses
suggested benefits were most consistently observed for BIS; estimates for Entropy and SEDLine were less precise
due to fewer studies. Heterogeneity was substantial for several outcomes.

Conclusions: Across 87 RCTs, pEEG-guided monitoring utilizing multiple device types improved perioperative
efficiency and reduced POD compared with not using pEEG. Evidence is strongest for BIS; further well-reported
trials are needed to delineate device-specific effects.

1. Background

General anesthesia renders a patient unconscious by suppressing
cerebral activity, therefore, achieving and maintaining the appropriate
depth of anesthesia is essential. Patient monitoring supports the fine
balance between avoiding intraoperative awareness and excessive drug
exposure causing brain toxicity and cardiovascular collapse. Exposure to
unnecessarily high anesthetic concentrations can contribute to periop-
erative neurocognitive disorders (PND), with postoperative delirium
(POD) representing an acute subtype of PND [1,2]. Patients who develop
POD often experience longer hospital stays and require more resource-
intensive care [3,4].

Traditional clinical signs provide only indirect estimates of the depth
of anesthesia, whereas processed electroencephalography (pEEG) offers
real-time brain-derived information through a simplification of the
visualized waveform EEG into a numerical index generated by device-
specific algorithms [5]. Several pEEG monitors use distinct proprietary
signal-processing approaches to guide anesthetic titration [5]. Although
PEEG-guided anesthesia has been associated with reduced anesthetic
exposure and improved postoperative outcomes including POD [6-8],
benefits are still being debated and it remains unclear whether benefits
differ across individual devices [9].

This systematic literature review and meta-analysis summarizes ev-
idence for pEEG devices that convert EEG signals into simplified indices
for anesthesia guidance and identifies device-specific evidence gaps.

2. Methods

This SLR assesses whether pEEG devices improve procedure effi-
ciency and patient outcomes compared with non-pEEG-guided anes-
thesia care. The primary outcomes were anesthetic drug use for both
TIVA and anesthetic gases (procedure efficiency) and POD within
10 days post-surgery (patient outcomes). Follow-up periods for POD
varied across studies; therefore, a 10-day cutoff was used to maximize
study inclusion. Secondary procedure efficiency outcomes were time to
extubation, wake-up time, time to orientation, and post-anesthesia care
unit (PACU) length of stay.

We registered the SLR protocol in the PROSPERO database
(CRD420251067170) on 4 June 2025 prior to initiating data extraction
as is accepted by PROSPERO eligibility criteria. The SLR was performed
by two independent reviewers using PICO Portal (Version 3.0, PICO
Portal Inc., Florida; Available from: https://picoportal.org®). The SLR
followed the registered protocol with three deviations, and reporting
adheres to the PRISMA reporting checklist [10].

2.1. Search strategy

The search strategy was limited to MEDLINE and PubMed Central as
prespecified in the PROSPERO protocol with the search performed on 11
April 2025. The full search strings were applied as documented in the
PROSPERO protocol (CRD420251067170). Searches were restricted to

randomized controlled trials (RCTs) in humans that compared pEEG
devices versus non-pEEG-guided anesthesia care. The pEEG technolo-
gies considered were BIS, Conox, Entropy, Narcotrend, and SEDLine.
Search strings included specific device names and pEEG terminology;
therefore, studies that did not reference device names or processed EEG
terminology in searchable fields may not have been retrieved.

2.2. Eligibility criteria

Studies were included if they met all of the following criteria:

Reported on original research from RCT data,

Included adult patients undergoing surgical, endoscopic, or dental
procedures with moderate to deep sedation or anesthesia,
Compared pEEG device with non-pEEG-guided anesthesia care
where the anesthetic dose was adjusted to maintain device-specific
index ranges in the intervention arm,

Reported at least on a primary or secondary outcome of interest.

Non-pEEG-guided anesthesia care usually included clinical assess-
ment of the patient's vital signs, the Modified Observer's Assessment of
Alertness/Sedation (MOAA/S) scale, and/or end-tidal anesthetic-agent
concentration, as well as when the surgical and anesthesia teams were
blinded to information and alarms provided by pEEG devices.

We excluded studies that did not meet the inclusion criteria: e.g.,
non-RCTs or mild sedation, extended deep sedation in intensive care, or
if required data were not presented, e.g., level of sedation was not
specified, the pEEG device name was not reported, or a mix of pEEG
devices was used.

2.3. Screening and study selection

Literature deduplication, screening, and risk of bias assessment were
performed using the PICO Portal platform (https://picoportal.org). The
platform ensures that reviewers worked independently and were blin-
ded to each other's decisions. We independently screened titles and
abstracts to remove studies meeting exclusion criteria. Studies passing
the initial screen were reviewed in full-text form against the selection
criteria. If there were any disagreements between reviewers, we
resolved them using a third independent reviewer. We performed the
review process in line with PRISMA requirements and provide the
PRISMA diagram in Fig. 1 [11].

2.4. Available pEEG technologies

There are more than ten devices on the market for the commercial
monitoring of brain function [5]. The following technologies were
identified in the title and abstracts of RCTs but only those devices with
sufficient data were included in the meta-analysis: Bispectral™ (BIS™)
Monitoring System (BIS; Medtronic, Minneapolis,MN, USA), CONOX®
(Conox; Fresenius Kabi, Bad Homburg, Germany), ENTROPY®
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(Entropy; GE Healthcare, Chicago, IL, USA), Narcotrend® (Narcotrend;
MT MonitorTechnik, Hannover, Germany), SEDLine® (SEDLine;
Masimo, Irvine, CA, USA).

2.5. Data extraction

Data were extracted from studies meeting the inclusion criteria at
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full-text review. Initially, extracted data were basic study details,
including device used and patient population size. To ensure that suf-
ficient data were available for analysis, we only extracted further data
on pEEG technologies that were reported in at least ten different studies
or if there were > 500 patients monitored with the technology. Final
PEEG technologies included for analysis were BIS, Entropy, and
SEDLine.

Identification of new studies via databases and registers

=
.2
§ Records identified from: Records removed before screening:
= Databases (n = 2) Duplicate records (n = 1,943)
o)
©
Records screened Records excluded
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Sp— Comparison (n = 11)
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Study Type (n = 6)
Language (n = 2)
**studies can be excluded for
multiple reasons (n = NA)
4 -
Excluded from meta-analysis (n=18):
New studies included in review PEEG device in <=10 studies
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ie)
8 l
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=
Total studies included in
meta-analysis (n = 87)

Fig. 1. PRISMA diagram.

Note: Studies may be excluded for more than one reason during full-text screening.
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Data extraction used a pre-piloted Microsoft Excel form. Extracted
data included study design, country, population size, procedure, depth
of sedation, type of sedation (gas or TIVA), and anesthetics used, as well
as details regarding the intervention and comparison and the primary
and secondary outcomes of interest. For TIVA, total use of the drug was
extracted; separately reported induction and maintenance were not
considered. If a study reported TIVA and anesthetic gas use using
different metrics, the data most normalized (by weight and/or time)
were extracted.

Data were extracted by one researcher, with cross-reference to the
original source documented in Citavi (Lumivero, Denver, Colorado,
USA) reference and knowledge management. Extracted data were
independently checked and verified by a second reviewer. Disagree-
ments were settled through discussion and consensus including a third
independent reviewer.

2.6. Risk of bias assessment

We assessed risk of bias using the ROBUST-RCT tool [12], which
evaluates random sequence allocation, allocation concealment, blinding
of participants, healthcare providers, and outcome assessors, and
outcome data not included in the analysis. One reviewer conducted
initial assessments that were independently checked by a second
reviewer. Disagreements were adjudicated by a third reviewer.

2.7. Data synthesis

Meta-analyses compared procedure efficiency and neurocognitive
outcomes between pEEG and non-pEEG-guided anesthesia care for
monitoring depth of anesthesia. Continuous outcomes that were re-
ported in different units (TIVA use, anesthetic gas use) were synthesized
as standardized mean difference (SMD) + 95% confidence interval (CI).
Use of anesthesia is reported in different units, such as mg, mg/kg, or
mg/kg/min. The use of SMD enables synthesis of similar data that is
measured using different units by expressing the effect size in units of
standard deviations (SDs). The units of time outcomes were unified to
minutes and then the data were synthesized as mean differences
(MD) + 95% CI. SMDs were calculated using Hedges' g.

We calculated the SMD and MD from means and SDs using exact
formulas. If studies did not report the mean and SD, we estimated them
from the median and range or interquartile range using the methods
described by Wan et al. [13]. The SD was estimated from ranges (range
divided by 4) or calculated from the 95% CI as per Cochrane Handbook
[14]. Categorical outcomes were synthesized as risk ratios (RR) + 95%
CI and calculated from the number of events and the population size.
RRs were pooled on the natural logarithmic scale and back-transformed
for presentation.

The meta-analysis results are shown in forest plots. A p-value <0.05
was considered statistically significant. Data synthesis, meta-analysis,
and generation of forest plots were performed in Stata version 18.5
(StataCorp SS1.1). We anticipated substantial heterogeneity between
studies; therefore, all meta-analyses were performed using a random-
effects model. Eligibility of studies for inclusion in data synthesis was
confirmed by reviewing extracted study characteristics. Heterogeneity
was evaluated using 12, with I > 50% indicating substantial heteroge-
neity. The DerSimonian and Laird method was used to estimate
between-study variance.

For studies with multiple pEEG intervention arms and a shared
control arm (indicated by an asterisk in the forest plots), the shared
control group was split evenly between comparisons following the
Cochrane-recommended approach for multi-arm studies [15]. This
adjustment prevented double counting of control participants while
allowing all eligible intervention arms to be retained in the analysis.

2.7.1. Subgroup analyses
To differentiate between care options, identify evidence gaps, and to
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explore potential sources of heterogeneity, we conducted subgroup an-
alyses by pEEG device type (BIS, SEDLine, Entropy had sufficient data to
be included) and by type of anesthetic gas (desflurane, sevoflurane,
isoflurane).

2.7.2. Sensitivity analyses

The large ENGAGES and ENGAGES-CANADA trials [16,17] were not
included in our search because their intervention description did not
match the search criteria: (1) device names were not specified in the
titles or abstracts and (2) both studies primarily used waveform EEG to
limit periods of burst suppression rather than maintaining pEEG indices
such as the BIS index, patient-state index (PSI), or State Entropy (SE)
index within a certain range, removing them from the scope of the
primary analysis. The original ENGAGES trial used BIS and the later
ENGAGES-CANADA trial used a mix of devices [16,17]. Although they
did not meet the inclusion criteria of the original research question, they
are important trials in the field of EEG-guided monitoring. Most
importantly, they are null trials as they report no effect on POD.
Therefore, the authors considered it important to include both trials in a
post hoc sensitivity analysis of the POD outcome to present a more
complete picture of available evidence and because there are limited
studies reporting on POD. Furthermore, both ENGAGES trials have POD
as their primary outcome.

A second post hoc analysis for the POD outcome was also performed
where results from Kunst et al. were excluded due to the intervention
including both BIS and cerebral oxygen saturation monitoring with
INVOS™ (INVOS; Medtronic, Minneapolis,MN, USA) [18]. Although
cerebral monitoring is separate from pEEG monitoring, it may have also
affected the POD outcome.

2.8. Reporting bias assessment

For each outcome, we used contour-enhanced funnel plots to assess
reporting bias from included studies. Asymmetric funnel plots can be an
indication for reporting or publication bias. Because random-effects
models do not allow plotting of the 95% ClIs in funnel plots, these in-
tervals are not shown. Reporting bias and small study effects were
further assessed using the Egger's regression test, the Begg's rank cor-
relation test and where appropriate, the trim-and-fill method was
applied as a sensitivity analysis to evaluate the potential impact of
potentially missing studies.

2.9. Deviations from the protocol

We considered three deviations from the protocol as necessary: (1)
POD was considered for 10 days instead of 5 days post-surgery because
five papers reporting POD for follow-up periods up to 7 or 10 days (see
Supplementary Table 3 for a summary of POD studies including follow-
up period and testing method); (2) we included length of PACU stay as
an outcome post hoc as it is another hospital resource and reflects effi-
ciency; and (3) we performed a post-hoc sensitivity analysis to assess the
impact of excluding the well-known ENGAGES trials that were missed by
the search strategy.

3. Results
3.1. Study selection

We identified 2012 unique articles on PubMed, of which 105 met all
selection criteria (Fig. 1). Of these, 18 studies were excluded from the
quantitative analysis (Supplementary Table 1). Narcotrend was used in
eight studies for only 366 patients and therefore all cohorts using Nar-
cotrend were excluded from the data synthesis as per protocol. Five of
the Narcotrend studies were excluded but three were retained because
they also reported on the use of BIS in a multi-arm comparison. Nine
studies were excluded because their data were not reported in a format
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suitable for the meta-analysis, three studies reported only induction but
not maintenance of anesthesia for propofol use, and one study used two
PEEG devices in the intervention group simultaneously. For the final
meta-analysis, we included the remaining 87 studies, comprising 30,611
patients (13,586 monitored with pEEG and 17,025 with non-pEEG-
guided anesthesia care).

3.2. Study characteristics

Study characteristics of the included studies are provided in Sup-
plementary Table 2. Subgroup categories for pEEG device type were: BIS
(81 cohorts; 71 studies; 11,782 patients), Entropy (15 cohorts; 14
studies; 849 patients), and SEDLine (4 cohorts; 4 studies; 955 patients).
Two studies reported outcomes separately for BIS and Entropy [19,20].
13 studies included multiple intervention arms: BIS and Entropy
[19,20], two separate BIS cohorts [21-30], and two Entropy cohorts
[31]. Only those multi-arm cohorts sharing a single control cohort were
adjusted as described in the data synthesis.

Most included studies evaluated surgical procedures (69 studies),
followed by endoscopic (14 studies), dental procedures (2 studies), and
other procedural sedation (2 studies). Included participants had pro-
cedures performed under general anesthesia (69 studies), while deep
and moderate sedation were each reported in 8 and 10 studies, respec-
tively. Studies with extended periods of sedation in intensive care were
not included.

3.3. Synthesis of results

All outcomes are summarized in Table 1. Please note that the sum of
studies per outcome do not always add up independently to the total
number of studies because some studies report results for multiple de-
vices or for multiple patient cohorts that were included separately.
Reporting bias per outcome are summarized in Supplementary Table 4
and Supplementary Figs. 5 to 12. Many funnel plots showed asymmetry,
which may reflect heterogeneity across procedure types (surgical,
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dental, and endoscopic) and variation in sedation depth (general anes-
thesia, deep and moderate sedation).

3.3.1. Propofol use

Total propofol use during TIVA was reported by 40 studies (43 pEEG
cohorts), which compared non-pEEG-guided anesthesia care to BIS (35
cohorts), Entropy (6 cohorts), and SEDLine (2 cohorts). Overall, pEEG
monitoring significantly reduced total propofol use (SMD -0.42 [95% CI
-0.74; —0.10], p = 0.01) (Fig. 2). In the subgroup analysis, a statistically
significant reduction was observed only for BIS (SMD —0.44, [95% CI
-0.83; —0.06], p = 0.02). Reductions were observed for Entropy and
SEDLine and were in line with overall results but the difference was not
statistically significant (SMD -0.44 [95% CI -0.88; —0.00], p = 0.05) for
Entropy (although right on the border of significance) or (SMD -0.08
[95% CI -0.18; 0.01], p = 0.09) SEDLine. Entropy and SEDLine would
need additional studies to confirm their impact on TIVA use. The het-
erogeneity was substantial (1% = 98.38%).

3.3.2. Anesthetic gas use

Anesthetic gas use was reported in 14 studies (17 pEEG cohorts). The
10 studies comparing non-pEEG-guided anesthesia care to BIS used
sevoflurane (8 cohorts) or desflurane (4 cohorts), whereas the five co-
horts with Entropy all used sevoflurane (Fig. 3). The use of pEEG
significantly reduced anesthetic gas use overall by SMD -1.27 (95% CI
-1.88 to —0.66, p < 0.001). In the subgroup analyses, BIS use signifi-
cantly reduced desflurane volume (SMD -1.06 [95% CI -1.74; —0.371,
p < 0.001) and sevoflurane volume (SMD -1.41 [95% CI -2.52; —0.29],
p = 0.01). Entropy was associated with a significant reduction in sevo-
flurane volume (SMD -1.24 [95% CI -2.38; — 0.09], p = 0.03). The
outcome showed substantial heterogeneity (> = 94.58%). Further
studies are required to make conclusive statements about all combina-
tions of volatile agent and pEEG device.

3.3.3. POD
Eleven studies reported POD outcomes, comparing non-pEEG-guided

Table 1
Outcome effects and subgroup analysis by device comparing pEEG to non-pEEG-guided anesthesia care.

Outcome Subgroup Number of studies (cohorts*) Data synthesis methods Pooled effect Heterogeneity p-value

Propofol use Total** 40 (43) SMD [95% CI] -0.42 [-0.74; —0.10] 98.38% 0.01
BIS 33(35) -0.44 [—0.83; —0.06] 98.08% 0.02
Entropy 6 -0.44 [-0.88; —0.00] 90.60% 0.05
SEDLine 2 -0.08 [—0.18; 0.01] 0.00% 0.09

Gas use Total** 14 (17) SMD [95% CI] -1.27 [-1.88; —0.66] 94.58% <0.01
BIS, desflurane 4 -1.06 [-1.74; —0.37] 80.43% <0.01
BIS, sevoflurane 8 -1.41 [-2.52; —0.29] 96.14% 0.01
Entropy, sevoflurane 5 -1.24 [-2.38; —0.09] 95.46% 0.03

POD Total 11 RR [95% CI] 0.73 [0.63; 0.84] 11.08% <0.01
BIS 8 0.68 [0.59; 0.79] 0.00% <0.01
Entropy 1 0.09 [0.01; 0.71] n/a 0.02
SEDLine 2 0.92 [0.73; 1.17] 0.00% 0.51

Extubation time, min Total** 32 (42) MD [95% CI] —2.90 [-3.64; —2.16] 78.39% <0.01
BIS 26 (34) —2.85 [-3.61; —2.08] 76.39% <0.01
Entropy 6 (7) —15.71 [—39.43; 8.00] 99.85% 0.19
SEDLine 1 0.50 [-2.72; 3.72] n/a 0.76

Wake-up time, min Total** 40 (48) MD [95% CI] —1.83 [-2.42; —1.25] 90.19% <0.01
BIS 34 (39) —1.90 [-2.57; —1.22] 92.09% <0.01
Entropy 8(9) —1.65 [-2.78; —0.52] 67.62% <0.01

Time to orientation, min Total 17 (22) MD [95% CI] —4.11 [-6.99; —1.23] 97.45% <0.01
BIS 16 (21) —3.34 [-5.85; —0.83] 96.47% 0.01
Entropy 1 —19.20 [-22.66; —15.74] n/a <0.01

PACU length of stay, min Total 23 (26) MD [95% CI] —2.81 [-4.66; —0.96] 79.34% <0.01
BIS 18 (21) —3.28 [-5.52; —1.04] 84.13% <0.01
Entropy 4 10.12 [—18.54; 38.79] 96.88% 0.49
SEDLine 1 0.00 [—2.96; 2.96] n/a 1.00

* Please note that due to multi-arm studies, we report the number of patient cohorts using pEEG separately only when this number deviates from the number of

studies.

™ The number of studies by device does not add up to the total number of studies because of multi-arm studies reporting on more than one pEEG device. pEEG,
processed electroencephalograpy/electroencephalogram; POD, postoperative delirium.
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Forest Plot: TIVA_Total_SG

GLP-1 RA Control SMD Weight
Study N Mean  SD N Mean  SD with 95% Cl (%)
BIS
Bilgen, 2023 61 278.95 9504 61 231.06 62.40 - 0.59[ 0.23, 0.95] 2.40
Chen, 2022 100 1810.00 533.33 97 1336.08 461.75 - 0.95[ 0.65, 1.24] 243
Chiu, 2007 10 310 060 10 570  1.50 —— -2.18[-3.26, -1.10]  1.93
Crescioli, 2025 80 621 139 74 6.01  1.69 - 0.13[-0.19, 0.44] 2.42
Delfino, 2009 20 109.00 20.00 20 130.00 27.00 —— -0.87[-1.50, -0.23] 2.26
DeWitt, 2008 24 48750 159.40 20 543.00 195.80 —— -0.31[-0.89, 0.28] 2.29
Drake, 2006 29 1610 1120 26 1640 1230 -+ -0.03[-0.55, 0.50] 2.32
Ellerkmann, 2010* 27 10400 2000 13 101.00 22.00 —— 0.14[-0.51, 0.79] 2.25
Fruchter, 2014 40 16870 80.00 41 167.30 78.33 -+ 0.02[-0.41, 0.45] 2.37
Gonzalez-Mendibil, 2024 90 182.08 74.62 90 197.09 90.93 - -0.18[-0.47, 0.11] 2.43
Guo, 2015 40 254 022 40 286  0.31 - -1.18[-1.65, -0.71] 2.35
Hachero, 2001 20 556.00 3500 20 682.00 27.33 —— -3.93[-4.99, -2.88] 1.95
Heo, 2016 74 010 007 75 0.03  0.04 -~ 1.26[ 091, 1.61 2.41
Heo, 2016 67 0.06 006 64 0.02 0.03 -~ 0.91[ 0.55, 1.27] 2.40
Imagawa, 2008 78 532 196 78 485 191 - 0.24[-0.07, 0.56] 2.42
Jang, 2012 59 290 183 59 344 204 - -0.28[-0.64, 0.08] 2.40
Kreuer, 2003 40 480 1.00 40 6.80 1.20 - -1.79[-2.31, -1.28] 2.33
Lo, 2011 243  198.60 102.70 249 6.80  3.90 - 2.65[ 2.41, 2.89] 2.44
Mashour, 2012 6,076 170.00 51.90 9,376 166.67 51.90 3 0.06[ 0.03, 0.10] 2.48
Miner, 2005 52 170 096 48 173 085 -+~ -0.03[-0.42, 0.36] 2.39
Muralidhar, 2008 10 2400 500 10 3600 7.00 —— -1.89[-2.91, -0.87] 1.97
Park, 2014 90 308.00 166.00 90 292.00 186.00 - 0.09[-0.20, 0.38] 2.43
Paspatis, 2009 46 014 002 44 019  0.02 —— -2.68[-3.24, -2.11] 2.30
Quesada, 2016 45 560 180 45 6.80 220 - -0.59[-1.01, -0.17] 2.38
Sakaguchi, 2011 20 7610 1880 20 9330 18.80 —— -0.90[-154, -0.26] 2.25
Sandler, 2001 19 0.06 002 20 0.07  0.02 —— -0.74[-1.38, -0.10] 2.26
Sargin, 2019 50 11625 31.98 50 146.87 52.09 - -0.70[-1.10, -0.30] 2.39
Vedtofte, 2007 25 1952 750 25 17.98 7.05 —— 0.21[-0.34, 0.76] 2.31
von Delius, 2012 72 290.20 201.00 72 339.40 202.70 - -0.24[-0.57, 0.08] 2.42
Vretzakis, 2005 36 047 005 44 052  0.06 -~ -0.85[-1.31, -0.40] 2.36
Wilhelm, 2005 20 510 090 20 6.90  1.10 —— -1.76 [ -2.47, -1.04]  2.20
Wilhelm, 2005 20 440 090 20 670  1.40 —— -1.92[-2.65, -1.18] 2.19
Yli-Hankala, 1999 20 0.09 002 20 012 0.05 —| -0.77[-1.40, -0.14] 2.26
Yu, 2013 61 0.04 002 61 0.05  0.03 -+ -0.39[-0.75, -0.03] 2.40
Struys, 2001 10 639 113 10 6.48  1.59 —— -0.06 [-0.90, 0.78] 2.1
Heterogeneity: t° = 1.29, I = 98.08%, H* = 52.08 ‘ -0.44 [ -0.83, -0.06]

Test of 6, = 6 Q(34) = 941.16, p = 0.00
Testof 8 =0:z=-2.24,p=0.02

Entropy

Ellerkmann, 2010* 25 106.00 24.00 13 101.00 22.00 —— 0.21[-0.45, 0.87] 2.24
Gruenewald, 2007 37 81.00 2200 35 9500 14.00 - 0.75[-1.22, -0.27] 2.35
Gruenewald, 2021 246 6.90 240 248 7.50 240 - -0.25[-0.43, -0.07] 2.46
Jiahai, 2012 35 1360 350 35 1920 4.20 - -1.43[-1.95, -0.91] 2.33
Tewari, 2016 60 25467 4150 60 273.50 37.50 -~ -0.47[-0.83, -0.11] 2.40
Vakkuri, 2005 160 012 004 160 012  0.03 + 0.00[-0.22, 0.22] 2.45
Heterogeneity: t° = 0.26, I = 90.60%, H* = 10.63 ‘ -0.44[-0.88, -0.00]

Test of 6 = 6;: Q(5) = 32.21, p = 0.00
Testof 6 =0:z=-1.97, p=0.05

SEDline

Krause, 2022 50 157 066 50 168  0.71 - -0.16[-0.55, 0.23] 2.39
Wang, 2022 771 940.00 53474 774 983.33 557.02 . -0.08[-0.18, 0.02] 247
Heterogeneity: © = 0.00, I = 0.00%, H* = 1.00 ‘ -0.08[-0.18, 0.01]

Testof 6, =6;: Q(1) =0.15,p =0.70
Testof 8 =0:z=-1.71, p=0.09

Overall ‘ -0.42[-0.74, -0.10]
Heterogeneity: t° = 1.06, I = 98.38%, H* = 61.78

Test of 6, = 6 Q(42) = 1011.39, p = 0.00

Testof 8 =0:z=-2.60, p=0.01

Test of group differences: Q,(2) = 5.26, p = 0.07

Random-effects REML model

Fig. 2. Standardized mean difference in total propofol use between pEEG and non-EEG-guided anesthesia care by pEEG device.

Note: Pooled estimates of total propofol use for the use of pEEG to monitor depth of anesthesia compared with non-pEEG-guided anesthesia care and subgroup
analysis by pEEG device. Data extracted from references [19,22,24,29,30,32-61] for BIS, [19,62-66] for Entropy, and [67,68] for SEDLine. pEEG, processed
encephalogram. *Studies marked with an asterisk had shared control arms and adjustments for double counting were applied as specified in the methods. Other
studies listed twice had independent cohorts.



A. Hormis et al. Journal of Clinical Anesthesia 116 (2027) 112351

Forest Plot: Anaesthetic_Gas_SG

GLP-1 RA Control SMD Weight
Study N Mean SD N Mean SD with 95% Cl (%)
BIS: Desflurane Maintenance
Centimole, 2019* 39 440 0.84 20 6.10 1.00 — -1.87[-2.50, -1.24] 5.87
Kreuer, 2005 40 416.20 99.10 40 443.60 71.20 —— -0.31[-0.75, 0.12] 6.07
Song, 1997 15 17.30 4.90 15 25.00 6.30 — -1.33[-2.10, -0.55] 5.69
White, 2004 20 21.00 10.00 20 29.00 9.00 ——| -0.82[-146, -0.19] 5.87
Heterogeneity: v = 0.39, I” = 80.43%, H* = 5.11 <@  -1.06[-1.74, -0.37]
Testof 6,=6;: Q(3) = 17.26, p = 0.00
Testof 6 =0:z=-3.03, p=0.00
BIS: Sevoflurane Maintenance
Ahmad, 2003 49 214 0.00 48 217 0.01 —+— : -4.67 [ -5.44, -3.90] 5.70
Aimé, 2006* 34 0.10 0.04 27 0.14 0.09 —— -0.59[-1.10, -0.08] 6.00
Basar, 2003 30 4413 579 30 46.32 7.72 o —+— -0.32[-0.82, 0.19] 6.01
Bocskai, 2018 30 11.80 1240 30 1440 280 —e— -0.29[-0.79, 0.22] 6.01
Centimole, 2019* 39 1.80 0.12 20 250 0.35 — -3.08 [ -3.84, -2.31] 5.70
Ibraheim, 2008 15 1566 4.04 15 19.60 3.94 —— 096 [-1.70, -0.22] 5.74
Persec, 2012 20 145.00 56.20 20 150.00 41.48 . ——-0.10[-0.71, 0.51] 5.90
Song, 1997 15 850 4.80 15 13.80 2.10 —— -1.39[-2.17, -0.61] 5.68
Heterogeneity: 1 = 2.48, I = 96.14%, H® = 25.94 - -1.41[-2.52, -0.29]
Test of 6, = 6;: Q(7) = 142.71, p = 0.00 .
Testof 6=0:z=-2.47,p =0.01
Entropy: Sevoflurane Maintenance
Aimé, 2006* 37 0.10 0.05 27 0.14 0.09 —— -0.57[-1.07, -0.07] 6.01
Cotae, 2021 38 323 054 36 522 0.54 —— : -3.64[-4.38, -2.90] 5.74
Dinu, 2020 43 144.00 69.00 25 185.80 60.33 ——| -0.63[-1.12, -0.13] 6.02
El Hor, 2013 25 380 1.50 25 520 1.40 e -0.95[-1.53, -0.37] 5.94
Wu, 2008 34 2779 740 31 3142 6.9 - —— -0.50[-0.99, -0.01] 6.03
Heterogeneity: 1° = 1.63, I = 95.46%, H* = 22.02 - -1.24[-2.38, -0.09]
Test of 6, = 6;: Q(4) = 57.84, p = 0.00
Testof 6=0:z=-2.11,p =0.03
Overall <> -1.27 [ -1.88, -0.66]

Heterogeneity: 1 = 1.55, I = 94.58%, H® = 18.46
Test of 6, = 6;: Q(16) = 218.44, p = 0.00
Test of 6 = 0: z=-4.09, p = 0.00

Test of group differences: Q,(2) = 0.29, p = 0.86

Random-effects REML model

Fig. 3. Standardized mean difference in anesthetic gas use between pEEG and non-pEEG-guided anesthesia by pEEG device and anesthetic gas.

Note: Pooled estimates of anesthetic gas use for the use of pEEG to monitor depth of anesthesia compared with non-pEEG-guided anesthesia care and subgroup
analysis by pEEG device and anesthetic gas used. Data extracted from references [27,69-71] for the use of desflurane with BIS, [20,21,27,69,72-75] for the use of
sevoflurane with BIS, and [20,76-79] for the use of sevoflurane with Entropy. pEEG, processed encephalogram. *Studies marked with an asterisk had shared control
arms and adjustments for double counting were applied as specified in the methods. Other studies listed twice had independent cohorts.

anesthesia care with BIS (8 cohorts), Entropy (1 cohort) and SEDLine (2 p < 0.001). Entropy significantly reduced the risk to RR 0.09 (95% CI
cohorts). The risk of POD was significantly reduced by 27% (RR 0.73 0.01; 0.71, p = 0.02); however, this was based on a single study. SEDLine
[95% CI 0.63; 0.84], p < 0.001) (Fig. 4). In the subgroup analysis, BIS did not significantly affect the POD risk (RR 0.92 [95% CI 0.73; 1.171,
significantly reduced the POD risk by 32% (RR 0.68 [95% CI 0.59; 0.791, p = 0.51). The outcome showed low heterogeneity (I = 11.08%) with
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Forest Plot: POD_SG_NoENGAGE

GLP-1 RA Control exp(RR) Weight
Study Yes No Yes No with 95% CI (%)
BIS :
Chan, 2013 70 380 109 343 — 0.65[0.49, 0.85] 20.12
Chen, 2022 12 88 19 78 ————  0.61[0.31, 1.19] 4.15
Huang, 2024 2 58 5 55 i 0.40[0.08, 1.98] 0.75
Kunst, 2020 1 41 8 32 : 0.12[0.02, 0.91] 047
Pérez-Otal, 2022 27 71 42 60 ——  0.67[0.45, 0.99] 10.77
Radtke, 2013 95 480 124 456 —-—  0.77[0.61, 0.98] 23.82
Whitlock, 2014 28 121 45 116 ——  067[044, 1.02] 9.89
Zhou, 2018 7 34 11 29 — —  062[027, 144] 2.65
Heterogeneity: ©° = 0.00, I* = 0.00%, H* = 1.00 ¢ 0.68[0.59, 0.79]

Testof 6,=6;: Q(7) =4.61,p=0.71
Testof 6 =0:z=-5.11,p=0.00

Entropy :
Chen, Wu 2022 1 38 10 27 0.09[0.01, 0.71] 0.48
Heterogeneity: ©° = 0.00, I = .%, H* = . ——e 0.09[0.01, 0.71]

Test of 6, = 6: Q(0) =0.00,p =.
Testof 6 =0:z=-2.30, p = 0.02

SEDline :

Tang, 2020 17 83 20 81 —— 0.86[0.48, 1.54] 5.32
Wang, 2022 97 674 104 670 ~  094[0.72, 1.21] 21.58
Heterogeneity: 7° = 0.00, I> = 0.00%, H* = 1.00 0 0.92[0.73, 1.17]

Test of 6, = 6;: Q(1) = 0.07, p=0.79
Testof 6 =0:z=-0.66, p = 0.51

Overall ¢ 0.73[0.63, 0.84]
Heterogeneity: ©° = 0.01, I> = 11.08%, H* = 1.12 :
Test of 6, = 6;: Q(10) = 13.18, p = 0.21

Testof 6 =0:z=-4.44,p=0.00

Test of group differences: Q,(2) = 8.50, p = 0.01

164 116  1/4 1
Random-effects REML model

Fig. 4. Risk ratio for POD between pEEG and non-pEEG-guided anesthesia care by pEEG device.

Note: Pooled estimates of perioperative delirium for the use of pEEG to monitor depth of anesthesia compared with non-pEEG-guided anesthesia care and subgroup
analysis by pEEG device. Data extracted from references [18,32,80-85] for BIS, [86] for Entropy, and [67,87] for SEDLine. pEEG, processed encephalogram; POD,
postoperative delirium. pEEG, processed encephalogram.

no heterogeneity for BIS alone (I2 = 0.00%). Further studies are required 3.3.4. Extubation time
to make conclusive statements about Entropy and SEDLine. Extubation time was reported in 32 studies (42 pEEG cohorts),
Details of all POD studies are summarized in Supplementary Table 3. showing a mean reduction of —2.90 min (95% CI -3.64; —2.16,p < 0.01)
Follow-up ranged from 1 to 10 days, delirium assessments varied, all with pEEG monitoring (Fig. 5). In the BIS subgroup (34 cohorts), extu-
types of surgeries were included, and anesthetic techniques were bation time was significantly reduced by —2.85 min (95% CI -3.61;
heterogeneous. —2.08, p < 0.01). Neither the Entropy subgroup comprising seven co-
horts (—15.71 [95% CI -39.43; 8.00], p = 0.19) nor the SEDLine sub-
group of a single cohort (0.50 [95% CI -2.72; 3.72], p = 0.76) showed a
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Forest Plot: Extubation_time_SG

GLP-1 RA Control MD Weight
Study N Mean SD N Mean SD with 95% CI (%)
BIS

Aimé, 2006* 34 1110 510 27 1420  9.00 . -3.10[ -6.68, 048] 2.10
Akgali, 2008 28 370 190 28 570 3.10 . -2.00[ -3.35, -0.65] 3.62
Bocskai, 2018 30 1260 540 29 1520 4.70 + 260 -519, -0.01] 274
Bocskai, 2018 30 1110 470 30 1450  3.90 . -340[ -559, -1.21] 3.03
Boztug, 2006 24 430 220 23 810  4.00 . -3.80[ -5.64, -1.96] 3.28
Bruhn, 2005 71 660 350 71 630 240 . 0.30[ -0.69, 1.29] 3.83
Gan, 1997 115 727 561 125 1122 1452 . -3.95[ -6.78, -1.12] 257
Huang, 2024 60 2330 811 60 3180 833 . -850[ -11.44, -556] 2.50
Ibraheim, 2008 15 926 201 15 1180 290 . 254 -4.33, -075] 3.32
Kreuer, 2003 40 410 290 40 970 530 “ 560[ -7.47, -3.73] 3.26
Kreuer, 2005 40 440 220 40 500 240 . 060[ -1.61, 041 3.82
Luginbihl, 2003 40 650 410 40 830 6.10 . -1.80[ -4.08, 048] 2.96
Luginbiihl, 2003 40 6.80 4.60 40 1050  5.90 . -3.70[ -6.02, -1.38] 2.93
Muralidhar, 2008 10 120.00 60.00 10 120.00 60.00 0.00[ -52.59, 52.59] 0.02
Muralidhar, 2008 10 120.00 60.00 10 180.00 120.00 ———— -60.00 [ -143.15, 23.15] 0.01
Nelskyla, 2001 32 200 200 30 3.00 200 . -1.00[ -2.00, -0.00] 3.83
Paventi, 2001 45 430 204 45 723 297 . -2.93[ -3.98, -1.88] 3.79
Persec, 2012 20 3300 2489 20 117.50 8029 —— -84.50 [ -121.34, -47.66] 0.04
Puri, 2003 14 432,00 258.00 16 360.00 19200 ——————————— 72.00[ -89.43, 233.43] 0.00
Recart, 2003 30 600 400 30 11.00 10.00 “ -500[ -8.85, -1.15] 1.95
Siampalioti, 2015 25 2470 1168 25 2519 13.70 + 049[ -7.55, 6.57] 0.87
Siampalioti, 2015 25 1096 545 25 10.67 4.26 . 029[ -242, 3.00] 265
Song, 1997 15 360 150 15 650  4.30 . 290 -520, -0.60] 2.94
Song, 1997 15 550 220 15 770 350 + 220[ -429, -0.11] 3.10
Tufano, 2000 40 379 162 40 800 288 . 421 -523, -3.19] 3.81
Tufano, 2000 40 547 281 40 600 278 . 053] -1.76, 0.70] 3.69
Vance, 2014 131 431.00 416.78 163 416.33 399.41 _— 14.67[ -78.99, 108.32] 0.01
Villafranca, 2013 361 187.33 337.91 362 201.33 311.11 —_— -14.00[ -61.35, 33.35] 0.02
Vretzakis, 2005 36 290.00 180.40 44 29410 93.00 _ -410[ -65.40, 57.20] 0.01
White, 2004 20 600 300 20 9.0 4.00 . -3.00[ -5.19, -0.81] 3.03
Wilhelm, 2005 20 350 200 20 740 260 . -3.90[ -5.34, -246] 3.56
Wilhelm, 2005 20 470 360 20 1200  6.30 o 7.30[ -1048, -4.12] 2.34
Yli-Hankala, 1999 20 363 187 20 7.69 341 . -4.06[ -576, -2.36] 3.38
Yli-Hankala, 1999 20 508 312 20 550 321 . 042] -2.38, 154] 3.19
Heterogeneity: ©° = 2.95, I = 76.39%, H> = 4.24 -285[ -361, -2.08]

Test of 6, = 6;: Q(33) = 153.13, p = 0.00
Testof 0 =0:z=-7.27, p=0.00

Entropy

Aimé, 2006* 37 1150 580 27 1420 9.00 B 270[ -6.33, 093] 207
Chen, Wu 2022 39 2271 1625 37 3356 25.19 -~ -10.85[ -20.33, -1.37] 0.53
Goyal, 2017 30 730 410 30 1160 6.90 “ 430[ -7.17, -1.43] 254
Jiahai, 2012 35 312.00 41.00 35 40500 3800 — -93.00 [ -111.52, -74.48] 0.15
Vakkuri, 2005 160 1047 457 160 13.07 576 . 260 -3.74, -146] 375
Wu, 2021 20 962 242 20 936 417 + 026[ -1.86, 237] 3.08
Wu, 2021 20 497 250 20 786 322 + 289 -467, -1.10] 3.32
Heterogeneity: t° = 1008.24, I” = 99.85%, H’ = 657.69 ‘ -15.71[ -39.43, 8.00]

Test of 6, = 6 Q(6) = 102.89, p = 0.00
Testof0=0:z=-1.30,p=0.19

SEDline
Drover, 2011 32 1300 590 35 1250 7.40 + 050[ -272, 372] 232
Heterogeneity: ©° = 0.00, I’ = .%, H* = . { 050[ -272, 3.72]

Test of ;= 6: Q(0)=0.00,p=.
Testof 6=0:z=0.30,p =0.76

Overall -290[ -3.64, -2.16]
Heterogeneity: 7° = 3.50, I” = 78.39%, H* = 4.63
Test of 6, = 6;: Q(41) = 259.51, p = 0.00
Testof 8 =0:z=-7.65, p=0.00
Test of group differences: Q,(2) = 5.08, p = 0.08
-100 0 100 200
Random-effects REML model

Fig. 5. Mean difference in extubation time between pEEG and non-pEEG-guided anesthesia care according to pEEG device subgroups.

Note: Pooled estimates of extubation time [min] for the use of pEEG to monitor depth of anesthesia compared with non-pEEG-guided anesthesia care and subgroup
analysis by pEEG device. Data extracted from references [20,21,23,24,26-30,46,59,70,71,74,75,80,88-97] for BIS, [20,31,64,66,86,98] for Entropy, and 60 for
SEDLine. pEEG, processed encephalogram. *Studies marked with an asterisk had shared control arms and adjustments for double counting were applied as specified
in the methods. Other studies listed twice had independent cohorts.
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significant difference compared to standard practice. The outcome
showed substantial heterogeneity (I = 78.39%).

3.3.5. Wake-up time

Wake-up time was reported in 40 studies (48 pEEG cohorts)
comparing pEEG monitoring with non-pEEG-guided anesthesia care (BIS
in 39 cohorts, Entropy in 9 cohorts). Overall, pEEG monitoring reduced
wake-up time by —1.83 min (95% CI -2.42; —1.25, p < 0.001) (Sup-
plementary Fig. 1). Both subgroups also showed significant reductions:
BIS with —1.90 min [95% CI -2.57; —1.22], p < 0.001) and Entropy with
—1.65 min (95% CI -2.78; —0.52, p < 0.001). Heterogeneity was sub-
stantial (IZ = 90.19%).

3.3.6. Time to orientation

Seventeen studies reported time to orientation (22 pEEG cohorts).
Using pEEG significantly reduced time to orientation by an
average — 4.11 min (95% CI -6.99; —1.23, p < 0.001) (Supplementary
Fig. 2). Patients needed —3.34 min (95% CI -5.85; —0.83, p = 0.01)
minutes less time to return to orientation in the BIS subgroup (21 co-
horts). The single cohort reporting time to orientation for Entropy also
showed a significant reduction by —19.20 min (95% CI -22.66; —15.74,
p < 0.001). The outcome showed substantial heterogeneity
(12 = 97.45%). Further studies are required to make conclusive state-
ments about Entropy and SEDLine.

3.3.7. PACU length of stay

Twenty-three studies reported PACU length of stay (26 pEEG co-
horts): BIS (21 cohorts), Entropy (4 cohorts), and SEDLine (1 cohort).
The use of pEEG significantly reduced length of PACU stay by —2.81 min
(95% CI-4.66; —0.96, p < 0.001) (Supplementary Fig. 3). The PACU stay
was also significantly reduced by —3.28 min (95% CI -5.52; —1.04,
p < 0.001) in the BIS subgroup, but not in the Entropy subgroup
(10.12 min [95% CI -18.54; 38.79], p = 0.49) or the SEDLine subgroup
(0.00 min [95% CI -2.96; 2.96], p = 1.00). The outcome showed sub-
stantial heterogeneity (I2 = 79.34%). Further studies are required to
make conclusive statements about Entropy and SEDLine.

3.4. Risk of bias

Risk of bias results are summarized in Supplementary Fig. 4 with
study-level assessments provided in Supplementary Table 5. Although
all studies were RCTs, approximately one-third did not report sufficient
detail on randomization and sequence generation, making adequacy
difficult to judge. Most studies lacked detailed descriptions of allocation
concealment, resulting in a probably high or high risk of bias for 81% of
studies in this category.

In device studies, it is inherently difficult or even impossible to leave
healthcare providers and, to a lesser extent, patients and outcome as-
sessors unaware of intervention assignment, inevitably increasing the
risk of bias. However, whether the patients are aware of the assigned
intervention or not is unlikely to introduce much bias here, as the out-
comes assessed in this meta-analysis were mainly collected perioper-
atively while the patient was sedated or anesthetized. Roughly two-
thirds of the studies made attempts to blind the outcome assessors.
Follow-up completeness was high, with few missing data due to the
short timing of perioperative outcomes.

3.5. Sensitivity analyses

To assess the impact of the two well-known ENGAGES trials on the
POD outcome, we performed a sensitivity analysis that included results
from the ENGAGES and ENGAGES-CANADA trials [16,17]. The effect
size was slightly reduced but still significant (Supplementary Fig. 14):
0.79 [95% CI 0.68; 0.93, p < 0.001]. This means that a significant
reduction in POD is observed despite including these two large null
trials.
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Moreover, heterogeneity increased substantially when including the
ENGAGES trials from 11.08% to 49.97% overall and from 0.00% to
54.97% for BIS. This indicates that the ENGAGES trials deviate from the
other trials reporting on POD. In particular, all other included studies
maintained the device-specific pEEG index within the recommended
range, whereas both ENGAGES trials primarily used waveform EEG to
limit periods of burst suppression (Supplementary Table 3), which sets
them apart from the others.

A second sensitivity analysis was performed by removing Kunst et al.
(2020) from the POD outcome where both BIS and INVOS were used in
the intervention arm [18]. Removal of this study had a negligible impact
on the overall POD estimate, changing the pooled risk ratio from 0.73
(95% CI 0.63-0.84) in the base-case analysis to 0.74 (95% CI
0.64-0.84). Similarly, in the BIS subgroup analysis, the pooled risk ratio
changed only marginally from 0.68 (95% CI 0.59-0.79) to 0.69 (95% CI
0.60-0.80). These findings further support the robustness of the
observed association between pEEG-guided anesthesia and reduced
POD.

4. Discussion

In this meta-analysis of 87 RCTs, pEEG-guided monitoring was
associated with significant improvements in perioperative efficiency
compared with non-pEEG-guided anesthesia care. The meta-analysis
yielded significant reductions in anesthetic consumption and perioper-
ative recovery times when using pEEG. Additionally, pEEG monitoring
was associated with a significantly lower risk of developing POD, an
acute manifestation within the spectrum of PND. These findings support
the use of pEEG as a tool to optimize anesthetic delivery and improve
cognition-related patient outcomes.

The 27% reduction in POD risk (RR 0.73) is the most clinically
consequential finding of this meta-analysis, and its interpretation is
strengthened by the lower heterogeneity across studies — in marked
contrast to the efficiency outcomes, where substantial heterogeneity
limits generalizability. This finding is consistent with established
mechanisms: pEEG guidance reduces the depth and duration of anes-
thesia, thereby limiting exposure to burst suppression, which has been
independently associated with a ~ 50% increase in POD odds ratio in a
recent meta-analysis of 6435 patients [99]. POD is not merely an acute
inconvenience; it extends hospitalization, increases rates of discharge to
rehabilitation facilities, and is associated with substantial downstream
cognitive and functional decline and loss of independence [100-103]. It
should be noted that preoperative risk, surgeries, and anesthetic tech-
niques were varied (Supplementary Table 3) but these factors did not
seem to affect heterogeneity for POD because it was very low in this
outcome and reduced to 0% in the BIS subgroup.

Both the ENGAGES trial [16] and ENGAGES-CANADA trial [17] are
important studies that have generated substantial discussion in the
literature [104-108], with both reporting that POD was unchanged by
EEG-guided anesthesia. Neither study met the selection criteria as they
primarily used waveform EEG to guide anesthesia. In addition, the
ENGAGES-CANADA protocol indicated that more than one pEEG tech-
nology could be used during the intervention [109]. Older meta-
analyses including the ENGAGES trial had reported that there was no
significant effect on POD, which was largely driven by the ENGAGES
trial [110,111]. In a subgroup analysis, Sumner et al. reported a sig-
nificant reduction in POD among studies that adhered to manufacturers'
and published guidelines for maintaining pEEG indices within recom-
mended target ranges [110]. Several more studies have been published
since then [18,32,67,80,81,86,87]. When considering the current data,
POD remained significantly reduced even when including both EN-
GAGES and ENGAGES-CANADA trials in the sensitivity analysis. More-
over, heterogeneity was substantially increased from low (11%) to
moderate (50%) when adding the ENGAGES and ENGAGES-CANADA
trials to the base-case analysis. For the BIS subgroup, the heterogene-
ity increase was even more pronounced, increasing from 0% to 55%.
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Although note that the ENGAGES-CANADA trial reported using a mix of
devices including BIS [17]. Taken together, these findings suggest that
the effects of EEG-guided anesthesia may vary across clinical settings.
Monitoring technologies are particularly difficult to evaluate because
clinical benefit depends not only on the monitor itself but also on how
clinicians act on the information provided. Because direct comparisons
are lacking, it cannot be determined whether pEEG index-guided anes-
thesia is more effective than waveform-guided EEG approaches. Further
well-designed trials are required to understand the differences in
outcomes.

Although the observed time savings were modest, they may become
clinically meaningful when applied across large procedural volumes.
Whether these gains translate into operational benefits depends on local
recovery pathways.

Beyond resource efficiency, reductions in anesthetic gas use also
have environmental implications. Volatile anesthetics are potent
greenhouse gases, and in 2019, they accounted for approximately 2% of
the total carbon footprint of the National Health Service in England
[112]. Among volatile agents, desflurane has by far the greatest green-
house gas emissions, followed by isoflurane and then sevoflurane
[113,114]. Propofol, by contrast, has substantially lower greenhouse
emissions, by approximately four orders of magnitude [113]. Propofol,
however, introduces a separate environmental concern, as propofol is
aquatoxic, non-biodegradable, and contributes substantially to phar-
maceutical waste streams [115]. Reducing any anesthetic consumption
where clinically feasible may therefore offer environmental co-benefits.

4.1. Limitations

This review has several limitations. First, anesthetic dosing regimens
are interdependent: propofol requirements are influenced by concomi-
tant opioid administration and other agents commonly used in balanced
anesthesia. Our analyses treated total propofol consumption as the pri-
mary proxy for the depth of anesthesia, implicitly assuming that co-
medication patterns were similar between groups; dedicated trials
would be required to isolate the magnitude of any opioid-interaction
effects.

Second, there were limitations in the available evidence base,
particularly for non-BIS devices. Entropy and SEDLine were represented
by fewer studies, limiting precision and potentially underpowering
subgroup comparisons. Devices with even smaller evidence bases (e.g.,
Narcotrend, Conox) were excluded from quantitative synthesis by
design (threshold of >10 studies or > 500 patients), which may limit
generalizability to all pEEG devices. Although searching additional da-
tabases may have identified further studies, comparison with previous
POD meta-analyses that searched EMBASE and the Cochrane Central
Register of Controlled Trials suggests that only one small study (Jil-
denstél 2012; n = 16 per arm) using a device not included for analysis
was missed [110,111].

Third, outcome measurement heterogeneity was present. POD
assessment methods, patient selection (often older adults), and obser-
vation windows (from 1 to 10 days) varied across trials, which can affect
event detection and comparability. For efficiency outcomes, time met-
rics and workflow practices differ by setting, which likely contributed to
the substantial statistical heterogeneity observed (high I? values in
several analyses). For anesthetic consumption, units and reporting for-
mats varied; while SMD enabled synthesis across units, SMDs are less
directly interpretable than raw units.

Fourth, estimation of missing means and SDs may have introduced
uncertainty.

Fifth, risk of bias assessments identified frequent concerns regarding
allocation concealment and blinding of providers in device trials, which
are inherently difficult. Although most outcomes were perioperative and
less susceptible to bias from lack of patient blinding, residual bias cannot
be excluded.

Sixth, reporting and publication bias are possible, as suggested by
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asymmetry in several funnel plots; however, asymmetry may also reflect
true heterogeneity across procedure types and anesthesia modalities.
Although a risk of bias assessment was included, a full critical appraisal
such as a GRADE assessment was not performed.

Finally, review-level constraints may influence findings. The search
strategy excluded studies not meeting prespecified reporting re-
quirements (e.g., device not named or not mentioned in the abstract),
and we analyzed only RCTs in adult populations. We also expanded the
POD window to 10 days post hoc and added PACU length of stay as a
post hoc efficiency outcome. Sensitivity analysis for the POD did not
change the direction or significance of the POD effect, but residual se-
lection effects cannot be completely ruled out.

The limited evidence base for Entropy, SEDLine, and other devices
compared with BIS restricts confidence in device-specific subgroup es-
timates and highlights the need for additional device-specific RCTs.

5. Conclusion

Evidence from RCTs evaluating pEEG-guided depth-of-anesthesia
monitoring suggests improvements in perioperative
efficiency—reducing anesthetic consumption and shortening recovery
intervals—and a lower risk of POD compared with non-pEEG-guided
anesthesia care. The most robust evidence base is for BIS, with a few
studies available for Entropy and SEDLine but often with inconclusive
results. While heterogeneity and reporting limitations warrant cautious
interpretation, these findings support pEEG-guided monitoring as a
strategy to enhance outcomes and resource efficiency, and they motivate
additional device-specific RCTs.
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