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Abstract

Background: We previously have shown that low intraoperative EEG alpha power is associated with impaired preoper-
ative cognition, a delirium risk factor, and that intraoperative anaesthetic-dose-adjusted EEG bispectral index values
were associated with a four-fold increased risk of postoperative delirium (POD). Yet, associations between intraoperative
anaesthetic-dose-adjusted alpha power and delirium or delirium risk factors have yet to be quantified.

Methods: We examined cerebrospinal fluid (CSF) Alzheimer’s disease (AD)-related biomarkers, cognitive scores, EEG
recordings, and delirium data from 82 noncardiac, non-neurologic surgical patients >60 yr in age. Based on prior work,
each participant’s intraoperative frontoparietal EEG alpha power was anaesthetic dose-adjusted by dividing it by (2.5
minus the age-adjusted end-tidal minimum alveolar concentration), and then analysed for its association with POD and
delirium risk factors, preoperative CSF AD-related biomarkers, and preoperative cognition.

Results: Lower anaesthetic-dose-adjusted frontoparietal alpha power was associated with increased odds of POD (odds
ratio [95% confidence interval (CI)]: 1.44 [1.09, 1.89], P=0.009) and moderate-to-severe delirium (odds ratio [95% CI]: 1.44
[1.04, 2.00], P=0.030). Anaesthetic-dose-adjusted frontoparietal alpha power was not associated with pathologic con-
centrations of CSF pTau-181, AB1—42, or pTau-181/AB1—42 (P>0.05). In multivariable cognitive models, anaesthetic-dose-
adjusted frontoparietal alpha power was associated with preoperative timed processing speed/executive function per-
formance (B [95% CI]: 0.27 [0.06, 0.49], P=0.014), but not with untimed attention/memory performance (§ [95% CI]: 0.12
[—0.13, 0.37], P=0.349).
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Conclusions: Lower intraoperative anaesthetic-dose-adjusted frontoparietal alpha power was associated with delirium
and delirium-predisposing factors (impaired preoperative processing speed/executive function in timed attention tasks).
Larger studies are warranted to confirm these associations after further adjustment for covariates.
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disorder

Editor’s key points

Patients who develop postoperative delirium are at
increased risk of developing Alzheimer’s disease and
related dementias, and vice versa.

Low intraoperative EEG alpha power is associated
with impaired preoperative cognition, a delirium risk
factor, but associations with delirium or delirium risk
factors have yet to be quantified.

Low intraoperative frontoparietal alpha power was
associated with delirium and certain delirium-
predisposing factors, but not with CSF concentra-
tions of Alzheimer’s disease biomarkers.

Larger studies are warranted to confirm these asso-
ciations and to identify underlying neurophysiolog-
ical mechanisms.

Up to 50% of older Americans who undergo surgery each year
develop postoperative delirium (POD),' * characterised by
fluctuating inattention and altered levels of consciousness.
Patients who develop POD are at increased risk of developing
Alzheimer’s disease (AD) and related dementias (ADRD),! and
vice versa, individuals with preclinical/prodromal AD (e.g. with
no apparent cognitive deficits but abnormally low cerebrospi-
nal fluid [CSF] amyloid beta [AB] or high CSF phosphorylated
tau [pTau-181])' and those with preoperative cognitive
impairment are more likely to develop POD.>?*° However, pre-
operative cognitive testing is not performed® and AD-related
CSF biomarker measurements are not obtained before sur-
gery at most US hospitals. Alternatively, many anaesthesiolo-
gists monitor intraoperative electroencephalography (EEG) for
titration of anaesthetics,” meaning EEG biomarkers of POD
could prove clinically useful for identifying patients for
resource-intensive delirium prevention programmes.’ Further,
identifying EEG biomarkers of POD could elucidate the neuro-
physiological mechanisms that underlie POD itself.

A recent pilot study found a relationship between sub-
syndromal POD and intraoperative frontal EEG alpha power.®
Compared with cognitively normal patients, patients with
mild cognitive impairment (MCI) or AD have lower volatile
anaesthetic-induced processed (e.g. bispectral index [BIS]-
based) EEG metrics,” suggesting that their brain activity
might be less resistant'® (or more sensitive') to inhaled an-
aesthetics. In line with the idea that brain vulnerabilities
might increase anaesthetic sensitivity, we recently found that
low anaesthetic brain resistance based on EEG BIS scores
(anaesthetic resistance index = BIS/[2.5 minus the age-
adjusted minimum alveolar concentration]) was indepen-
dently associated with ~four-fold increased odds of POD,
whereas BIS values alone were not associated with POD.'® This
formula adjusts BIS values by the difference between the
maximum anaesthetic dose likely to be given in typical clinical

practice (an age-adjusted minimum alveolar concentration
[aaMAC] of ~2.5 based on >17 000 anaesthetic patients’) and
the actual anaesthetic dose a patient received.'” Accordingly,
we hypothesised that abnormal anaesthetic-dose-adjusted
raw (rather than processed) EEG metrics (e.g. alpha power)
could help identify preclinical/prodromal ADRD neuropa-
thology or other latent (clinically silent or undiagnosed)
neurologic impairments that might predispose some patients
to POD. Thus, we investigated the relationship between
anaesthetic-dose-adjusted EEG alpha power, POD, and preop-
erative POD risk factors, including preclinical/prodromal CSF
AD pathology and preoperative cognitive impairment.

Methods

This study included data from three prospective studies con-
ducted at Duke University Medical Center (Durham, NC, USA):
Markers of Alzheimers Disease and Cognitive Outcomes After
Perioperative Care (MADCO-PC; NCT01993836), Investigating
Neuroinflammation Underlying Postoperative Cognitive
Dysfunction (INTUIT; NCT03273335), and Modulating ApoE
Signalling to Reduce Brain Inflammation, deLirium and post-
opErative Cognitive Dysfunction (MARBLE; NCT03802396).
These studies were registered with clinicaltrials.gov and
approved by the Duke Institutional Review Board; all study
subjects or legally authorised representatives gave written
informed consent before participation. These studies enrolled
patients aged >60 yr who were scheduled to undergo elective
noncardiac, non-neurologic surgery lasting >2 h with a planned
postoperative overnight hospitalisation (see Supplementary
material for additional study-specific information). MADCO-
PC and INTUIT were prospective observational cohort studies.
MARBLE was a randomised clinical trial; however, only partic-
ipants who received placebo were used in the current study.

Neurocognitive testing and delirium assessment

Neurocognitive assessments were completed <1 month before
surgery using a well-established neurocognitive test
battery'?~** that included the Hopkins Verbal Learning Test, '
the Digit Span Test from the revised Wechsler Adult Intelli-
gence Scale (WAIS-R),'® the WAIS-R Digit Symbol Test,'® and
the Trail Making Test (A and B)." Trails A and B scores were
truncated at 300 s and negative log-transformed to reduce
skewness and match the directionality of other cognitive test
scores (such that larger values indicate better performance).
The z-scores of individual tests were summed to generate two
cognitive domain scores for timed processing speed/executive
function tests (Digit Symbol and Trails A and B) and untimed
attention/memory tests (Hopkins Delayed Recognition and
Recall, Digit Span Forwards and Backwards).

Delirium incidence was measured using the Confusion
Assessment Method (CAM)*® in MADCO-PC and the 3-Minute
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Diagnostic Confusion Assessment Method (3D-CAM)Y in
INTUIT and MARBLE, and via validated chart review in all
three studies.”’ POD severity and delirium feature analyses
were assessed with the 3D-CAM for INTUIT and MARBLE par-
ticipants and were unavailable for the MADCO-PC participants
given that the task was aborted if the inattention domain was
not present (per CAM protocol). See the Supplementary
material for additional delirium details by study.

CSF collection

Preoperative CSF samples were collected via lumbar puncture
as described in the Supplementary material. In MADCO-PC,
CSF AP1—42, tau, and pTau-181 were assayed in duplicate us-
ing Innogenetics immunoassay reagents (INNO-BIA AlzBio3;
Ghent, Belgium), whereas INTUIT and MARBLE assays were
assayed in duplicate using the Roche Diagnostics Elecsys
platform (Indianapolis, IN, USA) because the Alzbio3 assay
was no longer commercially available at the time the INTUIT
and MARBLE samples were analysed (see Supplementary
material for additional details). Personnel performing these
assays were blinded to patient information. CSF AB1—42 or
pTau-181 pathology was determined based on previously
published cut-off values for the AlzBio3 platform (APf1—42
<249 pg ml~1?! pTau-181 >23 pg ml~1,?’ pTau-181/Ap1—42
>0.10?%) and Roche Elecsys platform (AB1—42 <1000 pg ml~1,%
pTau-181 >27 pg ml~1,?* pTau-181/AB1—42 >0.0247%).%°

EEG recordings

Thirty-two-channel EEG data (Brain Products GmbH, Gilching,
Germany) were collected on a subset of MADCO-PC, INTUIT,
and MARBLE patients (see Supplementary material for study-
specific EEG details). Electrode impedances generally <20 kQ
were obtained before data collection by light abrasion of scalp
locations with coarse electrode paste. EEG was sampled at
>500 Hz with a 0.016—250 Hz band-pass filter.

EEG preprocessing and variable calculation

EEG processing was performed in MATLAB R2023a (The
MathWorks, Inc., Natick, MA, USA) using EEGLAB v2021.0
(Swartz Center for Computational Neuroscience, San Diego,
CA, USA) and custom scripts. After acquisition, the EEG data
were band-pass filtered from 1 to 55 Hz to remove high-
frequency noise, drift, and other artifacts and then down-
sampled to 250 Hz. Epochs with highly variable amplitudes
were removed (i.e. within-subject logio (standard deviation
[uV]) < -0.5 or > 1.8, as this likely reflected poor signals or large
high-frequency distortions from electrocautery or head
movement). EEG epochs contaminated by excessive artifacts
in more than five channels were excluded. When more than
five channels were contaminated, they were each interpolated
via spherical splines.”® Once pre-processed, the EEG data were
re-referenced to the average signal of the TP9 and TP10 elec-
trodes near the mastoid bone (i.e. standard 10—20 left and right
mastoid electrode sites), as previously reported.?”’

After initial preprocessing, intraoperative left and right
hemispheric frontal and parietal alpha (7—13 Hz) power (dB)
was computed for each minute of the intraoperative EEG
recording using custom scripts, starting from >5 min after
anaesthesia began (anaesthesia start note) until >5 min before
the case ended (anaesthesia stop note). Regions of interest
(ROIs) were the average signal from electrode sites Fpl + F3

(left frontal ROI), Fp2 + F4 (right frontal ROI), P3 + P7 (left pa-
rietal ROI), and P4 + P8 (right parietal ROI). Activity across
these ROIs was averaged to calculate mean frontoparietal
alpha power. Minutes of artifact or non-volatile gas anaes-
thetic use (per anaesthetic record) were excluded from the
analysis. To minimise potential confounding, EEG data were
excluded during case minutes corresponding to extreme
aaMAC doses (<0.5 or >2.5), >10% nitrous oxide, and for 30 min
after ketamine or dexmedetomidine administration (because
of the differential effects of these drugs on the EEG vs those of
volatile anaesthetics?®). When ketamine or dexmedetomidine
was given before the start of the combined inhaled anaes-
thesia and EEG recordings, the 30-min rejection window star-
ted at the first recorded minute of combined gas and EEG.
Patients with <15 min of EEG data per these criteria were
removed from further analyses.

After data processing, anaesthetic-dose-adjusted alpha
power was calculated on a minute-by-minute basis using the
formula: frontoparietal alpha power at a given minute/(2.5 —
aaMAC at that minute), where aaMAC is the age-adjusted end-
tidal minimum alveolar concentration fraction of volatile
anaesthetic received by each individual participant.’’ The
denominator reflects the difference between the maximum
anaesthetic dose given in typical clinical practice (i.e. 2.5
aaMAC)’ and the actual anaesthetic dose a patient received.'’
These values were then summarised across the surgical case
as the mean of the median alpha power values over a sliding 5-
min window (with 4-min overlap) to reduce the impact of ar-
tifacts in the EEG data.” Thus, every participant had a single
case summary value for dose-adjusted frontoparietal alpha
power for the analyses.

Statistical analysis

Univariable analyses were performed between intraoperative
alpha power and POD incidence and severity, CSF AD bio-
markers, and preoperative processing speed/executive func-
tion and attention/memory function scores. Data normality
was evaluated using the Shapiro—Wilk test; analyses were
performed with either parametric or nonparametric methods
as appropriate.

The relationships between anaesthetic-dose-adjusted
frontoparietal alpha power and POD incidence, delirium
severity, and the presence (or absence) of each of the four 3D-
CAM delirium features were analysed with univariable logistic
regression. Delirium severity was dichotomised as previously
described® to account for a potentially nonlinear relationship
between dose-adjusted frontoparietal alpha power and
delirium severity. We acquired odds ratios and area under the
curve (AUC) values from these models to compare the per-
formance and utility of dose-adjusted frontoparietal alpha
power for these delirium metrics vs AUC values for delirium
biomarkers from prior studies.®! All logistic models were Firth-
corrected to account for the small imbalanced sample sizes for
delirium incidence, delirium severity classification, and
delirium feature presence.

Relationships between numeric measures (e.g. preopera-
tive processing speed/executive function, attention/memory
function) were analysed via univariable and multivariable
regression models. Given the small sample size of our cohort, a
limited number of covariates (age, sex, and years of education)
could be included in our numeric analyses. Relationships be-
tween ordinal measures (e.g. POD severity scores) were ana-
lysed via Spearman correlations. T-tests were used to compare
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brain sensitivity to anaesthetics (i.e. intraoperative dose-
adjusted frontoparietal alpha power) among participants
with normal vs pathological concentrations of the CSF AD-
related biomarkers pTau-181, Af1—42, or pTau-181/Af1—42
based on previously published CSF biomarker thresholds.?’2°
P-values were not corrected for multiple comparisons across
these biomarkers given the exploratory nature of these
analyses.

Results

Across the three cohorts, 202 participants underwent 32-
channel intraoperative EEG recordings; seven were excluded
because of file errors and 75 because of receiving the investi-
gational drug CN-105 during the MARBLE clinical trial. An
additional 11 files were excluded for having <15 min of usable
data after preprocessing. Of the remaining 109 participant
datasets, 27 participants did not have gas anaesthesia for
>80% of their surgical case. Thus, 82 participant datasets
remained for analysis. Preoperative and intraoperative/post-
operative characteristics of this cohort are presented in
Table 1 and Supplementary Table S1, respectively. All refer-
ences to dose-adjusted frontoparietal alpha power refer to
intraoperative data. A summary of EEG data removed before
analysis, per the minute-by-minute intraoperative exclusion
criteria, is presented in Supplementary Table S2.

We first tested whether delirium incidence or severity was
associated with anaesthetic-dose-adjusted frontoparietal
alpha power. Participants with lower anaesthetic-dose-
adjusted frontoparietal alpha power had increased POD risk
and vice versa (odds ratio [95% confidence interval (CI)]: 1.44
[1.09, 1.89], P=0.009, Fig. 1la). The area under the receiver-
operating characteristic (AUROC) curve (95% CI) of the asso-
ciation between dose-adjusted frontoparietal alpha power and
patients with vs without POD was 0.71 (0.55, 0.87)
(Supplementary Fig. Sla). Similarly, moderate-to-severe
delirium severity (vs zero-to-mild delirium severity) was
inversely associated with frontoparietal anaesthetic-dose-
adjusted alpha power (odds ratio [95% CI|: 1.44 [1.04, 2.00],
P=0.030; Fig. 1b; AUC [95% CI]: 0.69 [0.47, 0.90]; Supplementary
Fig. S1b). Raw 3D-CAM delirium severity scores were not
significantly associated with frontoparietal anaesthetic-dose-
adjusted alpha power (Spearman’s p [95% CI]: —0.21 [-0.42,
0.03], P=0.081; Fig. 1c).

Although the 3D-CAM is a subset of items commonly used
when administering the larger CAM assessment, follow-up
analyses were done to determine whether the combination
of CAM and 3D-CAM data influenced our results for delirium
incidence. The CAM was only used in the small subset of eight
participants from the MADCO-PC study. When these eight
participants were excluded, the association between dose-
adjusted frontoparietal alpha power and 3D-CAM delirium
incidence remained significant (odds ratio [95% CIJ: 1.59 [1.15,
2.19], P=0.005).

Next, we analysed Firth-corrected logistic regression models
of the association between anaesthetic-dose-adjusted fronto-
parietal alpha power and the four 3D-CAM features used to
identify POD (acute/fluctuating mental status, inattention, dis-
organised thinking, and altered consciousness). Anaesthetic-
dose-adjusted frontoparietal alpha power was inversely asso-
ciated with acute/fluctuating mental status and altered level of
consciousness, but was not significantly associated with inat-
tention or disorganised thinking (Supplementary Table S3,
Fig. 2).

Table 1 Preoperative patient characteristics of the overall
cohort. Values are mean (standard deviation [sp]), median (Q1,
Q3), or n (%). *Two participants had missing APOE genotype,
quality of life, or cognitive testing scores. fOne participant had
missing IADL, Mental Abilities, or Hopkins Verbal Learning
Test scores. ‘Eighteen participants had missing MMSE scores.
TRaw Trails scores were truncated to 300 s and negative log-
transformed to reduce skewness and match the direction-
ality of other cognitive test scores (such that larger values
indicate better performance). ‘Seven participants had missing
CSF AB1-42 and pTau-181 data. AP1—42 and pTau positivity
was determined by published thresholds for AP1—42 and
pTau-181 pathology, respectively, in Alzheimer’s disease for
the AlzBio3 assay platform (A+ if AB1—42 <249 pg m1~*,** T+ if
pTau-181 >23 pg ml*,* pTau-181/AB1-42 >0.10?%) and the
Roche Elecsys assay platform (A+ if AB1—42 <1000 pg ml~%,**
T+ if pTau-181 >27 pg ml,** pTau-181/AB1—42 >0.024%).

Preoperative participant data Overall
(n=82)
Age, yr 68 (65, 72)
Male sex 44 (53.66%)
Non-White race 19 (23.17%)
Years of education 16 (13, 17)
Body mass index 29.68 (5.11)

Apolipoprotein E4 (APOE4) Carrier* 23 (28.75%)

Hypertension 47 (57.32%)
American Society of 3(2,3)
Anesthesiologists

(ASA) physical status
Duke Activity Status Index (DASI)
score*

25.08 (13.45, 42.7)

Center for Epidemiological 7.68 (4, 13.5)
Studies-Depression (CES-D) score*

State-Trait Anxiety Inventory 28 (23, 40)
(STAI) score*

Independent Activities of Daily 6 (6, 6)

Living (IADL) score'

Mental Abilities scoref 70.82 (60, 81.08)

Mini-Mental State Exam (MMSE) 28 (26.5, 29)
scoret

Digit Span Forwards score* 7.5 (6, 10)

Digit Span Backwards score* 6.44 (2.42)

Trails A score* ¥
Trails B score® '

—3.43 (~3.66, —3.18)
—4.44 (—4.75, —4.13)

Digit Symbol score* 45 (37,52)

Hopkins Delayed Recall scoref 9 (7, 10)

Hopkins Delayed Recognition score’ 11 (10, 12)

Cerebrospinal fluid 8 (10.67%)
pTau-181/AB1—42 pathology®

Cerebrospinal fluid pTau-181 7 (9.33%)
pathology®

Cerebrospinal fluid AB1—42 14 (18.67%)
pathology®

Next, we examined the association between intraoperative
anaesthetic-dose-adjusted frontoparietal alpha power (dB)
and preoperative vulnerabilities potentially associated with
increased POD risk, including the CSF AD-related biomarkers
AP1-42, pTau-181, and the pTau-181/APf1—42 ratio. In uni-
variable analyses, dose-adjusted frontoparietal alpha power
did not significantly differ between participants with low vs
normal preoperative CSF AB1—42 concentrations (mean dif-
ference [95% CI]: —0.46 dB [—1.85, 0.93], P=0.510; Fig. 3a), nor
among those with high vs normal preoperative pTau-181
concentrations (mean difference [95% CI]: —1.21 dB [-3.05,
0.63], P=0.194; Fig. 3b). Similarly, participants with high pTau-
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Fig 1. Plots of dose-adjusted frontoparietal alpha power by
delirium incidence and severity. (a) Violin plot of dose-adjusted
frontoparietal alpha power by delirium incidence (n=15 with
delirium, 63 without delirium). (b) Violin plot of dose-adjusted
frontoparietal alpha power by delirium severity group (n=61
with zero-to-mild delirium severity, n=10 with moderate-to-
severe delirium). (c) Scatterplot of dose-adjusted frontoparietal
alpha power by delirium severity from the 3-Minute Confusion
Assessment Method (3D-CAM) (n=71). For (a) and (b), the black
dots represent the data distribution of dose-adjusted fronto-
parietal alpha power. Boxplots within the outlines show the
median (middle black line), 25% and 75% quartiles (lower and
upper box edges, respectively), whiskers (1.5 * the 25%—75%

181/AB1—42 ratios (a more specific indicator of AD pathology®?)
did not have lower anaesthetic-dose-adjusted frontoparietal
alpha power than participants with normal levels of this ratio
(mean differences [95% CI]: —0.64 dB [-2.39, 1.11], P=0.469;
Fig. 3c). Among the 13 participants who experienced delirium
in this cohort and who had available CSF AD biomarker data,
eight participants (61.5%) had normal concentrations of CSF
AP1—-42, and 11 participants (84.6%) had normal concentra-
tions of CSF pTaul81 and CSF pTaul81/Af1—42.

Next, because preoperative cognitive impairment has been
associated with altered intraoperative EEG alpha power, we
examined the relationship between anaesthetic-dose-
adjusted frontoparietal alpha power and cognitive tests
completed before surgery. Analyses showed that dose-
adjusted frontoparietal alpha power was associated with
scores on time-sensitive tests of processing speed/executive
function (Trails A, Trails B, and Digit Symbol scores; Fig. 4) and
Hopkins Delayed Recognition, although it was not associated
with scores on non-time-sensitive tests of verbal attention/
working memory (Digit Span Forwards/Backwards, Hopkins
Delayed Recall; Fig. 4). Figure 4h—i shows univariable analyses
of summary z-scores for the timed processing speed/executive
function (Fig. 4a—c) and untimed attention/memory (Fig. 4d—g)
tests. After covariate adjustment for age, sex, and years of
education, anaesthetic-dose-adjusted alpha power remained
significantly associated with timed, but not untimed, cognitive
test summary z-scores (Table 2). Relationships were similar for
unadjusted alpha power and anaesthetic-dose-adjusted alpha
power between these EEG metrics and POD, preoperative CSF
AD-related biomarkers, and preoperative cognitive perfor-
mance. However, dichotomised delirium severity and untimed
attention/working memory summary scores were not signifi-
cantly associated with unadjusted frontoparietal alpha power
(Supplementary Figs. S2—S5, Supplementary Table S4).

Discussion

We observed that anaesthetic-dose-adjusted frontoparietal
alpha power is associated with POD risk and impaired timed
task performance but might not be associated with preclinical/
prodromal CSF AD biomarkers. These findings are in line with
prior studies, which have shown that decreased frontal intra-
operative alpha power and brain anaesthetic sensitivity (and its
inverse, brain anaesthetic resistance) are associated with pre-
operative cognitive impairments?”>> and POD,*! respectively.

Our univariable analyses showed that patients with low
frontoparietal anaesthetic-dose-adjusted intraoperative alpha
power had increased odds of POD and moderate-to-severe
delirium severity, similar to other studies of intraoperative
EEG alpha power and POD risk.®3* Particularly, our cohort
showed associations between frontoparietal anaesthetic-
dose-adjusted alpha power and both acute/fluctuating
mental status changes and altered levels of consciousness
(core features of delirium). The underlying neurologic mech-
anisms of fluctuations in mental status and alterations in the
level of consciousness among patients with POD are unclear,

interquartile range), and outliers (dots beyond the whisker range).
For (a) and (b), P-values from Firth-corrected logistic regression
models are shown. For (c), the line and grey shaded region represents
a linear trend line and the 95% confidence interval, respectively. The
P-value from the Spearman’s correlation is shown.
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Fig 2. Plots of dose-adjusted frontoparietal alpha power by 3-Minute Confusion Assessment Method (3D-CAM) delirium feature presence at
any postoperative timepoint (n=71). The panels correspond to the following delirium features: (a) altered (acute or fluctuating) mental status
(n=28 with this feature), (b) inattention (n=38 with this feature), (c) disorganised thinking (n=17 with this feature), and (d) altered level of
consciousness (n=6 with this feature). The black dots represent the data distribution of dose-adjusted frontoparietal alpha power. Boxplots
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25%—75% interquartile range), and outliers (dots beyond the whisker range). Firth-corrected logistic regression P-values are reported for each
of the 3D-CAM features (for their association with anaesthetic-dose-adjusted intraoperative frontoparietal alpha power).

though patients with POD have been shown to have preoper-
ative structural dysconnectivity between several brain areas
including the thalamus,***® which is critical for regulating
consciousness (e.g. under anaesthesia®”*) and for generating
alpha oscillations.?%%7:%

The association between dose-adjusted frontoparietal
alpha power and POD in this cohort had a moderate AUC of
0.71, which is similar or higher than previously observed AUC
delirium prediction values for preoperative Mini-Mental Sta-
tus Examination scores (AUC: 0.64), serum albumin (AUC:
0.61), age-adjusted Charlson Comorbidity Index (AUC: 0.79),
and postoperative pain scores (AUC: 0.71).3! Although the
cohort studied here was too small to combine these and other
terms?®*! into one model for delirium risk, future studies
should examine whether dose-adjusted frontoparietal alpha
power in combination with these other predictors would
improve delirium risk prediction.

Additionally, the AUC of 0.71 of anaesthetic-dose-adjusted
frontoparietal alpha power observed here was slightly higher
than the AUC of 0.69 of unadjusted frontoparietal alpha power

in this cohort. Although anaesthetic-dose-adjusted fronto-
parietal alpha power generally had larger effect sizes than the
unadjusted frontoparietal alpha power metric, a larger study is
needed to directly compare these EEG metrics to determine
which has a stronger association with POD and its risk factors
(i.e. preoperative CSF AD-related biomarkers and cognitive
performance).

We did not find significantly lower intraoperative
anaesthetic-dose-adjusted frontoparietal alpha power among
participants with elevated (vs normal) CSF pTau-181, Af1—42,
or pTau-181/AB1—42. There are few papers quantifying asso-
ciations between brain, CSF, or plasma AD-related biomarkers
and EEG metrics.*? One study found that the degree of brain
tau pathology (but not AB) negatively modulates occipital and
temporoparietal alpha connectivity in the awake resting state,
with regional deficits varying by AD phenotype.*® Based on
this, there are several potential explanations for why dose-
adjusted frontoparietal alpha power was not significantly
associated with pTau-181 in this cohort. Firstly, our fronto-
parietal electrode subset might have missed other regional (e.g.
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Fig 3. Violin plots of dose-adjusted frontoparietal alpha power
by preoperative cerebrospinal fluid (CSF). (a) AB1—42 pathology
(n=14 positive for this pathology), (b) pTau-181 pathology (n=7
positive for this pathology), and (c) pTau-181/AB1—42 ratio pa-
thology (n=8 positive for this pathology). In total, n=75 patients
had available CSF Alzheimer’s disease (AD) biomarker data. The
black dots represent the data distribution of dose-adjusted
frontoparietal alpha power. Boxplots within the outlines show
the median (middle black line), 25% and 75% quartiles (lower
and upper box edges, respectively), whiskers (1.5*the 25%—75%
interquartile range), and outliers (dots beyond the whisker
range). T-test P-values are reported for each of the CSF AD bio-
markers (for their association with intraoperative anaesthetic-
dose-adjusted frontoparietal alpha power).

occipital, temporoparietal) changes in alpha oscillations. Sec-
ondly, there are potential differences between associations
with alpha in the resting state vs under general anaesthesia,
e.g. arising from intraoperative alpha anteriorisation, which is
thought to reflect a silencing of occipital—parietal-oriented
thalamocortical neurones and activation of frontal-oriented
thalamocortical neurones.** Differences in the neuronal gen-
erators of alpha during anaesthesia vs the awake state could
lead to correspondingly different associations between preop-
erative vs intraoperative alpha with either CSF pTaul8l or
AP1—42. Thirdly, the resting-state literature generally exhibits
more robust results with alpha connectivity metrics vs alpha
power for AD-related pathology,*” and this could be true in the
anaesthetised state as well. Thus, larger studies are needed to
determine whether this study is underpowered to detect the
effect of CSF AD-related biomarkers on anaesthetic-dose-
adjusted frontoparietal alpha power vs whether alternative
dose-adjusted metrics (e.g. from other brain regions, with
alpha functional connectivity) might be associated with these
CSF AD biomarkers and their corresponding brain impairments
(e.g. neuronal damage, tissue atrophy,* impaired synaptic
function®®). The overlap between dose-adjusted EEG features of
pathologic CSF AD-related biomarkers and EEG features of POD
is a related, important topic of future study, though our data
suggest that only a small subset of participants who developed
POD had pathologic CSF AD biomarker concentrations.

Lastly, after multivariable adjustment for age, sex, and
years of education, low anaesthetic-dose-adjusted frontopar-
ietal alpha power was associated with impaired preoperative
timed cognitive test performance using summary z-scores
from the Trails A, Trails B, and Digit Symbol tests, which
depend on elements of executive function, attention, and
processing speed. Similarly, prior studies have found that
patients who developed POD after surgery had preoperative
abnormalities in the corpus callosum, cingulum, and temporal
lobes, which themselves were associated with preoperative
cognitive impairment.>® Additionally, impairments in Trails A
performance and processing speed have been associated with
atrophy of the corpus callosum,” and abnormalities in
cingulum microstructure have been associated with worse
performance on the Trails B and Digit Symbol tests and other
processing speed-related tasks.*® This suggests that that the
integrity of the corpus callosum, cingulum, and other brain
regions involved in Trail Making and Digit Symbol perfor-
mance might be related to the function of the cortico—
thalamic loops that generate intraoperative frontoparietal
alpha power, such as via disrupted information processing in
prefrontal—thalamocortical circuits.*® Furthermore, there was
no evidence of an association between intraoperative fronto-
parietal alpha power and untimed attention/memory tasks
such as the delayed recall portion of the Hopkins Verbal
Learning Test, for which performance is hippocampal-
dependent®®>! unlike the Trail Making and Digit Symbol tasks.
Future work should examine these relationships and perform
mediation analyses to test the extent to which delirium-
predisposing factors (impaired preoperative timed attention
performance) are related to POD risk via their effects on
intraoperative dose-adjusted frontoparietal alpha power vs
independently of this EEG measure of brain activity in
response to inhaled anaesthetics. Future work should also
investigate the potential differential effects of injected an-
aesthetics on these associations.

The main limitation of this study is that it is an exploratory
analysis of a limited-size cohort from prior studies designed


mailto:Image of Fig 3|eps

116 | Reese et al.

a B (95% Cl): 0.07 (0.03, 0.11), P<0.001 b B (95% Cl): 0.07 (0.01, 0.12), P=0.014 c B (95% Cl): 2.10 (0.98, 3.22), P<0.001
. . )
-3.0
0
-3.5 ]
¢ 8
o I} ]
o o -
» 4.0 4 @ [
< [ -g
K4 2 >
E . 5 50+ . )
s 451w = . 5
. * a
-5.0 55 .‘ M °« ®
. . oo ce o . .
T T T T T T T T T T T T
-2.5 0.0 25 5.0 -25 0.0 25 5.0 -2.5 0.0 25 5.0
Dose-adjusted frontoparietal Dose-adjusted frontoparietal Dose-adjusted frontoparietal
alpha power (dB) alpha power (dB) alpha power (dB)
d B (95% Cl): 0.22 (-0.00, 0.45), P=0.055 e B (95% Cl): 0.20 (-0.04, 0.43), P=0.100 f B (95% Cl): 0.26 (-0.07, 0.59), P=0.122
12.5 12.5
. . . “ e .
12.5
. . - .o . . ” o oo weme .
8 . . 2 10.0 - . e £ 100 - e e m e o ool
= o o _ - N
§ 10.0 weme o0 o o o . H] b ¢ : T ",“—.."
. oo . e _ om0 o . .
c H . eee o @me o we S 754 ="
g o s ee e ”.,4 3 75 4 - @ : e -ee
_2 e e e _eie 5 2 - ,’: = - 3 . .
R U B e ST
- B T 50+ o o o o cem o o ] .. .
5 . cmme o o e o s ®
g H . ) . . 2 . .
5 50 o cee m . o o . o ome oo o . £ 251 .
w m 25 - o
. oo . T . .
. . 0.0 « . . ee oo
25 T T T T T T T T T T T T
25 0.0 25 5.0 25 0.0 25 5.0 -25 0.0 25 5.0
Dose-adjusted frontoparietal Dose-adjusted frontoparietal Dose-adjusted frontoparietal
alpha power (dB) alpha power (dB) alpha power (dB)
g B (95% Cl): 0.27 (0.11, 0.44), P=0.002 B (95% Cl): 0.45 (0.21, 0.69), P<0.001 i B (95% Cl): 0.35 (0.07, 0.64), P=0.016
]
4
o 12 e ¢ @ wmwes w 0w )
@ _ - & 2
p . ¢ cmm cmen o5 e 3 4]
S - H 5
§710_ . ..’..,.47. ™ . g% gg
Q = = b=J 95
S L . o o o . & 2
e fal] Fal]
- 84 . . o . g 3 E L
@ o ®
> Eo £
o . 35 5:) g
z “3 g
w 6. . . g 'E
c
= = =]
[
o
T 44 o o
T T T T T T T T
-25 0.0 25 5.0 -25 0.0 25 5.0 -2.5 0.0 25 5.0
Dose-adjusted frontoparietal Dose-adjusted frontoparietal Dose-adjusted frontoparietal
alpha power (dB) alpha power (dB) alpha power (dB)

Fig 4. Scatterplots of preoperative cognitive test scores by dose-adjusted alpha power. Beta coefficients, 95% confidence intervals, and P-
values are reported for each of the tests (for their association with anaesthetic-dose-adjusted intraoperative frontoparietal alpha power).
Panels (h) and (i) show correlations between summary z-scores for the respective preoperative timed processing speed/executive function
(a—c) and untimed attention/memory (d—g) tests, colour-coded by cognitive domain as red and blue—green and lines, respectively. The
lines and shaded regions represent linear trend lines and 95% confidence intervals, respectively. N=80 participants had available pre-
operative cognitive test scores for panels a—e. N=81 participants had available preoperative scores for the Hopkins Verbal Learning Test
(f—g). EF, executive function.

for other purposes. An appropriately powered study is needed clinical utility) of dose-adjusted intraoperative frontoparietal
to apply multiple comparison corrections and covariate alpha power for delirium risk prediction, and for identifying
adjustment to assess the predictive capacity (and potential patients with preclinical/prodromal ADRD or cognitive
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Table 2 Multivariable linear models of preoperative timed
processing speed/executive function and untimed attention/
memory summary z-scores by anaesthetic-dose-adjusted
frontoparietal alpha power, adjusted for the covariates age,
sex, and years of education (n=80). The timed processing
speed/executive function summary z-score was generated
from scores on the Digit Symbol and Trails A and Trails B
tests. The untimed attention/memory summary z-score was
generated from scores on the Hopkins Delayed Recognition
and Recall and Digit Span Forwards and Backwards tests. CI,
confidence interval.

Timed processing B [95% CI] P-value
speed/executive
function model

Anaesthetic-dose-adjusted  0.27 [0.06, 0.49] 0.014

alpha power

Age, yr —0.20 [-0.28, —0.11] <0.001
Male sex —0.39 [-1.34, 0.57] 0.422
Years of education 0.32[0.17, 0.48] <0.001
Untimed attention/memory f [95% CI] P-value
model
Anaesthetic-dose-adjusted  0.12 [-0.13, 0.37] 0.349

alpha power

Age, yr —0.23 [-0.33, —0.13] <0.001
Male sex —0.85[-1.97,0.26] 0.131
Years of education 0.43 [0.25, 0.61] <0.001

impairment. Our group is currently conducting a 250-subject
prospective cohort study to address these questions, titled
Low Neurophysiologic Resistance to Anesthetics as a Marker
of Preclinical/Prodromal. Alzheimer’s Disease and Neuro-
vascular Pathology, Delirium Risk and INattention
(ALADDIN).>> When complete, ALADDIN will allow for multi-
variable (and mediation) testing of associations between
intraoperative anaesthetic-dose-adjusted EEG metrics and
POD, and with POD predisposing factors such as CSF and
functional MRI (fMRI) biomarkers of preclinical/prodromal AD
or preoperative cognitive impairment. The larger cohort will
also provide greater statistical power to determine the nature
of the relationships (continuous, threshold-based, etc.) be-
tween intraoperative anaesthetic-dose-adjusted EEG metrics
and the aforementioned outcomes of interest.

Secondly, this cohort included a highly educated sample of
older adults, which might limit the generalisability of the re-
sults to the broader population of older noncardiac, non-
neurologic surgical patients. Furthermore, there might be po-
tential differential effects of sex, race, ethnicity, and apolipo-
protein E4 (APOE4) genotype status on the conclusions. These
and other covariates will be considered in the ALADDIN study.

Thirdly, this cohort included participants from three pro-
spective studies from the same medical centre, which all had
the same main inclusion and exclusion criteria (age >60 yr,
scheduled for noncardiac, non-neurologic surgery of >2 h
duration with a planned overnight hospital stay). However, the
INTUIT study had extra exclusion criteria for patients taking
immunosuppressants and anti-inflammatory drugs. Although
unlikely to have an impact on the outcomes in the current
study, the combination of cohorts is a potential limitation.

Fourthly, CSF AD biomarker data were collected from Alz-
Bio3 and Roche Elecsys assays, which could not be combined

as numerical data given differences in calibration between the
two different assay platforms. Thus, we were limited to ana-
lysing these variables according to established cut-offs for
classifying preclinical prodromal AD pathology with each
assay. Importantly, there could also be uncertainty regarding
the optimal pathologic cut-point for these CSF biomarkers,
which are indirect markers of AD-related neuropathologic
progression.®®> Although the sample sizes for these compari-
sons were relatively small, the findings are novel; to our
knowledge, no prior study has investigated associations be-
tween intraoperative anaesthetic-adjusted EEG alpha power
and CSF AD-related biomarkers. Similarly, delirium data were
collected using either the CAM or 3D-CAM. Use of two different
assessments could introduce bias, although our results held
up in follow-up analyses when removing the eight partici-
pants with CAM data from our analysis of dose-adjusted
frontoparietal alpha power and 3D-CAM-based delirium
assessments.

Fifthly, patients were excluded from the analyses if they
did not meet the criteria for exposure to gas anaesthetics or if
they had <15 min of usable EEG data after processing. Our EEG
artifact removal process was strict: if >5 of 32 electrodes had
an artifact in an epoch, including electrodes outside of the
frontal and parietal ROIs, then all electrodes in that epoch
were rejected. Modification of our data inclusion requirements
could be pursued in future studies to investigate their impact
and include more data. Larger studies should also assess
whether the results hold in a smaller subset of frontal or pa-
rietal electrodes to potentially improve the feasibility of using
these metrics in clinical practice without 32-channel EEG.
These frontal or parietal intraoperative dose-adjusted EEG
features could, if validated, improve routine anaesthesia care
for patients without available cognitive screening tests or
ADRD biomarkers by enabling anaesthetists to make in-
ferences about a patient’s preoperative neurocognitive status
and delirium risk based on EEG data routinely obtained in the
operating room.

Sixthly, we summarised our dose-adjusted frontoparietal
alpha power metric across the surgical case for each partici-
pant. Future studies could consider the impact of time on the
outcomes studied here, for instance by using time series an-
alyses of the anaesthetic and EEG data over the full surgical
case.

Lastly, there may be alternative anaesthetic-dose-adjusted
EEG formulas to better characterise brain sensitivity to an-
aesthetics. An optimal formula would maximise separation
between individuals who are highly sensitive to the neuro-
physiologic effects of volatile anaesthetics (such as those who
receive a low aaMAC and have low alpha power) uvs those who
are highly resilient to volatile anaesthetic effects (such as
those who receive a high aaMAC and have high alpha power).’
We would expect that an improved dose-adjustment formula
would strengthen associations between dose-adjusted fron-
toparietal alpha power and POD and predisposing factors vs
unadjusted frontoparietal alpha power.

Conclusions

These results suggest that intraoperative anaesthetic-dose-
adjusted frontoparietal alpha power is associated with POD
and certain POD risk factors, such as impaired timed pro-
cessing speed/executive function performance. Future studies
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are warranted to confirm these findings in a larger cohort and
to discover the underlying neurophysiological mechanisms.

Contributors

MADCO-PC Study Group: Miles Berger, Brian E. Brigman, Jef-
frey N. Browndyke, W. Michael Bullock, Jessica Carter, Joseph
Chapman, Brian Colin, Mary Cooter Wright, Thomas A.
D’Amico, James K. DeOrio, Ramon M. Esclamado, Michael N.
Ferrandino, Jeffrey Gadsden, Grant E. Garrigues, Stuart Grant,
Jason Guercio, Dhanesh Gupta, Ashraf Habib, David H. Har-
pole, Mathew G. Hartwig, Ehimemen Iboaya, Brant A. Inman,
Anver Khan, Sandhya Lagoo-Deenadayalan, Paula S. Lee,
Walter T. Lee, John Lemm, Howard Levinson, Christopher
Mantyh, Joseph P. Mathew, David L. McDonagh, John Migaly,
Suhail K. Mithani, Eugene Moretti, Judd W. Moul, Mark F.
Newman, Brian Ohlendorf, Alexander Perez, Andrew C.
Peterson, Glenn M. Preminger, Quintin Quinones, Cary N.
Robertson, Sanziana A. Roman, Scott Runyon, Aaron Sandler,
Faris M. Sbahi, Randall P. Scheri, S. Kendall Smith, Leonard
Talbot, Julie K. M. Thacker, Jake Thomas, Betty C. Tong, Steven
N. Vaslef, Nathan Waldron, Xueyuan Wang, and Christopher
Young.

INTUIT and PRIME Study Groups: Leah Acker, Cindy Louise
Amundsen, Oke Anakwenze, Harel Anolick, David Attarian,
Pallavi Avasarala, Chakib Ayoub, Matthew Barber, Rachel
Beach, Andrew Berchuck, Dan G. Blazer III, Michael Bolognesi,
Rachele Brassard, Brian Brigman, William Michael Bullock,
Thomas Bunning, Victor Cai, Yee Ching Vanessa Cheong,
Soren K. Christensen, Brian Colin, Mary Cooter Wright,
Mitchell Wayne Cox, Thomas D’Amico, Brittany Anne David-
son, James Keith Deorio, Mark E. Easley, Sarada Eleswarpu,
Detlev Erdmann, Mariana Feingold, Michael Nicolo Ferran-
dino, Jeffrey Gadsden, Mark Gage, Arun Ganesh, Grant Edward
Garrigues, Rachel Adams Greenup, Ashraf Habib, Ashley Hall,
Rhett K. Hallows, David Harpole Jr, Matthew Hartwig, Laura
Havrilesky, Courtney Holland, Scott Thomas Hollenbeck,
Thomas Hopkins, Edward Ross Houser 11, Samuel Huang, Ehi-
memen Iboaya, Brant Inman, William Jiranek, Russel Kahmke,
Amie Kawasaki, Brendan Kelleher, Jay Han Kim, Jacob Klapper,
Christopher Klifto, Rebecca Klinger, Stuart Knechtle, Sandhya
A. Lagoo-Deenadayalan, Billy Lan, Walter Lee, Howard Lev-
inson, Brian Lewis, Michael Lipkin, Christopher Mantyh, Hec-
tor Martinez-Wilson, John Migaly, Eugene Moretti, Judd Moul,
Michael Muehlbauer, David Murdoch, Thomas L. Novick,
Kathryn Odom, Brian Ohlendorf, Steven Olson, Deborah
Oyeyemi, Shannon Page, Theodore Pappas, John Park, Andrew
Peterson, Andreea Podgoreanu, Thomas ]. Polascik, Dana
Portenier, Glenn M. Preminger, Rebecca Ann Previs, Edward
Nandlal Rampersaud Jr, Melody Reese, Kenneth Roberts, Cary
N. Robertson, Sanziana Alina Roman, Jason Rothman, Aaron
Sandler, Siddharth Sata, Charles Scales Jr, Randall Scheri,
Thorsten Seyler, Keri Anne Seymour, Nazema Y. Siddiqui,
Shayan Smani, Michael Stang, Samuel David Stanley,
Katherine Sweeney, Ayesha Syed, Martin V. Taormina, Julie
Thacker, Jake Thomas, Betty Tong, Yanne Toulgoat-Dubois,
Keith Vandusen, Nathan Waldron, Alison Weidner, Kent
Weinhold, Samuel Wellman, David Williams, Marty Woldorff,
Rosa Yang, Christopher Young, Sabino Zani, and Mimi Zhang.

MARBLE Study Group: Samuel B. Adams, Cindy L. Amund-
sen, Pallavi Avasarala, Matthew D. Barber, Andrew Berchuck,
Daniel G. Blazer Iii, Rachele Brassard, Brian E. Brigman, Victor

Cai, Soren K. Christensen, Mary Cooter Wright, Mitchel W.
Cox, Brittany A. Davidson, James K. DeOrio, Detlev Erdmann,
Melissa M. Erickson, Bonita L. Funk, Jeffrey Gadsden, Mark J.
Gage, Jeff R. Gingrich, Rachel A. Greenup, Christine Ha, Ashraf
Habib, Ralph Abi Hachem, Ashley E. Hall, Matthew G. Hartwig,
Laura J. Havrilesky, Mitchell T. Heflin, Courtney Holland, Scott
T. Hollenbeck, Thomas J. Hopkins, Brant A. Inman, David W.
Jang, Russel R. Kahmke, Isaac Karikari, Amie Kawasaki, Jacob
A. Klapper, Christopher S. Klifto, Rebecca Klinger, Stuart J.
Knechtle, Sandhya A. Lagoo-Deenadayalan, Walter T. Lee,
Howard Levinson, Brian D. Lewis, Michael E. Lidsky, Michael E.
Lipkin, Christopher R. Mantyh, Shelley R. McDonald, John
Migaly, Timothy E. Miller, Suhail K. Mithani, PaulJ. Mosca, Judd
W. Moul, Thomas L. Novick, Steven A. Olson, Theodore N.
Pappas, John J. Park, Andrew C. Peterson, Brett T. Phillips,
Thomas J. Polascik, Peter Potash, Glenn M. Preminger, Rebecca
A. Previs, Melody Reese, Kenneth Roberts, Cary N. Robertson,
Charles D. Scales Jr, Kevin N. Shah, Randall P. Scheri, Nazema
Y. Siddiqui, Shayan Smani, Kevin W. Southerland, Michael T.
Stang, Ayesha Syed, Alicja Szydlowska, Julie K. M. Thacker,
Niccolo Terrando, Yanne Toulgoat-DuBois, Anthony G. Visco,
Alison C. Weidner, Marty Woldorff, Mamata Yanamadala, and
Sabino Zani Jr.

Funding

Supported by the US National Institutes of Health (NIH,
Bethesda, MD, USA) grants R01-AG073598 and R03-AG050918
to MB, an International Anesthesia Research Society
Mentored Research Award (San Francisco, CA, USA) to MB,
and support from the Duke Department of Anesthesiology
(Durham, NC, USA) to MB. MB also acknowledges additional
support from a Jahnigen Scholars Fellowship award from the
American Geriatrics Society and the Foundation for
Anesthesia Education and Research, and from NIH grants
T32-GMO08600, P30-AG028716, and K76-AG057022. MR
acknowledges support from the Duke Aging Center
Postdoctoral Research Training Grant (NIA T32 AG000029).
JNB acknowledges support from the NIH (grants UO1-
HL088942, RO1-HL130443, and  R01-AG042599). MJD
acknowledges support from NIH grant R03-AG067976, the
Foundation for Anesthesia Education and Research, a
Merck Investigator-Initiated Studies Program grant, and the
National = Alzheimer’s Coordinating  Center. HEW
acknowledges support from the NIH, Duke/UNC Alzheimer’s
Disease Research Center (ADRC), and Duke Pepper Center
(grants UH2-AG056925-02 [NIH], 5P30-AG072958 [ADRC], and
Pepper 5P30-AG028716). JM acknowledges support from NIH
grant RO1-HL130443.

Declarations of interest

MB has received material support (EEG monitor loan) for a
postoperative recovery study in older adults from Masimo and
has participated in Masimo peer-to-peer educational sessions,
for which his honorarium was donated at his request to the
Foundation for Anesthesia Education and Research. MB also
acknowledges private legal consulting fees related to
postoperative neurocognitive function in older adults. All
other authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.



Anaesthetic-dose-adjusted electroencephalography |

119

Authors’ contributions

Study concept and design: MR, MCW, KCR, JB, MGW, MBerger
EEG data processing and analysis: MR, KCR, LA, MGW
Statistical analysis: MR, MCW

Data interpretation: MR, MCW, MBW, MGW, MBerger
Manuscript preparation: MR, MCW, MBennett, MBW, MGW,
MBerger

Manuscript review and final approval: all authors

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bja.2024.12.041.

References

1.

10.

11.

12.

Fong TG, Davis D, Growdon ME, et al. The interface be-
tween delirium and dementia in elderly adults. Lancet
Neurol 2015; 14: 823—32

. American Geriatrics Society Expert Panel on Postoperative

Delirium in Older Adults. Postoperative delirium in older
adults: best practice statement from the American Geri-
atrics Society. J] Am Coll Surg 2015; 220: 136—148.

. Inouye SK, Westendorp RG, Saczynski JS. Delirium in

elderly people. Lancet 2014; 383: 91122

. Berger M, Oyeyemi D, Olurinde MO, et al. The INTUIT

Study: Investigating neuroinflammation underlying post-
operative cognitive dysfunction. ] Am Geriatr Soc 2019; 67:
794—8

. Fong TG, Jones RN, Shi P, et al. Delirium accelerates

cognitive decline in Alzheimer disease. Neurology 2009; 72:
1570-5

. Deiner S, Fleisher LA, Leung JM, et al. Adherence to rec-

ommended practices for perioperative anesthesia care for
older adults among US anesthesiologists: results from the
ASA Committee on Geriatric Anesthesia-Perioperative
Brain Health Initiative ASA member survey. Perioper Med
(Lond) 2020; 9: 6

. Ni K, Cooter M, Gupta DK, et al. Paradox of age: older

patients receive higher age-adjusted minimum alveolar
concentration fractions of volatile anaesthetics yet
display higher bispectral index values. Br ] Anaesth 2019;
123: 28897

. Gutierrez R, EganaJI, Saez I, et al. Intraoperative low alpha

power in the electroencephalogram is associated with
postoperative subsyndromal delirium. Front Syst Neurosci
2019; 13: 56

. Erdogan MA, Demirbilek S, Erdil F, et al. The effects of

cognitive impairment on anaesthetic requirement in the
elderly. Eur ] Anaesthesiol 2012; 29: 326—31

Cooter Wright M, Bunning T, Eleswarpu SS, et al
A processed electroencephalogram-based brain anes-
thetic resistance index is associated with postoperative
delirium in older adults: a dual center study. Anesth Analg
2022; 134: 149-58

Fritz BA, Maybrier HR, Avidan MS. Intraoperative electro-
encephalogram suppression at lower volatile anaesthetic
concentrations predicts postoperative delirium occurring
in the intensive care unit. Br ] Anaesth 2018; 121: 2418
Newman MF, Kirchner JL, Phillips-Bute B, et al. Longitu-
dinal assessment of neurocognitive function after
coronary-artery bypass surgery. N Engl ] Med 2001; 344:
395—-402

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Browndyke JN, Berger M, Harshbarger TB, et al. Resting-
state functional connectivity and cognition after major
cardiac surgery in older adults without preoperative
cognitive Impairment: preliminary findings. ] Am Geriatr
Soc 2017; 65: e6—12

Mathew JP, White WD, Schinderle DB, et al. Intraoperative
magnesium administration does not improve neuro-
cognitive function after cardiac surgery. Stroke 2013; 44:
3407-13

Brandt J. The Hopkins Verbal Learning Test: development
of a new memory test with six equivalent forms. The Clin
Neuropsychologist 1991; 5: 125—42

Wechsler D. Wechsler adult intelligence scale-revised (WAIS-
R). Psychological Corporation; 1981

Reitan RM. Validity of the Trail Making Test as an indi-
cator of organic brain damage. Perceptual and Motor Skills
1958; 8(3): 2716

Inouye SK, van Dyck CH, Alessi CA, Balkin S, Siegal AP,
Horwitz RI. Clarifying confusion: the confusion assess-
ment method: a new method for detection of delirium.
Ann Intern Med 1990; 113: 941—8

Marcantonio ER, Ngo LH, O’Connor M, et al. 3D-CAM:
derivation and validation of a 3-minute diagnostic inter-
view for CAM-defined delirium: a cross-sectional diag-
nostic test study. Ann Intern Med 2014; 161: 554—61
Inouye SK, Leo-Summers L, Zhang Y, Bogardus Jr ST,
Leslie DL, Agostini JV. A chart-based method for identifi-
cation of delirium: validation compared with interviewer
ratings using the confusion assessment method. ] Am
Geriatr Soc 2005; 53: 312—8

Shaw LM, Waligorska T, Fields L, et al. Derivation of cut-
offs for the Elecsys((R)) amyloid beta (1-42) assay in Alz-
heimer’s disease. Alzheimers Dement (Amst). 2018; 10:
698—705

Shaw LM, Vanderstichele H, Knapik-Czajka M, et al. Ce-
rebrospinal fluid biomarker signature in Alzheimer’s dis-
ease neuroimaging initiative subjects. Ann Neurol 2009; 65:
403—-13

Roche Diagnostics GmbH, Elecsys B-amyloid (1-42) CSF.
Available from: https://elabdoc-prod.roche.com/eLD/api/
downloads/2a206d32-5120-eal11-fa90-005056a772fd?
countrylsoCode=gb (accessed 01 October 2024).

Blennow K, Shaw LM, Stomrud E, et al. Predicting clinical
decline and conversion to Alzheimer’s disease or de-
mentia using novel Elecsys Abeta(1-42), pTau and tTau
CSF immunoassays. Sci Rep 2019; 9, 19024

Palmgvist S, Stomrud E, Cullen N, et al. An accurate fully
automated panel of plasma biomarkers for Alzheimer’s
disease. Alzheimers Dement 2023; 19: 1204—15

Perrin F, Pernier ], Bertrand O, Echallier JF. Spherical
splines for scalp potential and current density mapping.
Electroencephalogr Clin Neurophysiol Feb 1989; 72: 184—7
Giattino CM, Gardner JE, Sbahi FM, et al. Intraoperative
frontal Alpha-band power correlates with preoperative
neurocognitive function in older adults. Front Syst Neurosci
2017; 11: 24

Purdon PL, Sampson A, Pavone KJ, Brown EN. Clinical
electroencephalography for anesthesiologists: part I
background and basic signatures. Anesthesiology 2015; 123:
937-60

Cooter M, Ni K, Thomas J, et al. Age-dependent decrease
in minimum alveolar concentration of inhaled anaes-
thetics: a systematic search of published studies and
meta-regression analysis. Br ] Anaesth 2020; 124: e4—7


https://doi.org/10.1016/j.bja.2024.12.041
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref1
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref1
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref1
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref1
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref2
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref2
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref2
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref2
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref2
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref3
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref3
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref3
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref4
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref5
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref5
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref5
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref5
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref6
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref7
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref8
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref8
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref8
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref8
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref9
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref9
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref9
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref9
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref10
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref10
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref10
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref10
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref10
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref10
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref11
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref12
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref13
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref14
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref15
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref15
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref15
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref15
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref16
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref16
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref17
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref18
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref18
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref18
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref18
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref18
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref19
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref20
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref21
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref22
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref22
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref22
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref22
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref22
https://elabdoc-prod.roche.com/eLD/api/downloads/2a206d32-5120-ea11-fa90-005056a772fd?countryIsoCode=gb
https://elabdoc-prod.roche.com/eLD/api/downloads/2a206d32-5120-ea11-fa90-005056a772fd?countryIsoCode=gb
https://elabdoc-prod.roche.com/eLD/api/downloads/2a206d32-5120-ea11-fa90-005056a772fd?countryIsoCode=gb
https://elabdoc-prod.roche.com/eLD/api/downloads/2a206d32-5120-ea11-fa90-005056a772fd?countryIsoCode=gb
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref24
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref25
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref25
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref25
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref25
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref26
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref26
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref26
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref26
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref27
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref28
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref28
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref28
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref28
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref28
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref29
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref29
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref29
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref29
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref29

120 | Reese et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Vasunilashorn SM, Guess J, Ngo L, et al. Derivation and
validation of a severity scoring method for the 3-minute
diagnostic interview for confusion assessment method-
defined delirium. ] Am Geriatr Soc 2016; 64: 1684—9

Liu J, Li ], He J, Zhang H, Liu M, Rong J. The age-adjusted
Charlson Comorbidity Index predicts post-operative
delirium in the elderly following thoracic and abdominal
surgery: a prospective observational cohort study. Front
Aging Neurosci 2022; 14, 979119

Maddalena A, Papassotiropoulos A, Miiller-Tillmanns B,
et al. Biochemical diagnosis of Alzheimer disease by
measuring the cerebrospinal fluid ratio of phosphorylated
tau protein to B-amyloid peptide42. Archives Neurol. 2003;
60(9): 1202—6

Touchard C, Cartailler J, Leve C, et al. Propofol require-
ment and EEG alpha band power during general anes-
thesia provide complementary views on preoperative
cognitive decline. Front Aging Neurosci 2020; 12, 593320
Berger M, Ryu D, Reese M, et al. A real-time neurophysi-
ologic stress test for the aging brain: novel perioperative
and ICU applications of EEG in older surgical patients.
Neurotherapeutics 2023; 20: 975—1000

Cavallari M, Dai W, Guttmann CRG, et al. Neural substrates
of vulnerability to postsurgical delirium as revealed by
presurgical diffusion MRI. Brain 2016; 139: 1282—94
Fislage M, Feinkohl I, Pischon T, et al. Presurgical thal-
amus volume in postoperative delirium: a longitudinal
observational cohort study in older patients. Anesth Analg
2022; 135: 136—42

Redinbaugh MJ, Phillips JM, Kambi NA, et al. Thalamus
modulates consciousness via layer-specific control of
cortex. Neuron Apr 8 2020; 106: 66—75

Kantonen O, Laaksonen L, Alkire M, et al. Decreased
thalamic activity is a correlate for disconnectedness dur-
ing anesthesia with propofol, dexmedetomidine and sev-
oflurane but not S-ketamine. J Neurosci 2023; 43: 4884—95
Schreckenberger M, Lange-Asschenfeldt C, Lochmann M,
et al. The thalamus as the generator and modulator of EEG
alpha rhythm: a combined PET/EEG study with lorazepam
challenge in humans. Neuroimage. 2004; 22: 637—44
Yamanashi T, Nagao T, Wahba NE, et al. DNA methylation
in the inflammatory genes after neurosurgery and diag-
nostic ability of post-operative delirium. Transl Psychiatry
2021; 11(1): 627

Tesh RA, Sun H, Jing J, et al. VE-CAM-S: visual EEG-based
grading of delirium severity and associations with clinical
outcomes. Crit Care Explorations 2022; 4(1)

Maesti F, Cuesta P, Hasan O, Fernandéz A, Funke M,
Schulz PE. The importance of the validation of M/EEG with

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

current biomarkers in Alzheimer’s disease. Mini Rev Front
In Hum Neurosci 2019; 13

Ranasinghe KG, Cha J, Iaccarino L, et al. Neurophysiolog-
ical signatures in Alzheimer’s disease are distinctly
associated with TAU, amyloid-B accumulation, and
cognitive decline. Sci Translational Med 2020; 12(534)

. Vijayan S, Ching S, Purdon PL, Brown EN, Kopell NJ. Tha-

lamocortical mechanisms for the anteriorization of alpha
rhythms during propofol-induced unconsciousness.
J Neurosci 2013; 33: 11070—5

Nir TM, Villalon-Reina JE, Salminen LE, et al. Cortical
microstructural associations with CSF amyloid and pTau.
Mol Psychiatry 2024; 29: 257—68. https://doi.org/10.1038/
s41380-023-02321-7

Parameshwaran K, Sims C, Kanju P, et al. Amyloid
beta-peptide Abeta(1-42) but not Abeta(1-40) attenuates
synaptic AMPA receptor function. Synapse 2007; 61:
367—74

Jokinen H, Ryberg C, Kalska H, et al. Corpus callosum at-
rophy is associated with mental slowing and executive
deficits in subjects with age-related white matter hyper-
intensities: the LADIS Study. J Neurol Neurosurg Psychiatry
2007; 78(5): 491—6

Metzler-Baddeley C, Jones DK, Steventon ], Westacott L,
Aggleton JP, O’Sullivan MJ. Cingulum microstructure pre-
dicts cognitive control in older age and mild cognitive
impairment. ] Neurosci 2012; 32: 17612—9

Ching S, Cimenser A, Purdon PL, Brown EN, Kopell NJ.
Thalamocortical model for a propofol-induced alpha-
rhythm associated with loss of consciousness. Proc Natl
Acad Sci U S A 2010; 107(52): 22665—70

Okoukoni C, McTyre ER, Ayala Peacock DN, et al. Hippo-
campal dose volume histogram predicts Hopkins Verbal
Learning Test scores after brain irradiation. Adv Radiat
Oncol 2017; 2: 624—9

Wong CG, Jeffers SL, Bell SA, Caldwell JZK, Banks SJ,
Miller JB. Story memory impairment rates and association
with hippocampal volumes in a memory clinic popula-
tion. J Int Neuropsychol Soc 2022; 28: 6119

Berger M. Low neurophysiologic resistance to anesthetics
as a marker of preclinical/prodromal Alzheimer’s disease
and neurovascular pathology, delirium risk and inatten-
tion. Available from: https://deliriumnetwork.org/
delirium-research-hub/delirium-hub-browse/(accessed 7
May 2024).

Bartlett JW, Frost C, Mattsson N, et al. Determining cut-
points for Alzheimer’s disease biomarkers: statistical is-
sues, methods and challenges. Biomarkers Med 2012; 6:
391-400

Handling Editor: Hugh C Hemmings Jr


http://refhub.elsevier.com/S0007-0912(25)00090-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref30
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref31
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref33
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref34
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref34
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref34
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref34
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref35
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref36
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref36
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref36
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref36
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref37
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref38
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref38
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref38
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref38
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref39
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref39
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref39
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref39
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref39
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref40
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref40
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref40
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref40
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref40
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref41
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref41
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref41
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref41
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref42
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref42
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref42
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref43
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref43
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref43
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref43
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref43
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref44
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref44
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref44
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref44
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref45
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref45
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref45
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref45
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref45
https://doi.org/10.1038/s41380-023-02321-7
https://doi.org/10.1038/s41380-023-02321-7
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref47
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref47
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref47
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref47
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref47
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref48
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref48
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref48
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref48
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref48
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref48
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref49
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref49
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref49
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref49
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref49
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref50
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref50
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref50
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref50
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref50
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref51
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref51
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref51
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref51
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref51
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref52
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref52
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref52
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref52
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref52
https://deliriumnetwork.org/delirium-research-hub/delirium-hub-browse/
https://deliriumnetwork.org/delirium-research-hub/delirium-hub-browse/
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref54
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref54
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref54
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref54
http://refhub.elsevier.com/S0007-0912(25)00090-X/sref54

	Associations between anaesthetic dose-adjusted intraoperative EEG alpha power, processing speed, and postoperative delirium ...
	Editor's key points
	Methods
	Neurocognitive testing and delirium assessment
	CSF collection
	EEG recordings
	EEG preprocessing and variable calculation
	Statistical analysis

	Results
	Discussion
	Conclusions

	Contributors
	flink5
	aclink2
	flink6
	flink7
	References


