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Abstract

Background: In the eyes-closed, awake condition, EEG oscillatory power in the alpha band (7—13 Hz) dominates human
spectral activity. With eyes open, however, EEG alpha power substantially decreases. Less alpha attenuation with eyes
opening has been associated with inattention; thus, we analysed whether reduced preoperative alpha attenuation
with eyes opening is associated with postoperative inattention, a delirium-defining feature.

Methods: Preoperative awake 32-channel EEG was recorded with eyes open and eyes closed in 71 non-neurological,
noncardiac surgery patients aged > 60 years. Inattention and other delirium features were assessed before surgery and
twice daily after surgery until discharge. Eyes-opening EEG alpha-attenuation magnitude was analysed for associa-
tions with postoperative inattention, primarily, and with delirium severity, secondarily, using multivariate age- and
Mini-Mental Status Examination (MMSE)-adjusted logistic and proportional-odds regression analyses.

Results: Preoperative alpha attenuation with eyes opening was inversely associated with postoperative inattention
(odds ratio [OR] 0.73, 95% confidence interval [CI]: 0.57, 0.94; P=0.038). Sensitivity analyses showed an inverse rela-
tionship between alpha-attenuation magnitude and inattention chronicity, defined as ‘never’, ‘newly’, or ‘chroni-
cally’ inattentive (OR 0.76, 95% CI: 0.62, 0.93; P=0.019). In addition, preoperative alpha-attenuation magnitude was
inversely associated with postoperative delirium severity (OR 0.79, 95% CI: 0.65, 0.95; P=0.040), predominantly as a
result of the inattention feature.
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Conclusions: Preoperative awake, resting, EEG alpha attenuation with eyes opening might represent a neural biomarker
for risk of postoperative attentional impairment. Further, eyes-opening alpha attenuation could provide insight into the
neural mechanisms underlying postoperative inattention risk.

Keywords: alpha attenuation; attention; delirium; electroencephalography; eyes opening; postoperative delirium

Editor’s key points

e Preoperative alpha attenuation in EEG power is
inversely associated with postoperative inattention
and delirium severity.

Preoperative alpha attenuation might be useful to
predict postoperative inattention and delirium.
Future studies are required to validate the utility of
this marker for postoperative attentional
impairment.

Up to half of older adults experience perioperative neuro-
cognitive disorders, such as postoperative delirium (POD),
which is associated with increased risk for mortality,’ cogni-
tive decline,” and dementia.® Even without full-blown
delirium, patients with features of delirium, such as inatten-
tion, experience impaired recovery and increased mortality
risk.*"® Of the cardinal delirium features, inattention is most
associated with persistent neurocognitive deficits.” Further,
inattention has been associated with poor medication
compliance,10 social isolation,'! and financial strain,'’ issues
that are particularly challenging when superimposed on
postoperative recovery. Given the aging surgical population,
finding preoperative neural biomarkers that can identify those
at highest risk for postoperative inattention would be highly
impactful.

Beyond perioperative screening potential, inattention-
related neural biomarkers could also inform our understand-
ing of neurocognitive mechanisms underlying both POD and
one of its cardinal features, inattention. As EEG has been used
to investigate vulnerability to other neurocognitive dis-
orders,'>"** including POD,'”*® and as EEG has sensitivity for
attention-related cognitive functions,'® it makes sense to
evaluate EEG measures that link brain function and inatten-
tion, a core delirium component.

Intraoperative,’” ' and to a lesser extent preoperative,
EEG has been studied as a POD risk predictor, with variable
success. Here, we focus on one core feature of POD, inattention,
and propose that awake EEG changes under variations in nat-
ural brain-state conditions can reveal neurocognitive vulnera-
bility before surgery and anaesthesia. This hypothesis is rooted
in cognitive neuroscience, which has made extensive links be-
tween fundamental attention-related cognitive functions and
EEG variations observed in response to changing sensory and
cognitive states.>?*

For example, externally directed attention?® and global
arousal®® inversely correlate with EEG alpha (7—13 Hz) power.
In addition, increased EEG alpha power is associated with
daydreaming,?” which is common in awake, task-free, eyes-
closed states. In contrast, with open eyes, visual stimuli acti-
vate thalamic nuclei and cortical structures to induce wide-
spread cortico-cortical and cortico-thalamic interactions as
the brain processes incoming visual information.?® These in-
teractions that occur with opening of the eyes desynchronise
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EEG alpha oscillations, reducing EEG alpha power.”*?° This
alpha-power decrease in the eyes-open us eyes-closed states
(i.e. alpha attenuation with eyes opening) remains present in
healthy older adults®® but has been reported to be diminished
among those with chronic neurocognitive disorders.??1:3?

Further, although decreased overall alpha power likely fa-
cilitates neuronal transmission of incoming sensory infor-
mation,>>** cognitive neuroscientists sometimes subdivide
the alpha band**~*° because lower*>** and higher****~3 alpha
sub-bands have been associated with somewhat different
attention-related processes. Lower-frequency (e.g. 7—10 Hz)
alpha rhythms tend to reflect the more diffuse cortical and
cortico-thalamic loops regulating global attentional processes,
such as alertness.>* > Higher-frequency (e.g. 10~13 Hz) alpha
rhythms have been associated with more selective neural
systems, including those involved in anticipating and pro-
cessing specific sensory input.’®**73® Thus, we might better
understand inattention pathophysiology and pre-existing
neurocognitive vulnerability by studying attention-related
EEG measures within these alpha sub-bands.

Preoperative cognitive deficits, which are associated with
increased postoperative neurocognitive risk,?° are often
unrecognised because clinical costs and time constraints
limit in-depth neurocognitive testing. If a quick preoperative
EEG with a simple ‘eyes-closed eyes-open’ task can reveal a
risk for disordered arousal or attention, clinicians might be
alerted to the need for further testing, prophylactic mea-
sures, or both. This, in turn, might provide an opportuinty to
to reduce the risk for postoperative inattention, and possibly
delirium, pre-emptively. This natural, simple brain-state
condition manipulation might also yield insights into the
neural mechanisms underlying neurocognitive vulnerability
and resilience. Accordingly, we analysed existing data from
an older-patient surgery cohort’®*! to determine whether
reduced preoperative alpha attenuation with eyes opening is
associated with postoperative inattention (primary
outcome), POD measures (secondary outcome), or both.

Methods
Participants

We analysed previously collected data from the subset of
consecutive patients in Investigating NeuroinflammaTion
Underlying Postoperative Brain Connectivity Changes, Post-
operative CogniTive Dysfunction, Delirium in Older Adults
(INTUIT; clinicaltrials.gov #NCT03273335) who underwent
preoperative EEG in Physical Resilience: Indicators and
Mechanisms in the Elderly Collaborative (PRIME), phase 1,
(from August 2017 to September 2021).21%° We attempted to
perform EEG on all INTUIT participants as soon as PRIME
funding was available. INTUIT enrolled Duke patients aged >
60 years undergoing non-cardiac, non-neurological surgery in
a Duke Health Institutional Review Board—approved, obser-
vational prospective study.*! All participants, or legally
authorised representatives, provided pre-participation,
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156 | Acker et al

written informed consent (see Supplementary materials). Pa-
tient characteristics and baseline factors, including cognition,
were assessed.’!

Inattention and delirium severity screening

Participants underwent a 3-min diagnostic interview for
Confusion Assessment Method-defined delirium (3D-CAM)*?
before surgery (baseline), and after surgery each morning
and late afternoon until discharge. Using 3D-CAM feature
definitions, ‘attentive’ subjects answered all attention items
(#4—7, 16, 17) correctly on both preoperative and postoperative
3D-CAM assessments; ‘inattentive’ subjects had at least one
incorrect attention item on at least one postoperative 3D-CAM
assessment. Delirium severity was the maximum post-
operative score on a 20-point 3D-CAM scale, with higher
scores indicating greater delirium severity.*®> Categorical
delirium was defined as any positive POD assessment,
including nursing assessments.

Inattention chronicity

Inattentive subjects were subdivided based on a measure we
termed ‘inattention chronicity’. ‘Chronically inattentive’
subjects missed at least one attention item both preopera-
tively and postoperatively. ‘Newly inattentive’ subjects had
all attention items correct preoperatively and at least one
incorrect attention item on at least one postoperative 3D-
CAM assessment. Given sample size constraints, we did not
further subdivide patients with improving vs worsening
inattention.

Electroencephalography recording

Awake, 32-channel, whole-head EEG recording was performed
before surgery for 3 min with eyes closed and 3 min with eyes
open. An experienced technician monitored EEG recordings,
including to ensure patients did not fall asleep. To remove
noise and artifacts, acquired EEG data were pre-processed in
MATLAB in a similar manner to previous work?** using the
EEGLAB toolbox,* custom scripts, and contiguous epochs of
non-overlapping 3-s windows on each electrode, across all
artifact-free data within the recorded 3-min windows. EEG
data were re-referenced during pre-processing to the algebraic
average of the two mastoid electrodes. The Supplementary
materials and Supplementary Figure S1 provide details
regarding the EEG recording, pre-processing, epoching, and
spectral analysis.

Electroencephalography alpha attenuation and sub-
band analysis

The alpha power band was defined as 7—13 Hz, given the age
of the study population. Non-overlapping ‘lower’ and
‘higher’ alpha sub-bands were defined as 7—10 Hz and
10.2—13 Hz, respectively, as per previous studies in the lit-
erature.>* * To calculate attenuation magnitude with eyes
opening in each subject, we subtracted the eyes-open alpha-
band (or alpha sub-band) power from the eyes-closed alpha-
band (or alpha sub-band) power. We used raw change rather
than percentage change because eyes-closed alpha power
did not differ significantly between attentive and inattentive
subjects.

Topographic analysis

Whole-head topographic plots were generated using EEGLAB*
and custom scripts. To create composite topographic plots,
maps were averaged across subjects at each spatial location
along the x- and y-dimensions to yield an average map for a
given group of subjects, condition, and power band (full alpha
band, lower or higher alpha sub-bands). Whole-head analyses
were applied to avoid bias for a specific spatial region of interest
(ROI), given the frontal electrodes’ potential clinical utility vs the
parietal—occipital electrodes’ potential visual cortical-
processing specificity. In follow-up sensitivity analyses, activ-
ity in frontal, central, parietal, and occipital ROIs were sepa-
rately analysed (Supplementary materials and Supplementary
Fig. S1).

Statistical analysis

A statistician, who neither collected nor processed the EEG
data, performed analyses using SAS version 9.4, (SAS Institute,
Cary, NC, USA). A statistical analysis plan for the primary
outcome (inattention) and secondary outcome (delirium
severity) was determined before the statistician received EEG
data. Data availability determined sample size, as there were
no prior studies of preoperative eyes-opening alpha-attenua-
tion to inform prospective power calculations. We compared
baseline characteristics between attentive and inattentive
subjects using t-tests or Wilcoxon rank-sum tests for numeric
variables and y? tests for categorical variables. For univariate
associations of whole-head alpha attenuation with inattention,
inattention chronicity, delirium severity, and delirium inci-
dence, we used either group-wise t-tests, analyses of variances
(anova), or Spearman correlations, as appropriate. We treated
delirium severity and inattention chronicity as ordinal vari-
ables, with inattention chronicity ranked as attentive, newly
inattentive, and chronically inattentive, as described above.
Because EEG alpha power decreases with age and preoperative
baseline cognition is linked to POD, we used multivariable
regression to control for age and Mini-Mental Status Exami-
nation (MMSE) score as possible confounders. We adjusted for
baseline cognition using the MMSE, a widely used, easy-to-
replicate measure (see Supplementary materials, Section S.13
for a corresponding alternative sensitivity analysis using a
factor-based cognitive adjustment derived from a full cognitive
test battery). Two subjects missing MMSE data were excluded
from these multivariable analyses. We used logistic regression
to analyse inattention and delirium incidence and
proportional-odds regression for inattention chronicity and
delirium severity. Analyses were separately applied within
each frequency band / sub-band, within the eyes-closed minus
eyes-open difference (attenuation) and within the eyes-closed
and eyes-open conditions, and within each ROI in sensitivity
analyses. All hypotheses were two-sided with significance of a
= 0.05. Unless otherwise noted, all P-values were corrected for
multiple comparisons using the Holm method, and assessed
for normality using the Shapiro—Wilk test.*®

Results
Subject characteristics

Table 1 describes baseline and surgical characteristics for
postoperatively attentive (31/71, 43.7%) us inattentive subjects
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(40/71, 56.3%). Among inattentive subjects, 18 (25.4% of total)
were chronically inattentive and 22 (31.0% of total) were newly
inattentive after surgery. Supplementary Table S1 shows
characteristics by postoperative inattention chronicity. Atten-
tion status did not significantly differ by surgical duration
(Table 1). Age, BMI, ASA physical status, and MMSE score were
significantly associated with attention status (Table 1). To
assess if poor nutrition or cancer linked lower BMI and inat-
tention, we examined preoperative albumin levels and cancer
history; neither was significantly associated with inattention.
In multivariate analyses, we controlled for age and preopera-
tive MMSE. Neither BMI nor ASA physical status correlated with
alpha attenuation: Spearman’s rho (95% confidence interval
[CI]): 0.05 (0.18, 0.28); P=0.67 for BMI; and 0.04 (0.20, 0.27); P=0.76
for ASA physical status; thus, we did not find evidence of po-
tential confounding from these factors.

Alpha attenuation in inattentive subjects

Preoperative whole-head EEG alpha attenuation with eyes
opening (eyes-closed minus eyes-open) was significantly
greater in attentive subjects than in inattentive subjects in age-
and MMSE-adjusted, multiple comparison—corrected multi-
variate analyses (Fig. 1a, top left panel, mean with 95% CI
shading; Table 2). We then analysed alpha power within the
individual eyes-closed and eyes-open conditions separately.
Under the former, preoperative whole-head alpha power was
not associated with postoperative inattention (Fig. 1a, middle
left panel, Table 2). Under the eyes-open condition alone, the
multivariate relationship between greater alpha power and
categorical inattention did not survive multiple-comparison
correction (Fig. 1a, bottom left panel, Table 2). The sub-band
sensitivity analysis with age- and MMSE-adjusted multivar-
iate models showed less lower-band (7—10 Hz) attenuation
(eyes-closed minus eyes-open) after correcting for multiple
comparisons (Table 2). In the higher (10.2—13 Hz) alpha sub-

band, no significant multivariate differences were observed
for attenuation, eyes-open, or eyes-closed conditions (Table 2).
For the full model results of these analyses, see Supplementary
Tables S6—S8. Sensitivity analysis with a factor-based cognitive
adjustment yielded very similar results (see Supplementary
material, Section S.13 and Supplementary Table S9).

Inattention chronicity as a gradated function of alpha
attenuation

To assess inattention chronicity more fully, whole-head power
attenuation with eyes opening was plotted (Fig. 1a, top middle
and right panels) and quantified for alpha and its sub-bands
(Fig. 1b). Attenuation in the full alpha-band and in the 7-10
Hz sub-band showed a gradated relationship with inattention
chronicity in multivariate proportional-odds regression after
correction for age, MMSE score, and multiple comparisons
(Table 3). For eyes-open power considered alone, an inverse,
gradated relationship with inattention chronicity emerged in
the full alpha and 7—10 Hz sub-band (Table 3), although this
relationship was weaker than the alpha-attenuation rela-
tionship. In the higher (10.2—13 Hz) sub-band, no relationship
between attenuation and inattention chronicity (Table 3) sur-
vived multivariate analyses.

Delirium severity and alpha-attenuation magnitude

Whole-head alpha attenuation was associated with POD
severity (Fig. 1c) in multiple comparison—corrected, multi-
variate proportional-odds analysis (odds ratio [OR] 0.79, 95%
CI: 0.65, 0.95; P=0.04). We did not find any significant rela-
tionship between alpha attenuation and the presence of any
delirium feature other than inattention (i.e. altered mental
status/fluctuating course, altered level of consciousness, or
disorganised thinking) in either univariate analyses or multi-
variate logistic regression models (Supplementary Table S19).

Table 1 Cohort description by postoperative attention status. For numeric variables, we summarise with mean (sp) or median (Q1, Q3)
and for categorical variables we use count (%).*t-test. 'y” test. ‘Wilcoxon rank-sum test. 'Preoperative albumin missing for three
attentive, two newly inattentive, and one chronically inattentive patient. "MMSE missing for one attentive and one chronically

inattentive patient. MMSE, Mini-Mental Status Examination.

Postoperatively attentive (N=31) Postoperatively inattentive (N=40) Uncorrected
P-value

Age (yr) 66.3 (4.3) 70.4 (6.5) 0.003*
Sex (male), n (%) 17 (54.8) 18 (45.0) 0.411"
Race, n (%) 0.200'

Black or African American 3(9.7) 8 (20.0)

Caucasian/White 28 (90.3) 30 (75.0)

Other 0 (0.0) 2 (5.0)
BMI (kg m~2), mean (sp) 31.9 (5.0) 27.5 (4.8) 0.003*
Preoperative albumin (g d1™%)," mean (sp) 3.9 (0.4) 3.8 (0.6) 0.395*
Surgical service, n (%) 0.848f

Thoracic surgery 5(16.1) 10 (25.0)

General surgery 8 (25.8) 6 (15.0)

Gynaecology 4 (12.9) 4 (10.0)

Orthopaedics 5(16.1) 8 (20.0)

Plastic surgery 1(3.2) 1(2.5)

Urology 8 (25.8) 11 (27.5)
Previous cancer treatment, n (%) 12 (38.7) 17 (42.5) 0.747
ASA physical status 3(2,3) 3(3,3) 0.024*
Surgery duration (min) 129 (95, 234) 144 (108, 175) 0.685¢
Years of education 16 (14, 18) 16 (13, 16) 0.057%
MMSE® 29 (28, 30) 27 (25, 29) 0.003%
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a Power spectral densities with 95% confidence intervals by postoperative attention status
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Fig 1. Whole-head alpha attenuation. (a) Whole-head preoperative EEG spectral power attenuation with eyes opening (eyes closed minus
eyes open) for subjects who were attentive after surgery (n=31) compared with those who were inattentive (n=40, left column, top row), the
subgroup of inattentive patients who were newly inattentive (n=22, middle column, top row), and the chronically inattentive subgroup
(n=18, right column, top row). Shading reflects the 95% confidence interval (CI) around the mean at each frequency for each group. The
alpha band (7—13 Hz) is denoted with vertical dashed lines. Note the substantial difference in attenuation of power in the alpha band
between the attentive and inattentive groups. Power spectral densities for eyes closed power considered alone (middle row) and eyes open
power considered alone (bottom row) are shown in the same manner. *P<0.05 for age- and Mini-Mental Status Examination (MMSE)-
adjusted logistic regression for alpha attenuation vs attention status (attentive vs inattentive) with multiple-comparison adjustment.
*P<0.05 across the data shown in the graphs in both the middle and right column for a given row using the age- and MMSE-adjusted
proportional odds regression for greater inattention chronicity. Associated statistical analyses are reported in Tables 2 and 3, respec-
tively. (b) Whole-head preoperative alpha power attenuation for the full alpha band (left bar group), lower alpha band (middle bar group),
and higher alpha band (right bar group). As per multivariate, multiple-comparison-corrected analyses, the full alpha band and the low
alpha sub-band showed a significant gradated response between attentive, newly inattentive, and chronically inattentive subjects (P<0.05,
denoted by asterisks), whereas in the high alpha sub-band attenuation was not significantly gradated across the three inattention
chronicity conditions. Error bars reflect the 95% CI around the mean. (c) Box plots of the whole-head alpha attenuation with median line
(vertical middle), 25—75th percentile markers (box limits), full range and outliners denoted for distinct levels of delirium severity from
0 (least severe, brown) to >3 (most severe, blue), presented for visualisation purposes. Alpha attenuation was greatest for subjects with the
lowest delirium severity score (brown box). Statistical analysis details are shown in Supplementary Table S3.
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Table 2 Preoperative alpha attenuation with eyes opening and postoperative attention status.” For the EEG numeric variables, we
summarise with mean (sp). Post-hoc eyes-closed and eyes-open analyses are included for completeness. *Attention status refers to
postoperative ‘attentive’ us ‘inattentive’ status. Multiple-comparison adjustment performed using the Holm method for three fre-
quency ranges (full alpha, low alpha, and high alpha), only the adjusted P-values are shown. Significance at the P<0.05 level in
multivariate model after multiple-comparison correction. CI, confidence interval; MMSE, Mini-Mental Status Examination; OR, odds

ratio.

Attentive Inattentive Difference dB Univariate Multivariate

(N=31) (N=40) (95% CI)

dB (SD) dB (SD) t-test Age- and MMSE-adjusted

adjusted logistic regression with
P-value? attention status”
OR (95% CI) Adjusted
P-value'
Attenuation (eyes closed minus eyes open)
Alpha (7—13 Hz) 4.7 (2.6) 3.0 (2.2) 1.7 (0.6, 2.9) 0.009 0.73 (0.57, 0.94) 0.038¢
Low alpha (7—10 Hz) 5(3.2) 3.5 (2.5) 1.9 (0.6, 3.3) 0.010 0.77 (0.62, 0.95) 0.038"
High alpha (10.2—13 Hz) 3.0 (2.3) 1.6 (2.1) 1.4 (0.3, 2.4) 0.010 0.77 (0.59, 1.02) 0.072
Eyes closed
Alpha 12.5 (3.7) 12.5 (4.5) 0.0 (2.0, 2.0) >0.999 1.02 (0.9, 1.16) >0.999
Low alpha 10 3 (4.2) 10.6 (4.9) —0.3 (—2.5, 1.9) >0.999 1.03 (0.91, 1.15) >0.999
High alpha 1(3.3) 7.0 (4.1) 0.2 (-1.6, 2.0) >0.999 1.02 (0.88, 1.19) >0.999
Eyes open

Alpha 7.8 (3.2) 9.5 (4.2) —1.8 (—3.6, 0.03) 0.107 1.18 (1, 1.38) 0.092
Low alpha 4.8 (3.4) 7.0 (4.5) —2.2 (4.2, —0.3) 0.077 1.19 (1.02, 1.39) 0.076
High alpha 42 (3.1) 5.4 (3.7) —1.2 (—2.8, 0.5) 0.160 1.14 (0.97, 1.34) 0.123

Furthermore, upon omitting attention items from the delirium
severity score, no relationship between alpha attenuation and
delirium severity remained (OR 0.96, 95% CI: 0.78, 1.17;
P=0.658), suggesting that the effect on the overall delirium
score was driven by the inattention items. Finally, delirium
severity was not correlated with whole-head alpha power
within the eyes-open or eyes-closed conditions considered
alone (Supplementary Table S3). Categorical delirium inci-
dence (11 of 71 subjects) was not significantly associated with

any of the EEG measures in this study (Supplementary
Table S2).

Topographic results: alpha attenuation and
inattention

Topographic plots of alpha attenuation with eyes opening
(Fig. 2a) for attentive us inattentive subjects and for the inat-
tention chronicity subgroups showed that alpha power was

Table 3 Preoperative alpha attenuation with eyes opening and postoperative inattention chronicity. For numeric variables, we
summarise with mean (sp). *Greater inattention chronicity refers to a longer duration of inattention. Namely, ‘chronic’ inattention
status is greater than ‘newly’ inattentive status, which is greater than ‘attentive’ status. 'Multiple-comparison adjustment performed
using the Holm method for three frequency ranges. *Significance in multivariate model after multiple-comparison correction (for
alpha, low alpha, and high alpha) at level of P<0.05. CI, confidence interval; MMSE, Mini-Mental Status Examination; OR, odds ratio.

Attentive Newly Chronically Univariate Multivariate
(N=31) inattentive inattentive
dB (SD) (N=22) (N=18) ANOVA Age- and MMSE-adjusted
dB (SD) dB (SD) adjusted proportional odds regression
P-value' for greater inattention chronicity*
OR (95% CI) Adjusted
P-value'
Attenuation (eyes closed minus eyes open)
Alpha (7—13 Hz) 47 (2.6) 3.2 (2.2) 26 (2.2) 0.024 0.76 (0.62, 0.93) 0.019
Low alpha (7—10 Hz) 5.5 (3.2) 4.0 (2.4) 2.9 (2.5) 0.024 0.77 (0.64, 0.92) 0.014*
High alpha (10.2—13 Hz) 3.0 (2.3) 1.5 (2.3) 1.7 (1.8) 0.037 0.85 (0.67, 1.07) 0.167
Eyes closed
Alpha 12.5 (3.7) 12.3 (4.6) 12.83 (4.5) >0.999 1.05 (0.93, 1.17) >0.999
Low alpha 10.3 (4.2) 10.4 (4.9) 10.73 (5.1) >0.999 1.04 (0.94, 1.15) >0.999
High alpha 7.1 (3.3) 6.5 (4.4) 7.5 (3.7) >0.999 1.06 (0.93, 1.21) >0.999
Eyes open
Alpha 7.8(3.2) 9.0 (4.1) 10.2 (4.3) 0.195 1.17 (1.03, 1.33) 0.038!
Low alpha 4.8 (3.4) 6.4 (4.4) 7.8 (4.7) 0.138 1.18 (1.04, 1.33) 0.026*
High alpha 42 (3.1) 5.0 (3.7) 5.8 (3.9) 0.288 1.14 (0.99, 1.3) 0.070
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a Spatial distribution of alpha attenuation by attention status

Attentive Inattentive Inattention subgroups

(n=31) (n=40) New (n=18)  Chronic (n=22)
Alpha
attenuation
(7-13 Hz)
Low alpha
attenuation
(7-10 Hz)

High alpha
attenuation
(10.2-13 Hz)

b Postoperative delirium severity score as a function of
preoperative frontal alpha attenuation with eye opening

Max post-op delirium severity
© }—i }—1 [ 23 (n=13)
[ 2 (n=15)
I 1 (n=23)
6dB [0 0 (n=20)
4 dB
2dB @
0dB
- - -
T T T T T T 1
-2 0 2 4 6 8 10

Frontal alpha attenuation (dB)

Fig 2. Topographical analysis of preoperative alpha attenuation with eyes opening (eyes-closed minus eyes-open conditions). (a) Topo-
graphic plots showing the scalp distribution of alpha attenuation (in dB) with eyes opening for attentive (left), inattentive (left middle),
newly inattentive (right middle), and chronically inattentive (right) subjects for the full alpha band (top row), lower alpha band (middle
row), and higher alpha band (bottom row). (b) Frontal full alpha band (7—13 Hz) attenuation shown via horizontal box plots with the
vertical median line, 25—75th percentile denoted via box, and full range and outliers shown. Statistical analyses and results are described

in the text and in Supplementary Table S5.

attenuated across the head, most prominently over the frontal
and occipital ROIs. The gradated relationship between alpha
attenuation and inattention chronicity in Figure 1b can be seen
in the topographic plots in Figure 2a. In each ROI, using multi-
variate logistic regression models, alpha attenuation was
significantly associated with attentive vs inattentive status
prior to multiple-comparison correction and with inattention
chronicity even after multiple-comparison correction (Table 4).

Topographic results: alpha attenuation and delirium
severity

In an age- and MMSE-adjusted proportional-odds analysis
within the various ROIs (Supplementary Table S5), only frontal
alpha attenuation remained significantly associated with
delirium severity after multiple-comparison adjustment (OR
0.8, 95% CI: 0.68, 0.94; P=0.03; see Fig. 2b for visualisation).
Alpha attenuation in the occipital ROI was not associated with
delirium severity even before multiple-comparison correction
(OR 0.90, 95% CI: 0.79, 1.03; P=0.12, uncorrected). Thus,
although alpha power with eyes opening was most attenuated
occipitally (Fig. 2a), alpha attenuation magnitude in the fron-
tal, but not occipital, region showed more of a potential rela-
tionship with delirium severity (Supplementary Table S5),
driven by the strong relationships observed between inatten-
tion and alpha attenuation.

Discussion

Preoperative eye-opening EEG alpha attenuation was associated
with postoperative inattention, our primary outcome measure,
and with delirium severity, our secondary measure. Further,
EEG alpha attenuation with eyes opening showed a significant,
ordered relationship between attentive, newly inattentive, and
chronically inattentive subjects. This suggests a previously un-
appreciated inattention-susceptibility spectrum. Further, new-

onset postoperative inattention may occur without known
preoperative attention deficits. Thus, preoperative neural
measures (i.e. EEG) might reveal vulnerability for attention
deficits that can occur after stressor events such as anaesthesia
and surgery. Even chronically inattentive patients had normal
preoperative MMSE scores. The relationship between alpha
attenuation and inattention remained after adjusting for pre-
operative MMSE scores (and in sensitivity analyses with alter-
native factor analysis—based cognitive adjustment, see
Supplementary Section S.13 and Supplementary Table S9).
Taken together, these results suggest that lower preoperative
alpha-attenuation magnitude with eyes opening may offer
predictive information about vulnerability for postoperative
neurocognitive dysfunction beyond what common clinical
cognitive screening tests, such as the MMSE, can show. More-
over, preoperative measures of brain activity, as examined with
EEG here, can provide neural-level insight into the mechanisms
underlying such vulnerability.

Based on prior EEG studies in healthy adults, we interpret
diminished preoperative alpha attenuation with eyes opening
as possibly reflecting impaired alpha suppression, with this
impairment being associated with decreased arousal and
greater inattention to external stimuli.?®?*3%%’ Furthermore,
the eyes-closed/eyes-open paradigm appeared to capture vi-
sual reactivity with greater sensitivity than the stand-alone
eyes-open condition, as the stronger attenuation ORs sug-
gest. The attenuation measure used here adjusts for baseline
eyes-closed alpha power and thus better anchors the EEG
metrics to each patient individually.

This simple eyes-closed/eyes-open paradigm allows for
examination of different cognitive functions linked to
different sub-bands of the alpha frequency range.'®*%3%
Lower-frequency alpha rhythms are thought to reflect more
global attentional processes, such as alertness,’>> >> whereas
higher-frequency alpha rhythms have been more associated
with selective neural system modulation, such as specific
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Table 4 Relationship between alpha (7—13 Hz) attenuation (eyes closed minus eyes open) in different topographic regions of interest,
postoperative attention status, and inattention chronicity. *Multiple-comparison adjustment for four regions of interest, performed
using the Holm method. Significance at the P<0.05 level in multivariate model after multiple-comparison correction. CI, confidence
interval; MMSE, Mini-Mental Status Examination; OR, odds ratio.

Region of Age- and MMSE-adjusted logistic regression, alpha Age- and MMSE-adjusted proportional odds
interest attenuation, and attentive vs inattentive status regression for alpha attenuation and greater
inattention chronicity
OR (95% CI) Uncorrected Adjusted” OR (95% CI) Uncorrected Adjusted”

P-value P-value P-value P-value
Frontal 0.77 (0.62, 0.96) 0.020 0.051 0.79 (0.66, 0.94) 0.010 0.040'
Central 0.75 (0.59, 0.95) 0.020 0.051 0.77 (0.63, 0.95) 0.015 0.0401
Parietal 0.78 (0.64, 0.95) 0.012 0.0471 0.83 (0.7, 0.97) 0.019 0.040'
Occipital 0.82 (0.7, 0.97) 0.017 0.051 0.84 (0.73, 0.96) 0.013 0.040"

sensory information processing.'®*°*8 The 3D-CAM attention
questions require general attentiveness and alertness but do
not necessarily require more selective attentional proc-
essing.’®% 38 Consistent with this perspective, preoperative
alpha attenuation in the lower sub-band was more strongly
associated with postoperative inattention measured via 3D-
CAM than was attenuation in the higher alpha sub-band.
Future studies could examine more granular aspects of
attention relative to the alpha sub-bands, structure sub-bands
around individual alpha-peak frequencies, or rigorously
explore other frequency bands outside of alpha (see
Supplementary materials, Section S13 and Supplementary
Tables S11-S18 for post hoc, exploratory analyses of activity
in other bands across the frequency spectrum).

Future research in larger cohorts could quantify changes in
inattention severity over time (see Supplementary materials
for power calculations to inform future studies) and account
for additional demographic factors, such as educational
attainment. Future studies also could repeat preoperative
cognitive testing to evaluate the inattention chronicity
construct, learning effects, and test—retest replicability.
Finally, our regional analyses may inform future studies of
heterogeneous alpha generation sources in different brain
regions related to various specific cognitive processes.

Just as the cognitive measures in this study are easy to
employ clinically, measures of EEG alpha attenuation with
eyes opening can also be easily collected preoperatively and be
performed relatively quickly. Indeed, preoperative alpha
attenuation with eyes opening is likely assessable by common,
point-of-care frontal EEG systems, given the relationships
between inattention measures and alpha attenuation for the
frontal region considered alone. Thus, anaesthesia clinicians
might be able to incorporate preoperative EEG measurements
of eyes-opening alpha attenuation into current perioperative
practice, possibly even with age and MMSE adjustments.

This study has limitations. Firstly, most patients were
discharged by postoperative day 1, yet POD often does not
present until postoperative day 2.*® Thus, we might have
missed some subjects’ attentional nadir. Secondly, subjects
underwent preoperative EEG recordings in quiet, private
holding areas, which are more comfortable than typical
study settings. Yet, subjects awaiting surgery/anaesthesia
likely still had greater-than-baseline stress and might have
slept poorly before surgery, which could have impacted EEG
attention and arousal signatures. Finally, without prior
perioperative literature to guide prospective power analyses,
pre-existing data availability determined sample size and

limited covariate adjustment; thus, this study was not spe-
cifically powered a priori for the investigated hypotheses.
Detecting alpha-attenuation differences with categorical
delirium and extensively controlling for potential con-
founders (e.g. perioperative medications/doses/timing)
would require larger future studies.

Limitations notwithstanding, we report an age- and MMSE-
independent relationship between preoperative eyes-opening
alpha attenuation and postoperative inattention. Given that
inattention can be associated with complications such as falls,
longer hospitalisations, and increased post-discharge mortal-
ity, our results have clinical implications and merit additional,
prospective evaluation.*>’ Moreover, beyond potential clin-
ical feasibility and impact, the functional neuroelectric activ-
ity measures used here, preoperative EEG alpha attenuation
with eyes opening, could provide insight into the neural un-
derpinnings of the risk for a cardinal feature of POD, inatten-
tion. Looking forward, alpha attenuation with eyes opening
may be a prototype of a new EEG POD-risk predictor class that
evaluates brain electrical activity at the scalp in response to
natural sensory and cognitive state transitions, such as the
simple act of opening and closing one’s eyes.

Authors’ contributions

Study concept: LA, MGW

EEG analysis planning: LA, MGW

Statistical analyses planning: LA, MGW, MCW

EEG data collection: MKW, MR, KR, SA, CG

Data pre-processing: MKW, MR, KR, SA, CG

EEG analysis figure generation: LA, with assistance from KR
and MR

INTUIT data collection, subject recruitment, and multiple
other INTUIT-related tasks: MD, SE, EM, MB, LA

Principal investigator for INTUIT: MB

Principal investigators for PRIME: HEW, CC-E

Manuscript writing: LA with assistance from MCW, HEW, MB,
MGW

Subject matter expertise in project planning and manuscript
refinement: LL, CC-E, JB

Manuscript review, edits, and final version approval: all
authors

Declarations of interest

MB has received material support (i.e. EEG monitor loan) for a
postoperative recovery study in older adults from Masimo and



162 | Acker et al.

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 post-
operative neurocognitive function in older adults. MJD has
received material support (i.e. home sleep apnoea test device
loan) from ResMed Incorporated for a study of sleep apnoea in
older surgical patients, and he has received an honorarium for
presenting at the Society for Cardiovascular Anesthesiologists
annual conference. MJD has ownership interest in Attindas
Hygiene Partners, a company that makes incontinence and
baby care personal care products (unrelated to this study). MJD
receives funding from Merck Sharp & Dohme LLC via the Merck
Investigator Studies Program for an investigator-initiated study
of the drug suvorexant to improve postoperative sleep.

Acknowledgements

The INTUIT and PRIME study groups include: Cindy Louise
Amundsen, Oke Anakwenze, Harel Anolick, David Attarian,
Chakib Ayoub, Matthew Barber, Rachel Beach, Andrew Ber-
chuck, Dan G. Blazer III, Michael Bolognesi, Rachele Brassard,
Brian Brigman, W. Michael Bullock, Thomas Bunning, Yee
Ching Vanessa Cheong, Soren Christensen, Brian Colin,
Mitchell Wayne Cox, Thomas D’Amico, Brittany Anne David-
son, James Keith Deorio, Mark E. Easley, Detlev Erdmann,
Mariana Feingold, Michael Ferrandino, 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 II, Samuel Huang, Ehimemen 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 Levinson, Brian
Lewis, Michael Lipkin, Christopher Mantyh, Hector Martinez-
Wilson, John Migaly, Judd Moul, David Murdoch, Thomas L.
Novick, Kathryn Odom, Brian Ohlendorf, Steven Olson,
Deborah Oyeyemi, Shannon Page, Theodore Pappas, John Park,
Andrew Peterson, Andreea Podgoreanu, Thomas J. Polascik,
Dana Portenier, Glenn M. Preminger, Rebecca Ann Previs,
Edward Nandlal Rampersaud Jr., 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, Martin V. Taor-
mina, Julie Thacker, Jake Thomas, Betty Tong, Yanne Toulgoat-
Dubois, Keith Vandusen, Nathan Waldron, Alison Weidner,
Kent Weinhold, Samuel Wellman, David Williams, Rosa Yang,
Christopher Young, Sabino Zani, and Mimi Zhang.

Funding

US National Institutes of Health (NIH; UH2 AG056925 to HEW,
CC-E and K76 AG05702 to MB); Claude D. Pepper Older Amer-
icans Independence Centers at Duke (NIH: P30 AG028716 to
HEW, CC-E and others) and Harvard (NIH: P30 AG031679 to LAL
and others). Support for effort on this project for LA came from
the US NIH (NIH R0O3 AG078891 to LA and T32 GM008600); the
Society for Neuroscience in Anesthesiology and Critical Care
(to LA), the Duke University School of Medicine, and Duke
University Department of Anesthesiology. MB acknowledges

support from the Alzheimer’s Drug Discovery Foundation, the
US NIH (RO1 AG073598 to MB, T32 GM008600, R0O3 AG050918 to
MB, and P30 AG072958 to HEW and others), a Jahnigen Award
from the American Geriatrics Society and the Foundation for
Anesthesia Education and Research (to MB); an International
Anesthesia Research Society Mentored Research Award (to
MB). MJD acknowledges support from the US NIH (RO3
AG067976 to MJD).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bja.2023.10.037.

References

1. Loponen P, Luther M, Wistbacka JO, et al. Postoperative
delirium and health related quality of life after coronary
artery bypass grafting. Scand Cardiovasc ] 2008; 42: 337—44

2. Inouye SK, Marcantonio ER, Kosar CM, et al. The short-
term and long-term relationship between delirium and
cognitive trajectory in older surgical patients. Alzheimers
Dement 2016; 12: 766—75

3. Evered LA, Silbert BS, Scott DA, Maruff P, Ames D. Preva-
lence of dementia 7.5 years after coronary artery bypass
graft surgery. Anesthesiology 2016; 125: 62—71

4. Cole MG, Ciampi A, Belzile E, Dubuc-Sarrasin M. Sub-
syndromal delirium in older people: a systematic review
of frequency, risk factors, course and outcomes. Int J
Geriatr Psychiatry 2013; 28: 771-80

5. Cole M, McCusker ], Dendukuri N, Han L. The prognostic
significance of subsyndromal delirium in elderly medical
inpatients. ] Am Geriatr Soc 2003; 51: 754—60

6. Shim J, DePalma G, Sands LP, Leung JM. Prognostic Sig-
nificance of postoperative subsyndromal delirium. Psy-
chosomatics 2015; 56: 644—51

7. Harrison BE, Ferrari M, Campbell C, Maddens M, Whall AL.
Evaluating the relationship between inattention and
impulsivity-related falls in hospitalized older adults.
Geriatric Nursing 2010; 31: 8—16

8. Tieges Z, Quinn T, MacKenzie L, et al. Association between
components of the delirium syndrome and outcomes in
hospitalised adults: a systematic review and meta-anal-
ysis. BMC Geriatrics 2021; 21: 162

9. Meagher D, Adamis D, Trzepacz P, Leonard M. Features of
subsyndromal and persistent delirium. The Br J Psychiatry
2012; 200: 3744

10. Adler LD, Nierenberg AA. Review of medication adherence
in children and adults with ADHD. Postgrad Med 2010; 122:
184-91

11. Brod M, Schmitt E, Goodwin M, Hodgkins P, Niebler G.
ADHD burden of illness in older adults: a life course
perspective. Qual Life Res 2012; 21: 795—9

12. Klassen BT, Hentz JG, Shill HA, et al. Quantitative EEG as a
predictive biomarker for Parkinson disease dementia.
Neurology 2011; 77: 118

13. van der Zande JJ, Gouw AA, van Steenoven I, et al. Diag-
nostic and prognostic value of EEG in prodromal dementia
with Lewy bodies. Neurology 2020; 95: €662

14. Doan DNT, Ku B, Choi J, et al. Predicting dementia with
prefrontal electroencephalography and event-related po-
tential. Front Aging Neurosci 2021; 13: 180


https://doi.org/10.1016/j.bja.2023.10.037
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref1
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref1
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref1
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref1
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref2
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref2
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref2
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref2
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref2
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref3
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref3
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref3
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref3
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref4
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref4
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref4
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref4
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref4
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref5
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref5
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref5
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref5
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref6
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref6
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref6
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref6
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref7
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref7
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref7
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref7
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref7
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref8
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref8
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref8
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref8
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref9
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref9
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref9
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref9
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref10
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref10
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref10
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref10
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref11
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref11
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref11
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref11
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref12
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref12
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref12
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref13
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref13
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref13
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref14
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref14
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref14

Preoperative EEG alpha attenuation and postoperative inattention |

163

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Chan MT, Cheng BC, Lee TM, Gin T, Group CT. BIS-guided
anesthesia decreases postoperative delirium and cogni-
tive decline. ] Neurosurg Anesthesiol 2013; 25: 33—42
Radtke FM, Franck M, Lendner ], Kruger S, Wernecke KD,
Spies CD. Monitoring depth of anaesthesia in a random-
ized trial decreases the rate of postoperative delirium but
not postoperative cognitive dysfunction. Br ] Anaesth 2013;
110(Suppl 1): 1998—105

Wildes TS, Mickle AM, Ben Abdallah A, et al. Effect of
electroencephalography-guided anesthetic administra-
tion on postoperative delirium among older adults un-
dergoing major surgery: the ENGAGES randomized clinical
trial. JAMA 2019; 321: 473—-83

Evered LA, Chan MTV, Han R, et al. Anaesthetic depth and
delirium after major surgery: a randomised clinical trial.
Br ] Anaesth 2021; 127: 704—12

Klimesch W, Doppelmayr M, Russegger H, Pachinger T,
Schwaiger J. Induced alpha band power changes in the
human EEG and attention. Neurosci Lett 1998; 244: 73—6
Tanabe S, Mohanty R, Lindroth H, et al. Cohort study into
the neural correlates of postoperative delirium: the role of
connectivity and slow-wave activity. Br J Anaesth 2020;
125: 55—-66

Acker L, Ha C, Zhou J, et al. Electroencephalogram-based
complexity measures as predictors of post-operative
neurocognitive dysfunction. Front Syst Neurosci 2021; 15,
718769

van Montfort SJT, van Dellen E, Wattel LL, et al. Predis-
position for delirium and EEG characteristics. Clin Neuro-
physiol 2020; 131: 10518

Koch S, Windmann V, Chakravarty S, et al. Perioperative
electroencephalogram spectral dynamics related to post-
operative delirium in older patients. Anesth Analg 2021;
133: 1598—-607

Gevins A, Smith ME, McEvoy L, Yu D. High-resolution EEG
mapping of cortical activation related to working mem-
ory: effects of task difficulty, type of processing, and
practice. Cereb Cortex 1997; 7: 374—85

Glass A, Kwiatkowski AW. Power spectral density changes
in the EEG during mental arithmetic and eye-opening.
Psychol Forsch 1970; 33: 85—99

Barry RJ, Clarke AR, Johnstone SJ, Magee CA, Rushby JA.
EEG differences between eyes-closed and eyes-open
resting conditions. Clin Neurophysiol 2007; 118: 2765—73
Compton RJ, Gearinger D, Wild H. The wandering mind
oscillates: EEG alpha power is enhanced during moments
of mind-wandering. Cogn Affect Behav Neurosci 2019; 19:
1184-91

Agcaoglu O, Wilson TW, Wang Y-P, Stephen ],
Calhoun VD. Resting state connectivity differences in eyes
open versus eyes closed conditions. Hum Brain Mapp 2019;
40: 2488—98

Wan L, Huang H, Schwab N, et al. From eyes-closed to
eyes-open: role of cholinergic projections in EC-to-EO
alpha reactivity revealed by combining EEG and MRI.
Hum Brain Mapp 2019; 40: 566—77

Barry RJ, De Blasio FM. EEG differences between eyes-
closed and eyes-open resting remain in healthy ageing.
Biol Psychol 2017; 129: 293—304

Fonseca LC, Tedrus GM, Fondello MA, Reis IN,
Fontoura DS. EEG theta and alpha reactivity on opening

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

the eyes in the diagnosis of Alzheimer’s disease. Clin EEG
Neurosci 2011; 42: 185—9

Schumacher J, Thomas AJ, Peraza LR, et al. EEG alpha
reactivity and cholinergic system integrity in Lewy body
dementia and Alzheimer’s disease. Alzheimers Res Ther
2020; 12: 46

Babiloni C, Binetti G, Cassarino A, et al. Sources of
cortical rhythms in adults during physiological aging: a
multicentric EEG study. Hum Brain Mapp 2006; 27:
162—-72

Babiloni C, Del Percio C, Arendt-Nielsen L, et al. Cortical
EEG alpha rhythms reflect task-specific somatosensory
and motor interactions in humans. Clin Neurophysiol 2014;
125: 1936—45

Stam CJ. Brain dynamics in theta and alpha frequency
bands and working memory performance in humans.
Neurosci Lett 2000; 286: 115—8

Klimesch W, Doppelmayr M, Pachinger T, Russegger H.
Event-related desynchronization in the alpha band and
the processing of semantic information. Cogn Brain Res
1997; 6: 83—94

Klimesch W, Doppelmayr M, Schwaiger ], Auinger P,
Winkler T. ‘Paradoxical’ alpha synchronization in a
memory task. Cogn Brain Res 1999; 7: 493—501

Vogt F, Klimesch W, Doppelmayr M. High-frequency
components in the alpha band and memory performance.
J Clin Neurophysiol 1998; 15: 167—72

Jones RN, Marcantonio ER, SaczynskiJS, et al. Preoperative
cognitive performance dominates risk for delirium among
older adults. J Geriatr Psychiatry Neurol 2016; 29: 320—7
Whitson HE, Crabtree D, Pieper CF, et al. A template for
physical resilience research in older adults: methods of
the PRIME-KNEE study. ] Am Geriatr Soc 2021; 69: 3232—41
Berger M, Oyeyemi D, Olurinde MO, et al. The INTUIT study:
investigating neuroinflammation underlying postoperative
cognitive dysfunction. ] Am Geriatr Soc 2019; 67: 794—8
Marcantonio E, Ngo L, O’Connor M, et al. 3D-CAM: derivation
and validation of a 3-minute diagnostic interview for CAM-
defined delirium. Ann Intern Med 2014; 161: 554—61
Vasunilashorn SM, Devinney MJ, Acker L, et al. A new
severity scoring scale for the 3-minute confusion assess-
ment method (3D-CAM). ] Am Geriatr Soc 2020; 68: 1874—6

. 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

Delorme A, Makeig S. EEGLAB: an open source toolbox for
analysis of single-trial EEG dynamics including indepen-
dent component analysis. ] Neurosci Methods 2004; 134:
9-21

Aickin M, Gensler H. Adjusting for multiple testing when
reporting research results: the Bonferroni vs Holm
methods. Am ] Public Health 1996; 86: 726—8

Scally B, Burke MR, Bunce D, Delvenne J-F. Resting-state
EEG power and connectivity are associated with alpha
peak frequency slowing in healthy aging. Neurobiol Aging
2018; 71: 14955

Robinson TN, Raeburn CD, Tran ZV, Angles EM,
Brenner LA, Moss M. Postoperative delirium in the elderly:
risk factors and outcomes. Ann Surg 2009; 249: 173—8

Handling Editor: Robert Sanders


http://refhub.elsevier.com/S0007-0912(23)00617-7/sref15
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref15
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref15
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref15
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref16
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref16
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref16
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref16
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref16
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref16
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref17
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref17
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref17
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref17
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref17
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref17
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref18
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref18
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref18
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref18
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref19
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref19
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref19
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref19
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref20
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref20
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref20
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref20
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref20
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref21
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref21
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref21
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref21
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref22
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref22
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref22
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref22
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref23
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref23
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref23
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref23
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref23
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref24
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref24
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref24
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref24
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref24
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref25
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref25
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref25
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref25
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref26
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref26
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref26
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref26
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref27
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref27
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref27
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref27
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref27
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref28
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref28
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref28
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref28
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref28
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref29
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref29
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref29
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref29
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref29
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref30
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref30
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref30
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref30
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref31
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref31
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref31
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref31
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref31
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref32
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref32
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref32
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref32
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref33
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref33
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref33
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref33
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref33
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref34
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref34
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref34
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref34
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref34
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref35
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref35
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref35
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref35
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref36
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref36
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref36
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref36
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref36
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref37
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref37
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref37
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref37
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref38
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref38
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref38
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref38
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref39
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref39
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref39
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref39
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref40
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref40
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref40
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref40
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref41
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref41
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref41
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref41
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref42
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref42
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref42
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref42
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref43
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref43
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref43
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref43
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref44
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref44
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref44
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref44
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref45
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref45
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref45
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref45
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref45
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref46
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref46
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref46
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref46
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref49
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref49
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref49
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref49
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref49
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref50
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref50
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref50
http://refhub.elsevier.com/S0007-0912(23)00617-7/sref50

	Preoperative electroencephalographic alpha-power changes with eyes opening are associated with postoperative attention impa ...
	Editor's key points
	Methods
	Participants
	Inattention and delirium severity screening
	Inattention chronicity
	Electroencephalography recording
	Electroencephalography alpha attenuation and sub-band analysis
	Topographic analysis
	Statistical analysis

	Results
	Subject characteristics
	Alpha attenuation in inattentive subjects
	Inattention chronicity as a gradated function of alpha attenuation
	Delirium severity and alpha-attenuation magnitude
	Topographic results: alpha attenuation and inattention
	Topographic results: alpha attenuation and delirium severity

	Discussion
	Authors’ contributions
	Declarations of interest
	Acknowledgements
	Funding
	Appendix A. Supplementary data
	References


