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Abstract

Background: In the eyes-closed, awake condition, EEG oscillatory power in the alpha band (7e13 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; P¼0.038). 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; P¼0.019). In addition, preoperative alpha-attenuation magnitude was

inversely associated with postoperative delirium severity (OR 0.79, 95% CI: 0.65, 0.95; P¼0.040), 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

� 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,1 cogni-

tive decline,2 and dementia.3 Even without full-blown

delirium, patients with features of delirium, such as inatten-

tion, experience impaired recovery and increased mortality

risk.4e8 Of the cardinal delirium features, inattention is most

associated with persistent neurocognitive deficits.9 Further,

inattention has been associated with poor medication

compliance,10 social isolation,11 and financial strain,11 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,12e14 including POD,15e18 and as EEG has sensitivity for

attention-related cognitive functions,19 it makes sense to

evaluate EEG measures that link brain function and inatten-

tion, a core delirium component.

Intraoperative,15e18 and to a lesser extent preoperative,20e23

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.19,24

For example, externally directed attention25 and global

arousal26 inversely correlate with EEG alpha (7e13 Hz) power.

In addition, increased EEG alpha power is associated with

daydreaming,27 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.28 These in-

teractions that occur with opening of the eyes desynchronise
EEG alpha oscillations, reducing EEG alpha power.24,29 This

alpha-power decrease in the eyes-open vs eyes-closed states

(i.e. alpha attenuation with eyes opening) remains present in

healthy older adults30 but has been reported to be diminished

among those with chronic neurocognitive disorders.29,31,32

Further, although decreased overall alpha power likely fa-

cilitates neuronal transmission of incoming sensory infor-

mation,33,34 cognitive neuroscientists sometimes subdivide

the alpha band33e35 because lower19,34 and higher19,36e38 alpha

sub-bands have been associated with somewhat different

attention-related processes. Lower-frequency (e.g. 7e10 Hz)

alpha rhythms tend to reflect the more diffuse cortical and

cortico-thalamic loops regulating global attentional processes,

such as alertness.33e35 Higher-frequency (e.g. 10e13 Hz) alpha

rhythms have been associated with more selective neural

systems, including those involved in anticipating and pro-

cessing specific sensory input.19,36e38 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,39 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 cohort40,41 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).21,40 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 Boardeapproved, obser-

vational prospective study.41 All participants, or legally

authorised representatives, provided pre-participation,

http://clinicaltrials.gov
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written informed consent (see Supplementary materials). Pa-

tient characteristics and baseline factors, including cognition,

were assessed.41
Inattention and delirium severity screening

Participants underwent a 3-min diagnostic interview for

Confusion Assessment Method-defined delirium (3D-CAM)42

before surgery (baseline), and after surgery each morning

and late afternoon until discharge. Using 3D-CAM feature

definitions, ‘attentive’ subjects answered all attention items

(#4e7, 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.43 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 work21,44 using the

EEGLAB toolbox,45 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 7e13 Hz, given the age

of the study population. Non-overlapping ‘lower’ and

‘higher’ alpha sub-bands were defined as 7e10 Hz and

10.2e13 Hz, respectively, as per previous studies in the lit-

erature.33e35 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 EEGLAB45

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

parietaleoccipital 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 c2 tests for categorical variables. For univariate

associations ofwhole-head alpha attenuationwith 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-closedminus

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
¼ 0.05. Unless otherwise noted, all P-values were corrected for

multiple comparisons using the Holm method, and assessed

for normality using the ShapiroeWilk test.46
Results

Subject characteristics

Table 1 describes baseline and surgical characteristics for

postoperatively attentive (31/71, 43.7%) vs 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-

tiveMMSE.NeitherBMInorASAphysical status correlatedwith

alpha attenuation: Spearman’s rho (95% confidence interval

[CI]): 0.05 (0.18, 0.28); P¼0.67 for BMI; and 0.04 (0.20, 0.27); P¼0.76

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 comparisonecorrected 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 (7e10 Hz) attenuation

(eyes-closed minus eyes-open) after correcting for multiple

comparisons (Table 2). In the higher (10.2e13 Hz) alpha sub-
Table 1 Cohort description by postoperative attention status. For num
and for categorical variables we use count (%).*t-test. yc2 test. zWi
attentive, two newly inattentive, and one chronically inattentive
inattentive patient. MMSE, Mini-Mental Status Examination.

Postoperatively attenti

Age (yr) 66.3 (4.3)
Sex (male), n (%) 17 (54.8)
Race, n (%)
Black or African American 3 (9.7)
Caucasian/White 28 (90.3)
Other 0 (0.0)

BMI (kg m�2), mean (SD) 31.9 (5.0)
Preoperative albumin (g dl�1),¶ mean (SD) 3.9 (0.4)
Surgical service, n (%)
Thoracic surgery 5 (16.1)
General surgery 8 (25.8)
Gynaecology 4 (12.9)
Orthopaedics 5 (16.1)
Plastic surgery 1 (3.2)
Urology 8 (25.8)

Previous cancer treatment, n (%) 12 (38.7)
ASA physical status 3 (2, 3)
Surgery duration (min) 129 (95, 234)
Years of education 16 (14, 18)
MMSEx 29 (28, 30)
band, no significant multivariate differences were observed

for attenuation, eyes-open, or eyes-closed conditions (Table 2).

For the fullmodel results of these analyses, see Supplementary

Tables S6eS8. Sensitivity analysiswith a factor-basedcognitive

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 chronicitymore 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 7e10

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 7e10 Hz sub-band (Table 3), although this

relationship was weaker than the alpha-attenuation rela-

tionship. In the higher (10.2e13 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 comparisonecorrected, multi-

variate proportional-odds analysis (odds ratio [OR] 0.79, 95%

CI: 0.65, 0.95; P¼0.04). 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).
eric variables, we summarise with mean (SD) or median (Q1, Q3)
lcoxon rank-sum test. ¶Preoperative albumin missing for three
patient. xMMSE missing for one attentive and one chronically

ve (N¼31) Postoperatively inattentive (N¼40) Uncorrected
P-value

70.4 (6.5) 0.003*
18 (45.0) 0.411y

0.200y

8 (20.0)
30 (75.0)
2 (5.0)
27.5 (4.8) 0.003*
3.8 (0.6) 0.395*

0.848y

10 (25.0)
6 (15.0)
4 (10.0)
8 (20.0)
1 (2.5)
11 (27.5)
17 (42.5) 0.747y

3 (3, 3) 0.024z

144 (108, 175) 0.685z

16 (13, 16) 0.057z

27 (25, 29) 0.003z
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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 (n¼31) compared with those who were inattentive (n¼40, left column, top row), the

subgroup of inattentive patients who were newly inattentive (n¼22, middle column, top row), and the chronically inattentive subgroup

(n¼18, right column, top row). Shading reflects the 95% confidence interval (CI) around the mean at each frequency for each group. The

alpha band (7e13 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), 25e75th 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 (SD). Post-hoc eyes-closed and eyes-open analyses are included for completeness. *Attention status refers to
postoperative ‘attentive’ vs ‘inattentive’ status. yMultiple-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. zSignificance 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
(N¼31)
dB (SD)

Inattentive
(N¼40)
dB (SD)

Difference dB
(95% CI)

Univariate Multivariate

t-test
adjusted
P-value2

Age- and MMSE-adjusted
logistic regression with
attention status*

OR (95% CI) Adjusted
P-valuey

Attenuation (eyes closed minus eyes open)
Alpha (7e13 Hz) 4.7 (2.6) 3.0 (2.2) 1.7 (0.6, 2.9) 0.009 0.73 (0.57, 0.94) 0.038z

Low alpha (7e10 Hz) 5.5 (3.2) 3.5 (2.5) 1.9 (0.6, 3.3) 0.010 0.77 (0.62, 0.95) 0.038z

High alpha (10.2e13 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 (e2.0, 2.0) >0.999 1.02 (0.9, 1.16) >0.999
Low alpha 10.3 (4.2) 10.6 (4.9) e0.3 (e2.5, 1.9) >0.999 1.03 (0.91, 1.15) >0.999
High alpha 7.1 (3.3) 7.0 (4.1) 0.2 (e1.6, 2.0) >0.999 1.02 (0.88, 1.19) >0.999

Eyes open
Alpha 7.8 (3.2) 9.5 (4.2) e1.8 (e3.6, 0.03) 0.107 1.18 (1, 1.38) 0.092
Low alpha 4.8 (3.4) 7.0 (4.5) e2.2 (e4.2, e0.3) 0.077 1.19 (1.02, 1.39) 0.076
High alpha 4.2 (3.1) 5.4 (3.7) e1.2 (e2.8, 0.5) 0.160 1.14 (0.97, 1.34) 0.123
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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;

P¼0.658), 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
Table 3 Preoperative alpha attenuation with eyes opening and p
summarise with mean (SD). *Greater inattention chronicity refers to
status is greater than ‘newly’ inattentive status, which is greater than
using the Holm method for three frequency ranges. zSignificance i
alpha, low alpha, and high alpha) at level of P<0.05. CI, confidence in

Attentive
(N¼31)
dB (SD)

Newly
inattentive
(N¼22)
dB (SD)

Chron
inatte
(N¼18
dB (SD

Attenuation (eyes closed minus eyes open)
Alpha (7e13 Hz) 4.7 (2.6) 3.2 (2.2) 2.6 (2.
Low alpha (7e10 Hz) 5.5 (3.2) 4.0 (2.4) 2.9 (2.
High alpha (10.2e13 Hz) 3.0 (2.3) 1.5 (2.3) 1.7 (1.

Eyes closed
Alpha 12.5 (3.7) 12.3 (4.6) 12.83 (
Low alpha 10.3 (4.2) 10.4 (4.9) 10.73 (
High alpha 7.1 (3.3) 6.5 (4.4) 7.5 (3.

Eyes open
Alpha 7.8 (3.2) 9.0 (4.1) 10.2 (4
Low alpha 4.8 (3.4) 6.4 (4.4) 7.8 (4.
High alpha 4.2 (3.1) 5.0 (3.7) 5.8 (3.
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 vs inattentive subjects and for the inat-

tention chronicity subgroups showed that alpha power was
ostoperative inattention chronicity. For numeric variables, we
a longer duration of inattention. Namely, ‘chronic’ inattention
‘attentive’ status. yMultiple-comparison adjustment performed

n multivariate model after multiple-comparison correction (for
terval; MMSE, Mini-Mental Status Examination; OR, odds ratio.

ically
ntive
)
)

Univariate Multivariate

ANOVA

adjusted
P-valuey

Age- and MMSE-adjusted
proportional odds regression
for greater inattention chronicity*

OR (95% CI) Adjusted
P-valuey

2) 0.024 0.76 (0.62, 0.93) 0.019z

5) 0.024 0.77 (0.64, 0.92) 0.014z

8) 0.037 0.85 (0.67, 1.07) 0.167

4.5) >0.999 1.05 (0.93, 1.17) >0.999
5.1) >0.999 1.04 (0.94, 1.15) >0.999
7) >0.999 1.06 (0.93, 1.21) >0.999

.3) 0.195 1.17 (1.03, 1.33) 0.038z

7) 0.138 1.18 (1.04, 1.33) 0.026z

9) 0.288 1.14 (0.99, 1.3) 0.070



Spatial distribution of alpha attenuation by attention status

Attentive
(n=31)

Inattentive
(n=40)

Inattention subgroups
New (n=18) Chronic (n=22)

Alpha
attenuation
(7–13 Hz)

Low alpha
attenuation
(7–10 Hz)

High alpha
attenuation

(10.2–13 Hz)

6 dB

4 dB

2 dB

0 dB

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

Max post-op delirium severity
≥3 (n=13)

1 (n=23)
2 (n=15)

0 (n=20)

–2 0 2 4 6 8 10
Frontal alpha attenuation (dB)

a b

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 (7e13 Hz) attenuation shown via horizontal box plots with the

vertical median line, 25e75th percentile denoted via box, and full range and outliers shown. Statistical analyses and results are described

in the text and in Supplementary Table S5.
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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 aftermultiple-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; P¼0.03; 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; P¼0.12, uncorrected). Thus,

although alpha power with eyes opening wasmost 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 attenuationwas 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 analysisebased 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, preoperativemeasures of brain activity, as examinedwith

EEG here, can provide neural-level insight into themechanisms

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.26,29,30,47 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.19,36e38

Lower-frequency alpha rhythms are thought to reflect more

global attentional processes, such as alertness,33e35 whereas

higher-frequency alpha rhythms have been more associated

with selective neural system modulation, such as specific

mailto:Image of Fig 2|eps


Table 4 Relationship between alpha (7e13 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. ySignificance 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
interest

Age- and MMSE-adjusted logistic regression, alpha
attenuation, and attentive vs inattentive status

Age- and MMSE-adjusted proportional odds
regression for alpha attenuation and greater
inattention chronicity

OR (95% CI) Uncorrected
P-value

Adjusted*
P-value

OR (95% CI) Uncorrected
P-value

Adjusted*
P-value

Frontal 0.77 (0.62, 0.96) 0.020 0.051 0.79 (0.66, 0.94) 0.010 0.040y

Central 0.75 (0.59, 0.95) 0.020 0.051 0.77 (0.63, 0.95) 0.015 0.040y

Parietal 0.78 (0.64, 0.95) 0.012 0.047y 0.83 (0.7, 0.97) 0.019 0.040y

Occipital 0.82 (0.7, 0.97) 0.017 0.051 0.84 (0.73, 0.96) 0.013 0.040y
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sensory information processing.19,36e38 The 3D-CAM attention

questions require general attentiveness and alertness but do

not necessarily require more selective attentional proc-

essing.19,36e38 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 S11eS18 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 testeretest 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

attenuationwith 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 2.48 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 andmerit additional,

prospective evaluation.4,5,7 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.
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