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Abstract

Background: Intraoperative EEG suppression duration has been associated with postoperative delirium and mortality. In

a clinical trial testing anaesthesia titration to avoid EEG suppression, the intervention did not decrease the incidence of

postoperative delirium, but was associated with reduced 30-day mortality. The present study evaluated whether the EEG-

guided anaesthesia intervention was also associated with reduced 1-yr mortality.

Methods: This manuscript reports 1 yr follow-up of subjects from a single-centre RCT, including a post hoc secondary

outcome (1-yr mortality) in addition to pre-specified secondary outcomes. The trial included subjects aged 60 yr or older

undergoing surgery with general anaesthesia between January 2015 and May 2018. Patients were randomised to receive

EEG-guided anaesthesia or usual care. The previously reported primary outcome was postoperative delirium. The

outcome of the current study was all-cause 1-yr mortality.

Results: Of the 1232 subjects enrolled, 614 subjects were randomised to EEG-guided anaesthesia and 618 subjects to usual

care. One-year mortality was 57/591 (9.6%) in the guided group and 62/601 (10.3%) in the usual-care group. No significant

difference in mortality was observed (adjusted absolute risk difference, e0.7%; 99.5% confidence interval, e5.8% to 4.3%;

P¼0.68).

Conclusions: An EEG-guided anaesthesia intervention aiming to decrease duration of EEG suppression during surgery did

not significantly decrease 1-yr mortality. These findings, in the context of other studies, do not provide supportive ev-

idence for EEG-guided anaesthesia to prevent intermediate term postoperative death.

Clinical trial registration: NCT02241655.

Keywords: burst suppression; depth of anaesthesia; electroencephalogram suppression; postoperative death; post-

operative delirium; postoperative falls; postoperative mortality; quality of life
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Editor’s key points

� Burst suppression in the EEG during anaesthesia has

been associated with delirium and mortality, but it is

not clear whether avoidance of burst suppression

improves these outcomes.

� In the previously performed Electroencephalography

Guidance of Anesthesia to Alleviate Geriatric Syn-

dromes (ENGAGES) study, titration of anaesthetic

agents to avoid burst suppression was not associated

with reduced incidence of delirium, but was associ-

ated with significant reduction in 30-day mortality.

� The authors now report the results of a 1 yr follow-up

study involving the same subjects.

� There was no significant difference in 1-yr mortality

rate in subjects in whom the EEG-based intervention

was applied compared with those receiving standard

care.
Although many subjects undergo surgery to prolong their

lives or to improve their quality of life, some subjects fail to

achieve these goals. In both high- and low-income countries,

roughly one in 200 elective surgical subjects does not survive

until hospital discharge.1 Of surgical subjects above age 65 yr,

about 10% die within the first year.2 A growing body of evi-

dence has demonstrated associations between markers of

deep hypnosis and postoperative morbidity and mortality.

Intraoperative EEG suppression and time spent with low

bispectral index (BIS) readings have both been identified as

independent predictors of 1-yr postoperative death in

observational cohorts.3,4 Intraoperative EEG suppression has

also been linked to postoperative delirium after both cardiac

and noncardiac surgery,5,6 and subjects who experience

delirium in the hospital are known to be at increased risk for

death after discharge.7 Based on these reported associations,

several randomised controlled trials have investigated the

impact of interventions intended to reduce intraoperative

exposure to EEG suppression or low BIS readings.8e12

One of the trials to study this topic was the Electroenceph-

alography Guidance of Anesthesia to Alleviate Geriatric Syn-

dromes (ENGAGES) trial.9 ENGAGES was a single-centre RCT

comparing an EEG-guided anaesthesia intervention vs usual

care. No significant difference was observed between the two

groups with respect to the primary outcome of postoperative

delirium. However, the EEG-guided group had a statistically

significant reduction in 30-day mortality (four of 614 subjects,

0.7%) compared with the usual care group (19 of 618 subjects,

3.1%).9 The primary purpose of the present analysis was to

determine whether this effect on postoperative mortality per-

sisted at 1 yr followup. As secondary outcomes, the effect of the

EEG guidance intervention on quality of life and falls at 1 yr was

also studied. The effects of postoperative delirium on each of

these outcomes were also assessed.
Methods

This is a 1-yr analysis of the single-centre ENGAGES RCT.9

One-year mortality is an unplanned secondary outcome of

the trial, added owing to the unexpected finding of reduced

30-daymortality in the EEG guidance group. One-year quality

of life and falls are pre-specified secondary outcomes.

Examining the associations of postoperative delirium with
quality of life and falls were pre-specified analyses, whereas

examining the association of postoperative delirium with

1-yr mortality was unplanned because 1-yr mortality was not

a planned secondary outcome of the trial. The trial was

registered at ClinicalTrials.gov (NCT02241655), and detailed

analytic plans for this manuscript were made available on

that website before conducting the analyses. The Human

Research Protection Office at Washington University

approved this study (#201407128), and all subjects provided

written informed consent. This report follows the Consoli-

dated Standards of Reporting Trials (CONSORT) guidelines

and the extension for reporting pragmatic trials.13,14
Patient population

Recruitment occurred at Barnes-Jewish Hospital, a large aca-

demicmedical centre in St. Louis, MO, USA. Patients aged 60 yr

or older scheduled for surgery with general anaesthesia and

anticipated hospital stay of at least 2 days were eligible for

inclusion. Patients unable to complete interviews in English,

with delirium at baseline, with a history of intraoperative

awareness, or scheduled for a second surgery within 5 days of

the initial surgery were excluded.
Trial conduct

As described,9,15 subjects were randomised to the EEG guid-

ance protocol or to usual care in a 1:1 ratio, stratified by cardiac

vs noncardiac surgery and presence or absence of falls in the 6

months before enrolment. Further details about the random-

isation procedures are available in the primary manuscript.9 A

BIS Quatro (Medtronic Corp., Minneapolis, MN, USA) sensor

was applied to each patient’s forehead to display a single

channel of frontal EEG. BIS uses a proprietary algorithm to

generate a number between 0 and 100, with lower numbers

intended to represent greater depth of anaesthesia. Clinicians

caring for subjects in the usual care group were blinded to the

EEG data, except the signal quality index. Clinicians caring for

subjects in the intervention group viewed the unfiltered

frontal EEG waveform and the processed EEG parameters on

the bedside vital sign monitor. These clinicians were instruc-

ted to titrate the volatile anaesthetic primarily to minimise

EEG suppression and secondarily to minimise periods of BIS

readings <40. Clinicians in the operating room could not be

blinded to randomisation assignment, but subjects and

research staff assessing outcomes were blinded.
Delirium assessment

Postoperative delirium was measured on postoperative days 1

through 5 using in-person delirium assessment by study

personnel and using chart review. The in-person assessment

was conducted once per day using the Confusion Assessment

Method (CAM) for non-intubated subjects16 and the Confusion

Assessment Method for the Intensive Care Unit (CAM-ICU) for

intubated subjects.17 Chart review was conducted each day

using the validated Chart Abstraction for Delirium tool.18

Incident delirium was defined as a positive in-person assess-

ment or positive chart review at any time point during post-

operative days 1 through 5. Duration of delirium was defined

as the number of days with positive delirium assessments.

Severe delirium was defined as a CAM-S score of 10 or greater

(on a scale of 0e19) or a CAM-ICU-7 score of 6 or greater (on a

scale of 0e7).19,20



36,580 Did not meet inclusion criteria or
            unable to provide informed consent

   1164 Excluded
            107 Met exclusion criteria
            978 Declined participation
            79 Not approached

     168 Excluded
            2 Died
            49 Deemed ineligible after enrolment
            49 Surgery canceled
            31 Research team missed surgery
            37 Withdrew

39,144 Patients assessed for eligibility

2564 Eligible

1232 Randomised

1400 Enrolled

614 Randomised to EEG guidance
       (570 Preop quality of life available)

591 Vital status known

458 Postop quality of life available
       435 Preop quality of life available

471 Returned 1-yr survey (falls known)

23 Lost to follow up

120 Missing 1-yr survey
   57 Dead
   63 Did not return survey

13 VR-12 incomplete

618 Randomised to usual care
       (570 Preop quality of life available)

601 Vital status known

471 Postop quality of life available
       439 Preop quality of life available

482 Returned 1-yr survey (falls known)

17 Lost to follow up

119 Missing 1-yr survey
   62 Dead
   57 Did not return survey

11 VR-12 incomplete

Fig 1. Flow of subjects in the trial. VR-12, Veterans RAND 12-Item Health Survey.
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Table 1 Characteristics and management of subjects with
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Outcomes

The primary outcome in this analysis was all-cause mortality

at 1 yr after surgery. Patients who returned the survey

regarding the 1-yr secondary outcomes (see below) were

known to be alive. Patients who did not return the survey were

followed up by telephone to encourage survey completion;

vital status was assessed during that phone call. Secondary

outcomes were self-reported quality of life and falls at 1 yr

after surgery. Quality of life was measured preoperatively and

1 yr after surgery using the physical composite summary and

mental composite summary from the Veterans RAND 12-Item

(VR-12) Health Survey.21 Each summary score takes a value

between 0 and 100, with higher values representing better

quality of life. Patients completed a survey at each time point

that included a question about whether they had fallen in the

past 6 months (preoperative survey) or since surgery (post-

operative survey). The question defined a fall as ‘an event in

which you lost your balance and landed on the floor or ground

or lower level’, consistent with the definition used by the

Prevention of Falls Network Europe.22
known vital status at 1 yr. Data are presented as n (%) or as
median [inter-quartile range]. Percentages do not add up to
100% because of rounding. METs, metabolic equivalents; PCS-
12, Veterans RAND 12-Item Health Survey physical composite
summary; MCS-12, Veterans RAND 12-Item Health Survey
mental composite summary.

Feature Usual
care
(n¼601)

EEG
guidance
(n¼591)

Age (yr) 69 [65e76] 69 [65e74]
Male sex 330 (55%) 323 (55%)
ASA physical status
1 2 (<1%) 4 (1%)
2 96 (16%) 84 (14%)
3 291 (48%) 306 (52%)
4 212 (35%) 197 (33%)

Number of comorbid conditions 4 [3e6] 4 [3e6]
Hypertension 438 (73%) 444 (75%)
Diabetes mellitus 171 (28%) 180 (30%)
Coronary artery disease 219 (36%) 226 (38%)
History of cancer 314 (52%) 285 (48%)
Current cancer 184 (31%) 166 (28%)
History of falls 129 (21%) 130 (22%)
Functional capacity <4 METs 284 (50%) 288 (50%)
Abnormal Short Blessed Test (score
>4)

109 (20%) 105 (19%)

Type of surgery
Cardiac 228 (38%)a 225 (38%)
Gastrointestinal 60 (10%) 60 (10%)
Gynaecologic 55 (9%) 35 (6%)
Hepatobiliary 74 (12%) 82 (14%)
Thoracic 44 (7%) 48 (8%)
Urologic 55 (9%) 47 (8%)
Vascular 57 (9%) 58 (10%)
Other 28 (5%) 36 (6%)

Preoperative PCS-12 38.2 [29.6
e47.7]

38.1 [28.1
e48.1]

Preoperative MCS-12 57.0 [47.7
e61.5]

56.7 [47.8
e61.1]

Anaesthesia Length (min) 312 [234
e398]

317 [237
e399]

Median end-tidal anaesthetic
concentration (minimum
alveolar concentration units)

0.80 [0.71
e0.86]

0.69 [0.62
e0.77]

Duration of EEG suppression (min) 11 [1e54] 7 [1e23]
Duration of bispectral index <40
(min)

57 [15
e129]

32 [9e80]
Statistical analysis

All analyses were performed using R version 3.6.0 (R Founda-

tion for Statistical Computing, Vienna, Austria).23 P values

<0.05 were considered as providing suggestive evidence,

whereas P values <0.005 were considered as providing more

compelling evidence.24 All tests were two-sided. The sample

size of the ENGAGES trial was selected to achieve >90% power

to detect an 8% absolute difference in the incidence of post-

operative delirium between the intervention and control

groups with a¼0.05.9 The sample size was therefore fixed at

1232 in this secondary analysis. Similar previous studies at our

institution have reported 1 yr mortality of 10%.25,26 Assuming

that ENGAGES would also demonstrate an overall 10% 1 yr

mortality, we estimated that we would have 80% power to

detect a difference in mortality of at least 4.8% between the

intervention and control groups at a¼0.05. Normally distrib-

uted variables were described using mean and standard de-

viation, whereas non-normally distributed variables were

described using median and inter-quartile range (IQR).

The primary analysis followed the intention-to-treat prin-

ciple. Survival was compared between the groups using a Cox

proportional hazards model and using a logistic regression

model for 1 yr mortality. Patients who were lost to follow-up

before 1 yr were right-censored at the time of last follow-up

in the Cox model and excluded from the logistic regression.

Each model was adjusted for age, sex, ASA physical status,

number of comorbid conditions documented in the anaes-

thesiology preoperative assessment, history of falls, evidence

of baseline abnormal cognition (preoperative Short Blessed

Test score >4),27 baseline poor functional capacity (<4 meta-

bolic equivalents), cardiac surgery, length of anaesthesia, and

units of packed red blood cells transfused intraoperatively.

Missing values for abnormal Short Blessed Test score (n¼82)

and poor functional capacity (n¼52) were imputed using

multiple imputation with chained equations (R package

MICE28). Patients missing outcome data were excluded from

the analysis. To examine whether enhanced clinician

compliance with the intervention would have changed out-

comes, post hoc sensitivity analyses were performed removing

25% of intervention group subjects in each stratum with the
most EEG suppression, longest duration of BIS <40, and high-

est end-tidal anaesthetic concentration.

The secondary analyses followed similar methods. The

incidence of postoperative falls was compared between the

two groups using logistic regression. Because the VR-12

physical and mental composite summaries did not follow a

normal distribution, median regression was used to compare

each postoperative quality of life measure between the two

groups, adjusting for preoperative quality of life. The regres-

sion models for these secondary outcomes were adjusted for

the same covariates as the primary analysis, and analogous

sensitivity analyses were conducted for these outcomes. Pa-

tients missing preoperative VR-12 scores were excluded from

the quality of life analysis. To further explore the associations

between postoperative delirium and these outcomes, the re-

gressions were repeated using incident delirium, days of



Time (days)

S
u

rv
iv

al
 p

ro
b

ab
ili

ty
0.75

0.50

0.25

0.00

1.00

3303002702402101801501209060300 360

Number at risk

G
ro

u
p Usual Care

EEG Guidance
539543547554560561567572575583589616 539
543549554558562564568572575585600613 537

Time (days)
3303002702402101801501209060300 360

Time (days)

S
u

rv
iv

al
 p

ro
b

ab
ili

ty

8070605040302010 900

0.94

0.96

0.98

1.00

Group Usual Care EEG Guidance

Fig 2. Survival curves for subjects in the EEG guidance and usual care groups. Inset: survival curves for the first 90 days in greater detail. In

a Cox proportional hazards model, the hazard for death did not differ significantly between the EEG-guided group and the usual care group

(adjusted hazard ratio¼0.85; 99.5% confidence interval, 0.51e1.44; P¼0.39).
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delirium, and severe delirium as predictors. At the suggestion

of a reviewer, regressions using peak delirium severity were

also added.
Results

Between January 2015 and May 2018, 1232 subjects were

enrolled, of whom 614 were randomised to the EEG-guided

anaesthesia intervention and 618 were randomised to usual

care. Follow-up ended in June 2019, and vital status at 1 yr was

known for 1192 subjects (97% of those randomised). Missing

data were nearly equally distributed between the two groups

(Fig. 1). The groups included in the primary analysis had

similar demographic characteristics, comorbid health condi-

tions, and performance on preoperative evaluations of cogni-

tion (Table 1).

The 1-yr mortality incidence was 57/591 (9.6%) in the

intervention group and 62/601 (10.3%) in the usual care group.

No significant difference in mortality was observed between

the two groups (adjusted absolute difference, e0.7%; 99.5%

confidence interval [CI], e5.8% to 4.3%; P¼0.68; see

Supplementary Table S1 for 95% CI). Survival curves are shown

in Figure 2. The adjusted hazard ratio in a Cox proportional

hazards model was 0.85 (99.5% CI, 0.51e1.44; P¼0.39). Full co-

efficients for all adjusted primary analyses are shown in

Supplementary Tables S2e6 in the online supplementary

material. Results were similar in the subset undergoing car-

diac surgery and the subset undergoing noncardiac surgery

(Supplementary Table S7). There was no significant associa-

tion between the intervention and mortality in sensitivity

analyses removing subjects in the intervention group with the
most EEG suppression, most timewith BIS <40, or highest end-
tidal anaesthetic concentration (Table 2).

Of the 1073 subjects alive and not lost to follow-up at 1 yr,

953 subjects (89%) completed the survey with information

about falls and quality of life. Postoperative falls were reported

by 136 of 471 subjects (28.9%) in the intervention group and 135

of 482 subjects (28.0%) in the usual care group. Incidence of

falls did not differ between the groups (adjusted absolute risk

difference, 1.1%; 99.5% CI, e7.2% to 9.4%; P¼0.71). Median 1-yr

quality of life physical composite summary (PCS-12) was 43.7

(IQR, 32.8 to 52.2) in the intervention group and 43.0 (IQR,

30.6e51.9) in the usual care group. Median 1-yr mental com-

posite summary (MCS-12) was 58.0 (IQR, 51.2e62.0) in the

intervention group and 58.4 (IQR, 50.7e61.9) in the usual care

group. Adjusting for preoperative values, neither the post-

operative PCS-12 (adjusted difference in medians, e0.1; 99.5%

CI, e2.5 to 2.4; P¼0.93) nor the postoperative MCS-12 (adjusted

difference in medians, 0.1; 99.5% CI, e1.4 to 1.6; P¼0.86) was

significantly different between the two groups. No significant

differences were seen for either outcome in the sensitivity

analyses, as shown in Table 2.

Associations between postoperative delirium and the out-

comes are shown in Table 3 (see Supplementary Table S8 for

95% CIs). Subjects with postoperative delirium had an

increased risk for 1-yr death in an unadjusted analysis, but

this association was no longer significant at P<0.005 after

adjusting for potential confounding variables. However, sub-

jects with higher maximum CAM-S scores (higher peak

delirium severity) and longer duration of postoperative

delirium had increased incidence of 1 yr death (Fig. 3). Results

were similar in the subsets undergoing cardiac surgery



EEG-guided anaesthesia and 1 yr mortality - 391
(Supplementary Table S9) and undergoing noncardiac surgery

(Supplementary Table S10). Longer duration of postoperative

delirium was also associated with increased falls in an unad-

justed analysis, but this association was no longer significant

at P<0.005 after adjusting for potential confounding variables.

Neither postoperative delirium nor duration of delirium was

associated with postoperative PCS-12 or MCS-12.
Discussion

In this report of secondary 1-yr outcomes from the ENGAGES

RCT, there was no significant association between an EEG-

guided anaesthesia intervention and mortality 1 yr post-

operatively. The EEG-guidance intervention was also not

associated with decreased falls or with improved quality of life

1 yr after surgery. In post hoc exploratory analyses, increasing

peak delirium severity and increased duration of post-

operative delirium were both associated with increases in the

incidence of death within the first year after surgery.

The absence of an effect of the EEG guidance intervention

on 1-yr mortality is consistent with the existing literature. The

Balanced Anaesthesia Study did not find a significant decrease

in 1-yr mortality with a BIS target of 50 vs a BIS target of 35

(0.8% absolute risk reduction [95% CI, e0.5% to 2.0%]).10 Of

note, a greater reduction in volatile agent administration was

achieved in the Balanced Anaesthesia Study than in ENGAGES,
Table 2 Effect sizes for EEG guidance intervention in primary analyse
absolute risk differences (marginal effects from logistic regression
medians from quantile regression. See Supplementary Table S1 for
ASA physical status, number of comorbid conditions, history of falls,
>4), preoperative functional capacity <4 metabolic equivalents, leng
intraoperatively. zPost-hoc analyses. In each of these sensitivity ana
duration of EEG suppression, duration of BIS <40, or median end-tida
(stratified by preoperative history of falls and cardiac vs noncardiac s
adjusted for the preoperative PCS-12 value. All models for postoperat
inter-quartile range; PCS-12, Veterans RAND 12-Item Health Survey
Health Survey mental composite summary; BIS, bispectral index; M

Analysis n Incidence (%

Usual care

Mortality
Primary e unadjusted 1192 62/601 (10.3%
Primary e adjustedy 1192 62/601 (10.3%
Sensitivity e most EEG Suppressionz 1040 62/600 (10.3%
Sensitivity e most BIS <40z 1046 62/600 (10.3%
Sensitivity e highest MACz 1055 62/600 (10.3%

Falls
Primary e unadjusted 953 135/482 (28.0
Primary e adjusted 953 135/482 (28.0
Sensitivity e most EEG suppression 843 135/481 (28.1
Sensitivity e most BIS <40 832 135/481 (28.1
Sensitivity e highest MAC 838 135/481 (28.1

PCS-12¶

Primary e unadjusted 902 43.0 [30.6e51
Primary e adjusted 902 43.0 [30.6e51
Sensitivity e most EEG suppression 798 42.9 [30.6e51
Sensitivity e most BIS <40 790 42.9 [30.6e51
Sensitivity e highest MAC 790 42.9 [30.6e51

MCS-12¶

Primary e unadjusted 902 58.4 [50.7e61
Primary e adjusted 902 58.4 [50.7e61
Sensitivity e most EEG suppression 798 58.5 [50.7e61
Sensitivity e most BIS <40 790 58.5 [50.7e61
Sensitivity e highest MAC 790 58.5 [50.7e61
but there was still no significant effect on 1-yr mortality. The

DeLiT (Dexamethasone, Light anaesthesia, Tight glucose

control) trial, which randomised noncardiac surgical subjects

to light (BIS 55) vs deep (BIS 35) anaesthesia, was stopped early

because of futility.11 The B-Aware, B-Unaware, BIS or Anes-

thetic Gas to Reduce Explicit Recall (BAG-RECALL), Cognitive

Dysfunction after Anesthesia (CODA), and Surgery Depth of

Anaesthesia Cognitive Outcome (SuDoCo) trials all rando-

mised subjects to BIS monitoring vs either usual care or an

active comparator.8,12,29e31 None of these trials actively rand-

omised subjects to deep vs light anaesthesia, even though

many achieved group separation with respect to BIS readings

or other surrogates for hypnotic depth. None found differ-

ences in mortality between the control and intervention

arms.25,26,32 The Strategy to Reduce the Incidence of Post-

operative Delirium in Elderly Patients (STRIDE) trial, which

randomised hip fracture subjects to light vs heavy propofol

sedation during spinal anaesthesia,33 showed no significant

difference in 1-yr mortality.34

Inadequate power may have played a role in the failure of

any of these trials to detect an effect on 1-yr mortality. As

recently described in an independent discussion of the STRIDE

trial, in order to detect an absolute mortality decrease from

10% to 9% (close to the estimated [non-significant] difference

found in this trial) an adequately powered trial would require

23 000 subjects per group at a¼0.005 or 13 500 subjects per
s and sensitivity analyses. *Effect sizes for mortality and falls are
models). Effect sizes for PCS-12 and MCS-12 are differences in
95% confidence interval (CI). yModels were adjusted for age, sex,
cardiac surgery, abnormal preoperative Short Blessed Test (score
th of anaesthesia, and units of packed red blood cells transfused
lyses, patients in the EEG guidance group in the top quartile of
l anaesthetic concentration within their randomisation stratum
urgery) were excluded. ¶All models for postoperative PCS-12 were
iveMCS-12 were adjusted for the preoperativeMCS-12 value. IQR,
physical composite summary; MCS-12, Veterans RAND 12-Item
AC, minimum alveolar concentration.

) or median [IQR] Effect size (99.5% CI)* P value

EEG guidance

) 57/591 (9.6%) e0.7% (e5.6% to 4.2%) 0.70
) 57/591 (9.6%) e0.7% (e5.8% to 4.3%) 0.68
) 32/438 (7.3%) e3.1% (e8.4% to 2.2%) 0.10
) 44/444 (9.9%) e0.4% (e5.7% to 4.9%) 0.82
) 48/453 (10.6%) 0.3% (e5.1% to 5.6%) 0.89

%) 136/471 (28.9%) 0.9% (e7.3% to 9.1%) 0.77
%) 136/471 (28.9%) 1.1% (e7.2% to 9.4%) 0.71
%) 99/362 (27.3%) e0.7% (e9.5% to 8.0%) 0.82
%) 103/351 (29.3%) 1.3% (e7.6% to 10.2%) 0.69
%) 101/357 (28.3%) 0.2% (e8.6% to 9.0%) 0.94

.9] 43.7 [32.8e52.2] 0.8 (e1.7 to 3.4) 0.36

.9] 43.7 [32.8e52.2] e0.1 (e2.5 to 2.4) 0.93

.8] 45.3 [33.4e53.0] 1.3 (e1.2 to 3.8) 0.13

.8] 44.2 [32.9e51.3] 0.8 (e2.0 to 3.6) 0.43

.8] 43.4 [33.2e51.6] 0.5 (e2.1 to 3.1) 0.59

.9] 58.0 [51.2e62.0] 0.2 (e1.2 to 1.5) 0.74

.9] 58.0 [51.2e62.0] 0.1 (e1.4 to 1.6) 0.86

.9] 57.9 [51.5e61.9] 0.04 (e1.4 to 1.4) 0.94

.9] 58.0 [51.5e62.2] 0.3 (e1.3 to 1.8) 0.64

.9] 58.2 [51.4e62.2] 0.3 (e1.2 to 1.7) 0.59



Table 3 Effect sizes for associations between deliriummeasures and outcomes. *Models were adjusted for age, sex, ASA class, number
of comorbid conditions, history of falls, cardiac surgery, abnormal preoperative Short Blessed Test (score >4), preoperative functional
capacity <4 metabolic equivalents, length of anaesthesia, and units of packed red blood cells transfused intraoperatively. yEffect sizes
for mortality and falls are absolute risk differences (marginal effects from logistic regressionmodels). Effect sizes for PCS-12 and MCS-
12 are differences in medians from quantile regression. See Supplementary Table S8 for 95% confidence interval (CI). zAll models for
postoperative PCS-12 were adjusted for the preoperative PCS-12 value. All models for postoperative MCS-12 were adjusted for the
preoperative MCS-12 value. IQR, inter-quartile range; PCS-12, Veterans RAND 12-Item Health Survey physical composite summary;
MCS-12, Veterans RAND 12-Item Health Survey mental composite summary; CAM-S, Confusion Assessment Method e Severity; NA,
not available.

Incidence (%) or median [IQR] Unadjusted Adjusted*

With predictor Without predictor Effect size (99.5% CI)y P Effect size (99.5% CI)y P

Mortality
Any delirium 47/283 (16.6%) 72/909 (7.9%) 7.4% (2.3%e12.5%) <0.001 4.6% (e0.9% to 10.2%) 0.020
Severe delirium 18/118 (15.3%) 86/1039 (8.3%) 5.6% (e0.8% to 12.1%) 0.014 3.9% (e3.2% to 10.9%) 0.124
Max CAM-S (per point) N/A N/A 1.1% (0.4%e1.8%) <0.001 0.9% (0.1%e1.6%) 0.002
Days of delirium (per day) N/A N/A 3.1% (1.2%e5.0%) <0.001 2.3% (0.2%e4.4%) 0.002

Falls
Any delirium 73/203 (36.0%) 198/750 (26.4%) 9.1% (e0.4% to 18.5%) 0.007 5.5% (e4.7% to 15.8%) 0.130
Severe delirium 34/84 (40.5%) 234/852 (27.5%) 11.9% (e1.4% to 25.1%) 0.012 10.7% (e3.4% to 24.8%) 0.033
Max CAM-S (per point) N/A N/A 1.9% (0.6%e3.2%) <0.001 1.3% (e1.7% to 2.8%) 0.013
Days of delirium (per day) N/A N/A 5.3% (1.1%e9.5%) <0.001 4.2% (e0.3% to 8.7%) 0.009

PCS-12z

Any delirium 39.5 [28.6e48.6] 45.3 [32.8e53.1] e1.8 (e5.4 to 1.8) 0.157 e2.1 (e6.0 to 1.7) 0.122
Severe delirium 39.1 [26.2e49.6] 44.6 [32.8e52.5] e2.4 (e6.6 to 1.9) 0.116 e2.4 (e8.4 to 3.6) 0.267
Max CAM-S (per point) N/A N/A e0.3 (e0.8 to 0.1) 0.037 e0.5 (e1.0 to 0.0) 0.006
Days of delirium (per day) N/A N/A e1.0 (e2.6 to 0.7) 0.105 e1.5 (e3.0 to 0.1) 0.007

MCS-12z

Any delirium 55.5 [45.1e60.9] 58.9 [52.5e62.2] e1.3 (e3.3 to 0.7) 0.061 e1.2 (e3.7 to 1.4) 0.200
Severe delirium 52.9 [40.3e60.2] 58.5 [51.8e62.0] e2.5 (e7.8 to 2.8) 0.181 e2.0 (e7.0 to 2.9) 0.248
Max CAM-S (per point) N/A N/A e0.4 (e0.6 to e0.1) <0.001 e0.3 (e0.7 to 0.1) 0.035
Days of delirium (per day) N/A N/A e0.8 (e2.2 to 0.6) 0.098 e0.6 (e2.1 to 0.8) 0.232
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group at the more conventional a¼0.05.35 However, these

studies had greater precision for continuous outcomes such as

quality of life and disability ratings than for uncommon events

such as mortality. In the present study, EEG guidance still had

no significant effect on postoperative quality of life. The

Balanced Anaesthesia Study used the WHODAS 2.0 disability

instrument and did not present interval estimates on the dif-

ferences between groups, but based on the information in

their manuscript, the difference between groups is likely

boundedwith 99% confidence at less than 1 point on a 48-point

scale. Although a quantitative model connecting disability

scores to mortality is lacking, it seems implausible for EEG

guidance or lighter anaesthetic depth to have a precise null

effect on survivor quality of life and disability but to have a

meaningful effect on mortality. A similar argument applies to

falls and the other postoperative complications measured by

the Balanced Anaesthesia Study.

Given that the EEG guidance intervention in the ENGAGES

trial was associated with reduced 30-day mortality but no

significant effect on 1-yr mortality, three explanations are

plausible. First, deep anaesthesia and EEG suppression may

accelerate death among subjects who were already moving on

that trajectory. Even though a similar proportion of subjects in

both groups ended up dying within 1 yr, increased EEG sup-

pression in the usual care group may have caused some sub-

jects to die in the first few months who otherwise would have

died later in the year. If this is the case, the EEG guidance

intervention could provide benefit to subjects such as allowing

them to spend more time with family or achieve other per-

sonal goals. Second, EEG suppression may have a causal
relationship with mortality, but the intervention did not suf-

ficiently decrease EEG suppression duration for the effect to

persist at 1 yr. An intervention that caused a larger difference

between the groups may have produced a different result.

Third, it is possible that the association between EEG guidance

and 30 day mortality reported in our previous publication

represented a type 1 error, meaning there is no association

between the intervention and mortality at all.

Although the reported association between duration of

postoperative delirium and 1-yr postoperative mortality was

an exploratory analysis and should be interpreted with

caution, the findings are consistent with the published litera-

ture. In a prospective study of patients older than 50 yr un-

dergoing surgery with postoperative ICU admission, subjects

who experienced postoperative delirium were more likely to

die within 6 months than subjects who did not experience

delirium.36 A similar association between postoperative

delirium and 6-month mortality has been reported after hip

fracture surgery.37 However, these observational associations

do not necessarily imply that prevention of postoperative

delirium will prevent deaths. There may be a non-causal

relationship in which certain subjects are at risk for both

delirium and death, either because of their preoperative

phenotype or because of perioperative events.

This study has several notable strengths. First, this study

focuses on outcomes that are important to subjects. Second,

the EEG guidance intervention changed anaesthetic manage-

ment, as evidenced by the differing durations of EEG sup-

pression and low BIS readings between the intervention and

usual care groups. Third, quality of life was measured using a
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widely used, validated questionnaire, and falls were explicitly

defined using standard terminology from the Prevention of

Falls Network Europe. Fourth, methodologic plans for this

analysis were publicly published at ClinicalTrials.gov before

the analysis being performed, enhancing transparency. Fifth,

an excellent follow-up rate (97%) was achieved for vital status.

This study also has limitations. First, follow-up rates were

imperfect for both quality of life and falls, potentially limiting

power or creating bias. Second, this trial was conducted at a

single centre, so the findings may not generalise to other lo-

cations. Third, reliance on patient report to detect falls could

have introduced a recall bias. However, this bias would be
a
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expected to impact the intervention and usual care groups

equally. Fourth, the difference in average end-tidal anaes-

thetic concentration between the two groups wasmodest (0.80

vs 0.69 minimum alveolar concentration). It is possible that an

intervention causing greater separation in anaesthetic dosing

could have resulted in different outcomes. Fifth, EEG sup-

pression was quantified using the BIS monitor’s calculated

suppression ratio, which may underestimate the duration of

EEG suppression.38

In conclusion, decreasing duration of EEG suppression

during surgery after an EEG-guided anaesthesia intervention

did not significantly decrease 1-yr mortality in this secondary
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analysis of an RCT. The intervention also had no effect on 1-yr

quality of life or falls. These findings, in the context of other

previously published studies, do not provide evidence to sup-

port the use of EEG-guided anaesthesia to prevent post-

operative death.
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