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Abstract

Background: Postoperative delirium is associated with an increased risk of morbidity and mortality, especially in the

elderly. Delirium in the postanaesthesia care unit (PACU) could predict adverse clinical outcomes.

Methods: We investigated a potential link between intraoperative EEG patterns and PACU delirium as well as an asso-

ciation of PACU delirium with perioperative outcomes, readmission and length of hospital stay. The risk factors for PACU

delirium were also explored. Data were collected from 626 patients receiving general anaesthesia for procedures that

would not interfere with frontal EEG recording.

Results: Of the 626 subjects enrolled, 125 tested positive for PACU delirium. Whilst age, renal failure, and pre-existing

neurological disease were associated with PACU delirium in the univariable analysis, the multivariable analysis

revealed the importance of information derived from the EEG, anaesthetic technique, anaesthesia duration, and

history of stroke or neurodegenerative disease. The occurrence of EEG burst suppression during maintenance

[odds ratio (OR)¼1.86 (1.13e3.05)] and the type of EEG emergence trajectory may be predictive of PACU delirium.

Specifically, EEG emergence trajectories lacking significant spindle power were strongly associated with PACU

delirium, especially in cases that involved ketamine or nitrous oxide [OR¼6.51 (3.00e14.12)]. Additionally, subjects

with PACU delirium were at an increased risk for readmission [OR¼2.17 (1.13e4.17)] and twice as likely to stay >6 days

in the hospital.
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Conclusions: Specific EEG patterns were associated with PACU delirium. These findings provide valuable information

regarding how the brain reacts to surgery and anaesthesia that may lead to strategies to predict PACU delirium and

identify key areas of investigation for its prevention.

Keywords: EEG; delirium; general anaesthesia, complications; intraoperative monitoring; neurocognitive disorders;

postoperative outcome; recovery room
Editor’s key points

� Postoperative delirium is associated with adverse clin-

ical outcomes, but methods of prediction, prevention,

and treatment are insufficient.

� Patients undergoing general anaesthesia at four in-

stitutions were assessed for preoperative risk factors

for PACU delirium, monitored by frontal electroen-

cephalography intraoperatively, and followed for

postoperative outcomes for 30 days.

� Multivariable analysis identified specific EEG patterns

(intraoperative burst suppression and emergence tra-

jectory), anaesthetic technique, anaesthesia duration,

and history of stroke or neurodegenerative disease as

predictive of PACU delirium.

� Moreover, PACU delirium was associated with an

increased risk of readmission and longer hospital

length of stay.

� Intraoperative EEG monitoring may provide a method

to predict and prevent PACU delirium, and thus

improve postoperative outcomes.
Patients undergoing surgery with general anaesthesia are at

risk of developing adverse cognitive outcomes, such as

delirium. Postoperative delirium (POD) has been studied at

acute and sub-acute time courses ranging from postoperative

Day 0e1 to as many as 5e30 days after surgery.1,2 POD can be

further subclassified by its clinical setting, such as delirium in

the ICU (ICU delirium)3 or in the PACU [PACU delirium (PACU-

D)].2,4 Characteristic slow oscillations in EEG recordings are

known to signal unconsciousness in deep sleep, general

anaesthesia, and encephalopathies.5,6 Aided by EEG, a clear

distinction of different stages of sleep [N1eN3 and rapid eye

movement (REM)] can be made. The wake-up from deep non-

REM Stage 3 (N3) rather than lighter sleep stages (i.e. N1, N2,

and REM) precipitates parasomnias (i.e. confusional arousal,

sleepwalking, and sleep terrors).7,8 Although natural sleep and

anaesthesia are inherently different, the overlap in their

neurotransmitter receptor mechanisms and EEG findings

prompted us to consider that the electroencephalographic

state from which patients emerge at the end of surgery may

correlate with the presence or absence of cognitive distur-

bance (i.e. PACU-D) immediately after surgery. Previously, we

defined EEG patterns during emergence that have been

compared with N3, N2, and REM sleep.9,10 These patterns are

termed delta-dominant slow-wave anaesthesia (ddSWA)

resembling N3, spindle-dominant SWA (sdSWA) with features

similar to N2, and non-SWA (nSWA) resembling REM. Non-

canonical patterns of transitions amongst these trajectories

through anaesthesia emergence predicted agitation and pain

in the recovery room.9
One EEG feature during (predominately stage N2) sleep,

sleep spindles, may be of special interest. Spindles occur

predominantly during the N2 stage of sleep from which brief

arousals are not uncommon; however, multiple lines of evi-

dence indicate that spindles are associated with an increased

arousal threshold.11e14 Because spindle density increases as

the homeostatic drive for sleep decreases across the night, it

has been hypothesised that the mechanism underlying spin-

dle production is important for consolidating sleep in the

early-morning hours and preventing premature awakening.11

We were motivated to explore the role of spindle-like EEG

patterns during emergence in cognitive recovery after surgery

with general anaesthesia, and hypothesised that patients with

emergence trajectories that contain sdSWA will have lower

odds of developing PACU-D.

Few studies have focused on PACU-D, and fewer still have

used themost accepted delirium screening tool, the Confusion

Assessment Method for the Intensive Care Unit (CAM-

ICU)15,16,17 to screen for PACU-D. In the current study, we used

the CAM-ICU to determine if an association between specific

EEG trajectories and PACU-D exists. In addition, to provide

clinical context, we also report on the associations between

non-EEG factors and PACU-D, and investigate an association of

PACU-D with negative post-surgical outcomes.
Methods

Data collection

The study protocol was approved by local Ethics or Institu-

tional Review Boards (both at Emory University and Waikato

Hospital). A written informed consent was obtained from each

patient. Four sites were involved in data collection: Emory

University Hospital Midtown, Grady Memorial Hospital, and

Atlanta VA Medical Center (all in Atlanta, GA, USA), and Wai-

kato Hospital in Hamilton, New Zealand. Patients were eligible

for enrolment in the study if theywere expected to be admitted

to the PACU after receiving general anaesthesia for non-

emergency non-cardiac surgery. During the study design, we

calculated needing at least 468 EEG recordings to distinguish

between uncommon EEG patterns on emergence. We halted

the enrolment after we were confident that we would have

greater than this number of EEG recordings of sufficient quality

for this analysis. The final number of subjects in the entire

study was 626. Patient characteristics, co-morbidities, and so-

cial history were collected both by patient interview and

medical chart review. In the operating room, trained study

personnel applied the frontal EEG electrodes and monitored

the signal quality throughout the case. The study staff

collected intraoperative data at the bedside, occasionally con-

firming specific values (e.g. administered drug doses) with the

anaesthetic record or anaesthesia staff. This purely
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observational study did not impose any restrictions on the

anaesthetic plan, and the EEG data were collected by the

research staff for research purposes. The anaesthesia staff

were not given specific instructions on clinical decision-

making regarding the EEG information; however, participants

were subject to a standard emergence protocol after cessation

of anaesthetics intended tominimise external stimuli (e.g. loud

noises and oral suction) on the process of emergence. End

emergence was defined as the first appearance of an observer’s

assessment of alertness/sedation [Observer’s Assessment of

Alertness/Sedation Scale (OAA/S)] score of 2 or greater.18 The

OAA/S was performed by the study staff everyminute from the

time the end-tidal anaesthetic gas concentration reached

minimum alveolar concentration-awake (sevoflurane 0.34 vol

%), or in cases of total i.v. anaesthesia 5 min after the propofol

dose was decreased to 25 mg kg�1 min�1 (or less). Further, we

assessed the subject’s accuracy in reporting the name and

location by giving two commands: ‘tell me your name’ and ‘tell

me where you are’, immediately after the end emergence.

Using the CAM-ICU, we assessed for delirium 15 min after

arrival in the PACU and 60 min after the end emergence was

documented. There were approximately 30 min between these

two assessments. All subjects assessedwith the CAM-ICUwere

arousable to voice or non-painful stimulation (defined as end

emergence) before PACU admission. Consequently, time to

emergence was defined as the duration from turning off the

delivery of the anaesthetic until the observation of end emer-

gence. A Richmond agitation and sedation score (RASS) was

measured with each CAM-ICU assessment. Pain management

in the PACU was determined by the anaesthesia staff in

collaboration with the PACU nurses. Typically, this involves

the assessment of pain every 15min, and the administration of

i.v. fentanyl, hydromorphone, or morphine if the patient
Fig 1. Summary of subject enrolment. Subjects were recruited at four si

Median age is shown with 25th and 75th percentiles.
reports feeling uncomfortable (e.g. pain score >4/10). For sub-

jects who had multiple surgeries after enrolment, only their

first case was considered.
Statistical analyses and model construction

All statisticswere conductedusingnative toolboxesandcustom

scripts in MATLAB R2015b (MathWorks, Natick, MA, USA) with

the exception of the final multivariable logistic model, which

was constructed in Stata 14 (StataCorp, College Station, TX,

USA). The final number of subjects was 626 (see Fig. 1), but only

477were used in themultivariable analysis becauseof technical

issues with raw EEG collection, and the fact that we did not

impute anymissing data points. All effect sizes arepresented as

odds ratio (OR) [95% confidence interval (CI)] unless otherwise

noted. The summary data for each variable are presented as

either the median value and inter-quartile range, or as the

number and percentage of individuals with negative and posi-

tive CAM-ICU results, respectively. All percentages are based on

the full data set [n(CAMe)¼501 and n(CAMþ)¼125], irrespective

of missing data. P-values reported from the univariable logistic

regression are based on the Wald statistic. The ORs for devel-

oping PACU-D are reported in square brackets for P-values

<0.05, and represent a one-unit increase of the independent

variable for continuous anddiscrete variables, unlessotherwise

noted by a value in the OR scaling factor column in Table 1 and

Supplementary Table S1.19,20

Weundertookmultivariablemodelbuilding (Supplementary

Fig. S1) to understand if the associations between EEG during

emergenceandPACU-Dwereexplainedbyconfounding factors.

A subset of variableswas considered a priori for inclusion in the

multivariable logistic model as permitted by the method of

purposeful selection.21e23 These variables (age,4,24e26 stroke,27

case length,24,25,28 ASA physical status,4,27 opioids,4,24 renal
tes. The number of excluded subjects is displayed in the red boxes.



Table 1 Relevant results from univariable logistic regression of preoperative patient factors, interventions, and intra-/postoperative
patient characteristics. CAM-ICU, Confusion Assessment Method for the Intensive Care Unit; CI, confidence interval, ddSWA, delta-
dominant slow-wave anaesthesia; MAC, minimum alveolar concentration; nSWA, non-slow-wave anaesthesia; OR, odds ratio;
sdSWA, spindle-dominant slow-wave anaesthesia. *Data are represented as median (25th percentile, 75th percentile) or number
(percentage of non-delirious and delirious patients, respectively). yP-values are based on the Wald statistic from univariate logistic
regression. ORs are shown when P-values are <0.05. ORs for discrete and continuous variables represent a one-unit increase except
where indicated otherwise by the OR scaling factor. zNeurodegenerative disease includes dementia, mild cognitive impairment, and
Parkinson’s. Parkinson’s results are not displayed because n¼1. ¶Variables considered a priori. xAdditional variables included in
multivariable model before pruning

Variable PACU delirium P-valuey OR (95% CI)y OR scaling
factory

Absent (n¼501) Present (n¼125)

Preoperative patient factors
Patient characteristics
Age (yr)¶ 56 (44, 67)* 63 (50, 71) 0.004 1.21 (1.06e1.37) 10
Female 193 (39)* 51 (41) 0.64
Weight (kg) 87.2 (75.6, 103.2) 86.5 (71.2, 100.8) 0.18
BMI 29.2 (25.2, 33.5) 29 (24, 33.7) 0.64
ASA physical status¶ 0.007 1.48 (1.11e1.96)
1 53 (11) 13 (10)
2 221 (44) 37 (30)
3 215 (43) 66 (53)
4 12 (2) 9 (7)

Relevant co-morbid conditions
Respiratory disease 85 (17) 28 (22) 0.16
Asthma 55 (11) 12 (10) 0.66
Chronic obstructive pulmonary disease 35 (7) 17 (14) 0.02 2.10 (1.13e3.88)

Cardiovascular disease 249 (50) 77 (62) 0.02 1.62 (1.09e2.42)
Congestive heart failure 14 (3) 4 (3) 0.81
Hypertension 239 (48) 74 (59) 0.02 1.59 (1.07e2.37)
History of myocardial infarction 24 (5) 12 (10) 0.04 2.11 (1.02e4.35)

Stroke or neurodegenerative diseasez¶ 19 (4) 19 (15) <0.001 4.55 (2.33e8.88)
History of cerebrovascular accident 15 (3) 15 (12) <0.001 4.42 (2.10e9.31)
Dementia 1 (0) 4 (3) 0.01 16.53 (1.83e149.22)
Mild cognitive impairment 3 (1) 3 (2) 0.09

Chronic renal insufficiency¶ 35 (7) 20 (16) 0.002 2.54 (1.41e4.57)
Alcohol use 152 (30) 28 (22) 0.08
Alcohol or other substance disuse,
current or previous

58 (12) 22 (18) 0.07

Previous heavy alcohol use 24 (5) 12 (10) 0.04 2.11 (1.02e4.35)
Heavy alcohol use (>14 drinks per week) 18 (4) 6 (5) 0.53

Interventions
Procedure characteristics
Surgical disciplinex

Orthopaedics, not spine 110 (22) 16 (13) 0.02 0.52 (0.30e0.92)
Spine surgery 7 (1) 7 (6) 0.009 4.19 (1.44e12.17)
Ear/nose/throat 8 (2) 4 (3) 0.25
General 162 (32) 42 (34) 0.79
Gynaecology 57 (11) 17 (14) 0.49
Plastic 17 (3) 4 (3) 0.91
Thoracic 6 (1) 2 (2) 0.72
Urology 62 (12) 13 (10) 0.54
Vascular 57 (11) 15 (12) 0.85
Other 15 (3) 5 (4) 0.57

Relevant pre- and intraoperative medications
Pre-/intraoperative opioids (fentanyl equivalents)
Absolute dose (mg)¶ 250 (150, 350) 300 (200, 475) 0.005 2.48 (1.32e4.65) 750
Relative dose (mg kg�1) 2.8 (1.8, 4.3) 3.8 (2.2, 5.7) 0.001 2.50 (1.43e4.36) 8

Maintenance anaesthetics
Isoflurane 5 (1) 3 (2) 0.22
Sevoflurane 414 (83) 95 (76) 0.1
Desflurane 81 (16) 21 (17) 0.82
Propofol bolus(es) 47 (9) 11 (9) 0.87
Propofol infusion, not TIVAx 17 (3) 13 (10) 0.002 3.34 (1.58e7.09)
TIVA 8 (2) 4 (3) 0.24

Adjunct anaesthetic(s)x 14 (3) 12 (10) 0.001 3.74 (1.68e8.30)
Ketamine 5 (1) 5 (4) 0.03 4.18 (1.19e14.67)
Nitrous oxide 9 (2) 7 (6) 0.02 3.28 (1.20e8.99)

Continued
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Table 1 Continued

Variable PACU delirium P-valuey OR (95% CI)y OR scaling
factory

Absent (n¼501) Present (n¼125)

Neuromuscular block
Succinylcholine 85 (17) 38 (30) 0.001 2.10 (1.34e3.29)

Anaesthesia duration (min)¶ 104 (60, 159) 149 (93, 209) <0.001 2.74 (1.81e4.15) 180
Intraoperative patient characteristics
Intraoperative EEG
Burst suppression
Any 187 (37) 55 (44) 0.02 1.72 (1.09e2.71)
Any during peri-induction 155 (31) 46 (37) 0.15
Any during maintenance¶ 80 (16) 30 (24) 0.01 1.86 (1.13e3.05)

Emergence trajectory¶

1: ddSWA to sdSWA to nSWA to wake 63 (13) 4 (3) 0.01 0.25 (0.09e0.76)
2: ddSWA to sdSWA to wake,
with <120 s nSWA

49 (10) 6 (5) 0.14

3: ddSWAþnSWA to wake 112 (22) 28 (22) Reference
4: ddSWA to wake 74 (15) 19 (15) 0.94
5: nSWA to wake 46 (9) 23 (18) 0.04 2.00 (1.04e3.83)
6: sdSWA to wake 34 (7) 5 (4) 0.31
7: Other 30 (6) 8 (6) 0.89

Emergence latency
From MAC-awake to emerged (min) 3 (1, 6) 4 (2, 9) 0.002 1.28 (1.09e1.51) 5

Postoperative patient characteristics (CAM-ICU, pain)
Accuracy to name and location <0.001 0.32 (0.25e0.40)
0: Inaccurate, or not verbalised 76 (15) 68 (54)
1: One accurate response 56 (11) 24 (19)
2: Accurately verbalised 354 (71) 31 (25)

Any pain score >4 287 (57) 68 (54) 0.91
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insufficiency,26 and EEG features29,30) were chosen based on the

literatureandaredesignatedwithasuperscript ‘¶’ inTable1and

Supplementary Table S1. As very little has been published on

PACU-D, we used a univariable analysis to help identify po-

tential contributions of other perioperative indicators, for

example, surgery type and anaesthetic technique. This led to

the inclusion of specific surgical cases (i.e. orthopaedic surgery

and spine surgery) and use of specific anaesthetic agents (i.e.

adjunctive use of ketamine or nitrous oxide) as separate vari-

ables in themodel. Thesearedesignatedwitha superscript ‘x’ in
Table 1 and Supplementary Table S1. Several factors went into

choosingwhich parameters from the univariable analysis were

ultimately included in the multivariable model.For example,

variables with demonstrated significance by univariable anal-

ysis would only be considered if they were not already

accounted for by an a priori variable (chosen from the literature)

and not assumed (through clinical judgement) to be better

accounted for by another variable. Lastly, we attempted to keep

the number of variables low to avoid overfitting.31

Supplementary Table S1 contains the results from the univari-

ate logistic regression for all tested variables.

After an initial variable selection was completed, to provide

insight into the weighted influence, potential interactions, and

possible confounding factors, we proceeded to construct the

multivariablemodel as follows.Weused apopulation-averaged

generalised estimating equation (pa-GEE) multivariable model

because it allowed us to make inferences about the study pop-

ulation as awhole (rather than site by site),whilst still adjusting

the estimated variances for lack of independence between

subjects clustered at the same hospital. As prescribed by pur-

poseful selection, insignificant variables were pruned from the

model one by one, andmodel estimates were recalculated with

each removal until all remaining variables were statistically
significant. Despite our interest in developing a smaller model,

we were still vigilant about confounding. Variables that

adjusted the coefficient of another variable by 20% ormore, but

were not statistically significant themselves in the context of

the multivariable model, were noted and are reported in Re-

sults. Only one term in the final model was a continuous vari-

able (anaesthesia duration). Because of the limited tools

available to compare between pa-GEE models, we used a stan-

dard maximum-likelihood-estimate version of the model to

assess the linearity of this variable. We confirmed the linearity

for thisvariable bothgraphically, by locallyweightedscatterplot

smoothing curves, and parametrically using fractional poly-

nomials (as described22). We report the OR, for this variable

(interaction term between stroke or neurodegenerative disease

and anaesthesia duration), for three different estimated case

lengths: the 25th percentile shortest case length, the median

(50th percentile) case length, and the 75th percentile case

length. Next, we used P-values from the pa-GEE model Wald

statistic to test the significance of interaction terms. When

interaction termswere significant, we reported ORs for discrete

levels of the interacting variables. Finally, we conducted a

HosmereLemeshow (HL) test for goodness of fit of the multi-

variable model (Supplementary Fig. S2).

The univariable analyses of the outcomes after PACU

evaluation for delirium (i.e. length of stay, 30 days readmission

rate, and ICU admissions) included Wilcoxon rank sum for

lengths of stay and Fisher’s exact test for the binary variables;

effect sizes are shown when P-values from these tests were

<0.05. The effect sizes for discrete variables were measured as

right-tail ratios (RTRs) using version 1.4 of Hentschke’s and

Stüttgen’s Measures of Effect Size Toolbox for MATLAB.32

Each variable was captured in more than 99% of patients

with the exceptions listed in Supplementary Table S2. The
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most common reason for missing EEG data was the file was of

insufficient quality for quantitative analysis. The EEG-derived

variables were the only variables included in ourmultivariable

analysis with >1% of their values missing; therefore, we did

not impute missing data.

Quantitative EEG analysis

EEGwas recordedwith a sample rate of 250 Hz in Atlanta using

a SedLine monitor (Masimo, Irvine, CA, USA), and with 128 Hz

in Waikato using a BIS XP monitor (CovidieneMedtronic,

Dublin, Ireland). Raw EEG was converted to micro-volts during

preprocessing. The highest possible cut-off frequency was 43

Hz. The SedLine EEG was down sampled to 125 Hz after low-

pass filtering to 47 Hz using MATLAB. All parameters were

calculated over 10 s EEG episodes, and we shifted the analysis

window by 1 s. We used the eegfilt function from the EEGLAB

toolbox33 and a simple artifact algorithm to detect and exclude

possible artifacts from analysis based on EEG absolute ampli-

tude thresholds, maximum amplitude difference between two

sampling points, and zero-line detection. We calculated the

power spectral density (PSD) using the pwelch function with

default settings (Hamming window, 50% overlap, seven or

eight windows). Based on this PSDmatrix, we were able to plot

the spectrograms over the entire recording duration and

derive the parameters for specified frequency ranges. The EEG

spectrograms were used to categorise heuristically the emer-

gence into one of seven distinct sequences (Fig. 2;

Supplementary Table S3). These categories were modified

from previously published work9 and statistically analysed for

an association with PACU-D. Briefly, peak power in the alpha

(7e17 Hz) and delta (0.5e4 Hz) ranges were compared. If the

oscillatory component of the alpha powerwas greater than the

delta power, the EEG section was considered ‘spindle’
Fig 2. Different emergence trajectories. Emergence from

anaesthesia can take different trajectories. The trajectory used

as reference (1, dark green) was the most favourable (lowest

odds of PACU delirium). It started with a delta-dominant slow-

wave anaesthesia (ddSWA) EEG pattern, followed by an episode

of spindle-dominant slow-wave anaesthesia (sdSWA) EEG and

non-slow-wave anaesthesia (nSWA) EEG, before returning to the

awake state. Trajectories 2 and 6 that also contained episodes of

sdSWA EEG had an odds ratio around 2 (light green) of being at

risk for PACU delirium. The trajectories with higher risk (i.e. an

odds ratio of around 4 or 8 are depicted in red colours). Trajec-

tory 7 is not presented in this plot, because this category pools

all ‘other’ trajectories that could not be clearly assigned to

Trajectories 1e6.
dominant (sdSWA), and if the delta power is larger, delta

dominant (ddSWA). If neither value was above a 7 dB

threshold, that section was classified as nSWA, an ‘REM-like’

state.9 Hypnograms, depicting these state changes over time,

were assessed to ascertain the emergence trajectory. The

spectrograms with corresponding hypnograms (Fig. 3) were

visually assessed by two observers blinded to patient out-

comes. Patients needed to remain in a particular state (e.g.

sdSWA or nSWA) for a minimum of 60 s to be included in the

appropriate trajectory category. Each EEG recording was

inspected by two blinded independent observers for the

occurrence of burst suppression. An EEG episodewas defined as

burst suppression if at least one bursting period could be

detected between two suppression-like EEG episodes.

Postoperative outcomes

Major postoperative outcomes at 30 days after surgery were

determined by chart review and statistically analysed using

native toolboxes and custom scripts in MATLAB R2015b

(MathWorks, Natick, MA, USA).
Results

Each hospital represents a unique perioperative environment,

in which to capture heterogeneity in the data set (Fig. 1).

Twenty enrolled patients were missing data on the primary

outcome, and their information was excluded from the anal-

ysis. Because of the high proportion of veterans in the study,

the number of men (61%) exceeded the number of women

(39%). The overall incidence of PACU-Dwas 20% (125 out of 626

total subjects). All subjects were arousable (i.e. eye opening) to

voice (RASS �e3) in the PACU.

Univariable analysis

In the univariable analysis of 626 subjects, numerous preoper-

ative factors, medical interventions, and intra-/postoperative

patient characteristics were associated with increased odds of

having PACU-D (Table 1 and Supplementary Table S1).

Patient characteristics and co-morbidities

Notable patient characteristic factors with ORs >1 were age

[1.21 (1.06e1.37), for every 10 yr increase in age] and ASA

physical status [1.48 (1.11e1.96), for every integer increase].

Non-neurological preoperative co-morbidities associated with

increased odds of PACU-D included chronic obstructive pul-

monary disease (COPD) [2.10 (1.13e3.88)], cardiovascular dis-

ease [1.62 (1.09e2.42)], and chronic renal insufficiency [2.54

(1.41e4.57)]. From the social history, only previous heavy

alcohol use increased the odds of PACU-D [2.11 (1.02e4.35)].

Whilst previous stroke and history of neurodegenerative dis-

ease were associated with increased odds [4.42 (2.10e9.31)],

mild cognitive impairment was not (P¼0.09).

Surgery and anaesthesia

A 3 h increase in duration of anaesthesia caused a marked

increase in PACU-D, OR of 2.74 (1.81e4.15). When the time to

emerge from anaesthesia was measured, a 5 min prolonga-

tion of emergence led to a >25% increase in odds of PACU-D

[1.28 (1.09e1.51)]. When compared with other surgeries,

spine cases had increased odds of delirium [4.19 (1.44e12.17)].

Notably, the univariable analysis revealed decreased odds of



Fig 3. Spectrograms and assigned stages for two exemplary patients. Spectrograms of two representative patients are in the top two

panels. Start of emergence begins at 600 s in both examples, and return of responsiveness to verbal stimulation is at the end of the traces.

The bottom two panels are hypnograms showing the corresponding progression of the EEG through various stages during emergence

(nSWA, non-slow-wave anaesthesia; sdSWA, spindle-dominant slow-wave anaesthesia; ddSWA, delta-dominant slow-wave anaesthesia),

as described.9 The patient on the left (29 yr of age) transitions from a delta-dominant state to a period of spindle dominance before

entering a non-slow-wave state before waking (i.e. Trajectory 1). In contrast, the patient depicted on the right (75 yr of age) remains in a

delta-dominant state right until return of responsiveness (i.e. Trajectory 4).
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delirium [0.52 (0.30e0.92)] in patients having orthopaedic

surgery not involving the spine. Pain score (>4) in the recov-

ery room was not associated with PACU-D (P¼0.91). Other

terms associated with decreased odds of PACU-D were

orientation to the name and location at end emergence [0.32

(0.25e0.40)] and EEG trajectory. Two EEG metrics were of

particular note. Any incidence of burst suppression on the

intraoperative EEG during maintenance anaesthesia (be-

tween surgery start and surgery end) was associated with a

75% increase in odds [1.75 (1.10e2.78)], but burst suppression

occurring near induction (initiation of anaesthesia) was not.

Further examination of EEG emergence trajectories reveals a

relationship between the transitions between anaesthesia

states during emergence and PACU-D (see Chander and col-

leagues9 and Hight and colleagues,10 and Supplementary

material). Subjects who did not transition through periods of

spindle dominance (sdSWA, with pronounced alpha oscilla-

tions) had an increased risk of PACU-D (Table 2). But, the

overlap between burst suppression and EEG trajectory was

minimal, as depicted in Fig 4, and no significant interaction

was determined (P¼0.591).
Multivariable analysis

Details on constructing the model from 477 subjects are in the

Methods and summarised in Supplementary Figure S2.
Patient characteristics and co-morbidities

With the exception of previous stroke and neurodegenerative

disease, common patient characteristic factors and co-

morbidities (i.e. age, ASA physical status, and renal disease)

were insignificant contributors to PACU-D and non-

confounding in multivariable analysis (see Supplementary

Table S1 for all inaugural co-variates). Although use of
propofol infusion and opioid dose were not independently

associated with PACU-D in multivariable analysis, these vari-

ables confound the association of PACU-D with spine surgery.

It is not possible to separate these variables from the associ-

ation of PACU-D with spine surgery. The significant predictors

of PACU-D remaining after model construction were stroke or

neurodegenerative disease, type of orthopaedic surgery (spine

and non-spine), anaesthesia duration, burst suppression,

anaesthetic adjuncts, and EEG trajectory (see Supplementary

material).

Only 477 (n¼90 CAM-ICU positive) subjects had EEG records

of sufficient quality for inclusion in the multivariable model.

Figure 5 shows the adjusted ORs for PACU-D from the final

statistical model, including interaction between variables.

Burst suppression during the anaesthetic maintenance phase

remained a significant factor associated with PACU-D [1.66

(1.20e2.29)]. No statistically significant interactions were

noted for burst suppression with any other variables in the

model (Wald statistic P>0.05). Subjects undergoing spine sur-

gery were more likely to develop PACU-D [2.35 (1.84e3.00)].

EEG trajectories remained strongly associated with PACU-D.

Subjects lacking spindle-dominant trajectories during emer-

gence had over six times the odds [6.51 (3.00e14.12)] of expe-

riencing PACU-D if their anaesthetic regimens involved

specific adjunct anaesthetics (ketamine or nitrous oxide). In

the absence of these medications, the odds of PACU-D

remained elevated in subjects lacking sdSWA [1.81

(1.23e2.67)]. Anaesthesia duration and history of stroke or

neurodegenerative disease were associated with PACU-D. For

every 1 h increase in anaesthetic duration, subjects without a

history of stroke or neurodegenerative disease had an

increased odds of PACU-D [1.28 (1.19e1.37)], whereas those

with a history of stroke or neurodegenerative disease had a

three-fold increase in the odds [3.02 (2.55e3.57)]. Interestingly,

subjects with a history of stroke or neurodegenerative disease



Table 2 Univariable logistic regression of EEG emergence trajectories. CI, confidence interval; ddSWA, delta-dominant slow-wave
anaesthesia; nSWA, non-slow-wave anaesthesia; OR, odds ratio; sdSWA, spindle-dominant slow-wave anaesthesia. *Data are pre-
sented as number (percentage of non-delirious or delirious patients).

Emergence trajectory PACU delirium P-value OR (95% CI) Alternative
P-value

Alternative
OR (95% CI)

Absent Present

1: ddSWA to sdSWA to nSWA to wake 63 (13)* 4 (3) 0.01 0.25 (0.09e0.76) Reference d

2: ddSWA to sdSWA to wake, with <120 s nSWA 49 (10) 6 (5) 0.14 0.49 (0.19e1.26) 0.33 1.93 (0.52e7.21)
3: ddSWAþnSWA to wake 112 (22) 28 (22) Reference d 0.01 3.94 (1.32e11.74)
4: ddSWA to wake 74 (15) 19 (15) 0.94 1.03 (0.53e1.97) 0.02 4.04 (1.31e12.51)
5: nSWA to wake 46 (9) 23 (18) 0.04 2.00 (1.04e3.83) <0.001 7.88 (2.55e24.32)
6: sdSWA to wake 34 (7) 5 (4) 0.31 0.59 (0.21e1.64) 0.23 2.32 (0.58e9.20)
7: Other 30 (6) 8 (6) 0.89 1.07 (0.44e2.58) 0.03 4.20 (1.17e15.05)
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having short procedures (<25th percentile for case length) did

not have an increased OR of PACU-D [0.84 (0.58e1.21)]. Patients

with a diagnosis of stroke or neurodegenerative disease that

had the longest procedures (>75th percentile for case length)

had >3.5 times the odds of developing PACU-D [3.61

(2.13e6.13)].

The 30 day follow-up revealed an association of PACU-D

with adverse outcomes. PACU-D was associated with longer

length of hospital stay [RTR (95% CI): 2.07 (1.38e3.16)]; (Table 3).

Subjects who were delirious in the PACU also had twice the

odds of being readmitted to the hospital within 30 days than

subjects who had a negative screen by CAM-ICU in the PACU

[2.17 (1.13e4.17)].

Whilst any model would first need to be validated with an

independent data set before use as a predictive tool, the
Fig 4. Bar plots of the EEG trajectory (1e7) compared with (A) presence a

burst suppression, and (C) PACU-D and burst suppression relationship.

PACU-D (red) to no PACU-D (blue) ratio, and those with trajectories 3

indicates the number of patients with burst suppression during mai

suppression. (C) This plot is a combination of data presented in (A) and

(blue) and with PACU-D (red). Individual patients who exhibited burst

significant interaction between maintenance burst suppression and em
performance of ourmodel did not show significant differences

between observed and predicted frequencies of PACU-D

(goodness-of-fit test, HL statistic¼7.44; degrees of free-

dom¼8; P¼0.491; Supplementary Fig. S2).

We also used our model to estimate the incidence of

developing delirium given specific clinical scenarios in our

data set (Supplementary Fig. S3).
Discussion

This prospective multi-institutional investigation detected

an association of EEG features with delirium in the immedi-

ate post-surgical period. To provide clinical context, we also

link PACU-D to increased hospital stay and readmission, and

relate the importance of intraoperative neurophysiology data
nd absence of PACU delirium (PACU-D), (B) presence and absence of

(A) Patients with emergence trajectories 1, 2, and 6 have the lowest

, 4, and 5 have the highest PACU-D to no PACU-D ratio. (B) Black

ntenance; white indicates the number of patients without burst

(B). Blue and red indicate the number of patients without PACU-D

suppression during maintenance are indicated with black bars. No

ergence trajectory (P¼0.591) was observed.



Fig 5. Adjusted odds ratios from multivariable logistic regression. Odds ratios and [95% confidence intervals (CIs)] calculated from the

model described in Methods and Supplementary information of the relevant EEG and non-EEG parameters. *Odds ratios adjusted for

interaction with another co-variate. Legend quantities are odds ratios. See text for an explanation of confounding regarding spine surgery.
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in the context of other perioperative risk factors to the

development of PACU-D.

In relation to PACU-D outcomes, our EEG emergence tra-

jectory data suggest a natural division between trajectories

with and without spindle dominance. It is tempting to postu-

late that patients who progress through a spindle-dominant
Table 3 Outcomes after evaluation for delirium in the PACU. *Data
number (percentage of non-delirious and delirious, respectively). y

threshold¼overall meanþ0.5*standard deviation. ¶Fisher’s exact. xOd

PACU delirium

Absent (n¼501)

Postoperative length of stay (day) 1 (0, 2)*

Total length of stay (day) 1 (0, 2)
30 day hospital readmission (yes/no) 30 (6)
30 day ICU admission (yes/no) 3 (1)
state experience ‘wake-ups’ that are more impervious to

external stimuli and proceed more like natural sleep-to-wake

transitions than those who do not pass through a spindle-

dominant state.34 It should be noted that the spindle oscilla-

tions observed during anaesthesia are longer in duration and

occur over a broader frequency range than the (11e15 Hz)
are presented as median (25th percentile, 75th percentile) or
Wilcoxon rank sum. zRight-tail ratio (95% confidence interval),
ds ratio (95% confidence interval).

P-value Effect size

Present (n¼125)

2 (1, 6) <0.001y 2.07 (1.38e3.16)z

2 (1, 7) 0.001y 1.82 (1.12e2.63)z

15 (12) 0.03¶ 2.17 (1.13e4.17)x

2 (2) 0.26¶
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0.5e3 s spindles observed in sleep. Still, use of power density

as a proxy for spindle activity is well supported in the sleep

literature for human studies12,13 and in rodents that lack ca-

nonical sleep spindles.35e37 To what extent our trajectories

mechanistically overlap with the archetypal N3 to N2/N1 to

REM to wake transition remains to be determined. However,

the association of non-spindle-dominant emergence trajec-

tories with poor PACU-D outcomes encourages further inter-

ventional investigations.

There is an interaction between anaesthetic regimens that

involve nitrous oxide or ketamine and the EEG trajectories

most associated with PACU-D. This means that patients

without a favourable (spindle dominant) emergence trajectory

have even greater odds of PACU-Dwhen ketamine or nitrous is

used. Our current study is limited in power to delve into these

questions in greater detail. Whilst maintenance with nitrous

oxide is associated with deep delta waves38 and maintenance

with ketamine is typically associated with increased activity in

the high EEG frequencies,39 it is unclear how these EEG fea-

tures relate to our EEG trajectories.

Age is a known risk factor for delirium of any type.

Although age was pruned from our multivariable model, it

would be inaccurate to conclude that age does not influence

PACU-D. Age decreases the alpha frequency in a linear

fashion,40 and spectral power and spectral coherence in the

alpha range linearly decrease with age in patients undergoing

general anaesthesia.41 Although older patients may be at

greater risk of not developing alpha spindles (see Fig. 3), we

suspect that our inclusion of neurophysiological parameters

resulted in the pruning of age as a variable. A formal com-

parison of models would need to be completed to better

characterise this supposition.

We suggest that the ‘cognitive age’ of the patient may be

captured in the EEG (see Lindeboom and Weinstein42 for a

review of cognitive age). Assuming that alpha spindles are

representative of adequate anaesthesia, we interpret our

findings in the following context. We know that EEG alpha

power decreases with age.43,41 Further, in a patient population

>60 yr old, intraoperative alpha power negatively correlated

with cognitive performance before operation.44 Our study

supports a possible link between alpha power and the

‘cognitive state’ of the brain. A published case report describes

a patient who repeatedly developed PACU-D and did not have

any alpha spindle containing trajectory during emergence,

and had alpha-spindle characteristics that resembled a much

older patient.45 Another patient with prolonged POD also did

not have any alpha-spindle activity.46 Hence, the lack of alpha

spindles may reflect a ‘cognitively older’ brain, more suscep-

tible to adverse outcomes.

Our work should not be considered as proof that EEG fea-

tures or other perioperative risk factors are causative for

PACU-D. Extensions of the EEG montage (i.e. parietal and oc-

cipital electrodes) may reveal important attributes not

captured by our study. It will be necessary to test ourmodel on

independently derived data sets to determine its ability to

predict accurately PACU-D in other populations. Like other

work on the prevalence of delirium using CAM-ICU as a clin-

ical screening tool, sophisticated cognitive testing is not per-

formed before operation. This limitation prevents us from

attributing PACU-D directly to intraoperative events. Further,

our study is not large enough to determine specific factors that

could increase the odds of hyperactive vs hypoactive delirium.

A recent publication highlights that subdivisions of hypoactive

delirium may exist.47 Other studies will be necessary to
determine the best prediction model for the development of

PACU-D. One of the strongest predictors (in univariable anal-

ysis) of a PACU stay without delirium was the subject’s accu-

rate response to the checks of orientation (person and place)

given immediately after extubation. The clinical significance

of this will need to be corroboratedwith other studies. Another

limitation of our study is the use of a screening tool for

delirium originally designed for use in ICU patients receiving

sedation; other tools could be developed that better capture

the clinical features essential for anaesthesiologists. A stan-

dard screening tool for PACU-D does not exist, and a com-

parison of available tools has not yet been performed. Further,

the definition of the trajectories was not fully automated,

leaving some room for future refinements. But, the coarse

classification based on very distinct EEG features should have

minimised possible bias.

Previous work on delirium after surgery with general

anaesthesia has shown an association of hypoactivity in the

recovery room with POD.25 However, several risk factors

previously associated with post-anaesthesia cognitive

impairment (e.g. age, premedication, and ASA physical sta-

tus) were pruned from our multivariable model because of

lack of significance. We suspect that this is because our

study is unique in its inclusion of neurophysiological data in

the construction of the model. This suggests that EEG in-

dicators are potential predictors of cognitive impairment in

the immediate post-surgical period. This is supported by

existing evidence showing specific EEG changes with

advanced age and administered drugs.41,48,49 However, it

remains possible that the causes of PACU-D and POD are

different and could be further examined. Additionally, our

results cannot inform anaesthesiologists about agitation

during emergence, as all subjects in our study were evalu-

ated after achieving return of consciousness. Nomenclature

that incorporates POD with more persistent cognitive prob-

lems coincident with surgery and general anaesthesia has

been proposed.50

Although our study is not large enough to draw definitive

conclusions regarding pharmacological choices for particular

surgeries that might influence PACU-D, some interesting

insight can be developed. The univariable analysis revealed

that propofol infusion was associated with increased odds of

developing PACU-D. Interestingly, TIVA alone did not exhibit

the same association. Both TIVA and infusions of propofol are

common in spine surgery cases. A larger study focused on

PACU-D in association with spine surgery should be under-

taken to determine if a protective strategy exists. Additionally,

the univariable analysis revealed non-spine orthopaedic sur-

gery as potentially protective against PACU-D [0.52 (0.30e0.92);

P¼0.02]; however, the adjusted OR calculated using the

multivariable model did not reach statistical significance

[e0.82 (e1.70, 0.06); P¼0.07]. Given that POD has been exten-

sively studied after hip fracture,51 it is fair to say our ortho-

paedic (non-spine) procedures were not dominated by these

surgeries.

A key finding from the current study was that patients with

PACU-D had significant correlations with long-term negative

outcomes, such as 30 day readmissions and length of hospital

stay. Although other studies have demonstrated an associa-

tion between PACU-D and longer hospital stays, those studies

did not have EEG data nor use the CAM-ICU to screen for

delirium.2,24,25 We found two new, potentially modifiable

perioperative indicators of ensuing PACU-D: (i) EEG burst

suppression during maintenance and (ii) EEG emergence
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trajectory. The former has been previously implicated as a

predictor of POD,30 whilst the latter is novel and may show

promise as a monitored EEG parameter.

First approaches in evaluating our model as a predictive

model in an independent data set might follow an approach

like Supplementary Figure S3. In the current prospective

observational study, we chose PACU-D as our primary

outcome measure because of its temporal proximity to

emergence and its implication as an early marker of POD.1,52

POD (occurring on or after the first postoperative day) has

revealed associations with adverse outcomes, such as

increased functional decline up to 1 month after surgery,53

cognitive decline up to 6 months after surgery,54 length of

ICU26,55 and hospital stay,26,55e57 hospital costs,26,55,57,58 post-

discharge institutionalisation,26,56 30 day hospital read-

mission,56 and mortality.26,59 Our intention was to evaluate

whether perioperative EEG features are associated with the

development of PACU-D. It remains to be seen if PACU-D has

any association with POD.

Here, we established an association of EEG features with

PACU-D, and demonstrated that PACU-D might be predicted

intraoperatively. Our data suggest that PACU-D (like regular

delirium) can and should be recognised by anaesthesiologists,

as it may herald an increase in worse outcomes. Recent in-

terest in anaesthesia reversal agents represents a potentially

promising clinical research strategy.37,60
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