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Abstract 

Background: Postoperative delirium is the most common complication following surgery amongst older adults, and has been 
consistently associated with increased mortality and morbidity, cognitive decline, loss of independence and increased health-
care costs. We sought to identify preoperative predictors that could identify individuals at high risk for postoperative delirium, 
which could guide clinical decision-making and enable targeted interventions to potentially decrease delirium incidence and
postoperative delirium-related complications.
Methods: Preoperative resting-state electroencephalograms (EEGs) and the Montreal Cognitive Assessment were collected 
from a prospective observational cohort of 85 older adults (12 cases of delirium) undergoing elective surgery. Four machine 
learning models were tested and the model with the highest f1-score was subsequently validated in an independent, prospective
cohort of 51 older adults (6 cases of delirium) undergoing elective surgery.
Results: Occipital alpha powers have higher f1-score (0.57 ± 0.07) than frontal alpha powers (0.47 ± 0.07), EEG spectral 
slowing (0.48 ± 0.08), or modelling of EEG power spectral density into periodic and aperiodic components (0.44 ± 0.09) in 
the training cohort. Occipital alpha powers plus cognitive scores were able to predict postoperative delirium with area under 
the receiver operating characteristic curve (AUC) (0.94, 95% CI: [0.86–0.99]), sensitivity (0.83, 95% CI: [0.50–1.00]) and
specificity (0.91, 95% CI: [0.82–0.98]) in the validation cohort, and outperformed models incorporating occipital alpha
powers alone or cognitive scores alone.
Conclusions: Whilst the sample size is small and findings require confirmation in larger studies, our results suggest that 
the thalamocortical cir cuit exhibits different EEG patterns under stressors, with occipital alpha powers potentially reflecting
baseline vulnerabilities.

Keywords: postoperative delirium; machine learning; resting-state EEG; Montréal Cognitive Assessment; alpha power s

Key P oints
• Predict postoperative delirium using pre-operative EEG alpha power and MoCA scores. 
• Prediction performance improves over cognitive assessment alone. 
• ROC-AUC, specificity, accuracy >90% and sensitivity >80%, in a validation cohort.
• Abnormalities in baseline EEG are a risk factor for postoperative delirium.

Introduction 
Delirium is a complex neuropsychiatric syndrome that is 
characterised by an acute, fluctuating disturbance in atten-
tion, level of consciousness and cognition [1]. Postoperative 
delirium is a common complication in older adults after 
surgery, occurring in 19%–32% of patients [2], and is asso-
ciated with longer ICU and hospital stay, increased post-
discharge institutionalisation, persistent cognitive decline
and increased short- and long-term mortality [3–7]. Post-
operative delirium has an estimated annual healthcar e cost
of over $30 billion in the USA alone [8]. 

Early and accurate identification of individuals at high 
risk could enable interventions to reduce the incidence, 
severity and duration of postoperative delirium. Such 
interventions might include a careful evaluation of the risk– 
benefit ratio for surgery; enabling brain health optimisation
prior to surgery e.g. via elimination of medications that
increase delirium risk or through pre-operative transcranial
direct current stimulation [9]; modification of intraop-
erative anaesthesia [10]; postoperative treatment with 
acetaminophen [11]; and through targeted implementa-
tion of more intensive behavioural protocols before and after 
the surgery (e.g. the ABCDEF Bundle [12] and HELP [13, 
14]). Many studies have shown that preoperative cognitive 

impairment is a strong predictor of postoperative delirium
[15, 16]. Other risk factors include age, history of alcohol 
abuse, history of smoking, medical comorbidity and pre-
existing impairment in activities of daily living [17, 18]. 
However, whilst these risk factors increase delirium risk at 
the group level, there are limited clinically useful tools to 
predict delirium at the individual level. Furthermore, despite
studies linking abnormalities in cerebral oscillatory activity
with delirium [19], the specific mechanisms by which risk 
factors for delirium are related to the underlying brain
dysfunction and subsequent delirium symptoms are still not
fully understood.

Whilst the aetiology of postoperative delirium is com-
monly accepted to be multifactorial [17], one ongoing the-
ory is that baseline vulnerabilities or cognitive functions may 
play a larger role than anaesthetic or sedative depth in post-
operative delirium [20]. In line with this theory, in a neuro-
physiological model of delirium [21], delirium is the result of 
impaired cognitive functions in individuals with pre-existing 
impairments in brain connectivity and plasticity exposed to a 
stressor, such as surgery. As such, EEG, a neuroimaging tech-
nology capable of measuring cortical connectivity, plasticity 
and impairment in cognitive functioning, is commonly used
to study delirium [22]. EEG slowing, a shift in EEG spectral 
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power from high frequency to low-frequency, has been 
reported in subjects with delirium [23–26]. EEG recorded 
during the intraoperative period also showed that lower 
frontal alpha powers are associated with baseline cognitive
impairment [19, 27] and up to a 4-fold incr ease in delirium
risk [28, 29]. Another EEG biomarker is based on modelling 
EEG power spectral density (PSD) as a combination of 
periodic and aperiodic components (FOOOF), with studies 
showing lower aperiodic offset correlated with postoperative
delirium during anaesthesia [30] and emergence fr om
anaesthesia [31]. So far, however, these findings have not 
been reported for the relationship between preoperative EEG 
and postoperative delirium. However, there are preliminary 
associations between preoperative resting-state EEG (rsEEG)
power ratios and postoperative delirium [32–34]. 

Based on the conceptual model of delirium [21]  and  
the studies described above, we hypothesised that machine 
learning applied to preoperative resting-state EEG features 
and baseline measures of cognitive function can both predict 
individual postoperative delirium risk and identify subclin-
ical neurophysiological changes that may play a crucial role 
in the neuropathology of postoperative delirium. A range of 
models were developed based on both exploratory approach 
and a priori hypotheses approach based on both intraoper-
ative period and during episode of delirium. We evaluated 
a range of models in one prospective cohort of older adults
undergoing elective surgery, and the best-performing model
was subsequently validated in a second independent prospec-
tive cohort of older adults undergoing surgery at another
institution. We also assessed whether models combining
EEG and cognitive function performed better than those
using either EEG or cognitive testing alone.

Materials and method

Participants 
The dataset from Successful Ageing after Elective Surgery 
renewal (SAGES II, NIH-NIA P01AG031720) study [35], a 
prospective observational cohort study of older adults sched-
uled for major elective non-cardiac surgery, was used for 
the model selection process. After rejecting ineligible partic-
ipants, the analysis sample consists of 85 participants, 12 of
whom developed postoperative delirium. Demographic and
clinical information for the analytic sample is presented in
Supplementary Table S1 (see Supplementary Table S3 for the 
excluded cohort). Written informed consent for study partic-
ipation was obtained from all participants according to pro-
cedures approved by the institutional review boards of Beth 
Israel Deaconess Medical Center, Brigham and Women’s 
Hospital and the Brigham and Women’s Faulkner Hospi-
tal—the study hospitals, and Hebrew SeniorLife—the study
coordinating center, all located in Boston, Massachusetts.

The dataset used for model validation is from Investigat-
ing Neuroinflammation Underlying P ostoperative Cognitive
Dysfunction (INTUIT) [36, 37], also a prospective 
observational cohort study registered on clinicaltrials.gov 

(NCT03273335). After rejecting ineligible participants, 
the analysis sample consists of 51 participants, 6 of whom 
developed postoperative delirium. Demographic and clinical 
information for this 51 patient cohort from the INTU-
IT/PRIME study is presented in Supplementary Table S2
(and Supplementary Table S4 for the excluded cohort). 
Written informed consent was obtained from all partici-
pants. The study was approved by Duke University Health
System Institutional Review Board.

Clinical assessments 
For the SAGES Study, delirium was assessed daily with 
the Confusion Assessment Method (CAM) long-form post-
surgery, usually late morning. CAM is a standardised and 
internationally accepted tool that enables non-psychiatrically 
trained clinicians to identify and recognise delirium quickly
and accurately in both clinical and research settings (sensitiv-
ity 94%–100%, specificity 90%–95%, interrater reliability
84%–100%) [38]. Baseline cognitive function was assessed 
with The Montréal Cognitive Assessment (MoCA, range
0–30, 0 = most impaired) [39]. MoCA were conducted 
either through video call over Zoom [40] or face-to-face 
in the patient’s place of residence prior to surgery. Because 
the MoCA was administered after other neuropsychological 
assessments, the memory subdomain test of MoCA was
corrected for possible interference effect from the previous
memory tests.

For the INTUIT/PRIME Study, a short form of CAM, 
called the 3D-CAM, was used to identify delirium. It was 
assessed twice daily, one in the morning between 7 and 
9 am, and another betw een 4 and 6 pm, by research staffs
(see Supplementary Materials). The 3D-CAM has excellent
overall agreement with the long-form CAM [41]. The Mini-
Mental Status Examination (MMSE) was used in the INTU-
IT/PRIME study for assessment of baseline cognitive func-
tion (range 0–30, 0-most impaired). The MMSE was con-
verted to MoCA scor es based on an established cross-walk
(sensitivity analysis showed stable scoring for MMSE ≥10)
[42]. Since one MMSE score can be mapped to multiple 
MoCA scores, the median of multiple MoCA scores was used 
for our study following recommended conversion procedures
(see Supplementary Table S5 for the conv ersion table).

EEG data collection & pr ocessing and analysis

EEG data collection and processing details are in the
Supplementary Materials, including Supplementary 
Figure S1. 

Features and transf ormation

EEG spectral power ratio (SPR) [23, 24], defined as 
(alpha+beta power)/(delta+theta power), frontal alpha 
relative powers [28, 29] and frontal FOOOF-modelling
[30, 31], were hypothesised a priori to predict postoperative 
delirium. SPRs from all 59 channels in both eye conditions,
plus MoCA, make up the SPR Feature Set. Relative alpha
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powers from Fp1, Fp2, F7 and F8 channels in both eye 
conditions, plus MoCA, make up the Frontal Alpha Powers 
Set. Relative alpha powers, offset and exponents from 
Fp1, Fp2, F7 and F8 channels in eyes-closed condition,
plus MoCA, make up the FOOOF Set. In addition, for
the preliminary data exploration on the SAGES cohort
(Figure 1A), we systematically examined relative EEG 
spectral powers of several different frequency bands as well 
as ratios of fr equency band powers from different regions
of interest (ROIs) (Supplementary Table S6). Through 
this process, relative alpha powers (8–12 Hz) from the 
occipital region were identified as promising candidates for 
further analysis and model development. The feature set 
with the transformed occipital alpha powers and MoCA, 
with a total of 7 features, will be referred to throughout this 
paper as the Principal Feature Set, where the transformation
is commonly used to separate two groups with similar
means but different variances, and improve the predictive
performance. More information, including transformation,
is in the Supplementary Materials.

ML models and cross-validation

The SAGES cohort was used for the model selection step
(Figure 1B). During the model selection step, the SAGES 
Data Set was cr oss-validated using 10 repetitions of 5-fold
stratified CV (Figure 1D). The 95% confidence intervals 
were estimated using the student’s t-distribution using the 
sample mean and standard deviation of 50 folds. The models 
were assessed with 8 metrics: accuracy, sensitivity, specificity, 
f1-score, area under the curve of the receiver operating char-
acteristic curve (ROC-AUC), precision-recall curve (PR-
AUC) and positive predictive value (PPV, also known as pre-
cision) and negative predictive value (NPV). To prioritise the
minority class (delirium), f1-score was chosen as the deciding
factor, defined as

(
F1 = 2TP 

2TP+FP+FN

)
,  (TP = true posi-

tive, FP = false positive, FN = false negative, positive case is 
defined as having delirium). The INTUIT/PRIME cohort
was used for the model validation (Figure 1C). For the model 
validation step, the best performing model from the model 
selection step was chosen based on f1-score, retrained on the 
entire SAGES Data Set, and model parameters were then 
fixed and tested on the entire INTUIT/PRIME Data Set. 
Bootstrapping was used to compute the 95% confidence
intervals, where the test set (INTUIT/PRIME Data Set) was
re-sampled 2000 times, with each re-sampling set stratified
to the class proportions of the original sample.

Feature impor tance

To quantify the contribution of each feature to the model’s 
performance, feature importances are computed using per-
mutation importance. It works by randomly shuffling the 
values of a single feature and observing the resulting change 
in the model’s performance. To handle correlated features,
only 3 uncorrelated features are tested (MoCA and alpha
powers from POz channel in EO and EC conditions).

Result 
Scatterplots of the untransformed (left panel) and trans-
formed (right panel) resting state relative alpha powers from
the O2 channel are shown in Figure 2. In the untransformed 
samples, the control group (blue) has similar means but 
much larger variances than the delirium group (purple) 
in both data sets and eye conditions, with no significant 
differences between groups. The variances of both SAGES 
and INTUIT/PRIME samples are remarkably similar 
within the same eye conditions and groups, suggesting that 
the EEG quality is consistent across both studies. After
transformation, all of the group contrasts are significant
(two-sample two-tailed Welch’s t-test, α < 0.05). Findings
are similar for the resting state alpha powers in the other
channels in the occipital region (Supplementary Figures S2
and S3). Whilst the alpha peaks for the O2 channel in 
both SAGES and INTUIT/PRIME Data Sets are consistent 
across both data sets within the same eye conditions
and groups, the distributions of the powers within the
delta, theta and beta frequency ranges are not consistent
(Figure 3). Similar findings arise in O1 and POz channels
(Supplementary Figures S4 and S5, respectiv ely).

The cross-validation results of SAGES Data Set of the 
SPR Feature Set, Frontal Alpha Powers Set, FOOOF Set and 
the Principal Feature Set are shown in Supplementary Fig-
ure S6 and Supplementary Table S7. Out of the 36 
models tested, linear discriminant analysis with Ledoit-
Wolf estimator (LDA LW) model based on the Principal 
Feature Set has the highest f1-score (mean ± 95% confidence 
interval: 0.57 ± 0.07, sensitivity: 0.54 ± 0.08, specificity: 
0.94 ± 0.02, ROC-AUC: 0.80 ± 0.04). With the Principal
Feature Set selected, when retraining and then testing the
LDA LW model on the entire INTUIT/PRIME Data Set
(Figure 4A and Supplementary Table S7), the f1-score is 
0.67 (95% CI [0.43, 0.92]), sensitivity and specificity are 
0.83 (95% CI [0.50, 1.00]) and 0.91 (95% CI [0.82, 0.98]), 
respectively. The ROC and precision-recall curves are shown
in Figure 4B and C. Their AUCs are 0.94, 95% CI [0.87, 
0.99] and 0.70, 95% CI [0.46, 0.95], respectively. The 95% 
confidence intervals of all of its metrics are above chance
levels (dark horizontal bars of Figure 4A). The feature impor-
tance result (Supplementary Figure S7) showed that MoCA 
has the highest contribution to the predictive performance, 
followed by alpha powers of POz channel in EO condition 
and EC condition. Importantly, none of the features have 
negative impact on the performance. Since LDA L W is a lin-
ear classifier trained on only 7 features, the risk of overfitting
remains low. When compared to MoCA-Alone (Table 1), 
the Principal Feature Set outperformed MoCA alone in all 
metrics except for sensitivity (tied at 0.83). MoCA-Alone 
yielded sensitivity, specificity and ROC-AUC of 0.83 (95% 
CI [0.50, 1.00]), 0.80 (95% CI [0.67, 0.91]), 0.91 (95% CI 
[0.81, 0.98]) respectively. The biggest improvements fr om
MoCA-Alone to the Principal Feature Set lie in PPV (0.20
increase) and specificity (0.11 increase). When compared
to Alpha-Powers-Alone (Table 1), Alpha-Powers-Alone has
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Figure 1. Schematic diagram of machine learning framework. (A) Data exploration. (A1) different band powers of different regions 
of interested (ROIs) were extracted from SAGES EEG Data Set. (A2) the results are visualised using scatter plots as well as EEG 
topographic plots. (A3) occipital alpha powers (and sub-alpha powers) from both eyes-open and eyes-closed condition was selected. 
Baseline cognition (MoCA) was selected a priori. (B) Model Selection. The feature sets consisting of EEG alpha (and sub-alpha) 
powers determined from data exploration (A), along with MoCA selected a priori, were tested using nine different classifiers using 
cross-validation (arrows). The details of the cross-validation is shown in (D). (C) After the classifier with the highest f1-score is 
determined in model selection step, the classifier was re-trained on the entire SAGES Data S et, then the parameters of the classifier
were held fixed and independently validated on INTUIT/PRIME Data Set. The results are plotted in Figure 4 and tabulated in 
Table 1. (D) Details of the cross-validation used in model selection step. The CV performance are plotted in Supplementary Figure S6 
and Supplementary Table S7. 

very skewed performance between sensitivity (0.17, 95% 
CI [0, 0.50]) and specificity (1.00, 95% CI [1.00, 
1.00]). Alpha-Powers-Alone’s ROC-AUC is 0.77, 95%
CI [0.57, 0.94].

Discussion 
Using preoperative rsEEG and baseline cognitive functions 
collected from two independent cohorts of older adults 
undergoing elective surgeries, we trained and tested machine 

learning models to assess their performance in predicting 
post-operative delirium. In the model selection step, the 
Principal Feature Set, consisting of resting state EEG 
occipital relative alpha powers and baseline MoCA scores 
outperformed the SPR Feature Set and the Frontal Alpha 
Powers Set in the cross-validation of the SAGES Data
Set. Using the Principal Feature Set, LDA LW, the model
with the highest f1-score was selected and retrained on the
entire SAGES Data Set and with the model parameters
fixed, tested on an independently collected cohort, the
INTUIT/PRIME Data Set. In the INTUIT/PRIME Data
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Figure 2. Scatter plots of individual EEG alpha powers in O2 channel. Scatter plot showing distributions of alpha powers in 
participants with post-operative delirium (dots on the right side) and without delirium (dots on the left side). Squares represent 
the mean of their respective groups. Left panel shows the untransformed alpha powers as seen in PSD plots (Figure 3) and right 
panel shows transformed alpha powers. Values enclosed in parentheses in the x axis represent the P-values of two-sample two-tailed 
Welch’s t-test. This channel is representative of all channels in the occipital region and their scatter plots can be found in the
Supplementary Figures S2 and S3. 

Figure 3. Power spectral densities of O2 channel. Power spectral densities of O2 channel from both SAGES and INTUIT/PRIME 
Data Sets in both eyes-open (EO) and eyes-closed (EC) conditions for [1, 26] Hz frequency range. Shaded regions represent standard 
error of the means. Blue represents control group and orange represents delirium gr oup. PSDs for O1 and POz are shown in
Supplementary Figures S4 and S5, respectively . 

Set, LDA LW yielded ≥0.9 in accuracy, specificity and 
ROC-AUC and ≥ 0.8 in sensitivity. Importantly, it sub-
stantially outperformed MoCA-Alone, with the biggest 
improvements in PPV (0.20 increase) and specificity (0.11 
increase). Whilst our limited sample sizes suggested caution, 
our results nevertheless support the theory that baseline
vulnerability may play a major role in postoperative delirium
and that occipital relative alpha powers are associated with
baseline vulnerability [20, 21, 32]. 

The predictive performance seen above can be attributed 
to the difference in the variances of the resting state occipital 
relative alpha powers. One possible interpretation of the 
differences in the variances is that individuals within the 
control group exhibit greater fluctuation in the EEG powers

over time relative to the delirium group and the greater
fluctuation could be an indirect indication of cortical
connectivity and plasticity [43]. Thus, greater fluctuation 
over time from one healthy individual could be translated to 
greater fluctuation across multiple healthy individuals from 
a fixed time point, relative to individuals with postoperative 
delirium. Whilst the variances of relative alpha power 
over time within one resting state recording session didn’t 
show strong predictive performance for delirium (results 
not shown), we hypothesised that the variance over much
longer range of time might better measure the integrity of
cortical circuits. Indeed, one recent study found that patients
without POD had fluctuations in the PSD during emergence
from anaesthesia, whereas patients with POD exhibit nearly
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Figure 4. Model validation: performances using the Principal Feature Set (Alpha Powers + MoCA). (A) The performance of 
the model (LDA LW) selected from the model selection step. 95% confidence intervals are shown as thin vertical bars. Chance 
levels for each metric are shown as dark horizontal lines (details of chance levels in Supplementary Materials). Blue: accuracy, 
orange: sensitivity, green: specificity, red: f1 score, purple: AUC of ROC curve, brown: AUC of precision-recall curve, pink: positive 
predictive value (PPV, also known as precision), grey: negative predictive value (NPV). Values are tabulated in Table 1.  ROC  (B)  
and PR (C) curves are shown for the selected LDA LW model. The AUCs reported as mean and 95% CI are 0.94 [0.86, 0.99] for 
the ROC curve and 0.70 [0.44, 0.95] for the PR curve.

Table 1. Performances of (A) principal feature set (alpha-powers + MoCA), (B) MoCA-alone and (C) alpha-powers-alone on 
INTUIT/PRIME data set. Ranges enclosed in brackets r epresent 95% confidence intervals.

A) Principal Feature Set (Alpha-Powers + MoCA) 
Accuracy Sensitivity Specificity F1 ROC AUC PR AUC PPV NPV 

LDA LW 0.90 
[0.80, 0.98] 

0.83 
[0.50, 1.00] 

0.91 
[0.82, 0.98] 

0.67 
[0.43, 0.91] 

0.94 
[0.86, 0.99] 

0.70 
[0.44, 0.95] 

0.56 
[0.33, 0.86] 

0.98 
[0.93, 1.00] 

B) MoCA Alone 
Accuracy Sensitivity Specificity F1 ROC AUC PR AUC PPV NPV 

LDA LW 0.80 
[0.69, 0.90] 

0.83 
[0.50, 1.00] 

0.80 
[0.67, 0.91] 

0.50 
[0.31, 0.71] 

0.91 
[0.81, 0.98] 

0.54 
[0.30, 0.88] 

0.36 
[0.21, 0.56] 

0.97 
[0.92, 1.00] 

C) Alpha-Powers Alone 
Accuracy Sensitivity Specificity F1 ROC AUC PR AUC PPV NPV 

LDA LW 0.90 
[0.88, 0.94] 

0.17 
[0.00, 50] 

1.00 
[1.00, 1.00] 

0.29 
[0.00, 0.67] 

0.77 
[0.57, 0.94] 

0.53 
[0.21, 0.87] 

1.00 
[0.00, 1.00] 

0.90 
[0.88, 0.94] 

constant PSD over the same period [ 31]. This could be tested 
with a longitudinal study with repeated measur ements from
the same individuals.

One recurring and consistent finding of EEG during 
episodes of delirium is the EEG slowing (decrease in SPR)
[29, 44]. One consistent finding in the intraoperative setting 
is the association between lower frontal alpha powers [29] 
or lower aperiodic offset parameter [30] and postoperative 
delirium. However, we find that in the preoperative setting, 
EEG slowing, frontal alpha powers and FOOOF modelling 
all do not have the same predictive performance as occipital 
alpha powers. The link between occipital alpha powers and
delirium is not new; most studies evaluating alpha activity

during delirium have reported lower occipital alpha powers
in patients with delirium compared to controls [26, 44, 
45], although a few studies repor ted the opposite pattern
[26, 34]. Furthermore, both Ostertag et al. [31] and Tanabe 
et al. [34] showed that the healthy control group showed 
significant changes in frontal alpha powers (decrease over the 
course of emergence from anaesthesia and increase between 
pre- and postoperative periods, respectively) whereas the 
delirium group showed no change in frontal alpha powers.
Furthermore, Tanabe et al. [34] showed that the delirium 
group showed a significant decrease in occipital alpha powers 
between pre- and postoperative periods, whereas the control 
group showed no change in occipital alpha powers in
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the same period. More studies focusing on the temporal 
evolution of EEG band powers are needed to better under-
stand the changes in spectral dynamics over time. Finally, 
another study showed that the significant decrease in intra-
operative alpha powers observed in postoperative/subsyn-
dromal delirium group versus healthy control group is inde-
pendent of anaesthetic dose [29], supporting the idea that 
baseline vulnerabilities or cognitive impairment have greater 
influence on postoperative delirium than anaesthetic or 
sedative depths. Whilst the connection between EEG slow-
ing during delirium, lower frontal alpha powers and lower 
aperiodic offset parameter during surgery, and the restricted 
range of occipital alpha powers observed preoperatively
here is unclear, one possibility is that the thalamocortical
connectivity responsible for the generation of the alpha
rhythm in the occipital regions in the awake state [26, 
34, 44, 45], and in frontal regions during anaesthesia [17], 
is particularly susceptible to different breakdowns during 
different stressors. If true, this implies that thalamocortical 
connectivity is a measure of baseline vulnerability, which, in 
turn, plays a bigger role in postoperativ e delirium than other
factors and would explain the failure of studies targeting
depth-of-anaesthesia to reduce the risk of post-operative
delirium [29, 46]. Additionally, this could support the 
thalamocortical dysrhythmia hypothesis [47]. More research 
is needed to better understand the connection.

One main limitation of this study is the difference in the 
predictive performance in the SAGES and INTUIT/PRIME 
cohorts, especially in the sensitivity metric. One possible 
explanation is that the rsEEG for the INTUIT/PRIME 
cohort was recorded on the same day of the surgery, whereas 
the rsEEG for the SAGES cohort was recorded at least 2– 
3 days in advance of scheduled surgeries. Another possibility 
is that sub-types of anaesthesia and surgery types could affect
the model performance. Another main limitation is the rel-
atively small sizes of the training set (SAGES) and especially
the test set (INTUIT/PRIME). The confidence intervals of
sensitivity and precision are wide (Table 1) but are still above 
chance levels. A larger sample size is needed to confirm 
our findings. The third limitation is that the preprocessing 
of rsEEG involved manual rejection of ICA components, 
which can introduce subjectivity. In this study, we purposely 
focused on a limited feature set (spectral band power) that 
is simple, easy to calculate, well-established and has high
test–retest reliability. However, this omits potentially infor-
mative temporal features such as alpha burst variability, and
more explicit measures of functional connectivity between
brain regions [43]. Indeed, several past studies showed that 
alpha band connectivity may play a role in the aetiology of 
delirium, with most studies showing decreases in functional
connectivity in delirium group [48]. In contrast, Tanabe 
et al. [34] found that there was higher preoperative con-
nectivity (weighted phase lag index) in the delirium group, 
suggesting that different connectivity measures may have 
v arying results. Future studies could explore integration of
these more complex and potentially informative features.

In conclusion, machine learning methods utilising 
preoperative rsEEG and MoCA features can predict 
postoperative delirium with performance and confidence 
intervals above chance-levels across all metrics. These 
findings suggest that pre-operative rsEEG can identify 
subclinical neurophysiological changes that may play a 
crucial role in the neuropathology of postoperative delirium. 
Independent confirmation in a larger sample size and
with prospective application is needed to validate our
proposals, and to potentially improve model performance
by incorporation of measures of functional connectivity.
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