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Perioperative Electroencephalogram Spectral Dynamics 
Related to Postoperative Delirium in Older Patients
Susanne Koch, MD, PhD,*†  Victoria Windmann, MD,*  Sourish Chakravarty, PhD,‡   
Jochen Kruppa, PhD,†§  Fatima Yürek, MD, PhD,*  Emery N. Brown, MD, PhD,‡∥   
Georg Winterer, MD, PhD,* and  Claudia Spies, MD, PhD,*  on behalf of the BioCog Study Group     

BACKGROUND: Intraoperative electroencephalography (EEG) signatures related to the devel-
opment of postoperative delirium (POD) in older patients are frequently studied. However, a 
broad analysis of the EEG dynamics including preoperative, postinduction, intraoperative and 
postoperative scenarios and its correlation to POD development is still lacking. We explored the 
relationship between perioperative EEG spectra-derived parameters and POD development, aim-
ing to ascertain the diagnostic utility of these parameters to detect patients developing POD.
METHODS: Patients aged ≥65 years undergoing elective surgeries that were expected to last 
more than 60 minutes were included in this prospective, observational single center study 
(Biomarker Development for Postoperative Cognitive Impairment [BioCog] study). Frontal EEGs 
were recorded, starting before induction of anesthesia and lasting until recovery of conscious-
ness. EEG data were analyzed based on raw EEG files and downloaded excel data files. We 
performed multitaper spectral analyses of relevant EEG epochs and further used multitaper 
spectral estimate to calculate a corresponding spectral parameter. POD assessments were 
performed twice daily up to the seventh postoperative day. Our primary aim was to analyze the 
relation between the perioperative spectral edge frequency (SEF) and the development of POD.
RESULTS: Of the 237 included patients, 41 (17%) patients developed POD. The preoperative EEG 
in POD patients was associated with lower values in both SEF (POD 13.1 ± 4.6 Hz versus no 
postoperative delirium [NoPOD] 17.4 ± 6.9 Hz; P = .002) and corresponding γ-band power (POD 
−24.33 ± 2.8 dB versus NoPOD −17.9 ± 4.81 dB), as well as reduced postinduction absolute 
α-band power (POD −7.37 ± 4.52 dB versus NoPOD −5 ± 5.03 dB). The ratio of SEF from the 
preoperative to postinduction state (SEF ratio) was ~1 in POD patients, whereas NoPOD patients 
showed a SEF ratio >1, thus indicating a slowing of EEG with loss of unconscious. Preoperative 
SEF, preoperative γ-band power, and SEF ratio were independently associated with POD (P = .025;  
odds ratio [OR] = 0.892, 95% confidence interval [CI], 0.808–0.986; P = .029; OR = 0.568, 95% 
CI, 0.342–0.944; and P = .009; OR = 0.108, 95% CI, 0.021–0.568, respectively).
CONCLUSIONS: Lower preoperative SEF, absence of slowing in EEG while transitioning from 
preoperative state to unconscious state, and lower EEG power in relevant frequency bands in 
both these states are related to POD development. These findings may suggest an underlying 
pathophysiology and might be used as EEG-based marker for early identification of patients at 
risk to develop POD.  (Anesth Analg XXX;XXX:00–00)

KEY POINTS
•	 Question: Are characteristic perioperative electroencephalography (EEG) patterns related to 

the development of postoperative delirium (POD) in older patients?
•	 Findings: Lower preoperative spectral edge frequency (SEF) based on reduced γ-band power 

and absence of change in SEF with loss of consciousness (LOC) and lower intraoperative α-
band power are related to the development of POD.

•	 Meaning: The EEG of POD patients reveal distinct signatures in their preoperative EEG 
spectrum and in the manner in which these spectral characteristic change with LOC, which 
suggests that these EEG signatures may serve as candidate POD markers in future studies, 
and may also provide insights into the pathophysiology underlying POD.
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GLOSSARY
ASA = American Society of Anesthesiologists; AUC = area under the curve; BioCog = Biomarker 
Development for Postoperative Cognitive Impairment; BMI = body mass index; CAM = Confusion 
Assessment Method; CAM-ICU = Confusion Assessment Method for Intensive Care Unit; CI = 
confidence interval; DSM = Diagnostic and Statistical Manual of Mental Disorders; EEG = electro-
encephalography; GABAA = γ-aminobutyric acid receptor type A; IQR = interquartile range; LOC =  
loss of consciousness; MMSE = Mini-Mental State Examination; NoPOD = no postoperative delir-
ium; NPV = negative predictive value; NuDesc = Nursing Delirium Screening Scale; OR = odds ratio; 
POD = postoperative delirium; PPV = positive predictive value; PSI = patients state index; ROC = 
receiver operating curve; SD = standard deviation; SEF = spectral edge frequency

Postoperative delirium (POD) is a frequent com-
plication in older patients, and is often associ-
ated with a poor overall outcome and long-term 

cognitive dysfunction.1–4 Intraoperative total electro-
encephalography (EEG) power decreases significantly 
with age, which is accompanied by an increased risk 
of experiencing burst suppression during general 
anesthesia.5,6 In the multifactorial etiology of POD, 
it has been shown that prolonged burst suppression 
periods are associated with the incidence of POD.7,8 
However, it is still unknown whether specific preop-
erative, preexisting EEG signatures are related to an 
increased risk to develop POD.

Preoperative EEG in awake patients shows an 
age-dependent slowing characterized by a decreased 
spectral edge frequency (SEF).9 SEF values in the 
awake state are known to be higher compared to sleep 
or general anesthesia.

Intraoperative EEG signatures after loss of con-
sciousness are represented by a slowing of the EEG 
spectral activity and an increase in frontal α-band 
power, which is reversed at recovery of conscious-
ness.10 This characteristic intraoperative α-band 
power decreases with age,6 and is reduced in older 
patients with either preexisting reduced cognitive 
abilities11 or at risk to develop POD.12,13

The aim of our study was to identify perioperative 
EEG-based signatures associated with the development 
of POD. We hypothesized that POD patients show slow-
ing in their perioperative EEG spectral activity. We further 
aimed to ascertain the utility of perioperative EEG signa-
tures in detecting patients at risk of developing POD.

METHODS
The Biomarker Development for Postoperative 
Cognitive Impairment (BioCog) study included 747 
patients at the Charité-Universitätsmedizin Berlin 
(Campus Virchow Klinikum and Campus Mitte) 
between October 2014 and April 2017. The BioCog 
study (www.biocog.eu, NCT02265263) is a large 
prospective, observational, multicenter study aimed 
at developing valid biomarkers to predict POD and 
long-term postoperative neurocognitive dysfunc-
tion.14 Within the BioCog study, our EEG substudy 
was performed during a 24-month period (from 

November 2014 to December 2016), including 237 
patients who received a perioperative frontal EEG 
recording. The institutional review board of the 
Charité approved the study, and written informed 
consent of all patients was obtained according to 
the Declaration of Helsinki (Charité EA2/061/06). 
Patients older than 65 years, undergoing planned 
surgery and with an expected surgery duration of 
more than 60 minutes, were included in our study. 
Patients were excluded if they satisfied one of the fol-
lowing exclusion criteria: preexisting cognitive defi-
cits characterized by Mini-Mental State Examination 
(MMSE) below 24, being homeless or unreachable for 
follow-up, participating in another prospective inter-
ventional clinical study during hospital stay, neuro-
psychiatric morbidity, anacusis or hypoacusis, intake 
of centrally acting medication or any other condition 
which could interfere with neurocognitive testing. 
Additional exclusion criteria for the perioperative 
EEG substudy were neurosurgery and cardiac sur-
gery (to avoid unknown influences on the periopera-
tive EEG based on neuronal dysfunction or cerebral 
hypoperfusion) and ear-nose-throat-surgery, oral-
maxillofacial-surgery and eye-surgery (when EEG 
electrodes were located in the field of surgery to avoid 
artefacts based on surgery activity). Premedication 
and anesthesia were conducted according to our 
standard operation procedures.

Assessment of POD
POD screening was performed twice daily by trained 
medical personnel until the seventh postoperative 
day or until discharge from the hospital. POD was 
diagnosed based on the Diagnostic and Statistical 
Manual of Mental Disorders (DSM) 5 criteria, 
Nursing Delirium Screening Scale (NuDesc) ≥2, posi-
tive Confusion Assessment Method (CAM) and/or 
positive Confusion Assessment Method for Intensive 
Care Unit (CAM-ICU) scoring, or a positive chart 
review indicating delirious symptoms (eg, confused, 
agitated, drowsy, delirious, receiving antipsychotic 
medication). Based on a single positive screening, 
patients were characterized as POD patients, whereas 
all other patients were assigned to the no postopera-
tive delirium (NoPOD) group.

www.biocog.eu
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EEG Recording/Analysis
Bifrontal EEG was recorded from the time point 
before induction of anesthesia until extubation of the 
patient following surgery (SEDline Root). Five min-
utes before induction of anesthesia, bilateral, frontal 
EEG electrodes were applied to the patients’ forehead 
and EEGs were recorded using the SEDline brain 
function monitor (Masimo Corporation). The patients 
were asked to close their eyes. Filter settings included 
a notch filter at 50 Hz, with a bandwidth of 0.5 to 92 
Hz. The sampling rate was 250 Hz. EEG electrodes 
were positioned at Fp1, Fp2, F7, and F8 with the earth 
electrode at Fpz and reference electrode 1 cm above 
Fpz. The skin was prepared with alcohol to reduce 
impedance. Electrode impedance was <8 kOhm in 
each channel, and differences between each channel 
were below 5 kOhm.

We extracted the csv-files from SEDline Monitor 
to analyze SEF, patients state index (PSI), and burst 
suppression duration (min). We calculated the SEF as 
the frequency below which 95% of the power in the 
EEG is located (inside the frequency range of 0.5 to  
92 Hz).15,16 The “PSI” is based on an EEG data process-
ing algorithm indicating the clinical state of a patient 
during general anesthesia, ranging from 0 (isoelectric 
line) to 100 (awake), and an optimal anesthesia level 
of 25 to 50.17,18 For the analysis of SEF and PSI, data for 
each patient at 4 time epochs within the EEG record-
ing were selected (

Supplemental Digital Content, Figure S1, http://
links.lww.com/AA/D606):

1. �Preoperative EEG: a continuous, artifact-free 30-sec-
ond EEG epoch 2 minutes after the beginning of the 
EEG recording and 2 minutes before induction of 
anesthesia in the awake patient;

2. �Postinduction EEG: a continuous, artifact free 2 
minutes EEG epoch approximately 15 minutes after 
induction of anesthesia;

3. �Intraoperative EEG: a continuous, artifact free 
2 minutes EEG epoch intraoperatively, about 60 
minutes after start of anesthesia during a stable 
situation;

4. �Postoperative EEG: a continuous, artifact free 
30-second EEG epoch 2 minutes after extubation.

We analyzed a total of 119 preoperative EEG epochs, 
224 postinduction EEG epochs, 237 intraoperative 
EEG epochs, and 123 postoperative EEG epochs after 
removing epochs with artifacts or missing recordings.

To analyze the changes in the EEG spectral char-
acteristics from preoperative state to postinduction 
state, we calculated the ratio of the preoperative over 
the postinduction value for both SEF and PSI. A ratio 
greater than 1 indicates slowing of EEG spectral activ-
ity from the preoperative to postinduction state (the 

physiological situation) and ratio equal to 1 indi-
cates an absence of the aforementioned of slowing 
phenomenon.

Burst suppression activity in the EEG is character-
ized by alternating epochs of near-isoelectric activity 
and α-band activity and is indicative of a very deep 
level of anesthesia. Burst suppression duration was 
calculated for the complete anesthesia procedure 
from intubation until extubation of the patient.

Additionally, we could extract raw EEG data from 
the SEDline monitor in a subgroup of our patients 
(n = 75). Raw EEGs were bandpass filtered at 0.5 to 
45 Hz. Ten-second artifact-free time windows were 
selected manually by visual inspection of the EEG, 
from the epoch before induction of general anesthesia 
(preoperative), an epoch between 15 and 30 minutes 
after anesthesia induction (postinduction), an epoch 
around 60 minutes after anesthesia induction (intraop-
erative) and an epoch 5 minutes after extubation of the 
patient (postoperative). EEG epochs showing burst 
suppression activity were excluded from this analysis. 
Multitaper spectral analyses were performed using 
custom Matlab (The MathWorks, Inc) code based on 
the Chronux toolbox.19–22 For each subject and epoch 
analyzed, a single voltage time-series (averaged across 
4 frontal electrodes: Fp1, Fp2, F7, and F8) was used to 
calculate the overall frontal power spectra. From the 
power spectra, we calculated the power in the fol-
lowing frequency bands: γ-band (30.1–45 Hz), β-band 
(12.1–30 Hz), α-band (8–12 Hz), Ɵ-band (4–7.9 Hz), δ-
band (1.6–3.9 Hz), and sub-δ-band (0–1.5 Hz). Time-
varying spectra (multitaper spectrograms) where 
estimated in the decibel (dB) scale using 2-second slid-
ing time-windows with 1.9-second overlap, time-half-
bandwidth product of 3 and 5 tapers. We compared 
the POD and NoPOD groups based on their spectro-
grams. Finally, we extracted the α-peak frequency, 
defined here as the frequency corresponding to the 
highest power within the range of 8 to 12 Hz.

Statistical Analysis
Patients were divided into 2 groups according to 
the results of the POD screening as POD group ver-
sus NoPOD group. The primary end point of this 
observational study was to analyze the periopera-
tive SEF dynamic related to the development of POD. 
Additionally, we used the spectra and the associ-
ated frequency band-wise power values to compare 
between the POD and NoPOD groups.

Results were expressed as arithmetic mean ± 
standard deviation (SD) for EEG data, median, and 
(25/75) percentiles for nonnormally distributed data, 
or frequencies (%) for qualitative data. Statistical 
analyses were conducted with both nonparametric 
tests (Mann-Whitney U test for 2 independent sam-
ples) and parametric tests (Student t test for data with 
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normal distribution). Receiver operating curve (ROC) 
analysis were conducted to determine sensitivity, 
specificity, and cutoff values based on the Youden’s 
index for preoperative SEF, SEF ratio, and MMSE score 
and clinically defined POD labels.23 Positive predic-
tive value (PPV) and negative predictive value (NPV) 
were calculated based on the proportion of a true-pos-
itive or true-negative result. Statistical analysis was 
performed using SPSS, Version 24, Copyright SPSS, 
Inc and SAS, Version 9.1, Copyright SAS Institute, Inc. 
Values were considered significant if P < .05.

To compare the EEG spectra between 2 groups, 
we computed the 95% confidence interval (CI) on the 
median difference of power in each frequency band 
using a frequency domain bootstrap algorithm.24

We performed a multivariable logistic regression 
to adjust for the impact of possible confounders, age 
(years), MMSE score, and premedication with mid-
azolam (yes/no) on the primary outcome.

The sample size of this single center EEG substudy 
was based on the available cohort of the BioCog study. 
Based on the need to record artifact-free intraopera-
tive EEGs, additional exclusion criteria were applied. 
Ultimately, 237 patients were included.

RESULTS
Study Population
Within the 237 patients group, a total of 41 patients 
(17%) developed POD (POD group), whereas 196 
(83%) patients did not (NoPOD group). POD patients 
were significantly older, had a more severe preop-
erative American Society of Anesthesiologists (ASA) 
physical status, lower MMSE scores, and longer dura-
tion of anesthesia (Table 1).

EEG Spectral Parameters and POD
POD patients had a significantly reduced preopera-
tive SEF compared to NoPOD patients. Postinduction, 
intraoperative, and postoperative SEF parameters 
showed no differences between POD and NoPOD 
patients (Table 2).

The SEF ratio (preoperative/postinduction SEF) 
was above 1 for NoPOD patients, indicating a physi-
ological decrease in frequency of EEG activity from 
the preoperative awake to postinduction unconscious 
state. In contrast, the SEF ratio was ~1 for POD patients 
(POD 0.98 ± 0.36, 95% CI, 0.793–1.162 versus NoPOD 
1.3 ± 0.49, 95% CI, 1.203–1.404; P = .003; Table 2).

ROC curve analysis indicating the development 
of POD showed a cutoff value for preoperative SEF 
of 17.75 Hz with a sensitivity of 0.944, a specificity of 
0.426, and area under the curve (AUC) of 0.718; 95% 
CI, 0.596–0.839, P = .004 (Figure 1). When using the 
preoperative SEF cutoff value of 17.75 Hz for indicat-
ing the risk of developing POD, a PPV of 0.23 and a 
NPV of 0.977 were calculated (Supplemental Digital 
Content, Table S2, http://links.lww.com/AA/D606).

The cutoff value for SEF ratio was 0.99, with a sensi-
tivity of 0.647, a specificity of 0.716, and AUC of 0.698, 
95% CI, 0.57–0.827, P = .01 (Figure 1). When using the 
SEF ratio cutoff value of 0.99 for indicating the risk of 
developing POD, a PPV of 0.289 and a NPV of 0.919 
were calculated (Supplemental Digital Content, Table 
S3, http://links.lww.com/AA/D606).

The cutoff value for MMSE was 27.5 to predict 
POD risk with a sensitivity of 0.366, a specificity of 
0.831, and an AUC of 0.595.

Duration of burst suppression periods (min) did 
not differ significantly between POD and NoPOD 

Table 1.  Baseline Characteristics of Patients
 All patients (n = 237) NoPOD group (n = 196) POD group (n = 41) P value
Agea (y) 72.8 ± 5.3 72.3 ± 5.3 74.8 ± 5.4 .005
Sex male/female (%) 126/111 (53%/47%) 107/89 (55%/45%) 19/22 (46%/54%) .391
BMI 27.3 ± 5.1 27.3 ± 5.0 27.6 ± 5.6 .871
ASA physical status I/II/III/IV (%)a 5/144/84/3 

(2%/61%/36%/1%)
4/131/59/2 
(2%/67%/30%/1%)

1/14/25/1 
(2.4%/34.1%/61%/2.4%)

.001

MMSE preoperativea 28.6 ± 1.4 28.7 ± 1.3 28.1 ± 1.8 .008
Midazolam premedication: yes/no (%) 38/199 (16%/84%) 33/163 (17%/83%) 5/36 (12%/88%) .64
Anesthesia induction agent: 
propofol/thiopental (%)

229/8 (96%/4%) 190/6 (97%/3%) 39/2 (95%/5%) .861

Anesthesia maintenance agent: 
sevoflurane/propofol/desflurane/isoflurane (%)

113/69/52/3 
(48%/29%/22%/1%)

97/56/41/2 
(49%/29%/21%/1%)

16/13/11/1 
(39%/32%/27%/2%)

.602

Propofol, mg/kg/h 5.8 ± 1.4 (n = 69) 5.6 ± 1.4 (n = 56) 6.4 ± 1.3 (n = 13) .117
Sevoflurane et vol % 1.6 ± 0.3 (n = 113) 1.6 ± 0.3 (n = 97) 1.6 ± 0.2 (n = 16) .794
Desflurane et vol % 4.8 ± 0.9 (n = 52) 4.7 ± 0.9 (n = 41) 4.8 ± 0.86 (n = 11) .91
Anesthesia duration (min)a 217 ± 149 192 ± 139 330 ± 180 <.001
Ketamine perfusor: yes/no (%) 8/229 (3.4/96.6) 5/191 (2.6/97.4) 3/38 (7.3/92.7) .464

Continuous data were calculated by Mann-Whitney U test, and if applicable by students t test (MMSE, anesthesia duration), categorical data were analyzed by 
Fisher exact test.
Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; MMSE, Mini-Mental State Examination; NoPOD, no postoperative delirium; 
POD, postoperative delirium.
a<.01.
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patients (POD 32 minutes [95% CI, 7–200] versus 
NoPOD 17 minutes [95% CI, 16–39], P = .227).

PSI parameter showed no differences between 
POD and NoPOD patients (Table 2).

Raw EEG subgroup analysis showed significantly 
lower preoperative absolute γ-band power in POD 
patients (POD −24.33 ± 2.8 dB versus NoPOD −17.9 
± 4.81 dB) (Supplemental Digital Content, Table S4, 

http://links.lww.com/AA/D606, Figure  2), as well 
as a reduced absolute α-band power at the postin-
duction state (POD −7.37 ± 4.52 dB versus NoPOD 
−5 ± 5.03 dB; Supplemental Digital Content, Table S4,  
http://links.lww.com/AA/D606, Figure  3), and 
reduced γ-band power at postoperative epoch (POD 
−17.76 ± 3.15 dB versus NoPOD −15.15 ± 3.32 dB; 
Supplemental Digital Content, Table S4, http://links.

Table 2.  Perioperative EEG Parameter
 All patients (n = 237) NoPOD (n = 196) POD (n = 41) P value
Preoperative SEF (Hz)a 16.8 ± 6.8 (n = 119) 17.4 ± 6.9 (n = 101) 13.1 ± 4.6 (n = 18) .002
Postinduction SEF (Hz) 12.7 ± 4.3 (n = 224) 12.7 ± 3.9 (n = 186) 12.4 ± 5.5 (n = 38) .739
Intraoperative SEF (Hz) 12.8 ± 3.6 (n = 237) 12.8 ± 3.2 (n = 196) 12.4 ± 5.2 (n = 41) .564
Postoperative SEF (Hz) 23.5 ± 10.1 (n = 123) 23.5 ± 10.2 (n = 106) 23.1 ± 9.6 (n = 17) .868
Preoperative PSI 91.7 ± 4.4 (n = 119) 91.9 ± 4.2 (n = 101) 90.8 ± 5.4 (n = 18) .407
Postinduction PSI 34.1 ± 8.6 (n = 224) 33.9 ± 8.8 (n = 186) 35.4 ± 7.9 (n = 38) .306
Intraoperative PSI 33.6 ± 9.4 (n = 237) 33.4 ± 9.0 (n = 196) 34.3 ± 11.3 (n = 41) .655
Postoperative PSI 85.4 ± 6.5 (n = 123) 85.1 ± 6.7 (n = 106) 87.1 ± 5.3 (n = 17) .184
SEF ratioa  

(preoperative SEF/intraoperative SEF)
1.26 ± 0.49 (n = 112) 1.3 ± 0.49 (n = 95) 0.98 ± 0.36 (n = 17) .003

Ratio PSI  
(preoperative PSI/intraoperative PSI)

3 ± 1.04 (n = 112) 3 ± 0.96 (95) 2.99 ± 1.51 (17) .973

Burst suppression duration (min) 19 (20/47) (n = 224) 17 (16/39) (n = 186) 32 (7/200) (n = 38) .227

Perioperative EEG parameter comparing results between NoPOD and POD patients. Data are presented as mean and SD (mean ± SD) or median and 95% CI 
(median [95% lower limit–upper limit]). Data were calculated by Student t test and Mann-Whitney U test for Burst Suppression duration.
Abbreviations: CI, confidence interval; EEG, electroencephalography; NoPOD, no postoperative delirium; POD, postoperative delirium; SD, standard deviation; SEF, 
spectral edge frequency; PSI, patient state index.
a<.01.

Figure 1. ROC curve for POD/NoPOD calculated for preoperative SEF (blue line) and ratio SEF (red line). Preoperative SEF ≤17.75 has a sen-
sitivity of 0.944, a specificity of 0.426, and an AUC of 0.718, 95% CI, 0.596–0.839, P = .004. Ratio SEF ≤0.99 has a sensitivity of 0.647, a 
specificity of 0.72, and an AUC of 0.698, 95% CI, 0.57–0.827, P = .01. AUC indicates area under the curve; CI, confidence interval; NoPOD, 
no postoperative delirium; POD, postoperative delirium; ROC, receiver operating curve; SEF, spectral edge frequency.
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lww.com/AA/D606, Figure 4). We did not find signifi-
cant differences at the intraoperative state between POD 
and NoPOD groups (Supplemental Digital Content, 
Table S4, Figure S2, http://links.lww.com/AA/D606).  
The α-peak frequency between POD and NoPOD 
patients did not differ across the preoperative, postin-
duction, intraoperative, and postoperative states (pre-
operative: POD 10.01 ± 1.1 Hz versus NoPOD 9.0 ± 0.99 
Hz; postinduction: POD 8.96 ± 1.21 Hz versus NoPOD 
9.52 ± 0.98 Hz; intraoperative: POD 8.84 ± 1.2 Hz ver-
sus NoPOD 9.91 ± 1.72 Hz; postoperative: POD 9.83 ± 
1.41 Hz versus NoPOD 10.21 ± 1.22 Hz).

Overall, we did not find a correlation between EEG 
parameters and the medication given at the 4 different 
time points (Supplemental Digital Content, Table S5, 
http://links.lww.com/AA/D606).

By using our multivariable logistic regression 
model that included the confounders MMSE score, 
age, and premedication with midazolam, we found 
an independent association with POD for preopera-
tive SEF (Hz) (P = .025; odds ratio [OR] = 0.892, 95% 
CI, 0.808–0.986), preoperative γ-band power (dB)  
(P = .029; OR = 0.568, 95% CI, 0.342–0.944), and SEF 
ratio (P = .009; OR = 0.108, 95% CI, 0.021–0.568).

DISCUSSION
Preoperative SEF and γ-band power were signifi-
cantly reduced in POD patients. A calculated cutoff 
value for preoperative SEF at 17.75 Hz was associated 
with a higher risk of developing POD. Our analyses 
also revealed that the signature pattern, of slowing 
down of EEG spectral activity as a patient transi-
tioned from preoperative state to unconscious state, is 
present in the NoPOD patients but absent in the POD 
patients. Preoperative SEF and SEF ratio are indepen-
dently associated with POD, indicating the ability to 
identify patients with a higher risk to develop POD 
during an early stage of anesthesia.

Baseline EEG rhythms decline with aging, as older 
patients show reduced EEG spectral activity in the 
EEG during awake situation compared to younger 
patients.9 Moreover, mild cognitive decline in older 
patients is again related to slower EEG frequencies.25 
In particular, the γ-band power is more closely related 
to cognitive abilities and is decreased in patients pre-
senting frontotemporal dementia.26 In our study group, 
POD patients showed lower SEF values and reduced 
γ-band power in the preoperative awake state. POD 
patients were (on average) only 2 years older than 

Figure 2. Preoperative frontal group spectrograms over a single EEG window of 10 s comparing POD (n = 6) (A) with NoPOD group (n = 27) 
(B). Showing a significant reduced γ-band power (30.1–45 Hz) for the POD group. We used a custom-written Matlab code (MathWorks Inc), 
computing the 95% CI of the median difference at each frequency to assess statistical significance for the difference in power within different 
frequency bands. In the spectrograms, time (s) is arranged along the x-axis and frequencies (Hz) are arranged along the y-axis. C, POD group 
compared to the NoPOD group, (D) using a frequency domain-based bootstrapping algorithm resampling the Fourier coefficients showed no 
significant difference between the POD group, compared to the NoPOD group. CI indicates confidence interval; EEG, electroencephalography; 
IQR, interquartile range; NoPOD, no postoperative delirium; POD, postoperative delirium.
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NoPOD patients, indicating that the differences in 
spectral signatures that we observed in our 2 groups 
were not due to age differences. Also, POD patients 
showed reduced preoperative MMSE scores compared 
to the NoPOD patients, whereas a decline in cognitive 
function is a predisposing factor related to an increased 
risk to develop POD.4,27 Therefore, it seems reasonable 
to propose that the preexisting lower cognitive ability 
in our POD patients might be causative for the reduced 
preoperative SEF values and the lower γ-band power.

We conclude that a lower preoperative SEF is a 
function of both age and reduced cognitive abilities in 
patients, both of which are well-documented risk fac-
tors for POD. The calculated cutoff value for preopera-
tive SEF was 17.75 Hz, with lower values indicating 
patients at risk of developing POD with both high sen-
sitivity (0.944) and a high NPV (0.977). This means that 
a preoperative SEF recording can indicate patients who 
are at risk to develop POD. Additionally, the NPV was 
0.977 suggests that patients with preoperative SEF val-
ues above 17.75 Hz are more unlikely to develop POD. 
In contrast, the MMSE score reached only a sensitiv-
ity of 0.366 to early identify patients at risk to develop 

POD. Since we could also show that preoperative SEF 
is an independent predictor for POD, in contrast to the 
MMSE score, preoperative SEF could be a more sensi-
tive preoperative marker to descry patients at risk of 
developing POD compared to cognitive assessments.

Perioperative EEG Dynamics and POD
Loss of consciousness in healthy adults is marked 
by a slowing of EEG frequencies,10 an EEG dynamic 
that is reversed when patients regain consciousness. 
This physiological EEG dynamic over loss of con-
sciousness was seen in our NoPOD group, but were 
missing in POD patients, which may be indicative 
of pathophysiological mechanisms of POD develop-
ment. Interestingly, both NoPOD and POD patients 
showed an increase in EEG frequencies at regain of 
consciousness, as expected. However, POD patients 
present lower β-band power compared to NoPOD 
patients. General anesthetic agents have multiple tar-
gets, and a major mechanism is the activation of the γ-
aminobutyric acid receptor type A (GABAA).28 GABAA 
stimulation, which induces a cortical inhibition, has a 
biphasic effect on EEG oscillations. At light sedation, 

Figure 3. Postinduction frontal group spectrograms over a single EEG window of 10 s comparing POD (n = 14) (A) with NoPOD group (n = 61) (B). 
Showing a significant reduced α-band power (8–12 Hz) for the POD group. We used a custom-written Matlab code (MathWorks Inc), computing 
the 95% CI of the median difference at each frequency to assess statistical significance for the difference in power within different frequency 
bands. In the spectrograms, time (s) is arranged along the x-axis and frequencies (Hz) are arranged along the y-axis, (C) showing a reduction 
within the α-band (8–12 Hz) within the POD group compared to the NoPOD group, (D) using a frequency domain-based bootstrapping algorithm 
resampling the Fourier coefficients showed a significant difference between the POD group, compared to the NoPOD group. CI indicates confi-
dence interval; EEG, electroencephalography; IQR, interquartile range; NoPOD, no postoperative delirium; POD, postoperative delirium.
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increased spectral frequencies with higher level of β-
oscillations are seen,29 whereas during unconscious-
ness, decreased spectral frequencies are presented 
with coherent, frontal slow wave and α-band activity.10 
Mathematical modeling of this physiological, bipha-
sic EEG oscillation phenomena showed that different 
GABAA-ergic networks in the cortex, thalamus, and 
brainstem are involved in this dynamic.30 After loss 
of consciousness, a coupling between thalamus and 
frontal cortex serves to induce an oscillatory activity 
in the slow wave and α-band, causing a high spatial 
coherence in frontal EEG activity.31 On the other hand, 
the β- and γ-band oscillations observed, after a patient 
regains consciousness, is extubated and is maintained 
under light sedation are related to GABAA-ergic inter-
neuron activation.31 Importantly, activation of frontal 
GABAA-ergic interneurons contributes to memory for-
mation and cognitive abilities and are also related to 
elevated γ-band power.32 These GABAA-ergic–induced 
EEG dynamic parallels our findings in the NoPOD 
group, whereas a different dynamic was observed 
in our POD patient group. Baseline γ-band power at 
the preoperative state was reduced in POD patients, 

which is most likely related to cognitive deficits, as 
seen by lower MMSE scores in POD patients compared 
to the NoPOD patients. In contrast, postoperative EEG 
recordings differ between POD and NoPOD patients 
in the β-band activity. This finding may be interpreted 
as persistent slight activation of frontal GABA-ergic 
interneurons by anesthetic agents, which is lower 
in POD patients compared to NoPOD patients. On 
the other hand, based on the reduced intraoperative 
coherent, frontal α-band power in our POD patients, 
it seems that activation of thalamic GABA-ergic neu-
rons to trigger the thalamo-cortical feedback mecha-
nism is hindered in POD patients. Overall GABA-ergic 
neuronal activity is lower in POD patients at baseline, 
intraoperative, and postoperative situation compared 
to NoPOD patients.

Intraoperative EEG Characteristics Related to POD
Under general anesthesia, intraoperative total EEG 
power, α-band power, and spectral frequencies 
decrease with age.5,6 EEG power reduction in older 
patients is accompanied by an increased risk to 
develop burst suppression periods during general 

Figure 4. Postoperative frontal group spectrograms over a single EEG window of 10 s comparing POD (n = 13) (A) with NoPOD group (n = 57) 
(B). Showing a significant reduced β-band power in the lower β-range (13–25 Hz) for the POD group. We used a custom-written Matlab code 
(MathWorks Inc), computing the 95% CI of the median difference at each frequency to assess statistical significance for the difference in 
power within different frequency bands. In the spectrograms, time (s) is arranged along the x-axis and frequencies (Hz) are arranged along 
the y-axis, (C) showing a reduction within the β-band (13–25 Hz) within the POD group compared to the NoPOD group, (D) using a frequency 
domain-based bootstrapping algorithm resampling the Fourier coefficients showed a significant difference between the POD group, compared 
to the NoPOD group. CI indicates confidence interval; EEG, electroencephalography; IQR, xxx; NoPOD, no postoperative delirium; POD, post-
operative delirium.
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anesthesia.6 In turn, increased duration of burst sup-
pression periods during general anesthesia signifi-
cantly correlates with the development of POD.7,8,13,33,34 
These findings are in line with our data, as duration of 
burst suppression activity during general anesthesia 
tended to be prolonged in POD patients. On the other 
hand, we found a reduced α-band power during the 
intraoperative EEG in POD patients, which supports 
the results of Shao et al35 showing a higher propensity 
for burst suppression periods in the presence of lower 
α-band power, as an indicator of a more vulnerable 
brain.35

Limitations
Since our study is a prospective observational study, 
the administration of premedication and the dosage 
of intraoperative anesthetic agents were not con-
trolled by study protocol. Based on our small sample 
size with 41 POD patients, adjustment for potential 
confounders is limited. Due to frequent artifacts in 
EEG recordings, the comparative EEG time points 
analyzed were heterogeneous. We used different 
methods to identify delirious symptoms to ensure 
POD does not go unrecognized during the hospital 
stay. However, different methods inherently imply 
different levels of sensitivity and specificity.

CONCLUSIONS
Preoperative spectral EEG signatures and reduced 
EEG dynamics at loss of consciousness are associated 
with the development of POD in older patients, where 
changes in EEG signatures are most likely related 
to reduced GABA-ergic neuronal activation in POD 
patients. These findings can be described as predis-
posing EEG factors for POD, which might be used as 
a potential EEG-based marker for early identification 
of patients at risk to develop POD. E
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