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� Intraoperative electroencephalogram burst-suppression is associated with post-operative delirium.
� Decreased alpha and beta power was evident in the EEG prior to the occurrence of burst-suppression.
� Decreased EEG alpha and beta power predicted the later incidence and duration of burst-suppression.

a b s t r a c t

Objective: Electroencephalogram burst-suppression during general anesthesia is associated with post-
operative delirium (POD). Whether burst-suppression causes POD or merely reflects susceptibility to
POD is unclear. We hypothesized decreased intraoperative alpha (8–12 Hz) and beta (13–33 Hz) power
prior to the occurrence of burst-suppression in susceptible patients.
Methods: We analyzed intraoperative electroencephalogram data of cardiac surgical patients undergoing
cardiopulmonary bypass (CPB). We detected the incidence and duration of CPB burst-suppression with an
automated burst-suppression detection algorithm. We analyzed EEG data with multitaper spectral esti-
mation methods. We assessed associations between patient characteristics and burst-suppression using
Binomial and Zero-inflated Poisson Regression Models.
Results: We found significantly decreased alpha and beta power (7.8–22.95 Hz) in the CPB burst-
suppression cohort. The odds ratio for the association between point estimates for alpha and beta power
(7.8–22.95 Hz) and the incidence of burst-suppression was 0.88 (95% CI: 0.79–0.98). The incidence rate
ratio for the association between point estimates for power between the alpha and beta range and the
duration of burst-suppression was 0.89 (95% CI: 0.84–0.93).
Conclusion: Decreased intra-operative power within the alpha and beta range was associated with sus-
ceptibility to burst-suppression during CPB.
Significance: This dynamic may be used to develop principled neurophysiological-based approaches to
aid the preemptive identification and targeted care of POD vulnerable patients.

� 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Electroencephalogram (EEG) burst-suppression consists of
quasi-periodic alternations between isoelectricity and brief bursts
of electrical activity such as spikes, sharp waves, or slow waves
(Young, 2000; Akeju and Brown, 2017). It reflects a brain state of
relative cortical quiescence not observed during normal behavioral
states of wake or sleep (Young, 2000; Brown et al., 2010; Akeju and
Brown, 2017). Instead, it is closely associated with cortical patholo-
gies such as diffuse anoxic brain injury, hypothermia and Ohtahara
syndrome (Young, 2000; Brown et al., 2010; Akeju and Brown,
2017). Burst-suppression is also fundamental to the practice of
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medicine. For example, refractory status epilepticus is routinely
managed by titrating anesthetic drugs to burst suppression
(Brown et al., 2010). Intraoperative EEG burst-suppression during
general anesthesia maintained with clinically relevant concentra-
tions of anesthetics that potentiate the c amino butyric acid A
(GABAA) receptor has been associated with post-operative delirium
(POD) (Soehle et al., 2015; Fritz et al., 2016; Fritz et al., 2018).

POD is an acute brain dysfunction associated with increased
morbidity and healthcare costs (Marcantonio, 2017; Palanca
et al., 2017). It is unclear whether intraoperative burst-
suppression causes POD or merely reflects susceptibility to POD.
This distinction is clinically relevant. For instance, if burst-
suppression causes POD, EEG guided low-dose anesthetic protocols
that reduce the incidence of intraoperative burst-suppression may
decrease the burden of POD. Whereas, if burst-suppression merely
reflects an underlying susceptibility to POD, protocols that identify
and pre-emptively provide targeted care to patients with a high
burden of intraoperative burst-suppression may decrease the bur-
den of POD.

A history of POD has been strongly associated with a long-term
cognitive decline (Saczynski et al., 2012; Inouye et al., 2016;
Marcantonio, 2017). Further, patients with cognitive impairment
on cognitive screening tests are more likely to be diagnosed with
POD (Kalisvaart et al., 2006; Robinson et al., 2012; Saczynski
et al., 2012; Inouye et al., 2016; Culley et al., 2017). Therefore,
we aimed to study whether patients that exhibited burst-
suppression during cardiopulmonary bypass (CPB), a period with
stable anesthetic management and physiologic manipulations,
were neurophysiologically distinct from patients that did not exhi-
bit burst-suppression. A neurophysiologic distinction would
strongly suggest that patients that exhibit burst-suppression, at
clinically relevant anesthetic doses, possess a neurobiological pre-
disposition to burst-suppression. We a priori hypothesized
decreased intraoperative alpha and beta oscillation power – EEG
oscillations that reflect cortical pyramidal and interneuron cell
integrity (McCarthy et al., 2008; Ching et al., 2010) – as this neuro-
physiological distinction.
2. Methods

2.1. Ethics statement

The Partners Human Research Committee approved this human
research study.
2.2. Data collection

We reviewed our database of EEG recordings obtained during
general anesthesia and identified all patients that underwent CPB
during cardiac surgery. All EEG data were collected using a four-
channel frontal EEG device (Sedline, Masimo, Irvine, CA). We iden-
tified a total of 138 EEG recordings from this database. We
excluded from analyses: 33 cases without CPB, 8 cases with deep
hypothermic cardiac arrest, and 18 artifact-laden cases. Thus, data
from 79 patients were analyzed. We extracted patient characteris-
tics and surgical details from the Society of Thoracic Surgeon’s
National Database. We reviewed the medical records to ensure that
none of the patients had known neurological abnormalities. Isoflu-
rane was the sole hypnotic agent that was administered for main-
tenance of general anesthesia.

We recorded EEG data using the Sedline Sedtrace electrode
arrays placed on the forehead at Fp1, Fp2, F7, and F8, with the
ground electrode at Fpz, and reference electrode approximately
1 cm above Fpz. Data were recorded with a pre-amplifier band-
width of 0.5–92 Hz, a sampling rate of 250 Hz, with 16-bit, 29 nV
resolution. Electrode impedance was less than 5 kX in each chan-
nel. We selected EEG data segments using information from the
electronic medical record and spectral analysis of the EEG.

For each patient, we carefully selected 2 min EEG segments that
represented the maintenance phase of general anesthesia during
surgery. The data were selected from a period at least 15 min after
the initial induction bolus of an intravenous hypnotic and while
the expired concentration of isoflurane was stable. We visually
inspected the selected segments in both the time and spectral
domains to ensure stability and data quality. These data have not
been previously reported in any previous publication.

2.3. Burst-suppression detection

We used a previously validated algorithm to identify periods of
EEG suppression (Chemali et al., 2013; An et al., 2015). This algo-
rithm detects suppressions by comparing an estimate of the local
signal variance with a threshold. Segments with below-threshold
variance lasting at least 0.5 s were classified as suppressions and
were assigned values of one. Other segments were assigned values
of zero. We used this binary signal to compute the burst-
suppression probability (BSP) using a Bayesian binary filter
algorithm. The BSP represents the instantaneous probability that
the EEG is in the suppressed state and increases from zero to one
as the amount of suppression increases in the EEG.

2.4. Spectral analysis

We computed multitaper spectral estimates using the Chronux
toolbox with the following parameters: window length T = 2 s
without overlap, time-bandwidth product TW = 3, number of
tapers K = 5. We equally weighted the signals from Fp1, Fp2, F7
and F8.

2.5. Statistical analysis

Power analysis: There was no a priori power analysis to guide
our sample size in data collection. The data analyzed were based
on availability and our previous experience in related research
(Akeju et al., 2014, 2015; Purdon et al., 2015; Lee et al., 2017).

EEG: We implemented an empirical bootstrap approach to
assess statistical significance for the difference in spectra at each
frequency (i.e., 99% confidence interval of the median difference
between groups). First, we resampled the spectral estimates for
each non-overlapping window and obtained subject level median
spectral estimate for the resampled data. Next, we obtained the
median spectral estimates across subjects for each group and com-
puted the difference between groups. We repeated this procedure
5000 times and calculated the 99% confidence interval of the med-
ian difference at each frequency. We rejected the null hypothesis
when the confidence interval of the median difference at each fre-
quency exceeded the significance threshold over a contiguous fre-
quency range �2W. We matched patients by age and gender prior
to analyses.

Regression: The 27 events (burst-suppression) in our dataset
limit our ability to make principled inferences to 3 variables of
interest using traditional regression methods. Therefore, we
employed data-driven regression analyses. We constructed a
Binomial Regression Model with adaptive elastic net penalty to
assess associations between the presence (YES/NO) of burst-
suppression and the following ten variables of interest: gender,
age, alpha and beta (7.8–22.9 Hz) power, depression, diabetes,
sleep apnea, CPB perfusion time, CPB temperature nadir, hours in
the ICU duration, and CPB isoflurane concentration. We also con-
structed a Zero-inflated Poisson Regression Model with adaptive
elastic net penalty to assess associations between the duration of
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burst-suppression as a percentage CPB total time and the variables
of interest listed above. For each patient, the median of the
summed multitaper spectral estimates between 7.8 and 22.9 Hz
for each spectral windowmultiplied byD frequency was computed
as point estimates that were analyzed in our regression models.
Regression models were constructed using JMP�, Pro 13 (SAS Insti-
tute Inc., Cary, NC).
3. Results

3.1. Electroencephalogram dynamics of patients that exhibited burst-
suppression were distinct from patients that did not exhibit burst-
suppression

Table 1 summarizes characteristics and co-administered medi-
cations of the cardiac surgical cohort. General anesthetic dosing
between the groups during the EEG epochs analyzed (pre-CPB)
was not significantly different (burst-suppression cohort, mean
isoflurane expired concentration, 0.9 [SD, 0.2]; no suppression
cohort (age and gender matched), mean isoflurane expired concen-
tration, 0.8 [SD, 0.3]; P = 0.5135, Wilcoxon). We observed
decreased alpha and beta oscillation power in the spectrogram of
patients that subsequently exhibited burst-suppression (n = 27;
mean age, 67.9 [SD, 9.3]) compared to age and gender matched
patients that did not exhibit burst-suppression during CPB
(Fig. 1A and B; n = 27; mean age, 69.1 [SD, 9.1]). To quantify these
differences, we compared the spectra between both groups and
found significant differences in power (Fig. 1C; no burst-
suppression > burst-suppression, 7.8–22.95 Hz).
Table 1
Patient characteristics.

Burst su

Female, n (%) 9 (33.3)

Age ± SD 67.9 ± 9.
Weight (kg), mean ± SD 76.4 ± 17
Height (cm), mean ± SD 170.1 ± 1

Comorbidities
Diabetes, n (%) 9 (33.3)
Sleep apnea, n (%) 4 (14.8)
Depression, n (%) 6 (22.2)

Cross lamp time (min), mean ± SD 85.3 ± 28
CPB perfusion time (min), mean ± SD 123.3 ± 3
CPB temp nadir (F), mean ± SD 33.8 ± 2.
Hours in ICU, mean ± SD 62.3 ± 83

Surgery type
Isolated CABG 11 (40.7
MV repair 1 (3.7)
AVR/CABG 2 (7.4)
Isolated MVR 1 (3.7)
AVR/MVR 0 (0)
Isolated AVR 3 (11.1)
MV repair/CABG 1 (3.7)
Other 8 (29.6)

CPB isoflurane, % ± SD 0.9 ± 0.2
Propofol (mg), mean ± SD 117.0 ± 5
Etomidate (mg), mean ± SD 12.4 ± 4.
Midazolam (mg), mean ± SD 3.8 ± 1.4

Muscle relaxants
Rocuronium, n (%) 19 (70.4
Cisatracurium, n (%) 6 (22.2)

Opioids
Fentanyl (mcg), mean ± SD 852.8 ± 3
Morphine (mg), mean ± SD 17.5 ± 5
Hydromorphone (mg), mean ± SD 1 ± 0 (n

AVR; Aortic Valve Replacement; CABG; Coronary Artery Bypass Graft,
microgram; Mitral Valve, MVR; Mitral Valve Replacement, n; number
3.2. Electroencephalogram alpha and beta power point estimates were
associated with the incidence and duration of burst-suppression

The odds ratio for the association between point estimates for
alpha and beta power (7.8–22.95 Hz) and the incidence of burst-
suppression was 0.88 (95% CI: 0.79–0.98). Gender, age, alpha and
beta (7.8–22.95 Hz) power, and depression were the only variables
that did not result in zero-valued coefficients in our model
(Table 2).

The incidence rate ratio for the association between point esti-
mates for alpha and beta power and the duration of burst-
suppression during CPB was 0.89 (95% CI: 0.84–0.93). Alpha and
beta (7.8–22.95 Hz) power, depression, diabetes, CPB perfusion
time, CPB temperature nadir, and CPB isoflurane expired concen-
tration were the only variables that did not result in zero-valued
coefficients in our model (Table 2).
4. Discussion

In this investigation, we found that decreased EEG power
between 7.8 and 22.95 Hz during stable isoflurane general anes-
thesia maintenance (after the induction of general anesthesia)
was associated with the later incidence and duration of burst-
suppression during CPB. Because decreased alpha and beta oscilla-
tion power preceded the onset of burst-suppression, our findings
suggest that intraoperative EEG dynamics within the alpha and
beta range may be further developed as EEG biomarkers for
burst-suppression, and by proxy, POD vulnerability. We note that
alpha and beta (7.8–22.9 Hz) power, and depression were the only
ppression = 27 No burst suppression = 52

6 (11.5)

3 65.3 ± 8.7
.4 85.3 ± 16.5
2.3 172.8 ± 7.4

17(32.7)
4 (7.7)
1 (1.9)

.7 94.3 ± 62.5
6 114.2 ± 54.7
3 34.0 ± 1.5
.5 45.9 ± 37.2

) 25 (48.1)
2 (3.8)
5 (9.6)
2 (3.8)
2 (3.8)
2 (3.8)
2 (3.8)
12 (23.1)

(n = 27) 0.9 ± 0.3 (n = 52)
0.6 (n = 20) 91.1 ± 62.3 (n = 45)
3 (n = 5) 15.3 ± 8.1 (n = 3)
(n = 27) 4.1 ± 1.4 (n = 51)

) 39 (75)
7 (25)

51.3 (n = 27) 857.7 ± 235.9 (n = 52)
(n = 4) 15.0 ± 5.8 (n = 4)
= 3) 1.5 ± 0.5 (n = 6)

F; Fahrenheit, ICU; Intensive Care Unit, MV; mg, milligram; mcg,
.



Fig. 1. Spectral comparison of EEG obtained prior to the onset of CPB in the CPB Burst suppression versus CPB No Burst suppression cohorts. (A and B) Median frontal
spectrograms of Burst suppression (n = 27) and No Burst suppression (n = 27) patient cohorts. (C) Overlay of median Burst suppression (red) and median No Burst suppression
(black) frontal spectra. Bootstrapped median spectra are presented, and the shaded regions represent the 95% confidence interval for the uncertainty around each
bootstrapped median spectrum. We observed differences in power between the spectra (No Burst suppression > Burst suppression: 7.8–22.95 Hz). Black line represents
significantly different regions.

Table 2
Burst suppression odds ratios from binomial regression model and % duration of burst suppression incidence rate ratios from zero inflated poisson
regression model.

Variable Binomial regression model for developing
burst suppression during CPB
Odds ratios (95% CI)

Zero inflated poisson model for %
duration of burst suppression
Incidence rate ratios (95% CI)

Gender
Male/female 0.45 (0.14–1.43) 1
Female/male 2.21 (0.70–7.01) 1
Age 1 1
Alpha and beta power 0.88 (0.79–0.98) 0.89 (0.84–0.93)
Depression 0.18 (0.03–1.20) 0.80 (0.51–1.25)

Diabetes
Y/N 1 0.75 (0.46–1.21)
N/Y 1 1.33 (0.83–2.14)

Sleep apnea
Y/N 1 1
N/Y 1 1
CPB Perfusion time 1 0.99 (0.98–1)
CPB temp nadir 1 0.98 (0.88–1.08)
Hours in ICU 1 1
CPB Isoflurane expired concentration 1 0.76 (0.24–2.44)

CPB, Cardiopulmonary Bypass; CI, Confidence Interval; ICU, Intensive Care Unit.
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variables that did not result in zero-valued coefficients in our data
driven regression models.

4.1. EEG oscillations associated with anesthetic drugs that potentiate
the GABAA receptor

Anesthetic drugs that potentiate the GABAA receptor induce
frontal EEG beta oscillations at sedative doses and alpha oscilla-
tions at general anesthetic doses. These medications include but
are not limited to zolpidem (Kalisvaart et al., 2006; Monk et al.,
2008; Robinson et al., 2012), midazolam (McCarthy et al., 2008;
Ching et al., 2010), thiopental (Kiersey et al., 1951), propofol
(Chemali et al., 2013; Akeju et al., 2015; An et al., 2015), and
derivatives of ether anesthesia (desflurane, isoflurane, sevoflurane)
(Akeju et al., 2014, 2016; Pavone et al., 2017). Models to explain
EEG alpha and beta oscillatory dynamics suggest that an increase
in GABAA decay-time and conductance causes cortical low thresh-
old spiking (LTS) interneuron antisynchrony that patterns pyrami-
dal cell spiking into a beta oscillation (13–33 Hz) (McCarthy et al.,
2008). Further increases in GABAA decay-time and conductance
modulate pyramidal and thalamic relay cell spiking into a thalam-
ocortical alpha oscillation (Ching et al., 2010). Thus, EEG alpha and
beta oscillation power may reflect the integrity of cortical, and pos-
sibly, cognitive circuits, and burst-suppression may more readily
manifest in patients with impairments in these circuits.

4.2. EEG oscillations associated with GABAA receptor drugs and
neurocognitive function

Giattino et al. recently demonstrated that intraoperative frontal
alpha oscillation power was positively correlated with neurocogni-
tive function (Giattino et al., 2017). In other compelling studies, a
thiopental challenge resulted in decreased frontal beta oscillation
power in Alzheimer’s disease patients (Holschneider et al., 1997;
Holschneider and Leuchter, 2000). This finding was positively cor-
related with cognitive function (Holschneider and Leuchter, 2000).
Thus, the EEG oscillations induced by anesthetic drugs may elicit
neurophysiological biomarkers that are not readily discernable
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from EEG recordings obtained during the awake state. We note
that healthy aging is associated with an age-dependent decrease
in anesthesia-induced frontal alpha oscillation power (Akeju
et al., 2015; Purdon et al., 2015; Lee et al., 2017). However, similar
to the accelerated decrease in the awake-occipital alpha oscillation
power that is associated with neurodegeneration in patients with
mild cognitive impairment and Alzheimer’s disease (Rossini
et al., 2007; Babiloni et al., 2013, 2015), significantly decreased
anesthesia-induced frontal alpha and beta power may reflect
sub-clinical neurodegenerative changes.

4.3. Intraoperative EEG burst-suppression, post-operative delirium
and causality

Roach et al. studied differences in neurologic and neuropsycho-
logic outcomes in cardiac surgical patients randomized to either
‘‘sufentanil only” or ‘‘sufentanil plus propofol titrated to burst-
suppression” anesthetic groups (Roach et al., 1999). The authors
found that the incidence and severity of neurologic and neuropsy-
chologic dysfunction, depression, and anxiety were similar in both
groups (Roach et al., 1999). This finding suggests that anesthetic-
induced burst-suppression in cognitively normal patients is unli-
kely to result in POD. Rather, burst-suppression may be more evi-
dent, at clinically relevant anesthetic doses, in patients that
possess an underlying vulnerability to POD. Results from trials,
such as the ENGAGES study (Wildes et al., 2016), are expected to
make clear the effect of principled low dose anesthetic protocols
on POD and other clinically relevant outcomes.

4.4. Limitations and future directions

A key limitation of our study is the observational nature of the
data that were analyzed. However, it is unlikely that variations in
clinical management could account for the magnitude of the EEG
changes in our analyses. Burst-suppression is typically regarded
as a spatially homogenous phenomenon. However, anesthetic-
drug induced burst-suppression may not be spatially homogenous
(Lewis et al., 2013; An et al., 2015). Thus, because we recorded EEG
signals from frontal channels, epochs of non-spatially homogenous
burst-suppression from other scalp locations may have been
missed. Future high-density EEG studies are therefore necessary
to make clear whether burst-suppression recorded from frontal
brain regions are more closely associated with POD compared to
burst-suppression recorded from other brain regions.

Large randomized controlled studies such as the MINDDS trial
(Shelton et al., 2018) that couple structured delirium assessments
to intra-operative EEG dynamics are necessary to enable causal
inferences on the association between alpha and beta power,
burst-suppression, and POD. Also, these studies may in more detail
inform on whether patients with diagnoses such as sleep apnea
and depression that have previously associated with POD should
receive focused peri-operative care (Flink et al., 2012;
Roggenbach et al., 2014; Mollon et al., 2016; Nadler et al., 2017).
These studies may also make clear the extent to which susceptibil-
ity to POD as defined by significant deviations in EEG alpha and
beta power ‘‘norms” may be modified by targeted peri-operative
management. We note that even at equal anesthetic drug doses,
EEG dynamics and biomarkers of brain vulnerability that are
derived and validated in healthy patients may not be readily appli-
cable to critically ill patients because systemic inflammation
increases neuronal sensitivity to GABAA receptor potentiating
drugs (Avramescu et al., 2016). Thus, studies that are specific to
critically ill patients are especially essential. Further, intra-
operative EEG power dynamics and machine learning algorithms
may be leveraged to benefit clinical diagnosis (i.e., perioperative
stroke, abnormal brain aging/subclinical neurodegeneration) and
to provide objective means to sub-categorize patients with neu-
ropsychiatric diagnosis (i.e., depression, autism spectrum
disorder).
5. Conclusions

Decreased intra-operative alpha and beta power is associated
with susceptibility to burst-suppression during CPB. This dynamic
may be used to develop principled neurophysiological-based
approaches to aid the preemptive identification and targeted care
of POD vulnerable patients. Further studies are necessary to define
the cumulative distribution and objective cut points for alpha and
beta power during general anesthesia.
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