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Effect of raw electroencephalogram-guided
anesthesia administration on postoperative
outcomes in elderly patients undergoing
abdominal major surgery: a randomized
controlled trial
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Abstract

Background EEG monitoring techniques are receiving increasing clinical attention as a common method of
reflecting the depth of sedation in the perioperative period. The influence of depth of sedation indices such as the
bispectral index (BIS) generated by the processed electroencephalogram (pEEG) machine to guide the management
of anesthetic depth of sedation on postoperative outcome remains controversial. This research was designed to
decide whether an anesthetic agent exposure determined by raw electroencephalogram (rEEG) can influence
anesthetic management and cause different EEG patterns and affect various patient outcomes.

Methods A total of 141 participants aged > 60 years undergoing abdominal major surgery were randomized to
rEEG-guided anesthesia or routine care group. The rEEG-guided anesthesia group had propofol titrated to keep

the rEEG waveform at the C-D sedation depth during surgery, while in the routine care group the anesthetist was
masked to the patient’s rEEG waveform and guided the anesthetic management only through clinical experience. The
primary outcome was the presence of postoperative complications, the secondary outcomes included intraoperative
anesthetic management and different EEG patterns.

Results There were no statistically significant differences in the occurrence of postoperative respiratory, circulatory,
neurological and gastrointestinal complications. Further EEG analysis revealed that lower frontal alpha power was
significantly associated with a higher incidence of POD, and that rEEG-guidance not only reduced the duration of
deeper anesthesia in patients with lower frontal alpha power, but also allowed patients with higher frontal alpha
power to receive deeper and more appropriate depths of anesthesia than in the routine care group.
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more effective individualized anesthetic managements.

outcomes

Conclusions In elderly patients undergoing major abdominal surgery, rEEG-guided anesthesia did not reduce the
incidence of postoperative respiratory, circulatory, neurological and gastrointestinal complications. rEEG-guided
anesthesia management reduced the duration of intraoperative BS in patients and the duration of over-deep sedation
in patients with lower frontal alpha waves under anesthesia, and there was a strong association between lower frontal
alpha power under anesthesia and the development of POD. rEEG-guided anesthesia may improve the prognosis of
patients with vulnerable brains by improving the early identification of frail elderly patients and providing them with a
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Introduction

Intraoperative neuromonitoring allows monitoring of
the changes in brain electrical activity during the chang-
ing states of consciousness under general anesthesia and
offers information on anesthesia depth. EEG monitoring
can help anesthesiologists to avoid the use of unneces-
sary high anesthetics doses, which is able to be a risk fac-
tor for occurring peri-operative neurocognitive disorders
[1]. In the observational studies, it is pointed out that
excessive exposure to potent volatile agents is likely to
enhance the incidence of postoperative delirium (POD),
which is linked to adverse outcomes and increased
resource utilization [2]. At present, the bispectral index
(BIS) serves as the most generally employed processed
electroencephalogram (pEEG) device for the reason of
research and clinics [3]. A number of studies [4, 5] have
found that BIS guidance would result in less anesthetic
exposure and therefore “lighter” anesthesia, thereby
decreasing the risk of POD compared with deeper gen-
eral anesthesia. However, in a study by Short et al [6] in
which 6500 high-risk elderly patients were randomized
to either a deeper (BIS 35) or lighter (BIS 50) sedation
group, no significant differences were found in one-year
all-cause mortality and other clinical outcomes. A study
by Wildes et al [7] also showes no significant effect of
BIS monitoring on the occurrence of POD. There are a
number of possible reasons for the inconsistent results
of the relevant studies, including the limitations of pEEG

Table 1 Six levels of anesthesia

Stage  Frequency admixture/dominance in EEG per Depth of
30s epoch anesthesia

A a(8-12 Hz) and B (13-30 Hz) activity, with inter-  Not ap-
mixed eye movement/blinking and myogenic  plicable
artifact from talking/swallowing (awake)

B Fast 3 and 6 (4-7 Hz) but rare & (1-3 Hz) Light
0 activity for at least 20% but no more than 50% Light to
of epoch moderate

D O activity for at least 50% of epoch; brief periods Moderate
of suppression not to exceed 10 s

E Burst-suppression pattern, with at least 10 s but ~ Profound
no more than 20 s of suppression per epoch

F Burst-suppression pattern, with at least 20 s of ~ Very
suppression per epoch profound

monitoring as represented by the BIS in clinical use. The
pEEG, which defines an equivalent anesthetic state inde-
pendent of anesthetic medication and patient age by the
same value, is based on an algorithm that simplifies infor-
mation about anesthetic sedation and does not identify
the underlying EEG features associated with the patient’s
state [8], compromising the reliability of the pEEG index
as an EEG depth indicator and prompting researchers to
explore more accurate methods of managing the depth of
anesthetic sedation.

The raw electroencephalogram (rEEG) correlates sig-
nificantly with the level of consciousness in patients
under general anesthesia [9], and the EEG pattern varies
according to the depth of anesthesia and sedation [10].
According to the revised version of Kugler’s EEG analy-
sis method [11](Table 1), the depth of anesthesia can be
refined into six levels, A, B, C, D, E and F, by analyzing
the EEG characteristics at different depths of anesthesia
[11]. The anesthetist can monitor and visually analyze the
EEG during surgery to manage the depth of sedation and
keep the patient in a C-D level of sedation by adjusting
the dose or infusion rate of general anesthetic to avoid
sedation that is too deep or too light. In certain research,
it is proposed that the anesthetic dose and the presence
or absence of certain electroencephalogram (EEG) pat-
terns, including burst suppression (BS), are linked to the
risk of subsequent cognitive disorders [7, 12]. In research
settings, the intraoperative BS and alpha (8—12 Hz) oscil-
latory activity within the frontal EEG have been asso-
ciated with POD [13-15] and preoperative cognitive
impairment [16], respectively. In terms of adults, the size
of the anesthesia-induced frontal alpha activity is linked
to the age [17], cognitive status [16], and antinociception
[18] as well as the development of EEG BS activity [14].
Taking into account the fact that numerous changes are
observed in the brain anatomy and physiology linked to
typical aging [11, 17], there are certain variations of EEG
patterns of elderly patients and young patients under
general anesthesia, and elderly patients may exhibit less
alpha oscillatory activities under general anesthesia [19,
20] and tend to present with BS [21]. At the same time,
anesthetic drugs act at sites within the brain that undergo
profound changes during typical aging, in which a lot of
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insults are enhanced by the aging process and within the
developing brain [22]. As a result, compared with that of
younger patients, different methods are needed for the
anesthetic management of older patients.

Given that the pEEG method of monitoring depth of
sedation has been widely used in clinical practice, and
that the limitations of the pEEG itself and the neurologi-
cal changes in elderly patients lead to limitations in the
accuracy of pEEG-guided anesthesia in elderly patients,
the aim of this study was to investigate whether rEEG-
based intraoperative visual analysis of EEG-guided
anesthetic depth management could have an impact on
intraoperative anesthetic management and EEG patterns
and affect postoperative outcomes in elderly patients
undergoing major abdominal surgery compared with
routine anesthetic care monitoring, and to provide a
reference for the clinical application of rEEG in elderly
patients.

Materials and methods

This single-center and randomized controlled trial com-
pared the outcomes of two parallel groups, which were
the rEEG-guided group and the routine care group. The
research was approved by the Clinical Research Ethics
Committee of the First Affiliated Hospital of Anhui Med-
ical University Institutional Review Board (IRB number:
No. PJ2020-13-09), and written informed consent was
obtained from each subject that attends the trial. In addi-
tion, the trial was registered before patient enrollment at
the Chinese Clinical Trial Registry at 12/11/2020 (Clini-
cal Trials Number: ChiCTR2000039864) and was con-
ducted from November 2020 to May 2022 in accordance
with the Helsinki Declaration.

Participants

The male or female patients over 60 years old scheduled
for elective major abdominal surgery were involved.
Below present the exclusion criteria: patient refusal, a
history of dementia or psychiatric illness, difficulty with
follow-up, or poor compliance.

Randomization, blinding, and allocation concealment

By using randomized closed envelopes, the randomiza-
tion procedure was carried out by the responsible senior
consultant. The group allocation was performed follow-
ing the recruitment through the opening of the sequential
envelopes. The anesthesiologists were not masked due
to the nature of the anesthetic technique. The patients
and research staff in charge of the postoperative patient
assessments did not learn about the group assignment.

Intervention
After the participants entered the operation room,
the five-lead electrocardiogram (ECG), invasive blood
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pressure via a radial artery, and pulse oxygen satura-
tion (SpO,) were all monitored. Masimo Quatro sensors
(Masimo, Irvine, CA, USA) were attached to the fore-
heads of all subjects. General anesthesia was induced
with midazolam (0.02 mg/kg), etomidate (0.2 mg/kg),
sufentanil (0.5 pg/kg), and cisatracurium (0.2 mg/kg),
and kept with 0.1-0.3 pg/kg.min remifentanil when
intubation ends. Both groups did not receive any vola-
tile drugs. Intraoperatively, the propofol infusing rate
was titrated to maintain the depth of sedation at a C-D
level, spectrogram maintains constant slow wave/$ oscil-
lation in the rEEG-guided group, if depth of anesthesia
is switched from C-D, adjust propofol dose by 0.5 mg/kg
body weight. The rEEG trace offers the primary guidance
(Fig. 1). The depth of anesthesia was adjusted accord-
ing to experience in the routine care group to maintain
stable vital signs. In both groups, vasoactive drugs were
used as needed to maintain MAP fluctuations within
120% [6, 23] of the baseline of the patient. Postoperative
pain management was achieved by a patient-controlled
intravenous analgesia pump (PCIA, 150 ml) that includes
flurbiprofen 1.5-2 mg/kg+sufentanil 3.5-4.5 pg/kg. The
locking time was 15 min, the background infusion rate
was 2 ml/h, the controlled dose was 2 ml. Moreover, a
50 mg flurbiprofen intravenous injection was supplied as
an analgesic rescue when the ward requires it.

Outcomes and data collection

The demographic and hospital characteristics of the
patients, such as age, body mass index, gender, coexist-
ing medical conditions, type of operation (laparotomy or
laparoscopy) were all recorded. Intraoperative data on
the procedure and anesthesia were recorded, including
time of induction of anesthesia (midazolam start time),
time of start of operation (skin cut time), MAP and heart
rate at all key intraoperative time points (baseline, at
loss of consciousness, skin cut, every 30 min during the
operation, at end of operation), time of end of operation
(time of last suture) and time of end of anesthesia (pro-
pofol stop time). Intraoperative dose of maintenance
(propofol, remifentanil) and additional drugs (sufent-
anil, cisatracurium), record of vasoactive drug use, time
of patient admission to PACU and time of discharge
from PACU. Patients were assessed for the occurrence
of major organ system complications during hospitaliza-
tion, postoperative length of stay and 30-day postopera-
tive all-cause mortality. In the present study, the primary
outcomes of interest were systemic complications within
the hospitalization after surgery. Systemic complica-
tions were divided into respiratory complications [24]
(pulmonary infection, pleural effusion, respiratory insuf-
ficiency, and atelectasis), cardiovascular complications
[25, 26](i.e., hemodynamic instability, low cardiac output,
new arrhythmias, ischemic heart disease, and cardiac
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1 sec
Fig. 1 EEG tracing at various stages of anesthesia

dysfunction), neurological complications [24] (transient
ischemic attack and delirium), gastrointestinal complica-
tions [27](nausea and vomiting), numerical rating scale
(NRS) pain score of >3, and surgical site infection [24].
Based on the imaging examination, laboratory exami-
nation, and clinical symptoms, the incidence of post-
operative complications was evaluated. The secondary
outcomes included the incidence of BS and intraoperative
management (ie., anesthetic doses, electroencephalo-
graphic data, hemodynamics data). Suppression periods
referred to periods which are above 0.5 s with voltage not
exceeding nearly+5 pV [28]. For each electrode, alpha
power was estimated through the computing of the aver-
age power between 8 and 12 Hz [29]. Each person that
analyses EEG data was blinded to the group allocation.

EEG processing

A 4-channel Sedline brain function monitor (Masimo,
Irvine, CA, USA) was used for forehead EEG acquisi-
tion. The electrodes for the sensors record EEG between
Fpl, Fp2, F7 and F8 with the ground electrode at Fpz,
and the reference electrode at roughly 1 cm more than
Fpz. A sampling rate of 178 Hz (16 bits) and a preampli-
fier bandwidth of 0.5-92 Hz was used to record the EEG
data. In order to check the exact time and anesthesia
level, an experienced researcher manually browsed EEG
data of all of the patients. For the purpose of carrying out
the spectral analysis, 10 s [30] of intraoperative, artifact-
free and non-BS EEG were adopted. The spectrogram
was computed by means of the multitape method which
was realized within the MATLAB Chronux toolbox [31].
Below are the spectral analysis parameters: number of
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tapers, K=5; window length T=2 s with a 1.95 s overlap;
spectral resolution=3 Hz; and time-bandwidth product
of TW=3.

Statistical analysis

In this trial, the sample size was estimated for an o level
of 0.05 and 90% power in order to detect a 10% differ-
ence in the occurrence between groups. On the basis of
the preliminary results, the incidence of adverse events
after surgery was indicated to be 50% in the routine care
group, and we calculated that a sample of 55 patients
would provide 90% power to reduce it to 25% [7] in the
rEEG-guided group after randomization with a two-sided
a level of 0.05. This research aimed to recruit a total of
120 participants to account for missing data. The base-
line characteristics were summed up by group through
the use of medians and interquartile ranges (IQR), means
and standard deviations (SD), or counts and percent-
ages as appropriate. The reason to withdraw from this
research at different stages and the participant’s dispo-
sition were recorded. Via the SPSS 25.0 software (SPSS,
Inc., Chicago, IL, USA), statistical analyses were carried
out. The Shapiro—Wilk test was employed to evaluate the
continuous data normality. Quantitative data were in the
form of mean*SD or median (quartile distance) depend-
ing on their distribution. Normally distributed data were
evaluated by using an independent two-sample t-test,
whereas the other quantitative data were analyzed using
the Mann—Whitney U test. For the purpose of compar-
ing the categorical variables between the two groups,
the Pearson x> test or Fisher’s exact test was employed.
For measures that indicated a significant group by time
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> 60 years
without significant
communication problems

141 Patients underwent
randomization

69 assigned to raw
EEG-guided group

2 surgery

72 assigned to routine
care group

2 surgery

cancelled
I surgery <lh [

cancelled
> 2surgery < 1h
4 technical failure

5 technical failure

61were included in the
final analysis

64were included in the
final analysis

Fig. 2 Flow diagram of included patients

Table 2 Patient characteristics in each group

rEEG- Routine P
guided care
group  group
Age, years 68[65 69[6574]  0.203
73]
Sex, no. 0.702
Male 39(64%) 43(67%)
Female 22(36%) 21(33%)
Body mass index, kg/m2 22[20 22[2025] 0.758
24]
ASA physical status,no. 0.173
1 0 0
2 42(69%) 36(56%)
3 18(29%) 28(44%)
4 1(2%) 0
Planned postoperative care in ICU,no. 1(2%) 1(2%) 1.000
Coexisting medical conditions,no.
Cardiovascular disease 32(52%) 43(67%) 0.093
Stroke or neurological disease 9(15%)  12(19%) 0.55
Respiratory disease 20(33%) 18(28.1%) 0.698
Diabetes 10(16%)  8(13%) 0.535
Rheumatoid arthritis or connective 12%) 2(3%) 1.000
tissue disease
Renal disease 2(3%) 2(3%) 1.000
Liver disease 4(7%) 3(5%) 0.948

Values are presented as number (%) or median (1Q, 3Q). ASA: American Society
of Anesthesiologists classification; ICU: intensive care unit

interaction effects, the findings of the post hoc analysis
on the differences between the two groups were assessed
by means of an independent sample t-test with Bonfer-
roni’s post-test correction. Considering all of the analy-
ses, a p value of <0.05 indicates a statistically significant
difference. GraphPad Prism 8.0 (GraphPad Software, La
Jolla, California, USA) was adopted in order to establish
the figures.

Results

141 patients that had undergone abdominal major surger-
ies from November 2020 to May 2022 (e.g., gastrointesti-
nal, hepatobiliary-pancreatic) were included in the trial.
Among them, 69 were randomized to the rEEG-guided
group and 72 to the routine care group, respectively. Tak-
ing into account the 5 patients within the rEEG-guided
group and 4 within the routine care group, a technical
failure of EEG monitoring prevented the clinicians from
analyzing the EEG results. Missing data was distributed
almost evenly between the two groups, the final 125
patients were included in the outcome analysis, 61 in the
rEEG-guided anesthesia management group and 64 in
the conventional anesthesia management group (Fig. 2).
Furthermore, no difference was observed in any of the
measured baseline variables in both groups, including
demographic characteristics, comorbid health conditions
and preoperative evaluation of ASA stage (Table 2).

Primary outcomes

There were no intraoperative complications in either
group. There was no statistically significant difference in
respiratory, cardiovascular, gastrointestinal and neuro-
logical complications between the two groups (P>0.05).
The incidence of POD was 3% in the rEEG-guided group
compared to 11% in the routine care group, indicating no
significant difference (P>0.05). Postoperative pain was
assessed using the NRS scale and no significant difference
was found between the two groups (P>0.05). In addition,
the rEEG guidance showed no effect on length of hospital
stay or postoperative hospital stay (P>0.05) or all-cause
mortality at 30 days postoperatively (P>0.05) (Table 3).
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Table 3 Postoperative Outcomes

rEEG- Routine P

guided care

group group
Cardiovascular complications,no. 5(8%) 5(8%) 1.000
Respiratory complications,no. 3(5%) 6(9%) 0.537
Cerebral infarction or 0 1(2%) 1.000
hemorrhage,no.
POD 2(3%) 7(11%) 0.190
Gastrointestinal complications,no. 21(34.4%) 30(46.9%) 0.151
Surgical site infection,no. 2(3%) 3(5%) 1.000
NRS pain-score >3, no. 24(39%) 29(45%) 0.500

Intraoperative awareness,no. 0 0 /

Duration of hospital stay,d 14011171 15[1219] 0.108
Duration of postoperative hospital 97 11] 10[8 14] 0.145
stay,d

Prolonged hospitalization 6(10%) 13(20%) 0.103
Mortality up to 30d after surgical 1(2%) 0 0.488

procedure,no.

Values are presented as number (%) or median (1Q, 3Q). ICU: intensive care unit;
NRS: numerical rating scale; POD: postoperative delirium

Table 4 Perioperative Care Measures
rEEG-guided Routine care P

group group

Location of surgery 0.954

upper abdominal 34(56%) 36(56%)

down abdominal 27(44%) 28(44%)

Type of surgery 0.746

Open 37(61%) 37(58%)

Laparoscopic 24(39%) 27(42%)

Duration of anesthesia, min 15501205 160 0.0[128.5 0.843
213.0] 190.5]

Additional drugs

Propofolmg 64054525  637.0[520.0 0.998
1000.0] 847.5]

Remifentanil,ug 1250.0 [906 1373.0[1081 0.224
1850] 1788]

Sufentanil ,ug 20.0[16.0 20.0[20.025.0] 0.53
25.0]

Cisatracurium ,mg 10.0[6.013.0] 10.0[6.013.0] 0727

Any vasoconstrictor, no 23(38%) 18(28%) 0.254

BS, no. 5(8%) 12(18%) 0.085

Duration of BS (s) 5310,31.5] 25.0[34,180.5] 0.018

Intraoperative movements 0 0 /

Admitted to PACU from OR, no. 61 64 /

Time spent in the PACU, min 425[35.0 450 [36.055.0] 0.083
50.0]

Values are presented as number (%), mean+SD or median (1Q, 3Q). MAP: mean
arterial pressure; BS: burst suppression; PACU: post-anesthesia care unit

Secondary outcomes

In both groups, no statistically significant difference was
found in the surgery type or location. There was a total of
5 patients with BS, with an incidence of 8% and a median
BS duration of 5.3s in the rEEG-guided group, while the
routine care group had 12 patients with BS. There was
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no statistically significant difference in the incidence of
BS between the two groups (P>0.05), while the duration
of BS in the routine care group was longer than that in
the rEEG-guided group (P<0.05). The median duration
of anesthesia was 155.0 (IQR 120.5-213.0) in the rEEG-
guided group and 160.0 (128.5-190.5) in the routine care
group, meaning no significant difference. Moreover, there
were no significantly different doses of propofol, opioids
and neuromuscular blocking agents in both groups. Dur-
ing the maintenance of anesthesia, MAP was 90 mmHg
within the rEEG-guided group and 91 mmHg within the
routine care group, therefore showing no significant dif-
ference, and there was no statistically significant differ-
ence between basal and intraoperative MAP at any time
point in either group. Furthermore, no inversely signifi-
cant difference was observed in the time taken in PACU
between the two groups (Table 4).

Subgroup analyses

Frontal alpha power and POD

Patients that suffer from a lower alpha power are reported
to be more prone to the development of BS under anes-
thesia [32]. Taking into account the relationship between
intraoperative BS and POD [14], this research character-
ized the connection between POD and a series of pos-
sible predicting factors, i.e., age, sex, anesthesia-induced
frontal alpha power and the rate of intraoperative propo-
fol boluses [32], as calculated through the division of the
cumulative dose of propofol by the operation time inter-
val via using the logistic regression analysis. p values of
<0.05 were determined to be a significant relationship
between per variable and the result. At last, within the
full model, just the alpha power (estimated OR=0.763
through referring to a 1 dB increase in the alpha power,
with a 95% confidence interval [CI], 0.655-0.888,
»<0.001) still had a significant linkage to POD probabil-
ity, whatever the group is. In order to show the compa-
rable AUC performance, area below the model’s receiver
operating characteristic curve was counted (Fig. 3).

Subgroup analysis on sedation and postoperative
complications

Alpha oscillations can be viewed to be a neurophysi-
ological biomarker of brain vulnerability [16]' [11] and
are likely to assist in finding out patients that suffer from
a higher risk of postoperative neurocognitive impair-
ment and lower anesthetic requirements. As a result, a
subgroup analysis of patients with a subgroup of lower
and higher frontal alpha power was performed (Fig. 4).
We visually scored each patient’s EEG data for the rec-
ognition of sedation, and classified patients with a ran-
dom intercept above the population median alpha power
as having a higher alpha power [21]. On the whole, as
for patients with low frontal alpha power, the median
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1.0 Table 5 Subgroup analyses of postoperative complications
rEEG- Routine P
guided care

0.8 — group group

POD, no.
b low frontal alpha power 2(7%) 7(22%) 0.081
-; 0 6 — high frontal alpha power 0 0 /
o — ' Other systemic complications, no.
K7 low frontal alpha power 9(30%) 14(44%) 0533
c o high frontal alpha power 10(32%) 15(47%) 0277
S 0.4
/2]
0.2- AUC=0.9183 cumulative time with sedation E-F was lower within
' the rEEG-guided group compared to that of the routine
care group [5 vs. 25, p<0.05], while the median cumula-
0.0 . I I I I I tive time with sedation A-B was less in the rEEG-guided

group with a higher alpha power (Fig. 5). However, it is
00 0.2 04 06 0.8 1.0 1oted that no significant difference was found in the
S POD incidence or any other complications between the

1- SpeCIfICIty two groups (Table 5).

Fig. 3 The receiving operating characteristic curves for the model
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Discussion

In the randomized controlled trial, the impact of the
raw EEG guidance of anesthesia on postoperative com-
plications after surgery in older adults (=60) undergoing
major abdominal surgery was assessed. There was no sta-
tistically significant difference between the two groups
in terms of postoperative respiratory, cardiovascular,
neurological and gastrointestinal complications and all-
cause mortality at 30 days postoperatively. There was no
statistically significant difference in the number of intra-
operative BS between the two groups, but rEEG-guided
anesthesia management significantly reduced the time
patients spent in BS. In post hoc exploratory analyses,
low frontal alpha power was found to be independently
linked to POD, and that rEEG-guided anesthesia allowed
individual regulation of depth of anesthesia to avoid over-
anesthesia in patients with a fragile brain, while ensuring
the depth of anesthesia required in older patients with a
healthy brain.

As the brain is the target organ for general anesthesia,
with the continuous research and development of EEG
monitoring, some experts advocate the incorporation of
EEG-based monitoring into routine anesthetic manage-
ment. EEG monitoring can avoid too light anesthesia
and prevent the occurrence of intraoperative awareness,
while EEG monitoring can avoid too deep anesthesia,
which usually leads to prolonged recovery time as well
as impaired quality of recovery for patients [33]. How-
ever, it remains controversial whether EEG monitoring
can influence the management of perioperative anesthe-
sia and the extent to which changes in the management
of depth of anesthesia can affect the clinical outcomes of
patients. In this trial, the absence of an effect of the rEEG
guidance on severe systemic complications is consistent
with the findings of the existing literature [7, 34, 35]. The
majority of large studies have not demonstrated that BIS
guidance alters anesthetic administration on average [12].
In study [6] of Short et al., 6500 high-risk older patients
in total were randomly divided into the deep (BIS 35) or
light (BIS 50) general anesthesia groups, and it was found
that the 1-year mortality or any other outcome measure
had no difference. In addition, research [7] carried out
by Wildes et al. explored the protective influence of BIS
monitoring on POD. Despite finding out a connection
between a low BIS value and increased risk for mortal-
ity, especially if linked to a low anesthetic dose and the
“triple low” of hypotension [36], our findings are consis-
tent with more robust randomized trials. The reason for
this discrepancy could be that in our study, the blood
pressure potential confounder was seen to be mitigated
by the anesthetists that selected suitable MAP targets for
patients before learning about the treatment allocation.
Some randomized controlled trials and meta-analyses
have reported that the ability of pEEG-guided anesthetic
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management to reduce the incidence of POD is largely
dependent on the reduction in the use of anesthetic
drugs and the duration of EEG suppression [3, 37]. Some
studies also suggest that intraoperative BS is associated
with the development of POD. In this study, the duration
of BS was shorter in the rEEG-guided group than in the
routine care group (P<0.05), and the incidence of POD
in patients in the rEEG-guided group was 3% compared
with 11% in the routine care group, but the difference
between the two groups was not statistically signifi-
cant, probably due to the small sample size of debilitated
patients in this study.

Gamma-aminobutyric acidergic (GABAergic) anesthet-
ics, i.e., sevoflurane, and propofol, generate stereotyped
slow (0.1-1 Hz) activity and frontal alpha (8-12 Hz)
oscillations of EEG in the process of unconsciousness,
both of which are quantified by using a power spectral
analysis. A correlation between frontal alpha band activ-
ity and preoperative cognitive function has been found
which was not present in other EEG bands. Also, EEG
alpha band activity strength is linked to age [17], cogni-
tive status [16], antinociception [18], and EEG BS activity
[14]. Patients with a lower alpha power are reported to be
more prone to the development of BS under anesthesia
[32]. Our study shows that a lower frontal alpha power
has a closer linkage to delirium risk compared to age,
similar to the result that neurophysiologic brain age has
a closer connection with delirium compared to chrono-
logic age. Lower intraoperative frontal alpha power may
be helpful in identifying patients with poor preoperative
cognitive function, leading researchers to propose the
concept of the “vulnerable brain” who may experience
adverse neurocognitive effects after anesthesia admin-
istration. Frontal alpha power under anesthesia is likely
to be a marker of “brain age’, and has a closer linkage to
POD risk compared to chronologic age, which could be
attributed to the biological changes in the brain occur-
ring at variable rates depending on the individual. In a
“vulnerable brain” phenotype, it can be found the patient
population could obtain the most benefits from a meticu-
lous technique of avoiding excessively deep anesthesia
[38]. This study shows that rEEG helps limit unnecessar-
ily excessive anesthetic administration for patients with
lower frontal power. What’s more, patients with a health-
ier brain should be provided with a deeper level of seda-
tion in order to minimize the risk of awareness. In the
meantime, significant variation can occur in frontal alpha
power, which reflects the neurological status of patients.

This study has several limitations. Firstly, the same
anesthesiologist may manage patients in either the rEEG-
guided group or the routine care group. Although the
anesthesiologists managing the routine care group were
masked to the EEG, their previous experience of offer-
ing rEEG-guided anesthesia care could have not only
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enabled them to know more about the anesthesia propo-
fol maintenance but also potentially affected the dosage
level. As a result, this research is likely to under-evaluate
the actual difference between rEEG-guided and routine
care. Secondly, in this research, the explored EEG data
comes from the frontal 4-channel pathway, and therefore
the analysis only focuses on frontal alpha oscillations in
the EEG during unconsciousness, which cannot evaluate
other cortical EEG activity. Therefore, high-density EEG
research is needed to improve the reliability and utility in
the recognition of vulnerable brains and measuring anes-
thetic depth. Thirdly, a significant correlation was found
between the frontal alpha power and POD probability.
Taking into account that frontal alpha power is seen as an
underlying brain frailty trait, the intervention effect size
may be larger when including more cognitively impaired
patients, and therefore further validation within bigger
research is needed.

Conclusions

In summary, this is the first randomized control trial
that puts emphasis on the elderly population, to point
out rEEG-guided anesthesia care that employs EEG trace
and spectrogram is feasible and brings about a modest
decrease within intraoperative propofol dosage for vul-
nerable individuals. Due to the existence of the EEG guid-
ance, easy visualization of anesthesia-induced changes
on the brain in real-time is permitted, thereby making it
possible to decide which individual needs more (or less)
anesthetics and accordingly titrate doses. In the findings,
the significance of EEG monitoring with the application
of the existing American Society of Anesthesiologists
(ASA) standard monitors is stressed to offer efficient per-
sonalized anesthesia care.

Abbreviations

ASA American Society of Anesthesiologists
BIS Bispectral index

BMI Body mass index

BS Burst suppression

BSR Burst suppression ratio

BP Blood pressure

@] Confidence interval

EEG Electroencephalogram

ECG Electrocardiogram

GABA  Gamma-aminobutyric acid

ICU Intensive care unit

MAP Mean arterial pressure

NRS Numeric rating scales

pEEG Processed electroencephalogram

PCIA Patient controlled intravenous analgesia

PACU Post-anesthesia care unit

POD Postoperative delirium

PONV  Postoperative nausea and vomiting
rEEG Raw electroencephalogram

Acknowledgements
We thank our departmental colleagues for their help in recruiting patients for
this study.

Page 9 of 10

Authors’ contributions

EG, LC and LZ designed this study. ZH and YX wrote the manuscript. ZH, YX,
HZ, JL and YG performed the experiments. ZH and YH assisted with data
analysis. EG and LC revised the final manuscript. All authors read and approved
the final manuscript.

Funding

This study was supported by China primary health care foundation
(YLGX-WS-2020001 to Lijian Chen) and China primary health care foundation
(WKZX2023CX 170005 to Guanghong Xu) which provided funds for collection
and analysis of clinical data.

Data Availability
The datasets used and/or analysed during the current study available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The research was approved by the Clinical Research Ethics Committee of the
First Affiliated Hospital of Anhui Medical University Institutional Review Board
(IRB number: No. PJ2020-13-09), and written informed consent was obtained
from each subject that attends the trial. In addition, the trial was registered
before patient enroliment at the Chinese Clinical Trial Registry at 12/11/2020
(Clinical Trials Number: ChiCTR2000039864) and was conducted from
November 2020 to May 2022 in accordance with the Helsinki Declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
'Department of Anesthesiology, The First Affiliated Hospital of Anhui
Medical University, No.218 Jixi Road, Hefei, Anhui Province 230022, China

Received: 1 April 2023 / Accepted: 27 September 2023
Published online: 06 October 2023

References

1. Chan MT, Cheng BC, Lee TM, Gin T, Group CT. BIS-guided anesthesia
decreases postoperative delirium and cognitive decline. J Neurosurg Anes-
thesiol. 2013;25:33-42.

2. Leung JM, Sands LP, Lim E, Tsai TL, Kinjo S. Does preoperative risk for delirium
moderate the effects of postoperative pain and opiate use on postoperative
delirium? Am J Geriatr Psychiatry. 2013;21:946-56.

3. Chung CKE, Poon CCM, Irwin MG. Peri-operative neurological monitoring
with electroencephalography and cerebral oximetry: a narrative review.
Anaesthesia. 2022;77(Suppl 1):113-22.

4. Miao M, XuY, Sun M, Chang E, Cong X, Zhang J. BIS index monitoring and
perioperative neurocognitive disorders in older adults: a systematic review
and meta-analysis. Aging Clin Exp Res 2019.

5. Brown CH, Edwards C, Lin C, Jones EL, Yanek LR, Esmaili M, et al. Spinal
anesthesia with targeted sedation based on Bispectral Index values
compared with General Anesthesia with masked Bispectral Index values to
reduce delirium: the SHARP Randomized Controlled Trial. Anesthesiology.
2021;135:992-1003.

6. Short TG, Campbell D, Frampton C, Chan MTV, Myles PS, Corcoran TB, et al.
Anaesthetic depth and complications after major surgery: an international,
randomised controlled trial. The Lancet. 2019;394:1907-14.

7. Wildes TS, Mickle AM, Ben Abdallah A, Maybrier HR, Oberhaus J, Budelier TP,
et al. Effect of Electroencephalography-Guided Anesthetic Administration on
Postoperative Delirium among older adults undergoing major surgery: the
ENGAGES Randomized Clinical Trial. JAMA. 2019;321:473-83.

8. Obert DP, Schweizer C, Zinn S, Kratzer S, Hight D, Sleigh J, et al. The influence
of age on EEG-based anaesthesia indices. J Clin Anesth. 2021,73:110325.



He et al. BMC Anesthesiology

20.

22.

23.

24,

(2023) 23:337

Hight DF, Dadok VM, Szeri AJ, Garcia PS, Voss L, Sleigh JW. Emergence from
general anesthesia and the sleep-manifold. Front Syst Neurosci. 2014;8:146.
Fahy BG, Chau DF. The technology of processed Electroencephalogram
Monitoring Devices for Assessment of depth of Anesthesia. Anesth Analg.
2018;126:111-7.

Plummer GS, Ibala R, Hahm E, An J, Gitlin J, Deng H, et al. Electroencephalo-
gram dynamics during general anesthesia predict the later incidence and
duration of burst-suppression during cardiopulmonary bypass. Clin Neuro-
physiol. 2019;130:55-60.

Radtke FM, Franck M, Lendner J, Kruger S, Wernecke KD, Spies CD. Monitoring
depth of anaesthesia in a randomized trial decreases the rate of postopera-
tive delirium but not postoperative cognitive dysfunction. Br J Anaesth.
2013;110(Suppl 1):98-105.

Hesse S, Kreuzer M, Hight D, Gaskell A, Devari P, Singh D, et al. Association

of electroencephalogram trajectories during emergence from anaesthesia
with delirium in the postanaesthesia care unit: an early sign of postoperative
complications. Br J Anaesth. 2019;122:622-34.

Pedemonte JC, Plummer GS, Chamadia S, Locascio JJ, Hahm E, Ethridge B,

et al. Electroencephalogram Burst-suppression during cardiopulmonary
bypass in Elderly Patients mediates postoperative delirium. Anesthesiology.
2020;133:280-92.

Fritz BA, Kalarickal PL, Maybrier HR, Muench MR, Dearth D, Chen'Y, et al.
Intraoperative Electroencephalogram Suppression Predicts Postoperative
Delirium Anesth Analg. 2016;122:234-42.

Giattino CM, Gardner JE, Sbahi FM, Roberts KC, Cooter M, Moretti E, et al.
Intraoperative Frontal Alpha-Band Power correlates with preoperative neuro-
cognitive function in older adults. Front Syst Neurosci. 2017;11:24.

Purdon PL, Pavone KJ, Akeju O, Smith AC, Sampson AL, Lee J, et al. The ageing
brain: age-dependent changes in the electroencephalogram during propofol
and sevoflurane general anaesthesia. Br J Anaesth. 2015;115(Suppl 1):146-i57.
Hight DF, Gaskell AL, Kreuzer M, Voss LJ, Garcia PS, Sleigh JW. Transient
electroencephalographic alpha power loss during maintenance of general
anaesthesia. Br J Anaesth. 2019;122:635-42.

Kreuzer M, Stern MA, Hight D, Berger S, Schneider G, Sleigh JW, et al. Spectral
and entropic features are altered by age in the Electroencephalogram in
patients under Sevoflurane Anesthesia. Anesthesiology. 2020;132:1003-16.
Kaiser HA, Hirschi T, Sleigh C, Reineke D, Hartwich V, Stucki M, et al.
Comorbidity-dependent changes in alpha and broadband electroencepha-
logram power during general anaesthesia for cardiac surgery. Br J Anaesth.
2020;125:456-65.

Fritz BA, Maybrier HR, Avidan MS. Intraoperative electroencephalogram sup-
pression at lower volatile anaesthetic concentrations predicts postoperative
delirium occurring in the intensive care unit. Br J Anaesth. 2018;121:241-8.
Snyder B, Simone SM, Giovannetti T, Floyd TF. Cerebral hypoxia: its role

in Age-Related Chronic and Acute Cognitive Dysfunction. Anesth Analg.
2021;132:1502-13.

Short TG, Leslie K, Chan MT, Campbell D, Frampton C, Myles P. Rationale

and design of the Balanced Anesthesia Study: a prospective Randomized
Clinical Trial of two levels of anesthetic depth on patient outcome after major
surgery. Anesth Analg. 2015;121:357-65.

Jammer |, Wickboldt N, Sander M, Smith A, Schultz MJ, Pelosi P, et al. Stan-
dards for definitions and use of outcome measures for clinical effectiveness

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 10 of 10

research in perioperative medicine: european Perioperative Clinical Outcome
(EPCO) definitions: a statement from the ESA-ESICM joint taskforce on periop-
erative outcome measures. Eur J Anaesthesiol. 2015;32:88-105.

Kurmani S, Squire I. Acute Heart failure: definition, classification and epidemi-
ology. Curr Heart Fail Rep. 2017;14:385-92.

Gonzalez LS, Izquierdo DA, Davidovich RM. Definition and diagnosis of intra-
operative myocardial ischemia. Int Anesthesiol Clin. 2021;59:45-52.

Massoth C, Schwellenbach J, Saadat-Gilani K, Weiss R, Popping D, Kullmar M,
et al. Impact of opioid-free anaesthesia on postoperative nausea, vomiting
and pain after gynaecological laparoscopy - A randomised controlled trial. J
Clin Anesth. 2021;75:110437.

Niedermeyer E. The burst-suppression electroencephalogram. Am J Electro-
neurodiagnostic Technol. 2009;49:333-41.

Chao JY, Gutierrez R, Legatt AD, Yozawitz EG, Lo Y, Adams DC, et al. Decreased
Electroencephalographic Alpha Power during Anesthesia induction is Associ-
ated with EEG Discontinuity in Human Infants. Anesth Analg; 2022.

Kreuzer M, Kochs EF, Schneider G, Jordan D. Non-stationarity of EEG during
wakefulness and anaesthesia: advantages of EEG permutation entropy moni-
toring. J Clin Monit Comput. 2014;28:573-80.

McGuigan S, Evered L, Silbert B, Scott DA, Cormack JR, Devapalasundaram

A, et al. Comparison of the spectral features of the Frontal Electroencepha-
logram in Patients receiving Xenon and Sevoflurane General Anesthesia.
Anesth Analg. 2021;133:1269-79.

Shao YR, Kahali P, Houle TT, Deng H, Colvin C, Dickerson BC, et al. Low frontal
alpha power is Associated with the propensity for Burst suppression: an
Electroencephalogram phenotype for a vulnerable brain. Anesth Analgesia.
2020;131:1529-39.

Punjasawadwong Y, Phongchiewboon A, Bunchungmongkol N. Bispec-

tral index for improving anaesthetic delivery and postoperative recovery.
Cochrane Database Syst Rev. 2014;2014:CD003843.

Fritz BA, King CR, Ben Abdallah A, Lin N, Mickle AM, Budelier TP, et al.
Preoperative cognitive abnormality, intraoperative Electroencephalogram
suppression, and postoperative delirium: a mediation analysis. Anesthesiol-
0gy. 2020;132:1458-68.

Sun',Ye F,Wang J, Ai P, Wei C, Wu A, et al. Electroencephalography-Guided
anesthetic delivery for preventing postoperative delirium in adults: an
updated Meta-analysis. Anesth Analg. 2020;131:712-9.

Sessler DV, Sigl JC, Kelley SD, Chamoun NG, Manberg PJ, Saager L, et al. Hos-
pital stay and mortality are increased in patients having a triple low of low
blood pressure, low bispectral index, and low minimum alveolar concentra-
tion of volatile anesthesia. Anesthesiology. 2012;116:1195-203.

Weyer C, Protzl E, Kinateder T, Nowak F, Husemann C, Hautmann H, et al. The
strength of alpha oscillations in the Electroencephalogram differently affects
algorithms used for Anesthesia Monitoring. Anesth Analg. 2021;133:1577-87.
Giattino CM, Gardner JE, Sbahi FM, Roberts KC, Cooter M, Moretti E et al.
Intraoperative Frontal Alpha-Band Power correlates with preoperative neuro-
cognitive function in older adults. Front Syst Neurosci 2017;11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Effect of raw electroencephalogram-guided anesthesia administration on postoperative outcomes in elderly patients undergoing abdominal major surgery: a randomized controlled trial
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Participants
	﻿Randomization, blinding, and allocation concealment
	﻿Intervention
	﻿Outcomes and data collection
	﻿EEG processing
	﻿Statistical analysis

	﻿Results
	﻿Primary outcomes
	﻿Secondary outcomes
	﻿Subgroup analyses
	﻿Frontal alpha power and POD
	﻿Subgroup analysis on sedation and postoperative complications


	﻿Discussion
	﻿Conclusions
	﻿References


