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HIGHLIGHTS

e To prevent and treat intraoperative hypotension, vasopressors are commonly used.
e Avoiding excessive depth of anesthesia may reduce the need for vasopressors.

e Processed electroencephalography helps avoid excessive anesthetic depth.

e Processed electroencephalography reduces norepinephrine requirements

ARTICLE INFO ABSTRACT
Keywords: Study Objective: Processed electroencephalography (pEEG) may help clinicians optimize depth of general anes-
Anesthesia thesia. Avoiding excessive depth of anesthesia may reduce intraoperative hypotension and the need for vaso-
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pressors. We tested the hypothesis that pEEG-guided — compared to non-pEEG-guided — general anesthesia
reduces the amount of norepinephrine needed to keep intraoperative mean arterial pressure above 65 mmHg in
Hypotension patients having vascular surgery.

Acute kidney injury Design: Randomized controlled clinical trial.

Vasopressor Setting: University Medical Center Hamburg-Eppendorf, Hamburg, Germany.

Patient state index Patients: 110 patients having vascular surgery.

Interventions: pEEG-guided general anesthesia.

Measurements: Our primary endpoint was the average norepinephrine infusion rate from the beginning of in-
duction of anesthesia until the end of surgery.

Main Result: 96 patients were analyzed. The mean =+ standard deviation average norepinephrine infusion rate
was 0.08 + 0.04 pg kg™! min~! in patients assigned to pEEG-guided and 0.12 + 0.09 pg kg~ min™! in patients
assigned to non-pEEG-guided general anesthesia (mean difference 0.04 pg kg~ min~?, 95% confidence interval
0.01 to 0.07 pg kg™! min~!, p = 0.004). Patients assigned to pEEG-guided versus non-pEEG-guided general
anesthesia, had a median time-weighted minimum alveolar concentration of 0.7 (0.6, 0.8) versus 0.8 (0.7, 0.8) (p
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= 0.006) and a median percentage of time Patient State Index was <25 of 12 (1, 41) % versus 23 (3, 49) % (p =

0.279).

Conclusion: pEEG-guided — compared to non-pEEG-guided — general anesthesia reduced the amount of norepi-
nephrine needed to keep mean arterial pressure above 65 mmHg by about a third in patients having vascular
surgery. Whether reduced intraoperative norepinephrine requirements resulting from pEEG-guided general
anesthesia translate into improved patient-centered outcomes remains to be determined in larger trials.

1. Introduction

Hypotension is common during surgery with general anesthesia and
is associated with postoperative organ injury [1-5]. To prevent and treat
intraoperative hypotension, vasopressors such as norepinephrine are
commonly used. However, vasopressors themselves may promote acute
kidney injury [6-8].

One factor that contributes to intraoperative hypotension, and thus
vasopressor requirements, is deep general anesthesia. Processed elec-
troencephalography (pEEG) may help clinicians optimize depth of
general anesthesia [9-11]. Avoiding excessive depth of anesthesia may,
in turn, reduce intraoperative hypotension and the need for
Vasopressors.

We therefore aimed to determine whether pEEG-guided general
anesthesia reduces norepinephrine requirements. Specifically, we tested
the primary hypothesis that pEEG-guided — compared to non-pEEG-
guided — general anesthesia reduces the amount of norepinephrine
needed to keep intraoperative mean arterial pressure (MAP) above 65
mmHg in patients having vascular surgery.

2. Materials and methods
2.1. Study design and setting

Patients were enrolled in the Department of Anesthesiology, Center
of Anesthesiology and Intensive Care Medicine, University Medical
Center Hamburg-Eppendorf between February 2022 and March 2023.
The trial was approved by the ethics committee (Ethikkommission der
Arztekammer Hamburg, Hamburg, Germany; Chairperson Prof. R. Stahl;
registration number 2020-10155-BO-ff) on February 16, 2021 and
registered at ClinicalTrials.gov (NCT05293288) on March 23, 2022.
Participating patients provided written informed consent. We report the
trial according to the Consolidated Standards of Reporting Trials
(CONSORT) statement [12].

2.2. Patient selection

We included consenting patients >45 years old who were scheduled
for elective vascular surgery with general anesthesia when: a) surgery
was expected to last at least an hour; b) estimated intraoperative blood
loss was <1000 mL; and c) intra-arterial blood pressure monitoring with
an arterial catheter was planned. We excluded patients who had previ-
ous solid organ transplants; were septic; were designated American
Society of Anesthesiologists physical status V or VI; or were pregnant.
After randomization, we further excluded patients who were given other
vasopressors besides norepinephrine during surgery.

2.3. Protocol

We used pEEG from induction of general anesthesia until the end of
surgery. Specifically, we used the SedLine Brain Function Monitor
(Masimo, Irvine, CA, USA) which displays 4 raw electroencephalog-
raphy (EEG) tracings, the Patient State Index (PSi), density spectral ar-
rays, and the 95% spectral edge frequency (SEF95). The raw frontal and
pre-frontal EEG tracings are further processed into the unitless PSi,
ranging from O to 100, through a proprietary algorithm (0 = isoelectric
EEG, 100 = EEG of an awake person) [13]. Density spectral arrays show

the EEG power across different frequencies over time [9]. The SEF95
stands for the frequency below which 95% of the total EEG power is
located [9]. Additionally, the monitor displays a variable reflecting the
amount of noise contaminating the EEG signal in percent and electro-
myographic activity (a measure of muscular activity contaminating the
EEG signal). Data from the pEEG monitor were recorded and extracted at
2-s intervals using the Masimo Instrument Configuration Tool Software
(Masimo).

Patients were randomized to pEEG-guided general anesthesia or to
non-pEEG-guided general anesthesia (with blinded pEEG monitoring) in
a 1:1 ratio without blocking or stratification based on computer-
generated codes. Group allocation was concealed in sequentially
numbered opaque envelopes that were opened shortly before anesthetic
induction. Patients were blinded to group allocation, but anesthesiolo-
gists could not be.

In both groups, general anesthesia was induced using an opioid
(sufentanil bolus or continuous remifentanil infusion), propofol, and
rocuronium or cisatracurium. Patients' lungs were mechanically venti-
lated via an endotracheal tube or laryngeal mask. General anesthesia
was maintained with either inhaled sevoflurane or a continuous pro-
pofol infusion, with repeated boluses of sufentanil or continuous remi-
fentanil as clinically indicated. Patients were given balanced electrolyte
solution (Sterofundin ISO; Braun, Melsungen, Germany) as baseline
fluid infusion. Additional fluids were given at the discretion of the
treating anesthesiologists.

Clinicians strove to keep MAP above 65 mmHg using continuous
norepinephrine infusion per institutional routine. Norepinephrine was
continuously given via syringe infusion pumps (Perfusor Space; B Braun,
Melsungen, Germany) using 50 mL syringes containing 3 mg norepi-
nephrine diluted with normal saline 0.9% to 50 mL. Blood pressure was
measured with a radial arterial catheter in most patients, and otherwise
with upper-arm cuff oscillometry when planned arterial catheters were
not inserted for clinical reasons. Arterial catheters were inserted either
before or after anesthetic induction. Blood pressures were extracted
from electronic anesthesia records.

In patients assigned to pEEG-guided general anesthesia, depth of
anesthesia was adjusted to the pEEG, specifically considering PSi and
SEF95 values. In case of contradictory PSi and SEF95 values, noise
contamination, electromyography, and the overall clinical situation
informed clinical decisions regarding general anesthesia. Otherwise,
there was no specific treatment algorithm for pEEG-guided general
anesthesia. In patients assigned to non-pEEG-guided general anesthesia
(with blinded pEEG monitoring), depth of general anesthesia manage-
ment was based on clinical judgment informed by clinical perception,
vital signs, and anesthetic dosing.

2.4. Endpoints

Our primary endpoint was the average norepinephrine infusion rate
in pg per kg actual body weight per minute (ug kg™! min™!) from the
beginning of induction of general anesthesia until the end of surgery.
Total amounts of norepinephrine were extracted from syringe infusion
pumps at the end of surgery.

Secondary endpoints quantifying intraoperative hypotension were
the cumulative time with a MAP <65 mmHg and time-weighted average
MAP <65 mmHg (area under a MAP of 65 mmHg divided by the time
from the beginning of induction of general anesthesia until the end of
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surgery). The area under a MAP of 65 mmHg was calculated by sub-
tracting MAP measurements from 65 mmHg, multiplying positive dif-
ferences with the time difference (in minutes) between this MAP
measurement and the consecutive MAP measurement, and summing the
values.

On a post hoc basis, we evaluated the median PSi; the median per-
centage of time PSi was <25; the median SEF95; the median percentage
of time SEF95 was <8 Hz; the median percentage of time with a sup-
pression ratio >0%; the median percentage of time with a suppression
ratio >5%; the median cumulative minutes with a suppression ratio
>0%; the median cumulative minutes with a suppression ratio >5%; the
percentage of total monitoring time patients had a suppression ratio of
>0%; and the percentage of total monitoring time patients had a sup-
pression ratio of >5%. We additionally calculated the median time-
weighted minimum alveolar concentration (MAC) in patients in whom
general anesthesia was maintained with inhaled sevoflurane.

2.5. Statistical analysis

The statistical analysis plan was approved by the principal in-
vestigators and trial statistician before data analysis. Patients' de-
mographic, baseline, and clinical characteristics are described
separately for patients assigned to pEEG-guided and non-pEEG-guided
general anesthesia. Categorical data are presented as absolute
numbers (percentages). Continuous data are presented as means =+
standard deviations (normally distributed data) or medians (25th
percentile, 75th percentile) (non-normally distributed data). The pri-
mary endpoint was analyzed using a two-sided two-sample t-test. We
performed post hoc sensitivity analyses a) restricted to patients in whom
general anesthesia was maintained with inhaled sevoflurane and b)
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restricted to patients who had intra-arterial blood pressure monitoring
with an arterial catheter. Continuous secondary endpoints were
analyzed using Wilcoxon rank sum tests with continuity correction.

We estimated the sample size needed for our primary endpoint.
Assuming that the standard deviation of the average norepinephrine
infusion rate is 0.06 pg kg~* min~!, a sample size of 48 patients per
group (n = 96 patients in total) would provide 90% power at a 0.05
significance level to detect a difference in the average norepinephrine
infusion rate between the two groups of 0.04 pg kg ™! min~! or larger.
We expected a drop-out rate of 15% (largely related to the use of other
vasopressors besides norepinephrine), and thus planned to include 110
patients (55 patients per group).

3. Results

As planned, we randomized 110 patients between February 22,
2022, and March 2, 2023. After randomization, we excluded 13 patients
because other vasopressors besides norepinephrine were used and one
patient because surgery was cancelled. We thus finally analyzed 96
patients — 48 patients (50%) assigned to pEEG-guided general anesthesia
and 48 patients (50%) assigned to non-pEEG-guided general anesthesia
(Fig. 1). Patient characteristics and procedural data are shown in
Table 1.

The mean =+ standard deviation average norepinephrine infusion
rate was 0.08 + 0.04 pg kg ! min~! in patients assigned to pEEG-guided
and 0.12 + 0.09 pg kg ! min~! in patients assigned to non-pEEG-guided
general anesthesia (mean difference 0.04 pg kg™! min~?%, 95% confi-
dence interval 0.01 to 0.07 pg kg™l min’, p = 0.004) (Fig. 2).

In 86 of the 96 patients (90%) general anesthesia was maintained
with inhaled sevoflurane. In these patients, the mean + standard
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Fig. 1. Flow chart illustrating randomization and reasons for exclusion.
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Table 1

Patient characteristics and procedural data.
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PEEG-guided general anesthesia
(n = 48)

Non-pEEG-guided general
anesthesia (n = 48)

Absolute standardized
differences

Age, years 75 (70, 78) 74 (69, 82) 0.031
Body mass index, kg m~2 26 (23, 28) 25 (23, 29) 0.007
Sex 0.177
Male, n 34 (71) 30 (63)
Female, n 14 (29) 18 (38)
Type of surgery 0.306
Carotid-subclavian bypass, n 1) 2(4)
Carotid endarterectomy, n 2(4) 1(2)
Endovascular aortic repair, n 16 (33) 15 (31)
Percutaneous transluminal angioplasty, n 12 3(6)
Peripheral vascular surgery, n 22 (46) 23 (48)
Thoracic endovascular aortic repair, n 4 (8) 3 (6)
Transcaval coil embolization, n 2(4) 1)
Anesthetic management
Time from the beginning of induction of general anesthesia until the 215 (150, 313) 229 (162, 313) 0.165
end of surgery, min
General anesthesia with sevoflurane, n 43 (90) 43 (90) 0.065
General anesthesia with propofol, n 5(10) 5(10)
Total volume of crystalloid and colloidal fluids, mL 1500 (1500, 2500) 1900 (1250, 3000) 0.042
Patients with allogenic (packed red blood cells) or autologous (cell 9(19) 11 (23) 0.103
salvage) transfusion, n
Volume of transfused red blood cells (allogenic and autologous), mL 1100 (350, 1200) 500 (300, 1050) 0.069

Categorical data are presented as absolute number (percentage), continuous data as median (25th percentile, 75th percentile). Percentages may not sum up to 100%

due to rounding. n, absolute number. pEEG: processed electroencephalography.
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Fig. 2. Boxplots with overlying one-dimensional scatter plot showing the
average norepinephrine infusion rates in patients assigned to pEEG-guided and
non-pEEG-guided general anesthesia. Boxes represent the 25th and 75th
percentile and the range between them is the interquartile range. Inside the
boxes, bold horizontal lines represent medians. The whiskers (extensions from
the box) indicate the lowest and highest value no further than 1.5 times the
interquartile range.

deviation average norepinephrine infusion rate was 0.08 + 0.04 pg
kg~! min~! in patients assigned to pEEG-guided and 0.13 + 0.10 pg
kg~ ! min~! in patients assigned to non-pEEG-guided general anesthesia
(mean difference 0.04 pg kg~ min~?!, 95% confidence interval 0.01 to
0.08 pg kg~ ! min~!, p = 0.007).

91 of the 96 patients (95%) had intra-arterial blood pressure moni-
toring with an arterial catheter. In these patients, the mean =+ standard
deviation average norepinephrine infusion rate was 0.08 + 0.04 pg
kg~ ! min~! in patients assigned to pEEG-guided and 0.13 + 0.10 pg
kg~! min~! in patients assigned to non-pEEG-guided general anesthesia
(mean difference 0.05 pg kg™ min~!, 95% confidence interval 0.02 to
0.08 pg kg ! min~!, p = 0.003).

The median (25th percentile, 75th percentile) percentage of time PSi
was <25 was 12 (1, 41) % in patients assigned to pEEG-guided general
anesthesia and 23 (3, 49) % in patients assigned to non-pEEG-guided
general anesthesia (p = 0.279) (Table 2). The median (25th percentile,
75th percentile) percentage of time with a suppression ratio >5% was 1
(0, 11) % in patients assigned to pEEG-guided general anesthesia and 4
(0, 29) % in patients assigned to non-pEEG-guided general anesthesia (p
=0.095) (Table 2). The percentage of total monitoring time patients had
a suppression ratio of >5% was 8% in patients assigned to pEEG-guided
general anesthesia and 19% in patients assigned to non-pEEG-guided
general anesthesia. In the 86 patients in whom general anesthesia was
maintained with inhaled sevoflurane, the median (25th percentile, 75th
percentile) time-weighted MAC was 0.7 (0.6, 0.8) in patients assigned to
PEEG-guided general anesthesia and 0.8 (0.7, 0.8) in patients assigned
to non-pEEG-guided general anesthesia (p = 0.006).

The median (25th percentile, 75th percentile) time-weighted
average MAP <65 mmHg was 0.34 (0.09, 0.67) mmHg in patients
assigned to pEEG-guided and 0.18 (0.01, 0.69) mmHg in patients
assigned to non-pEEG-guided general anesthesia (p = 0.224) — with a
median (25th percentile, 75th percentile) cumulative time with a MAP
<65 mmHg of 15 (7, 25) minutes and 10 (3, 29) minutes (p = 0.408).

4. Discussion

PEEG-guided — compared to non-pEEG-guided — general anesthesia
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Table 2
Intraoperative processed electroencephalography data.
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PEEG-guided general anesthesia

Non-pEEG-guided general anesthesia

(n=42) (n=46) P-values

Patient State Index 32 (25, 36) 30 (24, 34) 0.323
Percentage of time with patient state index <25, % 12 (1, 41) 23 (3, 49) 0.279
Spectral edge frequency 95%, Hz 11 (8, 14) 10 (8,12) 0.304
Percentage of time with spectral edge frequency 95% <8 Hz, % 8 (2, 46) 15 (4, 43) 0.365
Percentage of time with a suppression ratio >0%, % 3(0,18) 7 (2, 38) 0.047
Percentage of time with a suppression ratio >5%, % 1(0,11) 4 (0, 29) 0.095
Cumulative minutes with a suppression ratio >0%, min 5(1,32) 13 (2,94) 0.052
Cumulative minutes with a suppression ratio >5%, min 1(0,15) 5 (0, 63) 0.068
Percentage of total monitoring time patients had a suppression ratio of >0%, % 14 27 n.a.

Percentage of total monitoring time patients had a suppression ratio of >5%, % 8 19 n.a.

Continuous data, if applicable, are presented as median (25th percentile, 75th percentile).

PEEG: processed electroencephalography.

reduced the amount of norepinephrine needed to keep intraoperative
MAP above 65 mmHg by about a third, a reduction that was both sta-
tistically significant and clinically meaningful. Presumably, less
norepinephrine was required with pEEG-guidance because anesthesia
was lighter, thus reducing hypotension consequent to anesthetic drugs
[14,15]. Consistent with this assumption, the median percentage of time
PSi was <25 and the median percentage of time with a suppression ratio
>5% was substantially lower in patients assigned to pEEG-guided —
compared to non-pEEG-guided — general anesthesia.

Our results in non-cardiac surgery patients are consistent with those
reported in 225 cardiac surgery patients in whom pEEG-guided anes-
thetic management reduced the cumulative norepinephrine dose
required to maintain MAP between 65 and 85 mmHg by about a quarter
compared to routine care [16]. Patients in the cardiac surgery trial were
given less norepinephrine than our vascular surgery patients, but
—complicating interpretation — most were also given other vasopressors
whereas our analysis was restricted to patients who were only given
norepinephrine. The effect of pEEG-guided anesthetic management on
norepinephrine use was nonetheless similar in both trials, suggesting a
generalizable benefit.

Although trial evidence is equivocal [17-19], there is now compel-
ling evidence from observational research that intraoperative hypoten-
sion is associated with acute kidney injury [3,4,20-22], myocardial
injury [3,4,23,24], and death [4]. As a result, there is a growing
consensus that intraoperative hypotension should be avoided and that
intraoperative MAP should be kept above 60-65 mmHg [25,26].
Therefore, clinicians in our institution routinely strive to keep MAP
above 65 mmHg.

The duration and severity of intraoperative hypotension indeed did
not substantially differ between patients assigned to pEEG-guided and
non-pEEG-guided general anesthesia: the median time-weighted
average MAP <65 mmHg was 0.34 versus 0.18 mmHg in patients
assigned to pEEG-guided and non-pEEG-guided general anesthesia — a
difference that, for example, would result when the MAP was 58 versus
61 mmHg for 10 minutes or when the MAP was 60 mmHg for 15 versus
10 minutes during the entire monitoring time (>3.5 h in both groups).
Norepinephrine thus largely prevented hypotension in both groups,
thereby justifying a comparison between norepinephrine infusion rates.

Observational studies suggest that vasopressors themselves are
associated with acute kidney injury [6-8]. It thus seems prudent to both
avoid profound hypotension and minimize vasopressor requirements. In
our trial, the mean difference in the average norepinephrine infusion
rate between patients assigned to pEEG-guided and non-pEEG-guided
general anesthesia was 0.04 pg kg™ min~'. In one predictive model,
an increase in use of norepinephrine equivalents from 0 to 0.04 pg kg~!
min~! was associated with nearly twice as much acute kidney injury [6].
In our trial, pEEG helped clinicians spare norepinephrine. However, the
trial was not powered to determine whether sparing norepinephrine by
using pEEG translates into a reduction in postoperative complications.

In our trial, pEEG-guidance resulted in substantially less time

patients had a suppression ratio of >0% and >5%. Burst suppression
EEG pattern is a non-specific and non-physiological sign of suppressed
brain activity and mainly has been attributed to a relative “overdose” of
anesthetics [27,28], but may also be linked to cerebral hypoperfusion
during intraoperative hypotension [29,30]. Intraoperative EEG burst
suppression is associated with postoperative delirium [28,31,32] and
mortality [33] — and should thus be avoided. Independent risk factors for
the development of burst suppression include older age, male sex,
chronic artery disease, and comorbidities [34,35] — typical character-
istics of vascular surgery patients who might therefore particularly
benefit from pEEG monitoring.

pEEG monitors generate quantitative indices based on proprietary
algorithms to help clinicians optimize depth of anesthesia. pEEG indices
are easier to use than raw EEG signals, but may underestimate burst
suppressions [36,37], incorrectly estimate hypnotic state [38,39], and
be influenced by artifacts [40].

A specific limitation of our single-center trial is that it was restricted
to high-risk vascular surgery patients who were at least 45 years old. It
thus focused on patients most at risk for hypotension-induced organ
injury [41-43]. Our findings can nonetheless presumably be generalized
to patients having other types of major non-cardiac surgery, especially
those at substantial cardiovascular risk. Our anesthesiologists were well-
trained in using pEEG monitoring. Both pEEG-guided general anesthesia
and hemodynamic management were at clinicians' discretion. Espe-
cially, we did not use a specific treatment algorithm for pEEG-guided
general anesthesia. Possibly using a specific treatment protocol for
PEEG-guided general anesthesia would have helped further reduce
norepinephrine requirements.

In conclusion, pEEG-guided — compared to non-pEEG-guided - gen-
eral anesthesia reduced the amount of norepinephrine needed to keep
intraoperative MAP above 65 mmHg by about a third in patients having
vascular surgery. Whether reduced intraoperative norepinephrine re-
quirements resulting from pEEG-guided general anesthesia translate
into an improvement of patient-centered outcomes remains to be
determined in larger trials. Our results suggest that such trials are
warranted.
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