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Abstract
Dose-dependent effects of ketamine on processed electroencephalographic depth-of-hypnosis indices have been reported. 
Limited data are available for the NeuroSENSE  WAVCNS index. Our aim was to establish the feasibility of closed-loop 
propofol-remifentanil anesthesia guided by the  WAVCNS index in the presence of an analgesic dose of ketamine. Thirty ASA 
I-II adults, 18–54 years, requiring general anesthesia for anterior cruciate ligament surgery were randomized to receive: 
full-dose [ketamine, 0.5 mg  kg−1 initial bolus, 10 mcg  kg−1  min−1 infusion] (recommended dose for postoperative pain 
management); half-dose [ketamine, 0.25 mg  kg−1 bolus, 5 mcg  kg−1  min−1 infusion]; or control [no ketamine]. After the 
ketamine bolus, patients received 1.0 mcg  kg−1 remifentanil over 30 s, then 1.5 mg  kg−1 propofol over 30 s, followed by 
manually-adjusted propofol-remifentanil anesthesia. The  WAVCNS was > 60 for 7/9 patients in the full-dose group at 7 min 
after starting the propofol infusion. This was inconsistent with clinical observations of depth-of-hypnosis and significantly 
higher than control (median difference [MD] 17.0, 95% confidence interval [CI] 11.4–26.8).  WAVCNS was median [inter-
quartile range] 49.3 [42.2–62.6] in the half-dose group, and not different to control (MD 5.1, 95% CI − 4.9 to 17.9). During 
maintenance of anesthesia, the  WAVCNS was higher in the full-dose group compared to control (MD 14.7, 95% CI 10.2–19.2) 
and in the half-dose group compared to control (MD 11.4, 95% CI 4.7–20.4). The full-dose of ketamine recommended for 
postoperative pain management had a significant effect on the  WAVCNS. This effect should be considered when using the 
 WAVCNS to guide propofol-remifentanil dosing.
Trial Registration ClinicalTrails.gov No. NCT02908945.
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1 Introduction

Processed electroencephalogram (pEEG) monitors such 
as the Bispectral Index (BIS, Medtronic), M-Entropy (GE 
Healthcare), SedLine (Masimo) or NeuroSENSE monitor 

(NeuroWave Systems) use signal processing techniques to 
derive a single measure of depth-of-hypnosis (DOH) from 
frontal EEG. The use of a pEEG monitor can reduce the risk 
of intraoperative awareness, reduce drug overdosing, and 
improve postoperative recovery [1]. However, pEEG indi-
ces may not be reliable when multiple drugs with different 
EEG effects are used [2], such as when low-dose (analgesic) 
ketamine is given during multimodal anesthesia to reduce 
postoperative pain and opioid requirements [3–9].

The NeuroSENSE  WAVCNS index (NeuroWave Sys-
tems, Cleveland Heights, OH) is a pEEG monitor that was 
developed specifically for use during closed-loop controlled 
anesthesia. Its fully disclosed deterministic algorithm uses 
wavelet technology [10] and the  WAVCNS index is predomi-
nantly determined by EEG in the γ-band (32–64 Hz) [10]. Its 
dynamics are delay-free, linear and known. This monitor has 
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successfully guided closed-loop propofol and remifentanil 
infusion in adults [11] and children [12].

The effect of ketamine on frontal EEG depends on dos-
age (or, more specifically, the resulting effect-site concen-
tration) and on co-administered drugs. Low-dose ketamine, 
administered as a sole agent, introduces oscillations in the 
high β- and low γ-range (24–32 Hz) [13], while most other 
anesthetic agents increase power at lower EEG frequencies 
[14]. When ketamine is co-administered with propofol, the 
EEG signature resembles that of propofol, with a reported 
shift in the peak α-spindle frequency [15].

Studies evaluating the effect of ketamine on pEEG moni-
tors vary in drug dosing, timing of ketamine administra-
tion and co-administration of propofol. Due to the different 
signal processing algorithms, the expected response of a 
pEEG monitor in the presence of additional drugs cannot 
be inferred from other monitors. The entropy monitor did not 
reliably reflect the DOH during single agent ketamine anes-
thesia [16]. Increases in the BIS index (Medtronic, Dublin, 
Ireland) were observed following ketamine infusion during 
intravenous anesthesia [17–21], while no effect was reported 
for low dose ketamine [22]. Quantification of the effect of 
ketamine on the  WAVCNS is limited to one (unpublished) 
study [23], with  WAVCNS values calculated offline from EEG 
data collected in a previous study. No significant effect was 
observed.

The purpose of this investigation was to establish feasibil-
ity of closed-loop propofol-remifentanil anesthesia guided 
by the  WAVCNS index, in the presence of a low-dose (anal-
gesic) ketamine administration scheme. Optimal ketamine 
dosing remains uncertain [24]. Guidelines from the Ameri-
can Pain Society on the management of postoperative pain 
recommend a loading bolus (0.5 mg  kg−1) followed by a 
continuous intraoperative infusion (10 mcg  kg−1  min−1), 
with or without a postoperative infusion [24]. None of the 
studies evaluating the effect of ketamine on pEEG indi-
ces include a ketamine loading dose prior to induction of 
propofol anesthesia, or include transient responses during 
induction of anesthesia and as a result of varying propofol 
and remifentanil administration during continuous ketamine 
infusion. This study therefore aimed to establish feasibility 
of  WAVCNS guided closed-loop induction and maintenance 
of intravenous anesthesia in the presence of this recom-
mended dose of ketamine, targeting the 40–60 range rec-
ommended for general anesthesia [25, 26].

Hence, this study evaluated the behaviour of the  WAVCNS 
index during intravenous anesthesia in the presence of the 
recommended dose of ketamine (full-dose: 0.5 mg  kg−1 
bolus, 10 mcg  kg−1  min−1 infusion) and half the recom-
mended dose [24] (half-dose: 0.25 mg  kg−1 bolus, 5 mcg 
 kg−1  min−1 infusion), versus a control group (no ketamine) 
and compared the  WAVCNS trends to traditional measures 
of DOH such as drug requirements, blood pressure, heart 

rate, and unwanted intraoperative events. The primary out-
come was the  WAVCNS index trends. Post-hoc analysis of 
the EEG signal was performed to generate hypotheses for 
the observed response to the full-dose, and to provide data 
to guide future studies and algorithm development.

2  Methods

2.1  Study design and approval

A randomized, parallel-group, feasibility study (clinical-
trials.gov NCT02908945, registration date 2016-09-21, 
PI Richard Merchant) was conducted with Fraser Health 
Research Ethics Board approval (FHREB 2016-054, 
approval date 2016-08-16), and written informed partici-
pant consent. This manuscript adheres to the CONSORT 
guidelines for reporting randomized trials.

2.2  Study participants

We recruited 30 American Society of Anesthesiologists 
(ASA) physical status I-II adults aged 18–54 years sched-
uled for elective anterior cruciate ligament repair surgery, 
requiring general anesthesia, at Eagle Ridge Hospital in 
Port Moody, BC, Canada. This procedure is associated 
with significant postoperative pain [27], and patients may 
benefit from low-dose intraoperative ketamine [8]. Criteria 
for exclusion were contraindication to ketamine, propofol, 
or remifentanil, known or suspected neurological disease, 
acquired scalp or skull abnormalities, psychiatric illness, his-
tory of drug misuse/abuse within the past 30 days, required 
preoperative sedative, pregnancy or nursing, catecholamines 
or thyroid hormones, anticipated use of nitrous oxide, and 
current enrollment in any other study involving investiga-
tional drugs or devices.

2.3  Randomization and blinding

Participants were randomized to one of three groups, in 
blocks of six (1:1:1 ratio). The randomization was gener-
ated in Excel (Microsoft Cooperation, Redmond, WA) by a 
staff member not involved in the study and the randomized 
group allocation was stored in sealed opaque envelopes. 
Participants in the full-dose group received a 0.5 mg  kg−1 
loading dose of racemic ketamine hydrochloride (Sandoz 
Canada Inc., Boucherville, QC), followed by a continuous 
10 mcg  kg−1  min−1 infusion throughout maintenance of 
anesthesia. Participants in the half-dose group received a 
0.25 mg  kg−1 loading dose of ketamine, followed by a con-
tinuous 5 mcg  kg−1  min−1 infusion. Participants in a control 
group received no ketamine. Participants were blinded to 
their group assignment, but their anesthesiologists were not. 
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The NeuroSENSE screen was covered to ensure the anesthe-
siologist was blinded to the  WAVCNS.

2.4  Equipment

The NeuroSENSE pEEG monitor evaluates the normalized 
EEG signal in the gamma frequency band, using wavelet 
analysis. For each 1-second epoch, the output of this analysis 
is compared against (i) the isoelectric state with full cortical 
depression and (ii) the fully awake state with normal EEG 
activity. The resulting Wavelet Anesthetic Value for Central 
Nervous System Monitoring  (WAVCNS) index quantifies the 
depth-of-hypnosis between these two extreme states, rang-
ing from 0 (isoelectric EEG) to 100 (fully awake) [10]. A 
 WAVCNS within the 40–60 range is recommended for general 
anesthesia [25, 26]; a  WAVCNS <40 suggests deep anesthe-
sia, and a  WAVCNS >60 indicates light anesthesia. Rapid 
increases in  WAVCNS are expected in response to stimula-
tion. The device records the EEG data at 256 Hz, collects 
the  WAVCNS values calculated per 1 s epoch (raw  WAVCNS) 
and provides a filtered  WAVCNS index. The device’s default 
filtering of the  WAVCNS was used (auto mode), which uses 
an automatic filter selection algorithm that varies from 5 to 
60 s (shorter during rapid changes and longer in the pres-
ence of noise).

A study laptop collected data every second from the 
NeuroSENSE monitor, the CARESCAPE B850 patient 
monitor (GE Healthcare, Chicago, IL), and three Alaris 
TIVA infusion pumps (Becton, Dickinson and Company, 
Franklin Lakes, NJ), one each for propofol, remifentanil, 
and ketamine. These drugs were only administered via these 
programmable pumps, so that timing and doses could be 
accurately logged.

2.5  Study procedures

Preoperative medications and intravenous fluids were 
administered as per routine anesthetic and surgical care. 
The attending anesthesiologist monitored the patient as per 
routine practice and could modify the anesthetic/analgesic 
drug administration at any time. Induction of anesthesia was 
conducted as follows. The ketamine bolus dose was given 
over 60 s for the full-dose and half-dose groups; no placebo 
was given to the control group. Once this bolus was com-
pleted, a 1.0 mcg  kg−1 bolus of remifentanil was then given 
over 30 s. A 1.5 mg  kg−1 bolus of propofol was given over 
30 s once the remifentanil bolus was completed. Additional 
bolus doses of 0.5 mg  kg−1 propofol were administered at 
the anesthesiologist’s discretion based on clinical response. 
Loss of consciousness was defined and recorded as loss 
of eyelash reflex (LoE) as assessed by the anesthesiolo-
gist. Bag/mask ventilation was followed by laryngoscopy 
and insertion of the airway device (endotracheal tube or 

laryngeal mask airway) when deemed clinically appropri-
ate. Neuromuscular blocking agents were used at the anes-
thesiologist’s discretion.

Anesthesia was maintained by manually adjusted continu-
ous infusions of propofol and remifentanil, starting at 150 
mcg  kg−1  min−1 and 0.1 mcg  kg−1  min−1 respectively. The 
full-dose and half-dose groups received a continuous keta-
mine infusion. Propofol and remifentanil boluses could be 
administered at the anesthesiologist’s discretion. Through-
out the procedure, the patient’s vital signs were monitored 
in routine fashion and hemodynamic variability (hyper- or 
hypotension, tachy- or bradycardia) was managed at the 
anesthesiologist’s discretion. All interventions (e.g. vaso-
active drug administration, fluid boluses) were recorded, as 
well as the justification for the intervention and any other rel-
evant clinical comments. Any instances of somatic response 
(patient movement, eye opening, coughing, swallowing, gri-
macing, lacrimation, or sweating) were documented, along 
with any consequent interventions.

The ketamine infusion was turned off once the last suture 
was placed. For emergence of anesthesia, propofol and 
remifentanil infusions were tapered and turned off at the 
anesthesiologist’s discretion.

2.6  Sample size

The sample size was based on previous studies examining 
the influence of ketamine on pEEG monitors [17, 18, 22]. 
This study was not powered to test a specific hypothesis.

2.7  Data analysis

Previously available data on the effect of ketamine on 
the  WAVCNS are limited and do not include induction of 
anesthesia [23]. Consequently, the  WAVCNS response to a 
clinical analgesic ketamine scheme was unknown and no 
specific hypotheses or a priori data/time points of interest 
were defined. Data analysis was performed in an exploratory, 
post-hoc manner, i.e. analysis of the  WAVCNS was deter-
mined after reviewing the data.

The average of the left and right  WAVCNS values was 
calculated, and is referred to as the  WAVCNS going forward. 
Median and interquartile range (IQR) were calculated each 
second (corresponding to the sampling time) per group for 
the  WAVCNS and predicted propofol effect site concentra-
tion, according to the Schnider model [28]. The median and 
IQR were plotted, and  WAVCNS trends in the full-dose and 
half-dose groups were compared to the trends in the control 
group.

Based on visual analysis of these  WAVCNS trends, and 
of the power spectral density of the EEG signals from 
the start of the ketamine infusion until procedure start, 
the following time-points of interest were identified for 



560 Journal of Clinical Monitoring and Computing (2021) 35:557–567

1 3

comparison of the  WAVCNS: (T1) start of the propofol infu-
sion, when ketamine and remifentanil may have potentially 
affected the EEG, but not in combination with propofol, 
(T2) loss of eyelash reflex LoE, (T3) 7 min after the start 
of the propofol infusion (when the  WAVCNS >60 for 7/9 
patients in the full-dose group), and (T4) procedure start.

During maintenance of anesthesia, defined as procedure 
start to end of the propofol infusion, median  WAVCNS, 
median propofol and remifentanil infusion rates, and the 
percentage time the  WAVCNS remained within 40–60 were 
calculated for each patient. Median (IQR) values were cal-
culated per group and results from the full-dose and half-
dose groups were compared to the control group. Com-
parisons were reported with median differences (MD) and 
their 95% confidence interval (CI), performed using the 
Wilcoxon rank-sum test.

Instances of the  WAVCNS indicating insufficient depth 
of anesthesia (> 60) were compared with clinical indica-
tors of depth of anesthesia, including blood pressure and 
heart rate trends, marked instances of somatic response, 
and the administration of additional boluses of propofol 
required to achieve/maintain adequate anesthesia. Bolus 
administration data are reported with the odds ratio and 
95% CI, and p-value as calculated using Fisher’s exact test.

Analyses were performed and data were plotted using 
MATLAB (The Mathworks, Natick, MA). Statistical com-
parisons were conducted using R (R Foundation for Sta-
tistical Computing, Vienna, Austria).

2.8  Post‑hoc EEG analysis

Post-hoc analysis of the EEG signal was performed to 
generate hypotheses and to guide future studies. Charac-
teristics of the raw EEG signals, sampled at 256 Hz, were 
analysed; the power spectral density was calculated using 
the multi-taper method (window length 3 s, overlap 2 s) 
[29]. Total power was analysed using the average over both 
channels and over 10 s. Power between 58 and 62 Hz (line 
interference) was removed from the estimated power spec-
trum in the frequency domain by setting the power to zero 
for these frequencies. Artefacts, defined as total power in 
the 0–64 Hz range exceeding an artefact-free threshold, 
were excluded. Normalized spectra were analysed using 
the average over both channels, normalized over the 0–64 
Hz frequency range. The frequency at which the maxi-
mal amplitude α-spindles occurred (peak frequency) was 
calculated for each instant, as was the relative power in 
the γ-band (32–64 Hz). The resulting time series were fil-
tered using a 30-second moving average, and the median 
(IQR) plotted over the first 30 min following the start of 
the propofol infusion.

3  Results

Data were collected for 30 cases (24 males) of median [IQR] 
age 29 [26–37] years, weight 83.5 [75.3–92.3] kg, and height 
180.2 [175.9–185.3] cm, between 2016-10-04 and 2017-04-
07. One participant in the full-dose group received a dif-
ferent ketamine dose in error, and was excluded; LoE was 
not recorded for one patient in the full-dose group, and was 
excluded from the LoE results, but retained for other analy-
ses. One case in the half-dose group was excluded from the 
 WAVCNS analysis due to a data synchronization issue, but 
included in the analysis of other outcomes (Fig. 1). Charac-
teristics were similar between groups (Table 1).

3.1  WAVCNS trends

At the start of propofol infusion (T1) and at LoE (T2), the 
 WAVCNS in the ketamine full-dose and half-dose groups was 
not different from the control group (Table 2; Fig. 2). At 7 
min after the start of the propofol infusion (T3), the  WAVCNS 
in the full-dose group was significantly higher than the con-
trol group (MD 17.0, 95% CI 11.4–26.8), but the  WAVCNS in 
the half-dose group was not different from control (Table 2). 
At procedure start (T4), the  WAVCNS in the full-dose group 
was higher than control (MD 15.6, 95% CI 10.4–19.1) and 
was also higher in the half-dose group compared to control 
(MD 7.7, 95% CI 1.2–18.1).

During maintenance of anesthesia, the  WAVCNS was 
higher in the full-dose group compared to the control group 
(MD 14.7, 95% CI 10.2–19.2) and was also higher in the 
half-dose group compared to control (MD 11.4, 95% CI 
4.7–20.4) (Table 2).

In the control group, the  WAVCNS followed a typical 
pattern for propofol induction of anesthesia, characterized 
by a rapid decrease to ~ 50 and consequent stable  WAVCNS 
indices (Fig. 2). The full-dose response to the start of propo-
fol infusion showed an initial rapid decrease followed by a 
gradual increase in the  WAVCNS index, prior to a gradual 
decrease to maintenance values. The half-dose group did 
not show this initial decrease and gradual increase, but was 
characterized by variability in response.

3.1.1  Propofol dosing and clinical observations

To complete induction of anesthesia, additional propofol 
boluses were required in 8/10 (80%) participants in the 
control group, 3/9 (33%) participants in the full-dose group 
(odds ratio compared to control = 0.14, 95% CI 0.01–1.37), 
and 6/10 (60%) in the half-dose group (odds ratio compared 
to control = 0.39, 95% CI 0.03–3.89). The total propofol 
dose administered up to LoE was not statistically different 



561Journal of Clinical Monitoring and Computing (2021) 35:557–567 

1 3

between groups (Table 2). One participant in the half-dose 
group and two in the control group received rocuronium in 
anticipation of, or following, a difficult airway.

In the full-dose group,  WAVCNS >60 were observed in 
7/9 (78%) cases and  WAVCNS was > 70 in 3/9 (33%) cases 
(Fig. 2) in the period between the start of propofol infusion 
and procedure start. No clinical signs of inadequate anesthe-
sia were reported in the full-dose group during this period 
and blood-pressure and heart-rate trends showed no response 
to stimulation. In the half-dose group, variability in  WAVCNS 
was high. Median  WAVCNS was > 60 during the first 6 min 

following the start of the propofol infusion. Clinical signs of 
light anesthesia were reported during this period for some 
patients in this group: response to stimulation (n = 2), requir-
ing additional induction bolus (n = 1), and suspected light 
anesthesia (n = 1). The control group showed a consistent 
decrease to  WAVCNS in the 40–60 range; response to stimu-
lation was reported for one patient.

During maintenance of anesthesia, the median propofol 
dose was not different in the full-dose group than the con-
trol group (MD − 22.8 mcg  kg−1  min−1, 95% CI − 40.0 
to 0.0) and was lower in the half-dose group compared to 

Fig. 1  CONSORT Diagram. 
LoE loss of eyelash reflex; 
WAVCNS wavelet anesthetic 
value for central nervous system 
monitoring

Table 1  Demographics and 
procedural information for 
each study group. Values are 
presented as frequencies and 
medians [interquartile range]

ASA American Society of Anesthesiologists physical status

Demographics Control Group Full-Dose Group Half-Dose Group
n = 10 n = 9 n = 10

Sex (Female/Male) 3 / 7 1 / 8 2 / 8
Age (years) 28.0 [26.3–29.8] 37.0 [24.0–38.0] 28.5 [27.3–32.8]
Body mass index (kg  m−2) 26.4 [22.1–27.3] 24.5 [23.1–26.9] 26.8 [25.2–32.6]
ASA (I/II) 9 / 1 9 / 0 9 / 1
Procedural data
Duration of Propofol Infusion (min) 73.9 [61.9–97.3] 79 [75–88.6] 75.4 [62.3–92.2]
Total ketamine dose (mg  kg−1) 0 1.3 [1.2–1.3] 0.6 [0.5–0.7]
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control (MD − 30.0 mcg  kg−1  min−1, 95% CI − 50.0 to 
− 10.0) (Table 2). Remifentanil dosing was not different 
in either the full-dose or half-dose group compared to con-
trol (Table 1). The  WAVCNS was within the 40–60 range 
for 94.7% [86.7–99.7] of the maintenance period in the 
full-dose group, and for 95.2% [26.4–99.5] in the half-dose 
group; these values were consistent with clinical assess-
ment. In the control group, the median [IQR]  WAVCNS was 
38.6 [36–41.8], with only 33.8% [9.9–83.3] of time spent 
within the 40–60 range; these values reflect relatively deep 
anesthesia.

3.2  EEG analysis

Spectra in the full-dose group showed lower power at the 
start of the propofol infusion than the control group (Fig. 3, 
T1). This EEG effect was not reflected in the  WAVCNS, 
which was not different at the start of propofol infusion (T1) 
for the full-dose group compared to the control group. Power 
of the half-dose group was similar to the control group. 
After 7 min (T3) and at procedure start (T4), the peak fre-
quency increased with increased ketamine dose (Fig. 3, T3 
and T4). The elevated  WAVCNS (Fig. 2) during the first 20 
min after the start of the propofol infusion in the full-dose 
group coincided with elevated peak frequency and elevated 
relative γ-band power, exceeding their respective steady-
state values during maintenance of anesthesia (Fig. 4). This 
trend with overshoot in the peak frequency was not observed 
in the half-dose group (median) or control.

4  Discussion

4.1  WAVCNS trends

The  WAVCNS was higher in both the full-dose and half-dose 
ketamine groups compared to the control group at proce-
dure start (T4) and during maintenance of anesthesia. The 
 WAVCNS was also higher in the full-dose group compared 
to control at 7 min after the start of the propofol infusion 
(T3). While these higher  WAVCNS values were achieved with 
fewer propofol boluses for induction of anesthesia in the 
full-dose group, the total propofol induction dose was not 
different between groups (Table 2). In the full-dose group, 
the  WAVCNS was inconsistent with clinical observations of 
the depth-of-hypnosis in the first 10 min after the start of 
propofol-remifentanil anesthesia; after an initial decrease, 
the  WAVCNS increased to values normally associated with 
light anesthesia or even sedation  (WAVCNS >70 in 33% of 
patients), while no clinical signs of insufficient anesthesia 
were reported. This increasing  WAVCNS is not typically seen 
during propofol anesthesia, where increases due to stimula-
tion are commonly more rapid and resolved more quickly 
(as observed in the control group). These results suggest that 
the dose of ketamine recommended for the management of 
postoperative pain [24] has a significant effect on the Neu-
roSENSE  WAVCNS.

In the half-dose group,  WAVCNS values > 60 were 
observed following the initial ketamine bolus of 0.25 mg 
 kg−1. However, data were inconclusive with respect to 
consistency with clinical observations; response to airway 

Fig. 2  Depth-of-hypnosis 
 (WAVCNS) and propofol effect-
site concentration  (Ce) over 
time, showing the full-dose 
group (F-D, red) and half-dose 
group (H–D, blue) compared 
to the control group (C, black) 
during the first 50 min of 
anesthesia (left).  WAVCNS is 
also shown in detail during 
the first 10 min of anesthesia 
(right). Thick lines show the 
median values over time, the 
interquartile range is indicated 
with thin lines. Note that the 
drop in median  WAVCNS after 
~ 6 min in the half-dose group 
represents the response of one 
participant to an additional 
propofol bolus, and does not 
reflect a transient increase fol-
lowing induction of anesthesia, 
as observed in the full-dose 
group
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manipulation and suspected light anesthesia were observed 
in some cases. During maintenance of anesthesia, the 
 WAVCNS was consistent with the clinically observed depth-
of-hypnosis in both ketamine groups; the  WAVCNS remained 
within the 40–60 ‘adequate anesthesia’ range, for median 
94.7% of the time in the full-dose group and 95.2% in the 
half-dose group.

Inconsistency between clinical observations and the 
 WAVCNS in the full-dose group indicate that controlling 
propofol infusion to a  WAVCNS target between 40 and 60 
may lead to overdosing following induction of anesthesia in 
the presence of this ketamine dosing scheme.

4.2  EEG power spectral analysis

The post-hoc analysis of EEG power spectra was performed 
to generate hypotheses following the unexpected  WAVCNS 
trend observed in the full-dose group during the first 10–20 
min after the start of the propofol infusion. The high β- and 

low γ-range (24–32 Hz) oscillations reported with low-
dose ketamine, when administered as a sole agent [2, 13], 
were not apparent in our study. EEG power spectral esti-
mates prior to propofol administration (reflecting the effect 
of ketamine and remifentanil without propofol) showed 
decreased power following the ketamine bolus of 0.5 mg 
 kg−1 in the full-dose group, but not after the 0.25 mg  kg−1 
bolus in the half-dose group. This effect was not reflected 
in the  WAVCNS.

Following propofol administration, the observed EEG 
signature indicates a ketamine dose-dependent shift in the 
peak frequency of the α-spindles, which has been previously 
reported when ketamine was co-administered with propo-
fol [15]. A neurophysiological explanation for this α peak-
frequency shift has been offered in a modeling study [30]. 
This change in EEG signature does not explain the observed 
 WAVCNS response, since the  WAVCNS is predominantly 
based on the γ-band. However, the shift in peak frequency 
was accompanied by an increase in relative γ-band power, 
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Fig. 3  EEG power spectral density (Power) and corresponding unfil-
tered depth of hypnosis  (WAVCNS) indices. Spectra of the full-dose 
group [F-D] are shown in red, the half-dose group [H-D] in blue, and 
the control group [C] in black. Thick lines show the median, the inter-
quartile range is indicated with dashed lines. T1: Power at the start 
of propofol infusion, and the boxplots of the corresponding depth-of-

hypnosis index  (WAVCNS.). T2: Power and  WAVCNS at loss of con-
sciousness. T3: Power and  WAVCNS at 7 min after the start of propo-
fol infusion. T4: Power and  WAVCNS at procedure start. The figures 
are scaled to 0–50 Hz to illustrate the characteristics in the α-band 
and the peak frequency 
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which may explain the observed increase in the  WAVCNS. 
Further investigation is required to quantify how these dose-
dependent effects on the EEG signature affect the  WAVCNS.

The transient increase of the  WAVCNS to values inconsist-
ent with clinically observed depth-of-hypnosis, following 
the ketamine bolus in the full-dose group, coincided with the 
transient increase in the peak frequency and relative γ-band 
power. We therefore speculate that the full-dose bolus of 
0.5 mg  kg−1 ketamine introduces a peak in ketamine EEG 
effect, which exceeds the effect observed for the correspond-
ing maintenance infusion rate of 10 mcg  kg−1  min−1. This 
would need to be confirmed by further pharmacodynamic 
study of the effects of ketamine on EEG, and by study of 
potential pharmacokinetic/pharmacodynamic interactions 
between propofol and ketamine.

4.3  Comparison with other pEEG monitors

The Bispectral Index (BIS), M-Entropy, and NeuroSENSE 
monitor use different signal processing techniques to derive 
a DOH index: M-Entropy uses the spectral entropy in the 
0.8-32Hz frequency range, while NeuroSENSE monitor 
focuses on the γ-band (32–64 Hz) [10]. Both use normaliza-
tion of the EEG signal or spectrum. The M-Entropy monitor 
did not reflect the effect of ketamine as a sole agent [16]. The 
findings of our study at T1 (after ketamine bolus administra-
tion, at the start of the propofol infusion) indicate that the 
NeuroSENSE monitor may not reflect the effect of ketamine 
as a sole anesthetic agent either. While the overall power 
decreased, the relative power and the EEG signature in the 
γ-band may not have changed.

The results of this study indicate a dose-dependent 
effect of ketamine on the  WAVCNS during propofol-
remifentanil anesthesia. Studies focussed on the BIS 
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Fig. 4  Trends of peak frequency (a, c) and relative power in the 
γ-band (b, d), filtered using a 30-second moving average filter. Trends 
for the full-dose (F-D) group are shown in red, the half-dose (H-D) 
group in blue, and the control group in black. Thick lines show the 
median, the interquartile range is indicated with thin lines. The ele-
vated  WAVCNS in the first 10 min after the start of the propofol infu-
sion observed in the full-dose group coincide with a transient increase 
in the peak frequency and γ-band power, exceeding their respective 

steady-state values during maintenance of anesthesia. This trend 
is not seen in the control group. The median of the peak frequency 
in the half-dose group shows some, but less pronounced, overshoot. 
Note that the drop in γ-power in the half-dose group after ~ 6 min 
represents the response of one participant to an additional propofol 
bolus, and does not reflect a transient increase following induction of 
anesthesia, as observed in the full-dose group
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monitor also indicate a dose-dependent effect [17–22]. 
However, the signal processing used to derive these indi-
ces is not comparable (details of the BIS algorithm have 
not been published) and the specific EEG characteristics 
driving this effect may not be the same. Due to differ-
ent study protocols, results from these studies cannot be 
compared quantitatively: The aim of our study was to 
establish feasibility of closed-loop propofol-remifentanil 
anesthesia guiding the  WAVCNS to the 40–60 range, in 
the presence of a clinical ketamine infusion scheme. In 
contrast to prior studies quantifying the effect of ketamine 
on the BIS [17, 22], this clinical setting, and therefore 
our study protocol, involves varying ketamine dosing as 
well as varying propofol dosing. Differences between 
the ketamine and control groups may be confounded by 
the administered amount of propofol and the fact that the 
 WAVCNS in the control group indicated relatively deep 
anesthesia.

4.4  Limitations

This feasibility study was not powered to test specific 
hypotheses. Due to the limited sample size and complex-
ity of models required to describe confounding variables 
adequately (e.g., propofol and remifentanil dosing), no 
adjustments were implemented for confounding variables. 
Due to the exploratory nature of the analysis, all significant 
differences need to be confirmed in future studies.

Adequacy of anesthesia was evaluated by the anesthesi-
ologist. Fifteen anesthesiologists participated. While anes-
thesia was considered adequate in all cases, there is no guar-
antee that the achieved depth-of-hypnosis or opioid-hypnotic 
balance was the same between participants or groups.

Finally, clinicians were not blinded to the ketamine dose 
(for safety reasons), and may have adjusted propofol and 
remifentanil dosing accordingly. While the  WAVCNS during 
maintenance of anesthesia was consistent with the clinically 
observed adequacy of anesthesia, this study cannot conclude 
whether the  WAVCNS is truly affected or increased by keta-
mine, or if it failed to represent deepening of anesthesia due 
to the synergy between propofol and ketamine.

5  Conclusions

The dose of ketamine recommended for management of 
postoperative pain (0.5 mg  kg−1 bolus, 10 mcg  kg−1  min−1 
infusion) [24] has a significant effect on the NeuroSENSE 
 WAVCNS during propofol-remifentanil anesthesia; during 
the first 15 min of anesthesia, clinical observations reflected 
adequate anesthesia, while the  WAVCNS indicated light anes-
thesia or sedation. This inconsistency was not observed in 

the half-dose group. Anesthesiologists should be aware of 
the effect of this dose of ketamine when using the  WAVCNS 
as a guide to the administration of propofol-remifentanil 
anesthesia and consider adjusting propofol-remifentanil 
dosing accordingly. Power spectral analysis indicated dose-
dependent effects of ketamine on the EEG. Further inves-
tigation quantifying the effect of these EEG effects on the 
 WAVCNS may be warranted.
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