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Abstract

Introduction: Depth of anaesthesia (DOA) monitors are shown to reduce the intra-operative dose of anaesthetic
agents, provide haemodynamic stability and shorten emergence times. Electroencephalography (EEG) based
DOA monitors such as bispectral index (BIS) and entropy have been calibrated and validated in healthy subjects.
Hence the clinical effectiveness of these monitors may be affected when monitoring patients with neurological
disorders (e.g., epilepsy, dystonia, dementia and Parkinson’s disease).The aim of this study was to determine whether
BIS and entropy correlate with each other and with clinical indices of DOA in patients with movement disorders
under general anaesthesia (GA). Materials and Methods: We conducted a prospective, observational study
in patients with movement disorders undergoing internalization of deep brain stimulators. All patients received
standard GA with age-adjusted mean alveolar concentration (aaMAC) of an inhalational agent between 0.7 and I.1I.
BIS and entropy sensors were applied on the patient’s left forehead. Data collected included clinical parameters
and EEG-based DOA indices. Correlation analysis was performed between entropy, BIS and the clinical indices of
DOA. Bland Altman analysis was performed to determine the agreement between BIS and entropy. Results: Thirty
patients were studied (mean age was 58.4 £ || years, male: female 18:12 and weight 79.2 + 17 kg). Indications for
deep brain stimulation were Parkinson’s disease (n = 25), essential tremors (n = 2) and dystonia (n = 3). There
was a very strong positive correlation between BIS and response entropy (RE) (r = 0.932) and BIS and state
entropy (SE) (r = 0.950) and a strong negative correlation among aaMAC and BIS, RE and SE with r values of —0.686,
—0.788 and —0.732, respectively. However, there was no correlation between BIS, RE, SE and haemodynamic values.
Conclusion: Our study showed that BIS and entropy perform well in patients with movement disorders.There was
a good correlation between the BIS and entropy devices. Haemodynamic parameters were not reliable indicators
of DOA in these patients.
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INTRODUCTION

Monitoring the depth of anaesthesia (DOA) using
processed electroencephalography (EEG) has been
shown to reduce intra-operative awareness.! They
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also have been shown to reduce the intra-operative
dose of anaesthetic agents and vasopressors as well
as provide haemodynamic stability and shortened
emergence times.*®! The use of DOA monitors has
been recommended for elderly patients who are at risk
for post-operative adverse outcomes.! The bispectral
index (BIS), (Aspect Medical Systems, Newton, MA,
USA) and the entropy (GE Healthcare, Datex Ohmeda
Division, Helsinki, Finland) are the commonly used
DOA monitors derived from processed EEG.["! The BIS
combines the power spectral analysis with bispectral
analysis between the component frequencies of the EEG
signal.” Entropy analyses the amount of disorder in the
EEG signals (“state” entropy [SE]) and as the EEG signals
become more regular during anaesthesia, this results
in decreased entropy. It also measures the irregularity
of the frontalis electromyogram, which diminishes as
anaesthesia deepens providing an indication of muscle
activity (“response” entropy [RE]). The RE index ranges
from 0 to 100, whereas the SE index spans from 0 to 91.%!

The calibrations of these EEG-based monitors were
originally performed on subjects with normal cerebral
function.”’! The algorithm for BIS was derived from a
database of predominantly fit, healthy adult patients and
volunteers."! Hence, the clinical effectiveness of these
monitors may be affected when monitoring patients
with neurological disorders (e.g., epilepsy, dystonia,
dementia and Parkinson’s disease) and in patients taking
psychoactive medications.""'?! These patients may also
have a large variation in inter-individual response to
anaesthetic agents and sensitivity to the anaesthesia.*”!
Seizure activity has also been shown to cause interference
with these measurements.["*!l Under these circumstances,
the EEG activity may be altered leading to invalid
BIS or entropy readings.'®'”] The EEG-based DOA
monitors have not been validated in these subsets of
the population. There are only anecdotal observations
of variability in the applicability of EEG-derived DOA
monitors in patients with neurological disorders and
psycho-pharmacotherapy.'s!

Deep brain stimulation (DBS) is an increasingly popular
treatment for patients with movement disorders such
as Parkinson’s disease and dystonia. Surgery for DBS is
usually performed in two stages. The first stage consists
of accurate localisation of the target nuclei and insertion
of the DBS electrodes and is often performed with an
awake patient. The second stage, the internalisation
of the electrodes and insertion of a pulse generator is
usually performed under general anaesthesia (GA). The
aim of our study was to determine whether EEG-based
DOA monitors, BIS and entropy, correlate with each
other and with clinical indices of DOA namely heart
rate (HR), blood pressure (BP) and age-adjusted
mean alveolar concentration (aaMAC) of inhalational
anaesthetic agents, in patients with movement disorders.

We hypothesized that there would be correlation
among BIS, entropy and the clinical indices of DOA in
patients with movement disorders undergoing GA for
internalization of DBS electrodes.

MATERIALS AND METHODS
Study design

After institutional ethics board approval and written
informed patient consent, we conducted a prospective
observational study in patients with movement disorders
undergoing internalisation of DBS under GA.

Participants

Consecutive adult patients (>18 years of age) with
movement disorders (Parkinson’s disease, dystonia,
essential tremors) who were scheduled for elective
internalization of DBS electrodes under GA were
enrolled for the study. Patients undergoing DBS insertion
for other indications (depression, obsessive-compulsive
disorder or pain) were excluded from the study.

Anaesthetic management

All study patients had their DBS electrodes inserted 24-48
h prior to internalisation. They were maintained on all
their regular medications on the day of surgery. In the
operating room, routine standard monitors were applied
including five-lead electrocardiogram, non-invasive
BP, pulse oximetry, capnography, temperature and
age-adjusted end-tidal anaesthetic agent monitoring. GA
was induced with intravenous (IV) propofol (1-3 mg/kg)
and fentanyl (1-2 mcg/kg) and IV rocuronium (0.6 mg/
kg) for tracheal intubation. Anaesthesia was maintained
with oxygen, air, sevoflurane or desflurane titrated to
aaMACbetween 0.7 and 1.1. End-tidal CO, was maintained
at normal values. Prophylactic antibiotics (cefazolin or
clindamycin) and antiemetics (ondansetron [4 mg] or
dexamethasone [8 mg]) were administered as per our
routine practice. Intra-operatively, patients received bolus
doses of IV fentanyl (25 mcg) or propofol (20-50 mg)
for stimulating parts of the surgery. Intra-operative
haemodynamics (BP and HR) were maintained within 20%
of baseline using IV fluids, vasopressors and additional
anaesthesia as needed. After the closure of the skin incisions,
the inhalational agent was turned off and the neuromuscular
blockade was reversed with IV neostigmine 0.05 mg/
kg and glycopyrrolate 0.01 mg/kg. Tracheal extubation
was performed when the patients met extubation criteria.
Patients were then transferred to post-operative care unit,
and standard post-operative care was carried out.

Electroencephalography acquisition

A Datex-Ohmeda S/ 5 M-ENTROPY Module (GE
Healthcare, Datex-Ohmeda Division, Helsinki, Finland)
with a GE three electrode entropy sensor was used for
monitoring entropy. A standalone BIS monitor (Aspect
Medical Systems, Newton, MA, USA) along with
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a four-electrode BIS Quatro Sensor was used for
monitoring BIS. The BIS smoothing time was set at
15 s. The electrodes sensors were applied according
to manufacturer’s instructions prior to induction of
anaesthesia. Both sensors were placed using the left
temporal-frontal montage, one above the other in a
random sequence. The anaesthesiologists caring for the
patient were aware of the BIS and entropy values, but
the anaesthetic management was targeted only to the
clinical endpoints (BP, HR).

Data sources/measurement

Data collected include patient demographics, medical
comorbidities, anaesthetic management, total drug
doses and adverse events. Haemodynamic values (HR,
mean arterial BP [MAP]), aaMAC, BIS and entropy
data were recorded at following surgical time points:
T1-awake (pre-induction), T2 - loss of response to speech,
T3 -loss of eyelashreflex, T4 - intubation, T5 - knife to skin,
T6 - stable anaesthetic maintenance (prior to tunneling
in neck), T7 - tunneling in the neck, T8 - start of skin
closure, T9 - end of skin closure, T10 - anaesthetic agent
turned off, T11 - obeying commands, T12 - extubation
and T13 - post-extubation [Table 1].2% At 24 h after
surgery patients were interviewed and asked to fill in a
modified Brice questionnaire to assess for intra-operative
awareness [Appendix 1].*!

Statistical analysis

The primary outcome of the study was to determine the
correlation between EEG indices (BIS, SE, RE) and the
clinical indices (HR, MAP, aaMAC) of DOA at the different
surgical time points in patients with movement disorders.
The secondary outcome was to examine the agreement
between BIS and entropy. Spearman and Pearson correlation
analysis was performed between RE/SE and BIS and also
with haemodynamics (HR and MAP) and aaMAC of the
inhalational anaesthetic agent. Band-Altman analysis was
performed to determine the agreement between BIS and
entropy (RE and SE). We chose a sample size of 30 patients
based on the previous observational studies correlating EEG
based DOA monitors and clinical parameters.? Data were
presented as mean + standard deviation for continuous
variables and percentage for categorical variables. Continuous
variables were tested using paired t-test. Two-tailed P < 0.05
was considered to be significant. Statistical analysis was done
using SPSS statistical software version 18 (SPSS Inc., Chicago,
IL, USA) and GraphPad Prism version 6.00 (GraphPad
Software, San Diego, California, USA).

RESULTS

Thirty-six consecutive patients were screened for
eligibility and 30 patients were subsequently enrolled.
Of the 6 patients excluded, 3 patients refused consent to
participate in the study; 3 patients had both the insertion

and internalisation of DBS electrodes under GA. The
demographic data are as shown in Table 2. The numerical
and graphical trends of RE, SE, BIS, HR, MAP and aaMAC
at different surgical time points (T1-T13) are shown in
Table 3 and Figure 1. There was a progressive reduction
in SE, RE and BIS values from pre-induction (T1) till
surgical incision (T5) and then the values plateaued

Table 1: Study time points. Modified from
Paolo Martorano et al

Times Anesthetic steps

T1 Awake (preinduction)

T2 Loss of response to speech
T3 Loss of eyelash reflex

T4 Intubation

T5 Knife to skin

T6 Maintenance (prior to tunneling)
17 Tunneling in the neck

T8 Skin closure start

T9 Skin closure end

T10 Anesthetic agent turned off
T11 Obeying commands

T12 Extubation

T13 Postextubation

Table 2: Demographic data

Patient characteristics

Age (year)* 58.4+11
Male 1 (%): Female n (%) 18 (60%):12 (40%)
Weight (kg)* 79.2+17
Height (cm)* 169.2+10
Duration (min)* 80.9+13
ASA-2n (%) 8 (27%)
ASA-3 n (%) 22 (73%)
Conditions n (%)
Parkinsonism 25 (83.3)
Essential tremors 2(6.7)
Dystonia depression 3 (10)
Anesthetic agents
Propofol (mg)** 183+66
Fentanyl (ug)** 10338
Midazolam (mg)** 0.3+0.6
Rocuronium (mg)** 4048
Desflurane n (%) 24 (80)
Sevoflurane 7 (%) 6 (20)

*Values are presented as (mean+SD), **Total intra-operative
dose. SD=Standard deviation
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Figure 1: Error bar graph showing the trend of bispectral index,
response entropy, state entropy, heart rate, mean arterial blood
pressure and age-adjusted mean alveolar concentration in the
secondary axis (right) during the various time intervals (T1-T13).
T1 —awake (pre-induction), T2 — loss of response to speech, T3 —loss
of eyelash reflex, T4 — intubation, T5 — knife to skin, T6 — stable
anaesthetic maintenance (prior to tunneling in neck), T7 — tunneling
in the neck, T8 — start of skin closure, T9 — end of skin closure,
T10 — anaesthetic agent turned off, T11 — obeying commands,
T12 — extubation and T13 — post-extubation

Bispectral index (BIS)
Response entropy (RE)

State entropy (SE)

Minimum alveolar concentration (MAC)
Heart rate (HR)

Mean arterial blood pressure (MAP)

pa=e-m

until the surgical closure (T9). All three indices showed
an increasing trend from T9 (end of skin closure) until
post-extubation (T13). The MAP and HR also showed a
similar trend in relation to various surgical time points
except during the tunneling of the neck (T7) when there
was an increase in HR and MAP values. The aaMAC
values showed an opposite trend with a progressive
increase from T1 to T5 and decreasing trend from T9 to
T13 with plateauing in between.

Correlation analysis

Correlation analysis showed a very strong positive
correlation between BIS and RE (r = 0.932) and BIS
and SE (r = 0.950) and a strong negative correlation
between aaMAC and BIS, RE and SE with r values
of —0.686, —0.788, —0.732, respectively. However,
there were no correlations between BIS, RE, SE
and the haemodynamic values (HR and MAP)
[Table 4 and Figures 2 and 3].

Analysis of agreement

In total, 390 data points for each parameter were
used for Bland-Altman analysis [Figure 4]. The
bias (or difference) in the relationship between BIS
versus RE and SE is illustrated in Figure 4 where
the difference between BIS and RE/SE is plotted
against the average (BIS and RE/SE) of the values.
In Band-Altman analysis, the bias was less with
the RE (-0.3; level of bias almost equal to zero;

Table 3: The trends of RE, SE, BIS, HR, MAP,
and aaMAC at different study time points

Time BIS RE SE Heartrate Mean aaMAC
(per minute) arterial
pressure
(mm Hg)
T1 9611 9613 9512 72411 97413 0
T2 654 77+9 65+7 73112 90+14 0
T3 5945 6316 5744 72412 86x15 0
T4 4444 53+5 4545 74413 88+18 0
T5 4442 44+5 32+4 72411 77+14  0.88+0.14
T6 4014 33+4 3315 71£13 77£11  0.9610.11
T7 3616 32+5 3145 80£10 90+£14 0.97+0.15
T8 4016 3716 36x7 70£11 76x12  0.92+0.27
T9 4248 49+9 3847 70£13 7819  0.82+0.24
T10 6617 59+6 637 73114 83+9  0.59+0.31
T11 8743 8946 8615 80£11 96+12  0.150.05
T12 9243 9314 88+4 82411 95+13  0.06x0.06
T13  93%3 9642 90+3 81£12 95+11  0.01+0.03

Values are presented as mean+SD. RE=Response entropy,
SE=State entropy, BIS=Bispectral index, HR=Heart rate,
MAP=Mean arterial pressure, aaMAC=Age-adjusted
minimum alveolar concentration, T1=Awake (pre-induction),
T2=Loss of response to speech, T3=Loss of eyelash reflex,
T4=Intubation, T5=Knife to skin, T6=Stable anaesthetic
maintenance, T7=Tunneling in the neck, T8=Start of skin
closure, T9=End of skin closure, T10=Anaesthetic agent
turned off, T11=Obeying commands, T12=Extubation and
T13=Post-extubation, SD=Standard deviation

one sample t-test P = 0.526) than the SE (3.5; one
sample f-test P = 0.00) and the bias was more widely
distributed in RE (confidence interval = -17.9-17.3)
than SE (confidence interval = —11.2-18.3). There was a
good agreement between BIS and entropy (RE and SE).

Post-operatively, with the use of the Brice questionnaire,
none of the patients reported awareness or unpleasant
experiences. There were no perioperative complications.

DISCUSSION

Our study showed that both BIS and entropy performed
well in patients with movement disorders, and the
EEG-based DOA indices changed in a predictable
manner. The indices showed a progressive reduction
from induction until the surgical incision mirroring
a gradual transition into deeper levels of anaesthesia
and an increase during emergence from anaesthesia
demonstrating the recovery of consciousness. All EEG
indices showed substantially strong correlation with
each other. Lack of correlation between EEG-based DOA
indices with HR and MAP suggests that haemodynamic

28

Journal of Neuroanaesthesiology and Critical Care
|Vol. 3 ¢ Issue | ¢ Jan-Apr 2016 |



Bharadwaj, et al.: Depth of anaesthesia monitoring in patients with movement disorders

Figure 2: Linear regression curve of bispectral index versus response
entropy and state entropy. Figure shows a strong correlation between
bispectral index and response entropy, and also between bispectral
index and state entropy

indices cannot be used alone as indicators of DOA in this
patient population.

The use of EEG-based DOA monitors for titration of
anaesthesia to minimize perioperative haemodynamic
instability has been well established.”! A recent Cochrane
review has shown that anaesthesia guided by BISimproves
anaesthetic delivery and recovery from anaesthesia./*!
Another study showed that BIS-guided anaesthetic care
also decreased post-operative delirium and cognitive
decline and thus improved post-operative outcomes.*!

Autonomic dysfunction is common in patients
with Parkinson’s disease and the maintenance of
intra-operative haemodynamic stability under GA is
often a challenge in these patients. Autonomic instability
can lead to a sudden, exaggerated or unpredictable
response to noxious stimuli and often leads to excessive
administration of anaesthetics and analgesics.® During
internalisation of DBS, there are periods of intense
stimulation (neck tunneling) in between long periods
of minimal stimulation. In these fluctuating surgical
conditions, maintaining a stable DOA based on
intra-operative haemodynamics could be deceptive.
The tendency to use minimal anaesthetics to avoid
hypotension may increase the risk of awareness. These
patients may also be at risk for post-operative delirium.?!
The use of DOA monitors may be beneficial in providing
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Figure 3: Linear regression curve of age-adjusted mean alveolar
concentration versus bispectral index and response entropy. Figure
shows a strong negative correlation between age-adjusted minimum
alveolar concentration and bispectral index as well as with response
entropy

guidance for the optimal delivery of anaesthetic agents
to minimize perioperative haemodynamic instability
and avoid post-operative complications in patients with
movement disorders.

Originally, the calibrations of the EEG-based DOA
monitors were performed on subjects with normal cerebral
function. The presence of neurologic disorders that
manifest with abnormal EEG patterns will, most likely,
affect BIS monitoring.™ Entropy acts as its own control
and has the potential benefit that it is independent of
absolute values of the EEG frequency or amplitude, which
are known to have inter-individual variation.'”! There
is limited data on the use of EEG-based DOA monitors
in patients with neurological disorders. Pemberton
and Dinsmore studied patients undergoing tumour or
epilepsy surgery using a sleep-awake-sleep anaesthesia
technique.'”! They found a poor correlation between BIS
values and the observer’s assessment of anaesthesia level,
suggesting that BIS is not a reliable tool for patients with
brain abnormalities. However, a few recent studies have
shown that there is a good correlation between both BIS and
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Table 4: Correlation analysis

Correlation Spearman Pearson Linear 95% CI for P
Indices Correlation Correlation regression
coefficient (s) coefficient (P) coefficient 1
Variable: BIS
RE 0.901 0.932 0.869 0.918 0.944
SE 0.901 0.950 0.902 0.939 0.959
Variable: MAC
BIS —-0.620 —0.686 0.471 —-0.735 —0.630
RE —-0.726 —-0.788 0.622 —-0.823 —0.748
SE —-0.677 —-0.732 0.536 —-0.775 —0.683
Variable: HR
BIS 0.158 0.190 0.036 0.092 0.284
RE 0.200 0.198 0.039 0.101 0.291
SE 0.201 0.204 0.041 0.107 0.297
Variable: MAP
BIS 0.371 0.383 0.147 0.295 0.465
RE 0.412 0.409 0.167 0.322 0.488
SE 0.377 0.383 0.147 0.295 0.465

HR=Heart rate, MAP=Mean arterial concentration, aaMAC=Age adjusted, minimum alveolar concentration, RE=Response

entropy, SE=State entropy, BIS=Bispectral index
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Figure 4: Bland—Altman plot of bispectral index and entropy. Figure
shows a good agreement between bispectral index and both state
entropy and response entropy. X-axis: Average of bispectral index
and response entropy/state entropy respectively; Y-axis: Difference
between bispectral index and response entropy/state entropy
respectively. Nineteen data points were outliers in bispectral index
versus response entropy and 15 data points were outliers in bispectral
index versus state entropy

entropy and clinical sedation scales in patients with brain
lesions.”! Ozlu et al. found that BIS values correlated with
the level of sedation in patients with Parkinson’s disease
undergoing DBS.[¥I To our knowledge, there are no studies
assessing the use of DOA monitors during GA in patients
with movement disorders. Abnormalities in EEG have
been reported in patients with Parkinson’s disease, and the
presence of pathological alpha dominant rhythm was seen
in patients with significant cognitive fluctuations.™ This
may limit the utility of EEG-based DOA monitors in these
patients. However, sensors for the DOA monitor are usually
placed in the front allocation and dominant (alpha) rhythm
variations are mostly seen in the posterior brain regions.
Hence, EEG-based DOA indices may not be affected, and
our study does confirm this finding.

In our study, we found that correlation between BIS and
entropy was good during various stages of surgery. BISand
RE were in agreement in all planes of anaesthesia and BIS
and SE were in agreement mainly during surgical planes
of anaesthesia as SE does not include the EMG component.
However, we observed a large inter-individual variability
in EEG indices. In the Bland-Altman analysis, the data
points were widely scattered which probably indicates the
pharmacological and physiological differences amongst
the patients, making titration of anaesthesia by traditional
haemodynamic markers less accurate. In addition, the
aaMAC values in our study varied between 0.7 and 1.1
which might have contributed to the inter-individual
variation in the EEG indices.
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Limitation

Our study does suffer from major limitations. First, this
study is limited by a small sample size (n = 30) with
different patient profiles. Our sample size was based on
previous similar studies looking at the BIS and entropy
in patients undergoing neurosurgical procedures.”? In
addition, it is possible that the severity of disease might
be different amongst the patients in our group which
might have contributed to the some of the variations in the
haemodynamic and EEG indices. Second, we did not know
if any of our patients had preexisting baseline EEG changes.
All patients had left sided placement of BIS and entropy
sensors which may not reflect the underlying global picture.
Hence, co-existing pathological EEG might not have affected
the performance of BIS and entropy in this study. Finally, in
our study, anaesthesiologists titrated the DOA on the basis
of aaMAC values and clinical indices. As a result, there is
a possibility of over or under dosing of anaesthetics which
might have influenced the haemodynamic parameters.

CONCLUSION

Our study showed that both BIS and entropy performed
well in patients with Parkinson’s disease and other
movement disorders. There was a good correlation
between BIS and entropy devices. Haemodynamic
parameters are not reliable indicators of DOA in
this subset of patients probably due to pre-existing
autonomic dysfunction.
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APPENDIX 1

Modified Brice questionnaire

1. What is the last thing you remember before going to
sleep?

a. Being in the POCU
b. Seeing the operating room
c. Being with family and/or friends in the POCU
d. Hearing voices
e. Feeling mask on face
f. Burning or stinging in IV line
g.Other:
2. What is the first thing you remember after waking up?
a. Hearing voices
b. Feeling breathing tube
c. Feeling mask on face
d. Seeing the operating room
e. Being in the PACU
f. Being with family and/or friends in the ward
g. Other:
3. Do you remember anything between going to sleep and
waking up?
a. No
b. Yes
i. Hearing voices
ii. Hearing events of surgery
iii. Unable to move or breathe
iv. Anxiety/stress
v. Feeling pain
vi. Sensation of breathing tube
vii. Feeling surgery without pain
viii. Other:
4. Did you dream during your procedure?
a.No
b. Yes (What about? ____ )
5. Did you have any problems going to sleep?
a. No
b. Yes

POCU: Pre-operative care unit, PACU: Post-anaesthesia care unit,
IV: Intravenous
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