Bl CLINICAL INVESTIGATIONS

Anesthesiology 2007; 107:202-12

Copyright © 2007, the American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins, Inc.

Differential Dynamic of Action on Cortical and Subcortical
Structures of Anestbetic Agents during Induction of

Anesthesia

Lionel J. Velly, M.D.,* Marc F. Rey, M.D., Ph.D.,T Nicolas J. Bruder, M.D.,t Francois A. Gouvitsos, M.D.,§
Tatiana Witjas, M.D.,|| Jean Marie Regis, M.D.,# Jean Claude Peragut, M.D.,** Frangois M. Gouin, M.D.tt

Background: Dynamic action of anesthetic agents was com-
pared at cortical and subcortical levels during induction of
anesthesia. Unconsciousness involved the cortical brain but
suppression of movement in response to noxious stimuli was
mediated through subcortical structures.

Methods: Twenty-five patients with Parkinson disease, pre-
viously implanted with a deep-brain stimulation electrode, were
enrolled during the implantation of the definitive pulse gener-
ator. During induction of anesthesia with propofol (n = 13) or
sevoflurane (n = 12) alone, cortical (EEG) and subcortical (ES-
CoG) electrogenesis were obtained, respectively, from a frontal
montage (F3—C3) and through the deep-brain electrode (p0—
p3). In EEG and ESCoG spectral analysis, spectral edge (90%)
frequency, median power frequency, and nonlinear analysis
dimensional activation calculations were determined.

Results: Sevoflurane and propofol decreased EEG and ESCoG
activity in a dose-related fashion. EEG values decreased dramat-
ically at loss of consciousness, whereas there was little change
in ESCoG values. Quantitative parameters derived from EEG but
not from ESCoG were able to predict consciousness versus
unconsciousness. Conversely, quantitative parameters derived
from ESCoG but not from EEG were able to predict movement in
response to laryngoscopy.
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Conclusion: These data suggest that in humans, unconscious-
ness mainly involves the cortical brain, but that suppression of
movement in response to noxious stimuli is mediated through
the effect of anesthetic agents on subcortical structures.

RECENT progresses in brain imaging have shown that
the effects of anesthetics are specific rather than global
on the brain." In particular, subcortical brain structures
such as the thalamus seemed to be specifically involved
during general anesthesia.>> By analogy with the physi-
ology of sleep, the neuronal networks involving the
thalamus and the cerebral cortex (thalamocortical- cor-
ticothalamic loops) has been hypothesized to play a
major role in determining unconsciousness during gen-
eral anesthesia.*> However, functional neuroimaging
has a poor temporal resolution and needs sequential
acquisitions with stable anesthetic depth, making it dif-
ficult to explore the dynamic nature of anesthesia.®

Another important goal during anesthesia is the ability
to predict responses to pain. Unfortunately, methods
based on the electroencephalogram, such as spectral
edge (90%) frequency (SEF,), median power frequency
(MPPF),”"® or, more recently, the Bispectral Index, %!
have failed to predict movement during surgery.
Whether this is due to improper electroencephalo-
graphic processing or to other methodologic issues re-
lated to pain processing remains debated. One advantage
of electrophysiologic methods is an excellent temporal
resolution, within milliseconds. But this methodology is
usually limited to the exploration of the superficial cor-
tical layers in humans. The implantation of deep-brain
electrodes for Parkinson disease surgery allows an access
to subcortical structures. This model offers a unique
opportunity to record the dynamic electrophysiologic
changes at cortical (EEG) and subcortical (ESCoG) levels
during induction of anesthesia.

We hypothesized that the cortex and subcortical struc-
tures have different sensitivities to anesthetics with a
corticosubcortical dissociation at loss of consciousness
(LOC) during induction of anesthesia. The aim of this
study was first to study, during induction of anesthesia
with propofol or sevoflurane, the sensitivities of the
cortex and subcortical structures, with a high-temporal-
resolution method. Second, we aimed to compare the
respective efficacy of EEG and ESCoG quantitative pa-
rameters (linear: SEF,, and MPF; nonlinear: dimensional
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activation) for predicting LOC and movement in re-
sponse to laryngoscopy as a standard noxious stimulus.

Materials and Methods

Patients

After we obtained Ethics Committee approval (Comité
Consultatif pour la Protection des Personnes dans la
Recherche Biomédicale, Marseille, France) and written
informed consent, we studied 25 consecutive patients
with advanced Parkinson disease undergoing functional
stereotactic surgery, aged 45-72 yr, with American So-
ciety of Anesthesiologists physical status of II or III.
Exclusion criteria included propofol allergy, regular use
of sedative- hypnotics, seizure disorders, and anticipated
difficult intubation.

Implantation Procedure of the Subcortical

Electrodes

Patients with Parkinson disease included in this study
previously underwent successful implantation with an
electrode in the subthalamic nucleus. The criteria for
implantation were patients with Parkinson disease (ac-
cording to the United Kingdom Parkinson’s Disease So-
ciety Brain Bank'?) with a good response to levodopa
(improvement of at least 50% on the motor portion of
the Unified Parkinson’s Disease Rating Scale between the
“off-drug” and “on-drug” conditions) and without cogni-
tive dysfunction or severe psychiatric disorders. The
surgical procedure for implantation of electrodes in the
subthalamic nucleus was based on preoperative stereo-
tactic magnetic resonance imaging, and intraoperative
rnicrorec01'ding.13’14 The electrodes used (model 3387;
Medtronic, Inc., Minneapolis, MN) were quadripolar,
thus permitting stimulation to be applied at four individ-
ual contacts numbered 0, 1, 2, and 3 from the tip of the
electrode (fig. 1). For 5-7 days after this procedure, the

Fig. 1. Postoperative lateral skull radio-
graph (4) and magnetic resonance image
(B) obtained after implantation of the
quadripolar electrodes into subthalamic
nuclei. Schematic drawing (C) of the
Medtronic model 3387 electrode.
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wires from each of the four contacts were led out
through the scalp and could be connected to external
amplifiers. During this period, the pulse generator was
fine-tuned to choose the optimal contact through which
the stimulation alleviated symptoms of Parkinson with-
out inducing permanent side effects and the optimal
electrical parameters (frequency, pulse width, and volt-
age). Our study was performed during the implantation
in the subclavicular area of the definitive pulse generator
during general anesthesia.

Study Design

The evaluation was conducted as a nonrandomized
prospective, open-label study. No oral intake was al-
lowed 8 h before the operation, and no premedication
except dopatherapy was given. After arrival in the oper-
ating room, an intravenous catheter was inserted into a
forearm vein, and patients were monitored with stan-
dard anesthetic monitoring (Eagle 4000; GE Marquette,
Buc, France). We measured heart rate, oxygen satura-
tion, and noninvasive mean arterial blood pressure at
1-min intervals. The concentrations of end-tidal carbon
dioxide, oxygen, and end-tidal sevoflurane were mea-
sured continuously using an infrared spectrophotomet-
ric analyzer of an anesthesia workstation (Julian®;
Driger, Antony, France). Cortical and subcortical elec-
troencephalograms were recorded for 5 min before in-
duction to obtain an awake baseline. Patients in the
supine position were asked to relax and to keep their
eyes closed during the recording period to minimize
muscle artifact (see acquisition procedure below).

After 3 min of preoxygenation, the patients received
either propofol (n = 13) or sevoflurane (n = 12) alone.
Propofol was infused for induction via target-controlled
infusion with a Diprifusor device (Fresenius Vial SA,
Grenoble, France) using the pharmacokinetic parame-
ters published by Marsh et al.'®> Induction of anesthesia
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was started with a target plasma propofol concentration
of 6 pug/ml. Sevoflurane was administered for induction
via a facemask. Anesthesia was induced with 2% sevoflu-
rane in 100% O, (Driager vaporizer; Antony, France),
using an open circuit with a fresh gas flow of 9 1/min.

Loss of consciousness was assessed every 20 s during
induction by loss of response to loud voice command
(open your eyes) with light tapping on the shoulder.
End-tidal sevoflurane or target plasma propofol concen-
tration was increased every 3 min by, respectively, an
additional 2% to a maximum of 8% or 2 ug/ml to a
maximum of 10 ug/ml. In case of inadequate spontane-
ous ventilation (oxygen saturation < 92% or signs of
upper airway obstruction), a free airway was reinstituted
by inserting an oropharyngeal airway, and if necessary,
ventilation was manually assisted by facemask to main-
tain end-tidal carbon dioxide between 35 and 40 mmHg.
Laryngoscopy was performed when the depth of anes-
thesia was adequate as judged by clinical signs. The
anesthesiologists were blinded to the EEG and ESCoG
values obtained during the administration of anesthesia.
As soon as the trachea was intubated, mechanical venti-
lation was adjusted to maintain normocapnia (35-40
mmHg end-tidal carbon dioxide), anesthetic concentra-
tion was reduced to obtain 2% end-tidal sevoflurane or a
target plasma propofol concentration of 6 ug/ml, and
this concentration was maintained for 5 min. Hemody-
namic data, EEG, and ESCoG were recorded continu-
ously from the beginning of induction until 5 min after
tracheal intubation.

All data were analyzed at baseline before anesthesia
(Ty), immediately after LOC (T,), before laryngoscopy
(T)), after tracheal intubation (T5), and 5 min after tra-
cheal intubation, without nociceptive stimulations,
when anesthetic concentration was equal to 1.0 mini-
mum alveolar concentration (MAC) or 1.0 ECs, (T)p.
Movers were defined as patients who showed any visible
spontaneous muscle movements, such as withdrawal or
flexor movement of the arms and legs, frowning of the
forehead muscles, or coughing, during laryngoscopy and
within 1 min of tracheal intubation.'® Nitrous oxide,
opioids, and muscle relaxants were not used during the
entire study period. Surgery started after completion of
the study.

Cortical and Subcortical Electrogenesis Acquisition

and Analysis

Electrogenesis was continuously recorded from the
cortical (EEG) and subcortical (ESCoG) level. EEG was
acquired, after skin preparation, using silver-silver chlo-
ride electrodes (Aquabond; Newlifetech, Midlothian,
VA), with a bipolar longitudinal frontal montage, ipsilat-
eral to the subcortical electrode (F3-C3 or F4 -C4: inter-
national 10-20 system). Electrode impedance was kept
below 2,000 ). ESCoG was acquired through the deep-
brain electrode (fig. 1), using a bipolar montage, be-

Anesthesiology, V 107, No 2, Aug 2007

tween poles p0 and p3 (impedance < 1,500 (); distance
pO-p3 = 10.5 mm). The ground electrode for EEG and
ESCoG was placed at the midforehead (Fz). Raw signals
from the EEG and ESCoG were amplified and filtered
analogically (low-pass filter [—6 dB at 450 Hz; Teledyne
Electronic, Los Angeles, CA]; high-pass filter [—6 dB at
0.5 Hz; Teledyne Electronic]; notch filter [50 Hz]), digi-
tized at 128 Hz (A/D converter; Teledyne Electronic),
with 12-bit resolution, and stored on a computer hard
disk. Bandpass digital filters were set at 0.5-30 Hz, and
amplifier sensitivity was 200 wV. The EEG and ESCoG
were displayed continuously to enable removal of arti-
facts and noted periods of burst suppression. Power
spectral analysis and nonlinear analysis were performed
on-line with Synapsys® software (version 1.3; Synapsys,
Marseille, France). All EEGs and ESCoGs were reviewed
by a clinical neurophysiologist familiar with anesthesia
EEG (M.F.R.) to assess whether seizure-like activity was
present.

Linear Analysis: Power Spectral Analysis by Fast

Fourier Transform

Spectral analysis of EEG and ESCoG signals was per-
formed using fast Fourier transformation on 4-s epochs.
The following parameters were calculated: total spectral
power, defined as the area under the curve of the spec-
trum (/LLVZ); SEF,,, defined as the frequency below
which 90% of the electroencephalographic power is
located; and MPF, defined as the frequency below which
50% of the electroencephalographic power is located.
Spectral bands of 0.5-3 Hz (6), 3.25-8 Hz (6), 8.25-13
Hz (@), and 13.25-30 Hz (3) were analyzed, and the
power of the spectral bands was calculated and ex-
pressed as a percentage of total spectral power. The
values for each of the derived parameters were deter-
mined by averaging the data from five consecutive ep-
ochs (5 X 4 s = 20 s). When the value for an individual
epoch was more than two deviations from the mean, it
was omitted and replaced by an additional epoch. Any
periods of burst suppression in the EEG and ESCoG were
noted and also excluded.

Nonlinear Analysis: Dimensional Activation

The pattern of ESCoG power spectrum changes during
anesthesia is unknown in humans. To compare EEG and
ESCoG time series, another method of analyzing brain
electrophysiology based on deterministic chaos theory,
independent of fast Fourier transformation,'® was used.
Nonlinear analysis of EEG and ESCoG signals was per-
formed using the dimensional activation (Da) derived
from the correlation dimension D,, which can be esti-
mated by the Grassberger and Procaccia algorithm'’
(appendix). The measure of dimensionality denotes the
minimum number of essential variables needed to model
the dynamics of a general dynamical system. Schemati-
cally, Da estimated the complexity of EEG and ESCoG

20z Idy 60 uo 3senb Aq Jpd-90000-000802002-2¥S0000/19.L+9€/202/2/L0 L /3pd-8joie/ABojoISay)sau./ WO JIeyDIaA|IS Zesk//:d)y woly papeojumoq



CORTEX AND SUBCORTEX INVOLVEMENTS DURING ANESTHESIA 205

signals: The more alert the patient is, the more complex
the EEG is, and the higher the Da is; the deeper the sleep
or anesthetic state is, the simpler the EEG is, and the
lower the Da is. Da values for EEG and ESCoG varied
between 12 (awake) and 2 (deep anesthesia).

Statistical Analysis

Data are expressed as mean (SD) unless otherwise
indicated. Time to achieve clinical endpoints, heart rate,
and mean arterial blood pressure were compared be-
tween propofol and sevoflurane, using an unpaired ¢
test. Comparison of EEG and ESCoG data at the different
time points was performed with one-way analysis of
variance followed by post bhoc Tukey test for multiple
comparisons. Statistical analysis was performed with Sig-
maStat 2.03 and SigmaPlot 8.0 software (SSPS Inc., San
Rafael, CA). A value of P < 0.05 was considered statisti-
cally significant.

The ability of derived EEG and ESCoG parameters (Da,
SEF,,, and MPF) to predict consciousness versus uncon-
sciousness and movers versus nonmovers was measured
with prediction probability (Pk) as described by Smith ez
al.'® A Pk value of 1 means that the values of the
predicting variables always correctly predicts the vari-
able to be predicted. A Pk value of 0.5 means that the
prediction is no better than chance alone. A paired-data
jackknife analysis'® was used to determine whether the
Pk value for one indicator differed from that of another
indicator. Pk values were calculated with an Excel macro
(PKMACRO) provided by Smith et al.'®

The area under the receiver operating characteristic
(ROO) curve for discrete index threshold values was
used to summarize the accuracy of Da EEG and ESCoG to
predict unconsciousness and movement during laryngos-
copy. The ROC curve for each index plots sensitivity
(fraction of unresponsive patients who are correctly
predicted to be unresponsive) against 1 — specificity
(fraction of responsive patients correctly identified) re-
flects the discriminating power of the index. The area
under the ROC curve was calculated with SE and 95%
confidence interval by maximum-likelihood estimation
as described by Metz et al."’

Results

The trial was completed without complication in any
patient and no adverse effects after anesthesia. Patients
anesthetized with propofol or sevoflurane did not differ
in their demographic variables (table 1). No difference
was seen in hemodynamic baseline values between the
anesthetics (table 2). During the remainder of the pro-
cedure, sevoflurane produced similar changes in heart
rate and mean arterial blood pressure values when com-
pared with propofol. Time to LOC after induction was
significantly shorter with propofol than with sevoflurane
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Table 1. Demographics Data

Propofol Sevoflurane

n 13 12
Sex, F/M 2/11 2/10
Age, yr 58 (7) 62 (8)
Weight, kg 68 (13) 74 (10)
Height, cm 171 (8) 174 (6)
ASA, 11/l 11/2 10/2
UPDRS motor score drug “off” 43 (14) 46 (13)

Values are presented as mean (SD).

ASA = American Society of Anesthesiologists (physical status); UPDRS =
Unified Parkinson’s Disease Rating Scale.

(138 £ 18 vs. 270 = 78 s; P < 0.05), but there was no
significant difference in intubation times (11.0 = 4.4 vs.
12.8 = 3.7 min).

EEG and ESCoG Analysis

A total of 281 min of artifact-free EEG and ESCoG
(4,215 four-second epochs; 9% of the total epochs were
rejected) from 25 patients were recorded and analyzed.
Cortical awake raw data from one patient under propo-
fol and two patients under sevoflurane anesthesia were
excluded from analysis owing to the presence of numer-
ous artifacts related to rest tremor (4 Hz). No seizure-like
activity at cortical or subcortical levels was recorded in
any patient during induction of anesthesia. Figure 2
shows typical changes in EEG and ESCoG electrogenesis
waveform data during induction of anesthesia. Awake
values of SEF,,, MPF, and Da were comparable at base-
line at the cortical and subcortical levels and between
propofol and sevoflurane (fig. 3). With both anesthetics,
induction of anesthesia was associated with EEG and
ESCoG slowing. Quantitative parameters (SEF,, MPF,
and Da) decreased with increasing propofol or sevoflu-
rane concentration at cortical and subcortical levels.
This decrease occurred at a later time point at the sub-
cortical than at the cortical level. Additional information
regarding this is available on the AnestHEsIOLOGY Web site
at http://www.anesthesiology.org (Web fig. 1).

Compared with the awake state, EEG parameters
(SEF,,, MPF, and Da) decreased significantly at T', T, T5,
and T, at the cortical level and only at T,, T;, and T at
the subcortical level. LOC was associated, at the cortical
level, with a dramatic increase in 6 activity and decrease
in B activity (fig. 4). At the subcortical level, this increase
in & and decrease in 3 activity appeared later and more
gradually. The relative power of & waves was signifi-
cantly higher for EEG than ESCoG with both propofol
and sevoflurane from T, to T,. Moreover, compared with
the awake state, 6 activity increased significantly at T, at
the cortical level and only at T at the subcortical level.
In propofol-treated patients, spindle wave oscillations
were observed in eight patients on the ESCoG (fig. 5).
No spindle waves were observed with sevoflurane.

EEG Da values were significantly lower in unconscious
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Table 2. Concentrations, Time, and Hemodynamic Data at the Five Clinical Endpoints
To T, T, Ts T,

Propofol ~ Sevoflurane  Propofol Sevoflurane Propofol Sevoflurane  Propofol Sevoflurane Propofol Sevoflurane

Concentration, — — 1403 2206 50x17 41x09 69x22 47x07 66x22 21x05
ng/ml/ETsevo %

Time, min —_ —_ 23+03 4513 7231 90+x15 11.0*x44 128 +3.7 16.0*+4.4 171 £49
HR, beats/min 7620 80x13 73x16 81 =10 76 = 20 80 = 16 86 + 13 66 = 13 66 = 13 71 £15
MAP, mmHg 10515 10313 9415 90=*8 8013 101 =18 113 =19 69 + 14 69 * 14 76 £9

Values are presented as mean *+ SD.
* P < 0.05 vs. propofol.

ETsevo = end-tidal sevoflurane; HR = heart rate; MAP = mean arterial blood pressure; T, = before anesthesia; T, = immediately after loss of consciousness;
T, = immediately before laryngoscopy; T; = immediately after tracheal intubation; T, = 5 min after tracheal intubation.

than in conscious patients (9.6 = 1.2 vs. 6.1 = 0.7; P <
0.05; fig. 6). ESCoG Da values were significantly lower in
nonmovers than in movers (7.7 = 1.1 vs. 5.4 £ 0.9; P <
0.05). No statistical difference was noted between con-
scious and unconscious patients at the subcortical level
(ESCoG) and between movers and nonmovers at the
cortical level (EEG). Similar results were obtained with
SEF,, and MPF (data not shown).

The ability of EEG and ESCoG SEF,,, MPF, and Da to
predict consciousness wversus unconsciousness and
movement in response to laryngoscopy, used calculation
of the Pk values (table 3) and construction of ROC
curves (fig. 7) pooling data of propofol and sevoflurane
patients. Pk values for consciousness versus uncon-
sciousness were significantly greater for all EEG param-
eters than for ESCoG ones. The performance of ESCoG
parameters to predict movers versus nonmovers was
statistically significantly better than EEG parameters. For
predicting unconsciousness, the area under the ROC
curve for Da EEG was 0.969 (SE, 0.031; 95% confidence
interval, 0.846-0.995) and for Da ESCoG was 0.607 (SE,
0.093; 95% confidence interval, 0.433-0.763). For pre-
dicting movement at laryngoscopy, the area under the
ROC curve for Da EEG was 0.627 (SE, 0.074; 95% confi-
dence interval, 0.488-0.751) and for Da ESCoG was
0.947 (SE, 0.030; 95% confidence interval, 0.853-0.988).

Discussion

The first result from our study is that the effect of both
propofol and sevoflurane appeared at a later time in the
subcortex compared with the cortex. At LOC, profound
and dramatic EEG slowing occurs at the cortical level
when only few changes are seen at the subcortical level.
Pk values and ROC curves showed that the prediction of
consciousness versius unconsciousness was significantly
better for EEG than for ESCoG variables. These results
were consistent among several EEG-derived measures:
SEF,,, MPF, and Da.

It is important to understand what was recorded
through the subcortical electrode for the interpretation
of our results. Although the target of the implantation
was the subthalamic nucleus and not the thalamus, a
series of reasons support the hypothesis that the electri-
cal activity recorded between contacts pO and p3 from
the deep-brain electrode was essentially thalamic. The
overall length of the electrode between contacts p0O and
p3 was 7.5 mm. Therefore, the regional electrical activ-
ity recorded was more likely to be produced by the
thalamus than by the subthalamic nucleus, which is a
small structure (less than 3 mm at its maximal height).
When the distal pole is in the subthalamic nucleus, the
most proximal plot of the electrode is located in the

EEG (F3-C3) ESCoG (p0-p3)
. Fig. 2. Representative cortical (EEG) and sub-
To i, | N n‘ cortical (ESCoG) electrogenesis waveform
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o " S— The power spectrum was calculated by aver-
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1 §jﬂwﬂu~&wfﬂ\’wfﬂmﬁ S ) (5 X 4's = 20 s) of EEG and ESCoG signals
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w | 1 clarity). Tracings recorded during induction
T2 ;“ /:/\w" - M‘\j/\ /\V,A\w ‘ :H \ﬁ ; of anﬂ(istl.lesia f'l;.i]m a sh}g}f: ];:P]ect (Not.hS)
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SEF (Hz)

Fig. 3. Variation of spectral edge fre-
quency 90 (SEF,,), median power fre-
quency (MPF), and dimensional activa-
tion (Da), during induction of anesthesia
at five times, in propofol and sevoflurane 12
groups at cortical (EEG; —) and subcorti-
cal (ESCoG; ----) levels. T, = before anes-
thesia; T, = immediately after loss of con-
sciousness; T, = immediately before 4
laryngoscopy; T; = immediately after tra-

cheal intubation; T, = 5 min after tra-
cheal intubation. * P < 0.05 versus T,. # P
< 0.05, ESCoG versus EEG. 27

MPF (Hz)
©

Da

TO T

external nuclei of the thalamus. This has been demon-
strated by perioperative microelectrode recording in our
patients. Several other electrophysiologic arguments
suggest that the subcortical recordings were mainly tha-
lamic activity. First, the thalamus is the largest nucleus
near the electrode, and the most powerful synaptic ac-
tivity in this region clearly originates from the thalamus.

propofol

Fig. 4. Variation of relative power in fre-
quency bands, & (0.5-3 Hz) and f
(13.25-30 Hz), during induction of anes-
thesia at five times, in propofol and s
sevoflurane groups at cortical (EEG; —)
and subcortical (ESCoG; ----) levels. T, =
before anesthesia; T, = loss of conscious-
ness; T, = immediately before laryngos-
copy; T; = tracheal intubation; T, = 5
min after tracheal intubation. Relative 60
power of the spectral bands was calcu-
lated and expressed as a percentage of
total spectral power. * P < 0.05 versus T,
# P < 0.05, ESCoG versus EEG.
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8

Beta %
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sevoflurane
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Second, we observed spindles with propofol. Spindle
activity is a specific thalamic electrophysiologic pat-
tern®® and has never been recorded in the subthalamic
nucleus. Finally, Priori et al.*' recorded specifically the
activity of the subthalamic nucleus. They did not find
any difference in subthalamic nucleus activity at differ-
ent vigilance levels (sleep, awake, eyes closed, and eyes
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Fig. 5. Representative cortical (EEG; F3—
C3) and subcortical (ESCoG; p0—p3) elec-
/ trogenesis waveform data with the corre-

sponding power spectra. Typical aspect
of spindle activity (16 Hz) in ESCoG re-
cording in one patient (No. 12) anesthe-

\ ‘ ¥ Spindles (16Hz)

opened), in agreement with the involvement of this
nucleus in motor control and not in sleep. Because we
used a bipolar recording, we recorded synaptic activity
in the vicinity of the electrode and not far field poten-
tials. Therefore, the subcortical activity we measured
was probably mainly thalamic. Finally, one problematic
issue in combined EEG and ESCoG recording is that of
volume conduction to subcortical regions of cortically
generated electrical potentials or the opposite. Wenn-
berg et al**?** have emphasized that scalp potential
recordings in the subthalamic nucleus with monopolar
montage totally disappear with a bipolar montage.

Our results are in agreement with the literature show-
ing that anesthetics exert their action by affecting spe-
cific structures of the brain.>** This may explain why
different components of unconsciousness, such as am-
nesia and sedation, are affected differently by anesthetic
agents. Two main brain structures affected by hypnotic
agents are the cortex and the thalamus. A correlation
between a subject’s level of consciousness and the
amount of thalamic activity has been demonstrated both
with propofol® and with inhaled agents.? This has led to

A B
@ Conscious
147 14
% u Unconscious
127 o 121

.
I
‘m

tized with propofol.

the hypothesis that unconsciousness was produced by
suppressing activity in thalamocortical circuits.*® There
is little doubt that suppression of subcortical activity,
mainly in the thalamus, is an important effect of anes-
thetics, because the thalamus is a major relay of sensory
and reticular pathways.”>”>” However, in the studies
using positron emission tomography, there was also an
overall decrease of absolute cerebral blood flow in the
gray matter.®> Unfortunately, positron emission tomogra-
phy techniques have poor temporal resolution. There-
fore, it is difficult to assess from these studies the dy-
namic action of anesthetics on different brain regions
during changes in anesthetic concentration, Z.e., to de-
termine which brain structure is affected first. The neu-
rophysiology technique has an excellent temporal reso-
lution and offers a unique opportunity to study the
dynamic action of hypnotics on cortical and subcortical
brain structures in humans. Our study shows that corti-
cal EEG slowing appears before electrophysiologic sub-
cortical effects. This finding is in agreement with human
studies using functional magnetic resonance imaging®
and experimental neurophysiologic data in rats.?”%-3°

Fig. 6. Variability and discrimination of
cortical (EEG) and subcortical (ESCoG) di-
mensional activation (Da) values split by
the actual response. Da mean values for
EEG and ESCoG (n = 25) during con-
sciousness and unconsciousness (4) and
* between movers and nonmovers (B).
Conscious Da values were defined as
those recorded within 30 s before induc-
tion of anesthesia. Unconscious Da val-
ues were defined as those recorded
within 30 s after loss of consciousness.
EEG and ESCoG Da values between mov-
ers and nonmovers were recorded within
o 1 min before laryngoscopy. Movers were

defined as patients who showed any vis-

ible spontaneous muscle movements,

[O] Movers

u Non-Movers

EEG ESCoG EEG

such as withdrawal or flexor movement
of the arms and legs, frowning of the
forehead muscles, or coughing, during

ESCoG

laryngoscopy and within 1 min of tracheal intubation. Box plots indicate medians (borizontal line in the box), 25th and 75th
percentiles (lower and upper box margins), 10th and 90th percentiles (lower and upper error bars), and individual patients in the
lower 10th percentiles (open circles) for each group separately. * Statistically significant comparison between conscious versus
unconscious and mover versus nonmover, two-tailed Student ¢ test, P < 0.05.
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Table 3. Prediction Probability Scores (n = 25)

Pk for Response

Pk for (Un) to Noxious
consciousness Stimuli

Dimension of activation

EEG 0.96 (0.03)* 0.62 (0.07)

ESCoG 0.61 (0.09) 0.91 (0.04)
Median power frequency

EEG 0.93 (0.04)* 0.48 (0.08)

ESCoG 0.68 (0.08) 0.88 (0.05)"
Spectral edge frequency 90

EEG 0.82 (0.07)* 0.54 (0.08)

ESCoG 0.60 (0.09) 0.83 (0.06)*

Values are presented as mean + SE.
* P < 0.05, electroencephalogram (EEG) vs. electrosubcorticogram (ESCoG).
Pk = prediction probability.

The first in vitro evidence that anesthetics slow cortical
oscillatory activity independent of subcortical structure
was provided by Lukatch et al’° using brain slices.
Hentschke et al.*® showed in vivo that inhaled agents in
rats, at concentrations inducing hypnosis, decreased dis-
charge rates of cortical neurons by 50% independently of
subcortical structures. Antognini et al.*® showed in hu-
mans that light anesthesia (0.7% isoflurane) suppressed
the somatosensory cortical but not the thalamic re-
sponse to painful stimulation. Therefore, experimental
data suggest a predominant effect of anesthetics on the

cortex at low concentrations, which is consistent with
our observations at the early stage of anesthetic induc-
tion.

This anesthetic effect is in contrast with the neuro-
physiology of natural sleep, suggesting that the mecha-
nisms leading to LOC during anesthesia may not be
inferred from those of sleep. Other evidence that the
mechanism leading to LOC is not comparable to sleep
comes from the observation of EEG and ESCoG patterns.
During sleep, spindles occur at the beginning of sleep
(stage 2), and then & waves appear at the cortical level
with the deepening of sleep (stages 3 and 4). In this
study, 6 waves appeared first at the cortical level with
LOC, and then spindles appeared at the thalamic level.
The role of the thalamus in spindle generation has been
largely demonstrated in sleep®® as well as in the anes-
thetic state.”” Destexhe®” demonstrated that the cortex
can drive the activity of the thalamus via massive corti-
cothalamic projection, suggesting that cortical slow
waves can induce spindles at the thalamic level.

The suppression of motor responses to painful stimuli
is an important component of anesthesia. In this study,
the scalp EEG recording before laryngoscopy could not
differentiate movers from nonmovers. This is not surpris-
ing, because several studies have shown that EEG-de-
rived parameters could not predict movement with ac-
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curacy.’"'®  Moreover, several studies using the

Bispectral Index monitor have shown that analgesics,
such as nitrous oxide®* or remifentanil,® significantly
decreased the number of movers after laryngoscopy
without affecting the Bispectral Index. This is in agree-
ment with experimental data showing that cortical de-
pression per se does not contribute substantially to
movement suppression.54 In animals, anesthetic agents
prevent movement in response to noxious stimulation
mainly via an action in the spinal cord®> and thala-
mus.**37 Our results also show a clear difference in
ESCoG activity between movers and nonmovers before
laryngoscopy. Which subcortical structures were in-
volved in the suppression of movement was unclear.
Antognini et al.*® demonstrated in goats that isoflurane
depressed medial thalamic responses to noxious stimu-
lations via an indirect spinal action. In this model, cra-
nial bypass permitted differential anesthetic delivery to
the cranial and spinal cord circulations. When the spinal
cord isoflurane concentration was low, pain evoked an
arousal reaction by activation of the thalamus and then
the cerebral cortex. But increasing the cranial isoflurane
concentration blunted the thalamic response to the nox-
ious stimulus. Detsch et al®’ showed that isoflurane
directly interacts with the thalamic inhibitory mecha-
nisms, leading to a blockade of sensory information
transfer to the cerebral cortex. Therefore, it is likely that
anesthetics suppress movement by an action on several
subcortical structures. Another important question is to
understand how anesthetics affect motor patterns. Do
they gradually decrease motor activity and movement in
response to stimulation, or is it an all-or-none phenom-
enon? At sub-MAC concentrations, Antognini et al.>®
demonstrated in rats that isoflurane decreased the num-
ber of movements but not the force of the movement.
Above 1.1 MAC, there was a steep decrease in the num-
ber and the force of movements. The authors hypothe-
sized different effects on motor pathways at different
concentrations. Detsch et al.,*® by using 0.2% stepwise
increases in isoflurane concentration in rats, showed a
dose-dependant reduction in response activity of the
thalamus. In our study, we observed a slow decrease in
subcortical activity. It is possible that anesthetics induce
a dose-dependant decrease in the activity of some sub-
cortical regions (e.g., the thalamus) which act as a filter
for the transmission of peripheral stimulation. The level
of activity of these filters might allow the transmission of
specific inputs from the periphery. Whether there is a
direct effect of anesthetics on subcortical brain struc-
tures such as the thalamus,>37%° an indirect effect due
to an action on the spinal cord®® or the cortex,?’ or both
remains to be determined.

The dissociation between cortical and subcortical
effects of hypnotics in this study may have important
consequences for monitoring depth of anesthesia. Be-
cause EEG monitors cannot assess subcortical activity,
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prediction of movement based on the EEG would
seem a difficult goal to achieve. These data are also in
agreement with common clinical practice requiring an
increase in the doses of hypnotics after LOC to sup-
press responses to noxious stimulations even if the
patient is apparently in a deep anesthetic state before
pain stimulation.*' Thus, we speculate that the effect
of anesthetics on subcortical structures (including the
spinal cord) is important during noxious stimulation
to avoid arousal reactions or movement but does not
play a major role in the absence of stimulation. There-
fore, as suggested in a recent study, the level of hyp-
nosis during surgery or the electroencephalographic
status would be determined by the interaction of the
hypnotic effect, the effectiveness of analgesia, and the
intensity of surgical stimuli.*?

The dissociation between the cortical and subcortical
effects of propofol and sevoflurane can be explained by
several mechanisms. A pharmacokinetic effect cannot be
excluded. However, the concentration of the anesthetics
was increased slowly, giving enough time for equilibra-
tion in the central nervous system. We performed a
retrospective comparison of (-activity onset in the two
brain structures that did not reveal any difference, mak-
ing this hypothesis unlikely. Another mechanism would
be a different sensitivity of the cortex and the subcortex
to hypnotics. This hypothesis is consistent with the
results from the study of Veselis et al** using evoked
potentials showing that sedation and amnesia are sepa-
rate phenomena. Moreover, subcortical evoked re-
sponse amplitudes are known to be relatively resistant to
the effects of anesthetics.** Alkire et al. showed that the
metabolic reduction caused by propofol was not uni-
form throughout the brain.*> It was more pronounced in
the cortex than the subcortex. This could be explained
by the disparity of y-aminobutyric acid type A (GABA,)
receptor distribution in the central nervous systf:m.46
GABA,, receptors are considered as the major molecular
target of general anesthetics because they are constitu-
ents of the most important inhibitory neurotransmitter
system in the central nervous system.*”*® There is in-
creasing evidence from recent experimental studies that
the actions of anesthetics on the neocotex® and the
thalamus®®3” are mediated mainly by an enhancement of
GABA,, receptor-mediated synaptic inhibition. Historical
ex vivo*>° and positron emission tomography studies"
showed that GABA, receptor density is higher in neo-
cortex than in subcortical structures. A clear correlation
between the metabolic reduction caused by propofol,
using positron emission tomography, and the ex vivo
density of GABA, receptors has been demonstrated in
humans.>* This lower density of GABA, receptors in
subcortical structures (as the thalamus) than in the cor-
tex could explain a difference in sensitivity between
cortex and subcortex to anesthetics.

A few limitations of our study must be addressed. First,
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as in any clinical study, the human model used may have
influenced the results. Parkinson disease results from
functional alteration of several subcortical structures.
We used two anesthetics with different mechanisms of
action, not to compare the effect of these two agents,
but to avoid a drug-induced bias due to an unexpected
specificity of Parkinson disease. Another limitation of the
model is that we did not study the whole brain but only
two brain structures. Therefore, it is difficult from this
study to make hypothesis about the mechanism of anes-
thesia, which probably involves complex interactions
between several brain regions. It is also important to
keep in mind that electrophysiologic derivatives, as any
imaging technique, do not have any direct physiologic
meaning. Corticosubcortical interactions are certainly
complex during anesthesia. We cannot conclude from
our data that the thalamus does not play any role in
inducing unconsciousness but rather that the main site
of action of anesthetics at LOC is the cortex. The band-
width in our study was limited to 30 Hz to decrease the
electromyographic contamination of the scalp EEG sig-
nal. To keep the comparability of EEG and ESCoG sig-
nals, the same bandwidth was used for both. Raw EEG
and ESCoG data analysis did not reveal any evidence of
electromyographic activity. However, because the pa-
tients were not paralyzed, it was still possible that some
data were contaminated by electromyographic activity,
which exceptionally occurs below 30 Hz. Finally, from a
statistical point of view, the Pk value or the area under
the ROC curve for EEG Da are probably overrated be-
cause we compared time-related data (before and after
unconsciousness) rather than comparing two conditions
at a given time point. However, the aim of this study was
not assess the threshold value of any EEG parameter to
predict unconsciousness, but to compare cortical and
subcortical electrophysiologic changes. At LOC, the dif-
ferences between EEG- and ESCoG-derived values were
clear-cut.

In conclusion, our study shows that anesthetics at low
concentrations induce LOC by acting on cortical targets.
But movement in response to noxious stimulation de-
pends mainly on subcortical activity. This has important
implications for predicting movements with EEG-derived
parameters. It is likely that refinements in algorithms for
analyzing the EEG will improve our ability to detect
consciousness or unconsciousness. But the risk of move-
ment in response to noxious stimulation will probably
be much more difficult to assess because it is under the
control of brain structures not monitored by the EEG.
This supports Kissin’s view that “the search for a reliable
index of anesthetic depth should be transformed into a
search for separate indices of different components of
anesthesia.”>?
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Appendix

Dimensional activation (Da) is based on the correlation dimension
(D,), which can be estimated by using the Grassberger and Procaccia
algorithm.'” Briefly, EEG or ESCoG scalar time series are embedded in
a high-dimensional-space R, according to the time delay method,
where d is the dimension of the embedding space and 7 is the time
delay. Then, the correlation integral C (r) is calculated:

Cu(r) = ﬁi O(r —IX — xj),

i<j

i#j,

where C (1) corresponds to the empirical probability that a randomly
chosen pair (X;, X)) of points will be separated by a distance smaller
than r, where O is the heavy-side step function (e, ® = 1 if its
argument is nonnegative and 0 otherwise), and where X; and X; are
vectors defined by

Xi= U oW 420 5 U — nd

Xj=u v o420 -5 U4 — o

from a time series (e.g., a segment of one channel EEG or ESCoG data)
of n coordinates {uy, . . ., u,, . . ., Uy} corresponding to the N potential
values of the electroencephalogram separated with a constant time
delay 7.

The correlation dimension D, is defined as

_log [C(1)]

D, =lim ———~—
log(r)

However, for EEG or ESCoG signals, the C, (1) variation is generally not

a linear function such as expected for homogeneous attractors, so the

D, calculation is not relevant. This is why Da is based on the calcula-

tion of C (1) upon a local gliding window and used a weighted coef-

ficients method as described by Guillemant et al.>* to extract pertinent

parameter from the C_(r) function.

The dimensional activation Da is defined as

i<j WP
D, = S wo
i<j Wij

where

Py = (Curp — Cup)/G — )

Wi; = Fy - Gy, Fy = C(rp — Cu(p, and G; = Cn(ri)2~
We used the parameter set n = 1,000, t = 1/64 (15,625 ms), d = 20,
which was found to exert the best performance for electroencephalo-
graphic Da in a preliminary study.
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