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Effects of Remifentanil on the Spectrum and Quantitative
Parameters of Electroencepbalogram in Propofol

Anesthesia

Jukka Kortelainen, M.Sc.,* Miika Koskinen, Ph.D.,T Seppo Mustola, M.D., Ph.D.,T Tapio Seppénen, Ph.D.§

Background: A high dose of opioids associated with a low
dose of propofol has become a popular anesthetic technique.
However, the influence of opioids on the electroencephalo-
graphic phenomenon related to induction of anesthesia and,
thereby, on the quantitative parameters used in the depth-of-
anesthesia estimation is not well known.

Methods: Twenty-seven patients were divided into three groups
to receive saline, low-dose remifentanil (7.5 ug - kg™* - h™) or
high-dose remifentanil (30 pg - kg~* - h™") during induction of
anesthesia with propofol (30 mg - kg™ - h™"). Electroencephalo-
gram was recorded from Fz electrode, and its time-frequency
properties in the patient groups were analyzed from the induction
of anesthesia to the occurrence of burst suppression pattern. The
group differences in 14 quantitative spectral parameters used in
the depth-of-anesthesia estimation were examined as well.

Results: The time-frequency properties of electroencephalo-
gram were different between groups. The high-frequency (greater
than 14 Hz) activity during light anesthesia was decreased in
remifentanil groups; whereas, increased activity in extended al-
pha band (7-14 Hz) and decreased activity in delta band (0.5—4 Hz)
was observed during deep anesthesia. This resulted in statistically
significant changes in all 14 quantitative parameters.

Conclusions: The effect of remifentanil on the spectrum and
quantitative parameters of electroencephalogram is significant
and strongly dependent on the level of anesthesia. Coadministra-
tion of opioids therefore challenges the reliability of the spectral
properties of electroencephalogram in the depth-of-anesthesia es-
timation by using a frontal montage. Furthermore, the finding has
implications for design of opioid coadministration studies.

INCREASING concentrations of anesthetics in the blood
produce a continuum of electroencephalographic changes.
With propofol, the changes obey roughly the following
pattern. First, an increase of the high-frequency (greater
than 20 Hz) activity; next, a decrease of the high- frequency
activity and increase of the middle-frequency (10-20 Hz)
activity; finally, a decrease of the middle-frequency activity
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and an increase of the low-frequency (0.5-5 Hz) activity."?
In very deep anesthesia, the burst suppression pattern
(BSP) begins. Potent inhaled GABAergic anesthetics, such
as sevoflurane, isoflurane, and desflurane, follow the same
electroencephalographic pattern.’

Several measures have been developed for the electro-
encephalogram-based depth-of-anesthesia estimation.
These include both simple parameters, such as the spec-
tral edge frequency 95% (SEF95%) and median power
frequency (MPF),* and more complex commercial indi-
ces like Bispectral Index (A-2000 BIS® monitor; Aspect
Medical Systems Inc., Newton, MA)® or State and Re-
sponse Entropy (M-entropy® module; GE Healthcare Fin-
land Oy, Helsinki, Finland).(’ Generally, in all these mea-
sures, first or higher order spectrum is utilized.”

Remifentanil is an opioid that is increasingly used in
the operating room and in intensive care.®? It has anal-
gesic and cardiovascular effects similar to those of alfen-
tanil but with a shorter duration of action.'® The changes
remifentanil produces in the electroencephalogram are
characteristic of u-receptor agonists. They consist of
decreasing frequency and increasing amplitude, culmi-
nating eventually in delta activity at maximal drug ef-
fect.""'? During the induction of propofol anesthesia,
the above-mentioned basic frequency progression pat-
tern has shown to be robust against coadministration of
remifentanil.!> However, there is evidence that addition
on remifentanil during steady-state propofol anesthesia
affects to some extent, for example, bispectral index and
SEF95%, suggesting some unknown contribution of this
opioid to the electroencephalogram.'*

This paper studies the effect of the coadministration of
remifentanil on the electroencephalogram phenomenon
occurring during the induction of propofol anesthesia.
The effects are examined from the beginning of propofol
infusion to the onset of BSP. We hypothesize that the
opioids result in characteristic changes to the signal’s
time-frequency properties, even though the basic propo-
fol-induced frequency progression pattern is left un-
touched. Furthermore, we examine if the possible
changes reflect on the quantitative spectral parameters
commonly used in the depth-of-anesthesia estimation.

Materials and Methods

Patients and Clinical Protocol

After the study was approved by the institutional Eth-
ics Committee of South Carelia Central Hospital, Lap-
peenranta, Finland, 27 patients (table 1) scheduled for
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Table 1. Demographic Data

Age (yr) Weight (kg) Height (cm) ASA Status I/1l (n)
ROh=9) 37=*117 729=*14 173 £13 8/1
Rin=9) 36=*7.8 704 *+12 170*=9 7/2
R2(n=9 42=*=10.7 731 =x15 171 x9 8/1
Al(n=27) 38 =*=102 721 *=13 171 £10 23/4

Data are displayed as mean = SD or observed frequency.
ASA = American Society of Anesthesiologists.

elective surgical procedure gave informed written con-
sent to participate. Patients having cardiovascular or
neurologic diseases, diabetes, or a body mass index greater
than 30 were excluded as well as the patients using drugs
that affect central nervous system. The patients were ran-
domly assigned to one of three groups (9 each): RO, R1, and
R2. Depending on the group, patients received saline (RO),
low-dose remifentanil (R1,7.5 ug - kg~ ' - h™ ") or high-dose
remifentanil (R2, 30 ug - kg~ ' - h™") during the induction
of anesthesia with propofol (30 mg - kg~' - h™"). The
infusion of propofol started 1 min after the start of the
saline/remifentanil infusion. Both drugs were infused at a
fixed rate until the BSP was detected from the electroen-
cephalogram channel of S/5 monitor (GE Healthcare Fin-
land). During the induction, loss of obeying verbal com-
mand (LVC) was assessed by asking at 15-s intervals the
patient to squeeze the anesthesiologist’s (SM) hand. After
the onset of BSP, propofol infusion rate was decreased to
18 mg - kg~ ' - h™ ', by which the BSP was sustained for at
least 5 min. Tracheal intubation was facilitated with 0.6
mg - kg ' rocuronium. During the induction process, elec-
troencephalogram was recorded from 17 different elec-
trode locations according to the international 10/20 sys-
tem'> with an Embla polygraphic recorder (Medcare,
Reykjavik, Iceland). The recorder used a sampling rate of
200 Hz and filtered the signals with a bandpass filter of
0.5-90 Hz. The recording started several minutes before
the induction of anesthesia and continued for at least 5 min
after the tracheal intubation. To minimize the signal arti-
fact, the patients were told to be quiet and still before the
drug infusion began. In the analysis, only the montage Fz
with a common average reference was used. This montage
was chosen because the modern depth-of-anesthesia mon-
itoring is based on the analysis of frontal electroencepha-
logram. The data analyzed in this study was also used in our
previous publication,'® to which the reader is referred for
complete details regarding the clinical protocol.

Data Preprocessing

All the electroencephalographic signal processing pre-
sented in this paper was performed with the Matlab
technical computing language (The MathWorks Inc.,
Natick, MA).

|| Available at: http://www.cs.tut.fi/~gomezher/projects/eeg/aar.htm. Accessed
May 6, 2009.
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The electrooculographic artifacts were removed from
the recordings by using the Automatic Artifact Removal
toolbox for Matlab.|| First, the electroencephalographic
data from 17 channels were decomposed into spatial com-
ponents by using a blind source separation technique
based on second order statistics, Ze., second order blind
identification.'® The components that could be related to
electrooculographic activity were then manually detected
and left out when the electroencephalographic data were
reconstructed from the spatial components.

Spectrograms

After the electrooculographic artifact removal, spec-
trograms were calculated from the Fz channel of elec-
troencephalograms by using a short-time Fourier trans-
form with a 3-s Hamming window and 2.9-s overlap. This
window length was selected experimentally because it
compromised the time and frequency resolution appro-
priately. The window was also long enough for the
analysis of the lowest frequencies of interest. An exam-
ple of a spectrogram with and without electrooculo-
graphic artifact is given in figure 1.

To reduce the large difference in the amplitudes of
higher and lower frequencies, the spectrograms were
amplitude normalized. In this procedure, the values in a
specific frequency were divided by the mean value of all
patients in that frequency between the start of the
propofol infusion and onset of BSP. The effect of ampli-
tude normalization can be seen in figure 1C. The amplitude
normalized spectrograms were used only to visualize the
changes in the frequency content of electroencephalo-
grams. They were not used when the quantitative spectral
parameters were calculated.

To examine the effect of remifentanil on the spectral
characteristics of electroencephalograms, the spectro-
grams of different groups need to be compared. How-
ever, due to the interindividual variability in response to
the anesthetic agent, the electroencephalographic spec-
tral progression phenomenon varies in time between
patients. Because this hinders the comparison, the time
scale of the spectrograms was first normalized by using
the method presented in our previous study.'” The
method is based on calculation of electroencephalo-
graphic activity in eight different frequency bands for
each patient and by minimizing the mean squared error
between the activity trends of different patients by time
scaling. This results in patient-specific time scaling fac-
tors that can be applied to the spectrograms. In other
words, the spectrograms are normalized in time by using
the frequency progression phenomenon of electroen-
cephalogram during the induction process. The method
has been applied previously to the dataset used in this
study, and the results showed that the time scaling fac-
tors do not differ between groups, 7.e., remifentanil does
not affect the time normalization.'®> The use of the
method in this study is therefore reasonable.
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Fig. 1. (4) Spectrogram of an electroencephalogram recorded
during induction of anesthesia from the beginning of propofol
infusion. Black and white colors represent high and low activ-
ity, respectively. Electrooculographic low-frequency artifact
can be seen during the first minutes of the recording. The burst
suppression pattern occurs approximately after 6-min infusion.
(B) The same spectrogram as in A after electrooculographic
artifact removal. (C) The same spectrogram as in B after ampli-
tude normalization.

After the time normalization, all spectrograms have their
own time scale, and they cannot be given as a function of
absolute time anymore. Instead, relative time 7 is used. The
r scale was introduced by Koskinen et al.,'® and its further
developed version has been presented recently.'>'? It can
be assumed to describe the phase of the electroencepha-
lographic spectral progression phenomenon during induc-
tion of anesthesia. As 7 values are determined from the
electroencephalograms recorded during continuous infu-
sion of propofol with a fixed rate, increasing value can be
associated with deepening anesthesia. In 7 scale, the start of
induction of anesthesia and LVC are used as the points of
reference: the values 0 and 1 represent the start of propofol
infusion and the position in which the LVC occurs, respec-
tively. The LVC occurs at a different phase of the spectral
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progression in different groups; therefore, the group RO
positions, Ze., the occurrence of this clinical end point
without coadministration of remifentanil, were used. The
LVCs of different patients occur also in a slightly different
position, and therefore the median of the group RO LVC
points was set to represent the » value 1. In this paper, the
spectral properties of electroencephalograms are analyzed
continuously as a function of » and also separately during
low 7 values (0 < r < 1, defined in this paper as light
anesthesia) and high » values (1 < r < 2, defined in this
paper as deep anesthesia). The time-normalization proce-
dure and determination of 7 scale is illustrated in figure 2.

Spectral Parameters

The following 14 spectral parameters were deter-
mined as a function of » from the time-normalized (not
amplitude-normalized) spectrograms: powers in differ-
ent frequency bands (total, delta, theta, alpha, and beta),
relative powers in different frequency bands (delta,
theta, alpha, and beta), spectral entropy (SE), relative
beta ratio, MPF, spectral edge frequency 90% (SEF90%),
and SEF95%. The parameters were chosen on the basis of
their common use in the previous research. Because
some of the signals were contaminated by high-fre-
quency muscle artifact, the parameters were determined
from the spectrum between 0.5 and 25 Hz. Due to the
definition of relative beta ratio, higher frequencies were
used exceptionally in the calculation of this parameter.

Total spectral, delta, theta, alpha, and beta powers were
determined from the spectrograms. The frequency bands
were 0.5-25 Hz for total spectral power, 0.5- 4 Hz for delta
power, 4 -8 Hz for theta power, 8 -12 Hz for alpha power,
and 12-25 Hz for beta power. These parameters were
chosen because the electroencephalographic activity in
different frequency bands changes during the induction of
anesthesia obeying a characteristic pattern.>*2°

Relative delta, theta, alpha, and beta powers were
calculated by dividing the power in the corresponding
frequency band by the total spectral power. The relative
powers represent classic parameters for depth-of-anes-
thesia estimation and were therefore included in this
study.?"%?

SE is one of the recently proposed measures for the
assessment of depth-of-anesthesia. It quantifies the flat-
ness of the power spectrum and is calculated as

Jo

— >, P,(i)log P,(i)
i=f
SE = og N, 16))

where f; is the lower and f), the higher limit of the used
frequency band, and where P, is the normalized

(Ef" P,(i) = 1) power spectrum of the signal. N, is
i=fy

the number of frequency components in the range [f,, f,]
and used for the normalization of the values of SE be-
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tween 0 and 1. In this study, f, and f;, were 0.5 Hz and 25
Hz, respectively. With an appropriate frequency range,
SE has been shown to decrease rather monotonically
with increasing depth-of-anesthesia.?> The parameter
has been used in the M-Entropy® module (GE Healthcare
Finland Oy).®

RBR is a subparameter used in the calculation of
Bispectral Index.*?* It is the logarithm of the ratio of the
electroencephalographic spectral power in 30- to 47-Hz
band to the power in 11- to 20-Hz band:

P30*47 Hz

RBR = lOgloﬁ.
—20Hz

@

MPF, SEF90%, and SEF95% represent classic parame-
ters measured during anesthesia and have been under
active research.*?! Spectral edge frequency X% is the
frequency below which X% of the power in the spec-
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trum resides. MPF corresponds to spectral edge
frequency 50%.

To reduce noise in data visualization, the underlying
trends of the spectral parameters were approximated
with curve fitting. Since the parameters were assumed
not to follow any specific pattern, the parametric fitting
could not be used. Instead, a nonparametric cubic
smoothing spline was applied to the data.*> The spline
smoothing is illustrated in figure 3A. Furthermore, the
median curves of smoothed spectral parameters were
determined for each group as shown in figure 3B.

Statistical Analysis

The group differences in the values of 14 spectral
parameters were statistically compared with two ap-
proaches. First, the values of each spectral parameter
were compared between two specific groups continu-
ously in different » values. The comparison was per-
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Fig. 3. (4) An example of the smoothing of spectral parameters.
The underlying trend (solid line) of, in this case, the relative
delta power (dashed line) is approximated by using a nonpara-
metric cubic smoothing spline. (B) After smoothing, the median
curve (solid line) of the specific group is determined. In this
example, the median is calculated from the relative delta power
curves of group RO (dashed lines). The curves are calculated
from the time-normalized spectrograms, due to which they are
given as a function of relative time 7.

formed separately in all 7 values between 0 and 2 with an
interval of 0.01. Since the BSP generally occurs approx-
imately when r = 2,'? the analysis was restricted to that
value. The data were not assumed to follow normal
distribution, and the comparison was performed with a
nonparametric Mann-Whitney U test. P < 0.05 was
considered statistically significant. Second, the overall
effect of remifentanil on the spectral parameters was
analyzed separately during light (0 < » < 1) and deep (1
< r < 2) anesthesia. For this, the spectral parameter
median curves (fig. 3B) were used. However, the median
curves were determined from the unsmoothed spectral
parameter values (no spline smoothing) to avoid statisti-
cal bias. The spectral parameter median curves of groups
R1 and R2 were compared to group RO curves with
Wilcoxon signed-rank test. The Bonferroni correction
was used to adjust for multiple comparisons so that the
overall criterion for rejection of the null hypothesis was
P < 0.05. Thus, because all fourteen spectral parameters
were compared between groups RO and R1 and groups
RO and R2 during light and deep anesthesia, only P
values less than 0.05/56 were considered significant.

Anesthesiology, V 111, No 3, Sep 2009

The statistical analysis was performed with the statis-
tics toolbox for Matlab® (The Mathworks Inc.).

Results

Spectrograms

Figure 4 illustrates the median spectrograms of differ-
ent groups from » = 0 to » = 2. The median spectro-
grams are created by choosing the group’s median value
at every time-frequency point. The differences between
the median spectrograms of two specific groups are
given as well. The median spectrograms differ markedly
between groups. The following three changes can be
clearly related to the increasing dose of remifentanil: (1)
decrease of activity in high frequencies (> 14 Hz) during
light anesthesia (0 < r < 1); (2) increase of activity in
extended alpha band (7-14 Hz) during deep anesthesia
(1 < r < 2); (3) decrease of activity in delta band (0.5-4
Hz) during deep anesthesia (1 < r < 2). These changes
can be related to the coadministration of remifentanil, as
they appear in a dose-dependent manner.

The median spectrogram of group R1 contains rela-
tively strong high-frequency (greater than 30 Hz) activity
during very light anesthesia ( < 0.5) compared to other
groups. Further inspection of the electroencephalo-
grams showed that this activity was electromyographic
artifact that occurred most frequently in group R1. Be-
cause these artifacts were present also before the drug
infusion began, they were considered not to be related
to the administration of remifentanil.

Spectral Parameters

The 14 median spectral parameter curves determined
for each group from the time-normalized spectrograms
are illustrated in figure 5. The figure also shows the
results of the statistical comparison of the spectral pa-
rameters continuously in different » values. The group
differences in spectral parameter median curves ana-
lyzed separately during light and deep anesthesia are
given in table 2.

The power parameters of different frequency bands
follow the changes seen in the spectrograms. In delta
band, the activity decreases when the opioids are coad-
ministered. The values of group RO and R2 are signifi-
cantly different in deep anesthesia in figure 5. Table 2
shows a decrease of 66%. As a result of the dominant
effect of delta activity on total spectral power, the curves
of these two parameters resemble each other. In theta
and beta bands, the activities do not differ statistically
significantly between groups in figure 5, even though
the beta activity is clearly suppressed in R1 and R2
during light anesthesia. According to table 2, the de-
crease is 26% in R1 and 38% in R2. The alpha activity is
significantly increased in remifentanil groups during
deep anesthesia. As shown in table 2, remifentanil has
more than doubled the activity in this band.
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Fig. 4. (Bottom row) The median spectro-
grams of the study groups RO, R1, and R2
calculated from the electroencephalo-

R2-RO

S

RI-RO R2-RI

gram during induction of anesthesia. The
median spectrograms are calculated by
choosing the group’s median value at ev-
ery time-frequency point. (Top and mid-
dle rows) The difference spectrograms
calculated from the median spectrograms
of two specific groups. The median spec-
trograms are determined from the time-
normalized spectrograms and therefore

Frequency (Hz)

given as a function of relative time ». The
power in spectrograms is given in arbi-
trary units.

RO

The changes in spectrograms also reflect on the relative
powers in different frequency bands, even though the
effects in this case are more complex and require a thor-
ough analysis. For example, in figure 5, the theta activity
did not differ significantly between groups when the spec-
tral power was analyzed, but it does with the relative
power. This can be explained by the fact that, although
remifentanil does not affect the theta activity itself, chang-
ing the activity in other frequencies influences the relative
power parameter. Therefore, due to the lack of delta activ-
ity, the relative theta power is significantly higher in
remifentanil groups during deep anesthesia. However, this
does not explain why the relative theta power is signifi-
cantly higher in group R2 during very light anesthesia; the
delta activity does not differ there between groups. As with
the delta power parameter, the high-dose remifentanil
group shows significantly lower values for relative delta
power during deep anesthesia in figure 5. The values of this
parameter have decreased 29% (table 2). Again, due to the
presence of strong delta activity, the relative alpha and beta
powers are significantly lower in group RO during deep
anesthesia (fig. 5). Naturally, the increased activity in ex-
tended alpha band also influences the relative alpha power
parameter in remifentanil groups. The total increase of this
parameter is 179% and 293% (table 2) in groups R1 and R2,
respectively.

In SE, figure 5 shows no significant differences be-
tween groups during light anesthesia, although the
curve of R2 seems to be slightly decreased. However,
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R1 R2

during deep anesthesia, the values in R1 and R2 are
significantly higher compared to that of RO. For example,
in group R2, SE has increased 15% (table 2). This can be
explained by the lack of delta activity, due to which the
spectrum is more flat in remifentanil groups.

Relative beta ratio was the only parameter in which
higher frequencies (greater than 25 Hz) were used. Due to
the electromyographic artifact, the values are significantly
higher in group R1 during very light anesthesia. The artifact
does not explain, however, the decreased values in high-
dose remifentanil group after » = 1. At that point, the
activity in the higher band (30 - 47 Hz) has ceased, and the
lower band (11-20 Hz) activity dominates the values of
the parameter. Hence, the lower values in group R2 come
from the increased activity in extended alpha band (7-14
Hz) during deep anesthesia. However, as the changes oc-
cur only within a narrow range of » (1-1.5), the change
reflected on the values in table 2 are moderate.

The parameters MPF, SEF90%, and SEF95% show also
differences between study groups. The suppression of
high frequencies during light anesthesia results in a sig-
nificant decrease of SEF90% and SEF95% in high-dose
remifentanil group (fig. 5). All three parameters indicate
consistently also that the electroencephalographic activ-
ity in saline group is in significantly lower frequencies
during deep anesthesia. SEF90%, for example, increases
from approximately 7 Hz to 12 Hz when the saline is
changed to high-dose remifentanil. This corresponds to
an increase of more than 50%, as presented in table 2.
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Fig. 5. The 14 median spectral parameter curves of the study groups R0, R1, and R2 calculated from the electroencephalogram during
induction of anesthesia. The median curves are created by choosing the group’s median value at every point in » scale (see fig. 3B).
The curves are presented as function of relative time 7, as they are calculated from the time-normalized spectrograms. The positions

in which the values of two specific groups differ significantly (P < 0.05) are indicated under the curves.

Discussion

The effect of remifentanil on the time-frequency prop-
erties of electroencephalogram during propofol-induced
anesthesia was studied. The results show that remifen-
tanil significantly changes the signal’s spectral content in
a characteristic manner, including decrease of beta ac-
tivity during light anesthesia as well as decrease of delta
and increase of alpha activity during deep anesthesia.
The changes were strongly dependent on the level of
anesthesia and reflected on the quantitative spectral param-
eters used in the depth-of-anesthesia estimation. For exam-
ple, during deep anesthesia, SE and SEF90% were clearly
increased by remifentanil; in delta activity, however, a ma-
jor decrease was observed. Coadministration of opioids
therefore challenges the reliability of the spectral proper-
ties of electroencephalogram in the depth-of-anesthesia es-
timation by using a frontal montage, which may have an
impact on the indices using these properties.
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As mentioned in the introduction, the changes remifen-
tanil solely produces to electroencephalogram, ie., pro-
gression of activity from high to low frequencies, resemble
somewhat the propofolinduced changes. This easily leads
to the hypothesis that the effects of these two drugs on the
electroencephalogram would be synergistic. However, our
study shows that instead of increasing the propofolin-
duced changes, the coadministered remifentanil sup-
presses some of them (beta activity during light anesthesia
and delta activity during deep anesthesia) and induces
some of its own (alpha activity during deep anesthesia).
According to the quantitative spectral parameters, these
changes might lead to an impression of a deeper anesthesia
in low r values (e.g., lower SEF90% and beta power), but on
the other hand a lighter anesthesia in high » values (e.g.,
higher SE and lower delta power).

This study deepens our understanding of the total impact
of remifentanil on electroencephalogram-based depth-of-
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Table 2. Differences in Spectral Parameter Median Curves
Light Anesthesia (0 <r < 1) Deep Anesthesia (1 <r < 2)

Spectral Parameter R1 R2 R1 R2
Total power -17 (22 to -11) |, —1 3(-18t0-9) | -33 (-40 to -27) |, -50 (=54 to -46) |,
Delta power 10 (-2 to 22) 7 (6 to 28) -47 (-53 to -40) | -66 (-70 to -62) |,
Theta power -21 (-28 to -15) |, 3 (5to 21) 9(0to 18) 8 (14 to -1)
Alpha power 12 (1 to 23) 21 (10 to 32) 118 (93 to 143) 1 114 (96 to 133) 1
Beta power -26 (<30 to -21) | —38( -41 to -35) | 5(-13to3) | -12 (-17to-7) |
Relative delta power 15 (8 to 21) 7 (10 to 23) —1 8 (-20to -16) | —29 (-32t0-27)|
Relative theta power 0(-6to7) 28 (21 t0 36) 1 50 (39 to 61) 1 66 (55 to 78) 1
Relative alpha power 19 (10 to 29) 43 (31 to 56) 1 179 (148 to 210) 1 293 (252 to 334) 1
Relative beta power -5(-91t00) -18 (-23to-13) | 75 (59 to 91) 1 117 (100 to 134) 1
SE -1(-2to 0) -2 (-3to-1)} 1(9to13)1 5(13to 18)1
RBR -36 (-42 to -29) |, 7 (11to24)7 4 (2 to 6) 7(5t09)1
MPF -2 (-810 5) O(11to11)L 19 (11 to 28) 1 54 (40 to 69) |
SEF90% 1(0to2) -10 (-12t0-9) | 47 (37 to 56) 1 58 (49 to 68) 1
SEF95% 1(1to2)7 -7 (-8to-6) 20 (16 to 24) 1 7 (23t0 31)7

The spectral parameter median curve values are compared between groups separately during light and deep anesthesia. The median curves were determined
for each group from the unsmoothed spectral parameters given as a function of r. Data are expressed as a percentage change compared to the group RO curve
values at the same position (same r value) and displayed as mean (95% confidence interval).

1 = curve values are significantly higher compared to group RO according to Wilcoxon signed-rank test; | = curve values are significantly lower compared to

group RO according to Wilcoxon signed-rank test; MPF = median power frequency; RBR = relative beta ratio; SE = spectral entropy; SEF90% = spectral edge

frequency 90%; SEF95% = spectral edge frequency 95%.

anesthesia estimation. In our previous work,'* we found
that the infusion of remifentanil during propofol anesthesia
significantly modifies the mutual relations of the electroen-
cephalographic spectral characteristics and the clinical
endpoints in a predictable and quantifiable manner. Even
though it was shown that the propofol-induced basic fre-
quency progression pattern of electroencephalogram is left
untouched, this study shows that also the detailed spectral
characteristics are significantly affected by remifentanil and
that this phenomenon is strongly dependent on the
depth-of-anesthesia. This finding further complicates
the reliable usage of spectral properties of electroen-
cephalogram for depth-of-anesthesia estimation when
remifentanil is coadministered.

In the literature, the effects of remifentanil on the
electroencephalogram during anesthesia have not been
presented adequately before. The studies have concen-
trated on describing the response of the depth-of-anes-
thesia indices, mostly Bispectral Index, to the coadmin-
istration of remifentanil during steady-state anesthesia.
The results have been controversial, with some studies
suggesting the indices to be affected by the coadminis-
tration of opioids,'*'* and others failing to find an ef-
fect.>>%” One possible explanation for the controversy is
that the effect of remifentanil on electroencephalogram
is not stable or stationary during different levels of anes-
thesia. As presented in this paper, the nature of the
electroencephalographic changes remifentanil produces
seems to be strongly dependent on the phase of the
propofol-induced frequency progression pattern. It is
likely that the effects of remifentanil differ significantly
between two steady-states, making the comparison of
the results difficult without an objective control param-
eter of anesthetic depth. In future, the research should
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concentrate more on describing the effect of opioids on
electroencephalogram throughout the different levels of
anesthesia instead of presenting them only for example
in a single steady-state condition.

Compared to the previous studies, several improve-
ments were made in this paper. First, the effect of
remifentanil on electroencephalogram is presented dur-
ing the whole process of induction of anesthesia. As a
result, the effect of the opioid can be seen in different
levels of anesthesia and not only in a single steady-state.
Second, instead of examining the effects of remifentanil
by using only a few quantitative parameters of electro-
encephalogram, we illustrate the changes induced in the
entire spectrum and how these changes reflect on the
parameters. This approach clarifies the underlying spec-
tral phenomenon that causes the changes in the param-
eters. Third, by applying the time normalization to the
spectrograms, we were able to reduce the interindi-
vidual variability in response to the anesthetic agent and
made the comparison of the data of different patients
reasonable as a function of time.

We hypothesize that the effects of remifentanil on the
electroencephalogram presented in this study can be
generalized to some extent to all drugs with similar
pharmacodynamic properties, 7.e., p-receptor agonists.
The studies with other opioids (fentanyl, alfentanil, and
sufentanil) support this proposition because these drugs
have been shown to induce similar electroencephalo-
graphic changes with remifentanil during anesthe-
sia.'>?® However, due to the difference in pharmacoki-
netic profiles, the beginning and duration of the effect
may alter significantly. Furthermore, remifentanil is con-
sidered to be a specific p-receptor agonist; therefore, the
electroencephalographic changes induced by the drugs
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acting also through other receptor may differ in part
from that of remifentanil.

Interestingly, tramadol also induces similar electroen-
cephalographic changes as remifentanil during anesthe-
sia. Tramadol is a centrally acting analgesic occasionally
used during operation to prevent postoperative pain.
Lately there has been debate about its use during anes-
thesia. When coadministered with an anesthetic, tram-
adol has been shown to induce electroencephalographic
changes that can be associated with lightening of anes-
thesia.??*° These changes, including decrease of delta
activity and increase of alpha activity and SEF95%, are
identical to the effects of remifentanil during deep anes-
thesia reported in this paper. In addition to the affinity
for opioid receptors, tramadol appears to have actions
on the noradrenergic and serotonergic systems.>' It
has been suggested that the effect on electroenceph-
alogram results from the a-adrenergic activity.?® How-
ever, the changes resemble closely that of remifen-
tanil; we therefore speculate that they are induced by
opioid receptor activation. This is supported by the
finding that tramadol does not affect electroencepha-
logram in the presence of remifentanil.>* The drugs
acting through the opioid receptors are known to
have synergistic effect with anesthetics to the clinical
state of the patients’®>?; therefore, the electroen-
cephalographic changes tramadol induced may in fact
be related to increased clinical sedation.

Findings from the recent studies propose also new
directions for future research. An ideal depth-of-anesthe-
sia monitor accurately relates the electroencephalo-
graphic recordings to the clinical state of patient. The
current indices have been developed to fulfill this task
with a single anesthetic agent. However, this paper
points out that when coadministered with propofol, the
opioids change the electroencephalogram in a rather
complex manner that potentially affects the reliability of
the indices used in depth-of-anesthesia estimation. One
possibility to overcome this problem would be detection
of the presence of opioid from the electroencephalo-
gram. This way, the observed changes in the signal could
more reliably be related to the clinical state of patient.
Based on the results of this study, we can expect this to
be possible to some extent. Furthermore, we have stud-
ied the effect of remifentanil only from the Fz electrode;
this raises the question of whether some other electrode
location would be more immune to the coadministration
of opioids. It would also be of interest to study whether
the effects would be similar with other anesthetics. Re-
cently, several nonlinear measures, such as approximate
entropy and permutation entropy, have been proposed
for the measurement of depth-of-anesthesia.>* > In the
future, the effect of remifentanil on these measures
should be tested as well.
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To facilitate induction and reduce overall dosage of inhalational anesthetics, Drs. Paul M.
Wood (1894-1963) and Robert S. Bickley (1885-1957) investigated preliminary sedation and
even “basal anesthesia” of patients with tribromethanol, branded Avertin by Winthrop Chem-
ical Company. By 1936 Anesthesiologist Wood and Surgeon Bickley had popularized American
use of this agent by publishing their “Observations on use of tribromethanol (Avertin)” in the
American Journal of Surgery. When Bickley retired, Wood was forced to “semi-retire” to his
wife’s family home near West Point, New York, taking with him bottles that he had collected,
such as the Avertin one above (courtesy of the Wood Library-Museum). As the bottle label
suggests, this “basal anesthetic” was usually administered basally (i.e., per rectum), typically
to agitated adult and pediatric patients. (Copyright © the American Society of Anesthesiolo-
gists, Inc. This image appears in color in the Anestbesiology Reflections online collection

available at www.anesthesiology.org.)
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