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Psychophysiological measures of
anesthetic depth

SANDY VENNEMAN, A. MICHAEL ANCH, and JEFF DYCHE
Saint Louis University, St. Louis, Missourt

The effects of isoflurane at three different doses (0.75, 1.68, and 2.17 MAC) were examined in 12
male rats at two different times of day on baseline and in response to a tactile stimulus (tailpinch) and
an auditory stimulus (click). Dependent measures included anterior-parietal and posterior-parietal elec-
trocorticograms (ECoGs), heart rate (HR), respiration, and gross body movement. The ECoG was the
measure most sensitive in distinguishing anesthetic dose, whereas gross body movement exhibited the
least sensitivity. Finally, although there were significant circadian variations in the ECoG, HR, and res-
piration for baseline doses of isoflurane, circadian variation in anesthetic action was not demonstrated.
The data support the notion that animals can experience stimuli under anesthesia to which they do not,

or cannot, exhibit motor responses.

Veterinarians and physicians use observation of gross
muscle movement, heart rate, and respiration as indica-
tors of anesthetic depth and pain perception during anes-
thesia. These common methods may not offer enough
sensitivity to avoid errors. This is demonstrated in anec-
dotal accounts of patients describing painful sensations
during incision and subsequent surgery without being
able to communicate their pain (Shapiro, 1996). Electro-
corticogram (ECoG)/electroencephalogram (EEG) in
human monitoring may offer a better alternative for sen-
sitive monitoring of pain perception. ECOG/EEG shows
changes dependent upon auditory stimulation. If changes
due to auditory stimulation mimic changes produced by
tactile stimulation, perception of pain would be difficult
to assess with ECoG/EEG, because of naturally occuring
noise in the operating room. To be able to discriminate,
we employed auditory stimulation as a variable in this
investigation.

The following questions were addressed in this study:
“Do measures of stimuli perception indicate pain is per-
ceived when movement does not occur?” “Are the tradi-
tional indicators used in the operating room such as respi-
ration, heart rate, and gross muscle movement as sensitive
as ECoG/EEG for monitoring pain perception?” “Does
reaction to stimulation differ between auditory and tac-
tile sensory modalities as a function of anesthetic depth?”
“Are there differences due to the time of day a procedure
is performed?” The answers to these questions may have
applicability to reports of humans who perceive, remem-
ber and, under some circumstances, learn new associa-
tions while under general anesthesia.

Anesthetic depth in relation to stimulus detection and
circadian rhythms in various modalities has received only
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moderate attention. Historically, various traditional mea-
sures (e.g., respiration, heart rate, tactile stimulation, etc.)
have been used to determine depth of anesthesia (Bar-
raco, Phillis, Campbell, Marcantonio, & Salah, 1989;
Loper, Reitan, Bennet, Benthuysen, & Snook, 1987;
Merkel & Eger, 1963).

Other less established benchmarks of anesthesia depth,
such as EEG, have been used sparsely (Merkel & Eger,
1963; Nayak, Roy, & Sharma, 1994; Reddy, Moorthy,
Mattice, Dierdorf, & Deitch, 1992; Thomsen, Christen-
sen, & Rosenfalck, 1989). However, these analyses show
consistent trends reflecting anesthetic depth (Clark et al.,
1973; Dripps, Eckenhoff, & Vandam, 1977; Eger, Stevens,
& Cromwell, 1971; Rampil et al., 1988; Schwilden &
Stoeckel, 1987; Yli-Hankala, Eskola, & Kaukinen, 1989).
Most notable in these assessments is burst suppression,
the inhibition of high amplitude EEG activity. This in-
dicates decreased cerebral metabolism, and it is noted as
a signature of depth in anesthesia (Engelhardt, Carl,
Dierks, & Maurer, 1991; James, Volgyesi, & Burrows,
1986; Pauca & Dripps, 1973; Rampil et al., 1988;
Schwilden & Stoeckel, 1987).

Isoflurane (1-chloro-2,2,2-trifluroethyl-difluromethyl
ether), an inhalation anesthetic, has become one of the
most widely used anesthetics in the United States during
the past 15 years. Its physical properties and actions on
various organ systems are well documented (e.g., Eger,
1985). In spite of this, its ECoG activity has not been
widely studied (Schwilden & Stoeckel, 1987; Thomsen
et al., 1989), and circadian influences remain unknown.
Since circadian rhythms exert influence with other anes-
thetics, this is a topic that needs to be addressed (Mun-
son, Martucci, & Smith, 1970; Reinberg & Halberg, 1971).

We attempted to investigate the ability of rats to detect
sensory stimuli under three doses of isoflurane during
two extremes of their circadian cycle. To do this, we com-
pared two sensory modalities, tactile (tailpinch) and au-
ditory (clicks) stimulation, in order to examine differ-
ences in responses to painful and nonpainful stimuli and
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Figure 1. The electrode array consisted of a ground plus bipolar recording from homolo-
gous sites in two different regions of the cortex: anterior parietal and posterior parietal re-

gions of the cortex.

to examine possible partitioning of anesthetic depth as a
function of sensory modality.

METHOD

Subjects

Twelve male Sprague-Dawley rats weighing between 279 and
380 g were used. Only mature rats, 4-5 months of age, were used,
in order to avoid variations in anesthetic action seen in the very
young or old (Eger, 1985; Eger et al., 1971; Gregory, Eger, & Mun-
son 1969; Stevens et al., 1975). The rats were housed individually
in a climate-controlled atmosphere and maintained on a 12:12-h
light:dark cycle. The animals were fed a standard diet of rat chow
and ad-lib water and were handled daily during a 30-day acclima-
tion period.

Procedure

Isoflurane was used as the sole anesthetic agent for all proce-
dures, including preexperimental implantation, to avoid possible ef-
fects of drug interaction. The rats were implanted with stainless
steel screw electrodes for ECoG recordings according to standard
procedures (Bergman, Winter, Rosenberg, & Reschtaffen, 1987).
The electrode array consisted of a ground plus bipolar recording
from homologous sites in two different regions of the cortex: ante-
rior parietal (AP) and posterior parietal (PP) regions of the cortex
(Figure 1). Different regions were examined since there is some ev-
idence of ECoG variation dependent on region (Clark & Rosner,
1973; Tinker, Sharbrough, & Michenfelder, 1977).

Following implantation, a period of 7 days was permitted for ad-
equate recovery and drug washout (Bahlman, Eger, & Cromwell,
1972; Cromwell, Eger, Stevens, & Dolan, 1971; Davison, Steinhel-
ber, Eger, & Stevens, 1975). On Day 8, isoflurane anesthesia was
induced at 2.2%-3.5% in oxygen. Two electrodes (1 cm in diameter)
were secured to the skin, covering the cutaneous maximus muscle,
to record heart rate (HR).

An ABS socket connected to a polygraph (Grass Model 78D)
was attached to the surgically implanted ABS plug before the rat
was transferred to the experimental anesthesia chamber (a Plexi-
glas cylinder with interior dimensions of 23 X 14 X 12 ¢cm). The
rat was positioned to permit unobstructed breathing, exits were
filled with synthetic clay, and a vaporizer was attached to the cham-

ber. The isoflurane/oxygen mixture entered the chamber through a
0.5-cm port at the rat’s head and exited via a 0.6-cm port toward the
rat’s posterior.

Following a 30-min equilibration, baseline measurements were
taken. After this baseline period, experimental manipulations were
performed. The baseline for the auditory stimulus was the half-
epoch preceding the click (an epoch = 20 sec). For auditory stim-
ulation, the results were compared with the baseline values imme-
diately preceding each stimulus in order to control for residual
effects of the preceding stimulus. The baseline for the tactile stim-
ulus was a 12-epoch period (4 min), divided equally between the
recordings at the very beginning of the new dose level to be studied
and at the very end of the trial of that concentration. The results for
tactile stimulation were compared with these baseline values.

Figure 2 illustrates the experimental design. The tactile stimulus
consisted of a tailpinch of three-epoch (1-min) duration, during
which observations of gross muscle movements and other measures
(described below) were recorded according to standard procedures
(Eger, Saidman, & Brandstater, 1965; Merkel & Eger, 1963; White,
Johnston, & Eger, 1974). Pressure 0of 9.0 = .02 N was applied to the
distal third of the tail by an alligator clip (wrapped in tape to reduce
tissue damage). We placed the clip on the portion of the tail that
measured 7 mm in diameter, ensuring consistent pressure across
subjects.

One minute after the clamp was removed, a series of four audi-
tory stimuli (single clicks) was presented at one epoch (20-sec
intervals). The clicks were produced by a mechanical metal device
at the level of the rat’s head at a distance of 7-12 c¢m. A biological
comparison of the stimuli was performed employing a calibrated
auditory brainstem response (ABR) unit.! Each auditory stimulus
was assessed to have an output in excess of 125 dB SPL. The
tailpinch always preceded the auditory stimulus to control for pos-
sible conditioning effects (i.e., to prevent the auditory stimulus
from serving as a discriminant stimulus for tactile stimulation).
Such a conditioned response could result in self-induced analgesia
from release of beta endorphins and enkephalins in anticipation of
pain, as noted by other researchers (Bolles, 1982; Fanselow 1981,
Meadows, Phillips, & Davey, 1988). Following these stimuli, un-
stimulated 2-min baseline recordings were made.

Each experiment was conducted at each of the following three
doses of mean alveolar concentration (MAC), traditionally defined
as the concentration at which 50% of the subjects respond to aver-
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Figure 2. The experimental procedure at one dose level at one time of day. This same
procedure was performed for each of the three dose levels in the a.m. and again in the

p.m., utilizing a balanced design.

sive stimulation (Dripps et al., 1977; Eger et al., 1965): 0.75 MAC,
1.68 MAC, and 2.17 MAC, as determined by calibrated values on
a headbrink Kinet-O Meter vaporizer. The vaporizer was calibrated
using a mass-spectrometer at the beginning and end of the study.
Results were averaged, yielding the reported MAC values (0.75 *
.03, 1.68 £ .05, 2.17 = .07). Although it was our intent to have the
anesthetic concentrations spread out to encompass 1 and 2.5 MAC
(and a midpoint), the exact values were determined by calibrating
the vaporizer before and after the study with a mass-spectrometer
and taking an average value for MAC. These concentration doses
were chosen on the basis of pilot studies and on the basis of ethical
standards, as well as limitation:s due to respiratory and blood pres-
sure depressant characteristics of isofturane.? In addition, these
concentration values were chosen in an attempt to reflect conditions
found in surgery and in other studies (cf. Schwilden & Stoeckel,
1987; Yli-Hankala et al., 1989).

Thirty minutes of equilibration was allowed after the vaporizer
setting was adjusted to the next experimental concentration (e.g.,
Thomsen et al., 1989). An identical procedure was employed for all
concentrations. Upon completion of trials, the rat was allowed a
7-day washout period.

Following this washout period, a second, identical experiment
was conducted at the other circadian extreme (i.e., 180° out of phase
with regard to the time of day of the first experiment). If the first
trial was in the a.m., the second trial was in the p.m., and vice versa.
The a.m. and p.m. time periods (7 a.m. and 8 p.m.) refer to the light
and dark periods, respectively. Initial dose of isoflurane and order
of time of day were randomly assigned, in a manner to ensure that
all possible orders of administration were balanced. A balanced de-
sign ensured that each order or dose administration was represented
(i.e., 0.75, 1.68, 2.17; 1.68, 2.17, 0.75; 2.17, 0.75, 1.68, etc., for
a.m. and p.m.) so that any effects of order of presentation would be
eliminated in the statistical analysis. This procedure resulted in
each rat being examined at each of the three doses of the anesthetic
twice: once in its most active portion of the daily cycle, and once in
its least active portion. These trials were 1 week apart to ensure ad-
equate drug washout.

Data Analysis

The use of visual evaluation, rather than spectral analysis, more
closely parallels clinical application in the setting of an operating
room. Therefore, electrophysiological recordings were scored by
hand using 20-sec epochs. ECoG epochs were scored in terms of

the number of waves exceeding 75 uV/epoch unit; HR was scored
in terms of beats/epoch. An ECoG amplitude of 75 4V was chosen
because waves of this magnitude indicate wakefulness in the rat
(McGinty, 1967). Both respiration (scored as breaths per minute)
and movement (recorded categorically as present or absent) were
visually recorded, mirroring a clinical setting.

Repeated violation of sphericity dictated the use of a conservative
multivariate approach to evaluate all data, with the exception of move-
ment. To examine circadian variations independent of manipulation
and to establish baseline rates, a series of multivariate analyses of
variance (MANOVAs) was performed using the independent vari-
ables of time of day, stimulation type, and concentration of anes-
thetic using baseline data. These statistical analyses were assessed
by examining the five dependent measures: HR, AP ECoG, PP ECoG,
respiration, and movement (post hoc ¢ tests followed any signifi-
cance). To assess the influence of manipulation under the anesthetic,
additional analyses were performed using changes in HR, AP/PP
ECoGs, and movement upon stimulation, relative to baseline.

Gross muscle movement was visually observed, as it would be in
a clinical setting. It was scored categorically and was analyzed
using Cochran’s O with Scheffé-like post hoc tests performed on
significant main effects. The McNemar nonparametric test was em-
ployed to analyze movement for time of day.

In summary, the design was, therefore, a repeated measures, bal-
anced design, with three factors: concentration dose (0.75 MAC,
1.65 MAC, and 2.17 MAC), stimulus type (tailpinch vs. click), and
time of day (7 a.m. vs. 8 p.m.). During baseline (no stimulus pre-
sented), the effects of these three doses of MAC on HR, AP ECoG,
PP ECoG, respiratory rate, and movement were assessed during the
a.m. and p.m. conditions. Following baseline, the effects of the
three factors (concentration, stimulus type, and time of day) and
their interactions on the same physiological measures (HR, AP
ECoG, PP ECoG, respiratory rate, and movement) were assessed.
Change scores, rather than the absolute values of our dependent
measures, were used in these statistical analyses to control for
changes in the overall scores due to baseline shifts.

RESULTS

The data were analyzed in terms of baseline and stim-
ulation conditions. For the tactile condition, baseline was
defined as the initial six epochs (2 min) plus the final
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Table 1
F Statistics of Baseline and Stimulation Values
Heart Rate AP ECoG PP ECoG Respiration Movement

Variable Baseline Stimulation Baseline Stimulation Baseline Stimulation Baseline Stimulation Baseline Stimulation df
Time 35.32¢% 0 311 0.52 6.47* 1 6.78% na. 1,11
Dose 13.5941% 0.147%  69.969t 12454+ 67.513+1 14.144+F 31.255%% n.a. or 2,10
Stimulus type 7.16* 28.591 2498t 0.4 5.96* 442 na. na. or 1,11
Time X dose 3.445% 0.948% 2.198 2.95%¢ 2.275% 2.533% 1.31% na. 2,10
Time X stimulus 0 0.5 1.63 5.98* 3.94 11.51% n.a. na. 1,1
Dose X stimulus 9.158%t  0.429% 9.166% 7.378t1  4.616%F  5.831*%% n.a. n.a. 2,10
Time X dose X stimulus 3.609% 0.313% 5.648* 1.862% 2.355% 3.986*1 na. na. 2,10
Note—(), nonparametric tests performed on dichotomous variable (see text). *p <.05. 1p < .0l. }Multivariate F.

six epochs of each set. We averaged these two time periods
to control for carry-over effects resulting from sensory
stimulation, which resulted in more conservative (rather
than liberal) results. The baseline and stimulation values
measured were AP and PP lobe ECoG, HR, movement,
and respiration. Table 1 summarizes all statistical results.

Baseline Values

An examination of baseline data was conducted for
use as a reference in examining the action of the anes-
thetic using change scores. There was a significant main
effect for the dose of anesthetic for all the variables mea-
sured, with the exception of movement. No movement
occurred during any of the baseline recordings, as ex-
pected due to the fact that no stimuli were presented dur-
ing baseline. All other variables (HR, AP and PP ECoG,
and respiration) showed differences dependent upon the
dose of the anesthetic. Even without statistical analysis,
the difference between doses was readily apparent by
mere visual examination of the ECoG record. This was
particularly true of detection of 0.75 MAC versus the
two higher concentrations.
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Dose Level B 1.68 MAC

There was a highly significant effect for isoflurane
concentration with AP ECoG [F(2,10) = 69.97, p <
.01] and PP ECoG [F(2,10) = 67.51, p < .01]. Closer
examination revealed that the statistically significant dif-
ference was between 0.75 MAC and the other two con-
centrations. This is what was visually observed on the
record. Figure 3 is an example of the ECoG recordings
during baseline for the three doses of MAC used in this
experiment. The sudden appearance of high-amplitude
waves during periods of low-amplitude activity (burst-
ing), which has been frequently reported, decreases as
the depth of anesthesia increases. The difference in fre-
quency of bursts between 1.68 and 2.17 MAC was not
great enough during baseline recordings to be statisti-
cally significant.

Post hoc ¢ tests for paired samples showed a signifi-
cant difference between a.m. and p.m. for 0.75 MAC
tailpinch [¢(11) = —3.65, p < .01]. The significant
three-way interaction for AP ECoG further demonstrates
that the carry-over effect of the 0.75 MAC concentration
was great enough to be significant only in the a.m. Al-
though there was no three-way interaction for PP ECoG,

w&wwmm.n,wwmmwm,...,,,,.,..w.m,wtww.w#«w«muqdem--«wmwm

lcm= SOuvL
.33 min

Dose Level C 2.17 MAC

Figure 3. An example of the ECoG recordings during baseline for the three doses of MAC used
in this experiment. High-amplitude waves during periods of low-amplitude activity (bursting) can
be seen to decrease as the depth of anesthesia increases. The difference frequency of bursts between
1.68 and 2.17 MAC was not great enough during baseline recordings to be statistically significant.
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Figure 4. Change in AP ECoG demonstrating a significant interaction be-
tween time of day and dose of isoflurane. This two-way interaction illustrates the
action of the anesthetic as a function of dose and time of day.

there was a main effect for time of day. Again, the 0.75
MAC dose level differed from the other two.

An interaction was found (dose X stimulus) for both
AP and PP ECoG and HR baseline measures. In addi-
tion, two main effects were found for baseline respira-
tion conditions. As anticipated, respiration was signifi-
cantly higher in the p.m. condition (the rat’s natural
active period) [F(1,11) = 6.78, p < .05] than in the a.m.
condition. Mean respiration rate (breaths/minute) for
p.m. = 39.56, and for a.m. = 36.72. Mean breaths/
minute for all three doses were significantly different
[F(2,10) = 31.26, p < .01]. Mean breaths/minute for
0.75, 1.68, and 2.17 MAC were 56.83, 31.92, and 25.67,
respectively.

From this baseline data, we can see that, by observing
the undisturbed rat, we can accurately predict which
dose of anesthetic it was administered. This was not,
however, the purpose of the study. We wished to exam-
ine the action of the anesthetic by stimulating the animal
under all three doses, and, now that we had a baseline to
use as a comparison, this could be accomplished.

Stimulation Values

AP and PP ECoG. Table | summarizes the results of
statistical analyses for AP and PP ECoG values follow-
ing sensory stimulation. The results were similar. There
was a highly significant dose-response effect for isoflu-
rane of AP ECoG [F(2,10) = 14.14, p < .01] and PP
ECoG [F(2,10) = 12.5, p < .01]. They both showed a
significant interaction between time of day and stimulus
presentation [for AP ECoG, F(1,11) = 5.98, p <.05; for
PP ECoG, F(2,10) = 11.51, p < .01] and a significant
interaction between the dose of isoflurane and stimulus
presentation [for AP ECoG, F(2,10) = 7.4, p <.01; for
PP ECoG, F(2,10) = 5.83, p < .05].

There were also some differences in the statistical
analyses of AP versus PP ECoG. Whereas there was a
significant interaction between time of day and dose of

isoflurane for AP ECoG [F(2,10) = 2.96, p <.05] (Fig-
ure 4), this did not quite reach significance for PP ECoG.
Also, only PP ECoG showed a significant three-way
interaction [F(2,10) = 3.99, p < .05] (Figure 5). A post
hoc test revealed that this significance resulted from a
circadian difference in reaction to tactile stimulation
under 0.75 MAC dose [#(11), p <.01].

Heart rate. HR showed a significant effect for stim-
ulus type between 0.75 MAC and the other two doses
[F(1,11) = 28.59, p < .01]. Mean tactile change was
1.18 beats/epoch, whereas auditory change was —0.38
beats/epoch. The difference in algebraic sign expresses
the fact that HR increased under conditions of tactile
stimulation and decreased under conditions of auditory
stimulation.

Movement. Movement also exhibited a main effect for
dose and stimulus type: [Cochran’s Q(2) = 10.00, p <
.01]. A post hoc Scheffé-like comparison showed the
only significant difference to be between the 0.75 MAC
concentration and the other two concentrations. No sig-
nificant difference was found examining time of day em-
ploying the McNemar nonparametric test. Movement oc-
curred only under the condition of tactile stimulation.

Respiration. No measure of respiration was possible
during the stimulation due to its brevity.

DISCUSSION

This study reveals several findings that impact an analy-
sis of anesthetic depth with isoflurane anesthesia. First,
the ability to detect stimuli can occur in the absence of
movement, as indicated by changes in the ECoG and HR
independent of movement. This supports the notion that
the brain can respond to sensory stimulation in the absence
of behavioral responses to stimulation under anesthesia.
From a clinical perspective, this is an experimental vali-
dation of anecdotal evidence that patients sometimes ex-
perience pain without the ability to perform gross muscle
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Figure 5. Change in PP ECoG demonstrating a significant three-way interaction. This
three-way interaction illustrates the action of anesthetic as a function not only of dose level

and time of day but also of stimulus type.

movements or vocalizations to express their plight. This
would suggest that visual observation of gross motor
movement is inadequate as a sensitive indicator of pain
perception in clinical settings. Additionally, ECoG ap-
peared to be a more sensitive indicator of anesthetic
depth than HR. Second, stimulus type effects were dif-
ferentiated, with auditory stimulus detection persevering
longer (more refractory to anesthetic depth) than tactile
stimulus detection. Thus, the results of this study, using
isoflurane anesthesia, would support evidence that hu-
mans may continue to perceive information while under
anesthesia. Lastly, circadian differences are detectable in
isoflurane anesthesia; however, they do not affect re-
sponses to sensory stimulation. Each of these findings
will be elaborated further.

Stimulus Detection

A critical feature in this experiment was the use of
multiple dependent measures in assessing the anesthetic
action of isoflurane. Such measures allow for a compar-
ison of physiological systems, assessing possible syner-
gistic effects and possible dissociation effects among the
dependent measures.

Although isoflurane had profound effects on all de-
pendent measures employed in this study (ECoG, HR,
movement, and respiration), during baseline, the ECoG
was the most sensitive to sensory stimulation. The stim-
ulation values, not the baseline values, express the ac-
tion of the anesthetic. Action determines whether or not
stimuli are detected. In this study, gross muscle move-
ment was not a statistically significant indicator of anes-
thetic depth or action, which supports the notion that this
is a crude tool to determine whether stimuli are being de-
tected. This lends credence to personal testimonies of
pain perception during anesthesia. The ECoG data, on
the other hand, demonstrated better sensitivity, as re-
flected in its ability to detect a difference in the action of
isoflurane as a function of dose of anesthesia, stimulus
type, and time of day. Indeed, many of these changes were

visually apparent in the ECoG record itself. This would
suggest that it would be advantageous to employ this
measure in a clinical setting.

The ECoG tracings showed a very consistent and dif-
ferent pattern on the ECoG records for each of the three
different doses of anesthetic, similar to shifts noted by
others (Thomsen et al., 1989) and described as “burst
suppression” (Pauca & Dripps, 1973; Rampil et al., 1988;
Schwilden & Stoeckel, 1987). Not surprisingly, there
was a definite affect of isoflurane dose on ECoGs and
movement, compatible with increasing depth of anes-
thesia. In agreement with previous research, there was a
dose-related burst suppression in the ECoG, along with
an absence of movement at the two highest levels of
isoflurane concentration.

These results are consistent with previous research on
anesthetic depth and EEG recordings (Clark & Rosner,
1973; Dripps et al., 1977; Pauca & Dripps, 1973; Nayak
et al., 1994; Schilden & Stoeckel, 1987), manifesting
burst suppression with increasing depth of anesthesia
and an inverse relationship between anesthesia depth and
ECoG amplitude. However, we were surprised to find
that, in contrast to previous studies with other inhalation
anesthetics (e.g., Halothane), there were no significant
differences involving circadian variation in anesthetic
action during manipulations.

Circadian Effects

Circadian influences on analysis of anesthetic depth
are also noteworthy, since ECoG data indicate that time
of day interacts with both isoflurane dose and stimulus
type. In addition, it is well known that anesthetic agents
show rhythms of effectiveness and toxicity (Nair &
Casper, 1969; Reinberg & Halberg, 1971, Roberts, Turn-
bull, & Winterburn, 1970).

In this study, however, we did not find a potent circa-
dian effect for the action of isoflurane, as has been re-
ported for other anesthetics (Emlen & Kem, 1963; Pauley
& Scheving, 1964). The lack of a profound circadian ef-
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fect during sensory stimulation may have resulted from
the small sample size (VN = 12). This limited chances of
finding significant effects. In addition, since multiple
t tests were used, an alpha of .01 was chosen for the post
hoc analysis to control for Type I error. This further lim-
ited the possibility of statistical differences, but it in-
creased confidence in the present findings.

Stimulus Type

There was a striking difference in the reaction to au-
ditory versus tactile stimulation, as indicated by HR and
ECoG values. ECoG responses occurred significantly
more with auditory stimulation than with tailpinch. The
animals never moved during the auditory stimulation, as
they did during the painful stimulus. The results suggest
that auditory stimulus detection is more resistant to se-
dating effects than is tactile stimulus detection, and they
provide support for a modality-specific effect of anes-
thesia on arousal level. This is consistent with previous
literature that has documented persistent hearing under
anesthesia (Cheek, 1962, 1964; Pearson, 1961).

ECoG

Although ECoG recordings were from different sites
(AP vs. PP sites), they exhibited similarities. Interest-
ingly, both sites demonstrated a difference at 1.68 MAC
under the stimulation condition that was not present dur-
ing baseline. Data for the baseline recordings did not
show a significant difference between 1.68 and 2.17
MAC. This seemed to indicate that the two doses were
not discrete. With auditory (but not tactile) stimulation,
however, responses of the animal were significantly dif-
ferent for these two doses. This highlights the fact that
depth of anesthesia seems to be information specific, both
in terms of presence or absence of a sensory stimulus, as
well as the sensory modality being stimulated. Thus, the
results of the present study would support Merkel and
Eger (1963), who failed to find a single physiological pa-
rameter that would be adequate as a sole measure of
depth of anesthesia. This would have direct relevance to
surgical considerations for both veterinary and human
populations.

Heart Rate

The results showed that HR can indicate time of day
(significantly higher rate at 0.75 MAC than at 1.68 or
2.17 MAC) but is not a sensitive indicator of an organ-
ism’s reaction to stimulation under isoflurane anesthesia.
Although nonsignificant, consistent changes occurred
for stimulus type under all three doses. They increased
on the order of 1.5-6 beats/minute, under the condition
of painful stimulation, which is minuscule when com-
pared with a typical base rate (270 beats/minute). In ad-
dition, the significant difference in HR during stimula-
tion was limited to stimulus type. This difference may be
attributable to differing reactions of the animals to the
two stimuli (i.e., HR decreased in relation to baseline val-
ues under the auditory condition, whereas it increased
under the tactile stimulus condition) and would support
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a conclusion that HR is not a sensitive measure for stim-
uli detection during anesthesia.

The consistent changes in HR over all three doses of
isoflurane suggest that the animal is no less able to de-
tect stimuli at one dose than at the other two. There are
three explanations for these findings. The first is the
possibility that the animal feels the tactile stimulus at all
doses but is not able to move at the two higher doses.
This was reflected in the results of the variable of move-
ment. A second possible explanation is that the variable
of change in HR is not a sensitive measure of stimuli de-
tection. A third is that the animal does not perceive the
stimulus differently on any particular dose. The first two
seem to be logical possibilities, since, if the third were
true, there does not seem to be a reasonable explanation
of the results dealing with the variable of movement. If
the animals did not feel anything at any dose, they should
not have moved in response to tailpinch, but they did at
0.75 MAC. In addition, the analysis of ECoG variables,
under condition of auditory stimulation, supports the no-
tion that the animals are detecting stimuli to varying de-
grees at the different concentrations.

Movement

Movement is the typical measure used to determine
whether animals experience stimulation during anesthe-
sia (Dripps et al., 1977; Merkel & Eger, 1963; Munson,
1970). Consistent with the literature, we found an in-
verse relationship between dose (MAC) and gross motor
movement. However, in contrast with the literature, we
did not find that greater than 50% of the rats exhibited
movement at 0.75 MAC, which, by definition, they
should. Since this is critical to MAC, possible reasons
for this are addressed.

Since 1 MAC is defined as the condition under which
50% of the animals tested fail to respond to a painful
stimulus, we would expect that a 0.75 MAC would have
had greater than 50% movement upon painful stimulation.
However, our results showed 42% moving at 0.75 MAC.
This result could also have three possible explanations.
One possibility was to look for a flaw in the calibration
of the vaporizer; however, the vaporizer was calibrated on
two occasions with a state-of-the-art mass-spectrometer,
with consistent readings.

Another possibility was that the tailpinch was not
painful. Care was taken to ensure consistency in the use
of the clip, such that all animals had their tails pinched
with the same amount of force. Five of 12 rats did move
when pinched, indicating discomfort. In addition, bruis-
ing of the tail occurred in some instances, which would
seem to indicate pressure of some intensity. Further-
more, none of the animals moved in response to the
other, nonpainful, auditory stimulus.

The third possibility was that the percent of isoflurane
reported to be 1 MAC is in error. This seems unlikely,
since there has not been a body of literature question-
ing the value of 1.38, as reported by Eger (1985) and
White et al. (1974). In light of the evidence, no conclu-
sive statement can be made as to the reason why the re-



178 VENNEMAN, ANCH, AND DYCHE

sults differed from what would be expected from the
definition of MAC.

Our results are different from the standard table values
for MAC (Eger, 1985; White et al., 1974). One of the
reasons for this discrepancy may be the use of movement
as the criterion for MAC values. The results in this ex-
periment strongly suggest that movement is not the best
predictor (i.e., it was the least sensitive measure, with
ECoG the most sensitive measure of anesthetic depth).
On the basis of previously reported MAC levels for
isoflurane (Merkel & Eger, 1963), we would have ex-
pected to observe at least 50% of the animals to move at
0.75 MAC, and they did not.

Taken together, these results support the notion that
animals may be experiencing stimulation without being
able to react via a motor response. Anesthetic depth may
be partitioned in a modality-specific fashion. Further-
more, this study suggests that the ECoG acts as an early
indicator of stimulus perception before more gross indi-
cators (e.g., body movement) become apparent. These
results lend further support to the caveat that measure-
ment of the depth of anesthesia may depend heavily upon
the modality we choose to measure (Gibbs, Larach,
Skeehan, & Schuler, 1989; Miller, 1990). It also suggests
that the use of EEG in a human clinical setting would aid
in detection of painful stimulus perception before such
gross indicators as movement become apparent.

Finally, circadian effects were visually apparent in the
records and were significant during baseline periods for
HR, PP ECoG, and respiration. These reflect differences
dependent upon time of day and were not emphasized,
since the action of the anesthetic is of greatest concern.
When determining the differences in action using changes
in dependent measure, circadian variation was not pro-
found, suggesting that there is no optimal time of day
for isoflurane usage, unlike other popular inhalation
anesthetics.
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NOTES

1. Calibration was performed in conjunction with the Director of Au-
diology in the Department of Otolaryngology at Saint Louis University
Health Sciences Center.

2. Our attempt to maximally spread out the isoflurane concentrations
was limited by the following considerations. Exceeding the lower limit
would be unethical, since the animal would be subjected to painful stim-
uli while being more or less awake. The upper limit is set by both the
absolute depth of anesthesia and its interaction with time. Isoflurane is
a respiratory and blood pressure depressant. In addition, there is an
interaction between depth of anesthesia and its duration, which are com-
pounded. Hence, the above considerations and the length of time under
the anesthetic required by the study demanded that we keep the doses
studied in a fairly restricted range.

(Manuscript received November 4, 1996;
revision accepted for publication January 21, 1997.)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




