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Bispectral Analysis Measures Sedation and Memory

Effects of Propofol, Midazolam, Isoflurane, and
Alfentanil in Healthy Volunteers

Peter S. Glass, M.D.,* Marc Bloom, M.D., Ph.D.,T Lee Kearse, M.D., Ph.D., Carl Rosow, M.D., Ph.D.,+
Peter Sebel, M.B., B.S., Ph.D., F.F.A.R.S.C.I.,§ Paul Manberg, Ph.D.||

Background: The bispectral index (BIS), a value derived
from the electroencephalograph (EEG), has been proposed as
a measure of anesthetic effect. To establish its utility for this
purpose, it is important to determine the relation among BIS,
measured drug concentration, and increasing levels of seda-
tion. This study was designed to evaluate this relation for four
commonly used anesthetic drugs: propofol, midazolam,
isoflurane, and alfentanil.

Methods: Seventy-two consenting volunteers were studied
at four institutions. Volunteers were given either isoflurane,
propofol, midazolam, or alfentanil. Each volunteer was admin-
istered a dose-ranging sequence of one of the study drugs to
achieve predetermined target concentrations. A frontal mon-
tage was used for continuous recording of the EEG. At each
pseudo—steady-state drug concentration, a BIS score was re-
corded, the participant was shown either a picture or given
a word to recall, an arterial blood sample was obtained for
subsequent analysis of drug concentration, and the participant
was evaluated for level of sedation as determined by the re-
sponsiveness portion of the observer’s assessment of the alert-
ness/sedation scale (OAAS). An OAAS score of 2 or less was
considered unconscious. The BIS (version 2.5) score was re-
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corded in real-time and the BIS (version 3.0) was subsequently
derived off-line from the recorded raw EEG data. The relation
among BIS, measured drug concentration, responsiveness
score, and presence or absence of recall was determined by
linear and logistic regression for both the individual drugs
and, when appropriate, for the pooled results. The prediction
probability was also calculated.

Results: The BIS score (r = 0.883) correlated significantly
better than the measured propofol concentration (r = —0.778:
P < 0.05) with the responsiveness score. The BIS provided as
effective correlation with responsiveness score of the OAAS as
did the measured concentration for midazolam and isoflurane.
None of the volunteers given alfentanil lost consciousness and
thus were excluded from the pooled analysis. The pooled BIS
values at which 50% and 95% of participants were uncon-
scious were 67 and 50, respectively. The prediction probability
values for BIS ranged from 0.885-0.976, indicating a very high
predictive performance for correctly indicating probability of
loss of consciousness.

Conclusions: The BIS both correlated well with the level of
responsiveness and provided an excellent prediction of the
loss of consciousness. These results imply that BIS may be a
valuable monitor of the level of sedation and loss of conscious-
ness for propofol, midazolam, and isoflurane. (Key words:
Anesthetics, volatile: isoflurane. Anesthetics, intravenous: pro-
pofol; midazolam; alfentanil. Electroencephalogram. Bispec-
tral analysis.

MEASURING the depth of general anesthesia has been
an enigma ever since drugs were introduced that can
render patients unconscious. The first attempts at evalu-
ating depth of anesthesia used clinical signs such as
those described by Snow'® and subsequently by
Guedel.’ With the introduction of newer anesthetic
compounds and the use of multiple drugs to provide the
anesthetic state, these clinical signs no longer provide a
reliable guide to determine the depth of anesthesia. As
a result, several neurophysiologic monitors have been
introduced in an attempt to provide a measure of the
anesthetic state. The most widely evaluated neurophysi-
ologic tool used to assess depth of anesthesia has been
the electroencephalogram (EEG). Can the EEG be used
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to measure depth of anesthesia? Despite extensive re-
search, the answer to this basic query is still unclear.
In a recent review of this subject, Stanski' suggested
that progress in answering this question has been hin-
dered by several factors, including (1) lack of under-
standing of the effects of interactions of anesthetic
drugs on the EEG, (2) inability to choose the most ap-
propriate EEG parameters, and (3) lack of a gold stan-
dard of clinical drug effect for comparison. To over-
come these limitations, it was recommended that use
of the EEG as an anesthetic monitor will require correla-
tion of anesthetic drug concentrations, EEG parameters,
and clinical measures of depth of anesthesia first for
individual anesthetic drugs and then for combinations
of anesthetic drugs.

In addition, the unifying concept of what constitutes
anesthesia is still evolving. Two recent editorials by
Prys-Roberts’ and Kissin® discuss the complex nature
of how the depth of anesthesia can be defined. From
these editorials, it appears that there are at least two
components to the anesthetic state. The first is loss of
consciousness and recall, implying inability to respond
to or recall a non-noxious stimulus (e.g., calling out
one’s name). The second component is the obtundation
of reflex responses to a noxious stimulus. The ablation
of reflex responses has been shown to occur below the
level of the cortex and thus may be unrelated to the
state of consciousness.”” This concept of anesthesia is
supported by several recent studies on the reduction
of minimum alveolar concentrations of volatile anesthe-
tics,” or propofol,'’ by opioids. In these studies, a very
small amount of opioid markedly reduced the minimum
alveolar concentration of isoflurane, yet an opioid
alone, even at extremely high concentrations, could not
prevent movement at skin incision. At these high opioid
concentrations, a minimum concentration of volatile
anesthetic or propofol was required to provide the anes-
thetic state as defined by lack of movement to skin
incision. Thus the anesthetic state was provided by pro-
pofol or the volatile anesthetic reaching a sufficient con-
centration for loss of consciousness and lack of recall,
and by the opioid providing an adequate concentration
to obtund reflex response to the noxious stimulus. This
supports the concept of the triad of anesthesia: uncon-
sciousness and lack of recall, analgesia, and muscle re-
laxation.'" It is now well recognized that individual an-
esthetics each produce a unique spectrum of pharmaco-
logic actions, so the concept of a common “depth of
anesthesia” may need to be revised to reflect the sepa-
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rate clinical components of the ideal anesthetic state.
Consequently, a monitor of depth of anesthesia may
only measure one of these components, such as loss of
consciousness, obtunding of noxious reflexes, or neuro-
muscular blockade.

The bispectral index (BIS) is a derived variable of the
EEG that has been reported possibly to be related to
the hypnotic component of the anesthetic state.'*"
This study was designed to clearly define the relation
among clinical assessment of the state of consciousness,
explicit recall, drug concentrations, and EEG effects of
four commonly used anesthetic drugs when adminis-
tered alone to healthy volunteers under controlled ex-
perimental conditions.

Methods

This was a prospective study conducted in healthy
volunteers at four separate sites. Institutional review
board approval was obtained at each site, and all volun-
teers gave written informed consent. The evaluable pa-
tient population consisted of 70 (minimum of ten per-
sons per anesthetic agent) paid healthy male or female
volunteers. Those with known neurological disorders,
including current use of anticonvulsant or other psycho-
active medications; long-term drug or alcohol use; clini-
cally significant hypertension; or other serious medical
conditions that would interfere with response analysis
were excluded.

All volunteers underwent a history and physical exam-
ination before being enrolled in the study. All were
instructed to remain »il per os from midnight the night
before the study. On the morning of the study, volun-
teers had an intravenous catheter inserted for fluid and
drug administration. A radial arterial catheter was also
inserted into each one, except those given isoflurane,
to monitor blood pressure and to obtain blood samples
for subsequent measurement of drug concentration. In
the volunteers administered isoflurane, blood pressure
was monitored using an automated blood pressure cuff.
The volunteers were also monitored using a standard
three-lead electrocardiograph, a peripheral pulse oxim-
eter for Sp0,, and nasal prongs or a tightfitting face
mask for end-tidal carbon dioxide and to supply supple-
mental oxygen. An observer monitored respiratory and
cardiovascular function and determined the need for
interventions such as jaw support to maintain an ade-
quate airway.
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An EEG signal was acquired using gold cup electrodes
applied to the scalp with collodion or cream, with skin
impedance maintained at less than 5 KOhms. The fol-
lowing leads were recorded: Fpl, Fp2, with CZ as the
reference (channels 1 and 2) and two additional frontal
locations between the preauricular point and the outer
corner of each eye using “Fpz’ as the reference (chan-
nels 3 and 4) plus a ground electrode. The EEG was
recorded continuously using an Aspect A-1000 EEG
monitor (Aspect Medical Systems, Natick, MA). Data
averaged from the combined bifrontal leads (channels
1 and 2) are presented in this article, although similar
results were obtained from all channels.

Serial output files consisting of digitized raw EEG and
real-time, processed EEG parameters were collected on
a personal computer, as were time-synchronized mark-
ers describing all clinical assessment events. Drug infu-
sion data were also collected in a similar manner,
thereby allowing for a full description of each volun-
teer’s drug delivery history, EEG, and clinical response
profile on a minute-by-minute basis.

Data were analyzed using two versions of the BIS. The
BIS (revision 2), which has been described previously, '
was calculated in real time using standard A-1000 moni-
tor software. Samples of raw EEG recordings from this
study were also used to develop an updated BIS algo-
rithm. This algorithm was then used to reprocess the
raw EEG recordings to produce a new BIS 3.0 profile
for every case (see Appendix 1). The BIS levels recorded
immediately (10-30 s) before the start of each clinical
assessment were used for subsequent statistical data
analysis.

Once all monitoring had been instituted, the volun-
teers were given a 15-minute resting period. Thereafter
baseline readings were obtained. These consisted of a
sedation score using the responsiveness component of
the Observer Assessment of Alertness and Sedation rat-
ing scale (table 1). This assessment procedure involves
presentation of progressively more intense stimulation.,
ranging from a moderate speaking voice to physical
shaking or moderate noxious stimuli (trapezius
squeeze), until a response is observed. Other baseline
readings included loss of eyelash reflex, arterial blood
sample (2 two samples per drug level), and a picture/
word recall test.

Participants were asked to remember a unique, ran-
domly chosen picture or word at each assessment. After
recovery at the end of the study, the participants were
asked to remember all pictures or words they were
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Table 1. Responsiveness Scores of the Modified Observer’s
Assessment of Alertness/sedation Scale

Response Score Level

Responds readily to name spoken in

normal tone 5 (Alert)
Lethargic response to name spoken

in normal tone 4
Responds only after name is called

loudly or repeatedly 3
Responds only after mild prodding or

shaking 2
Does not respond to mild prodding or

shaking 1
Does not respond to noxious stimulus 0

given during the study (correct responses were consid-
ered evidence of free recall). They were then shown a
list containing the target items as well as similar ‘dis-
tracters” that were not used during the study. Volun-
teers were asked only to list an item if they could recall
itand not to pick any item. Correct identification (recog-
nition) of items actually presented during the study was
considered evidence of cued recall. Patients having no
free or cued recall were classified as having complete
lack of recall (no memory) in subsequent analysis.
The effect of isoflurane, propofol, midazolam, and
alfentanil on the BIS score and level of sedation was
evaluated. The intravenous drugs (propofol, midazolam,
and alfentanil) were administered via a target-con-
trolled infusion device (either CACI'* or STANPUMP")
to a target effect site concentration. Isoflurane was ad-
ministered via a tightfitting mask using a calibrated
vaporizer through a semiclosed non-rebreathing circuit.
End-tidal isoflurane concentration was monitored using
a Rascal 2 agent analyzer (Albion Instruments, Salt Lake
City, Utah). Isoflurane was administered in steps to
achieve loss of consciousness (i.e., OAAS score of 2 or
less) by increasing the end-tidal concentrations to
0.25%, 0.5%, 0.75%, and 1%. Once loss of consciousness
had been achieved, the end-tidal isoflurane concentra-
tion was decreased by the same steps until conscious-
ness was regained. The isoflurane concentration was
again increased until loss of consciousness occurred
again and then decreased so that at least two crossovers
in consciousness occurred for each volunteer.
Propofol was similarly administered in increasing
steps to target effect site concentrations of 1, 2, 4,
and 6 pg/ml until volunteers lost consciousness. The
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Table 2. Demographic Summary of Subjects Enrolled in each Volunteer Study Protocol

Duke University Duke University Duke University Massachusetts Emory University of

Site Medical Center Medical Center Medical Center General Hospital University Pittsburgh
Drug regimen Midazolam Alfentanil Propofol Propofol Propofol Isoflurane
Number 10 10 10 20 10 10
Male 7 8 5 15 4 7
Female 3 2 5 5 6 3
Mean age, = SD 2928 2556 31 £6 331+ 9 30 + 4 Silg==39
Age range 20-41 19-38 23-41 22-50 23-39 22-45
Mean weight + SD, kg 74 =10 7514 2e=20 74 + 13 GaIR=E0 4 80 + 14
Weight range, kg 56-88 58-102 46-115 51-109 44-92 61-100

SD = standard deviation.

propofol concentration was decreased by the same
steps until consciousness occurred and then in-
creased and decreased so that at least two crossovers
of consciousness/unconsciousness occurred. Mida-
zolam and alfentanil were administered via a slightly
different protocol. Midazolam was administered in
a stepwise manner to target effect site concentra-
tions of 0, 75, 150, 300, and back down to 150 ng/
ml. Alfentanil was administered in a similar stepwise
manner to target effect site concentrations of 0, 50,
100, 200, and back down to 100 ng/ml. At each step,
the target concentration was maintained for a mini-
mum of 10 min to ensure equilibration with the ef-
fect site. Drug plasma concentrations were deter-
mined from the arterial blood samples collected at
the end of each steady-state assessment period. The
following analytical methods were used:

Propofol

Propofol determinations were made using high-
powered liquid chromatography analysis at the Anes-
thesia Research Laboratory at Duke University Medi-
cal Center. The separation and quantification proce-
dures was conducted with a C-18, 15 ¢cm X 4.6 mm
column (Supelcosil LC-18; Supelco, Bellefonte, PA)
and detection was fluorometric. Spiked standards
(0.5 and 5 g/ml) were required to be within 20% of
the true value with an interassay variability of 12%.
The duplicate assays of the participant samples were
required to be within 20% of each other.

Midazolam

Midazolam and alfentanil assays were performed at
North Carolina State University. Midazolam samples
were assayed by gas chromatography with an elec-
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tron capture detector according to the method of
Greenblatt ef al.'® Interassay variability was less than
10.1%.

Alfentanil

Plasma samples were measured in duplicate by ra-
dioimmunoassay using kits from Janssen Pharmaceu-
tical (Olen, Belgium). Interassay variability averaged
11.2% over the therapeutic range of concentrations.

Results were analyzed for each drug to determine
agent-specific relations among the EEG, measured
drug concentration, and the hypnotic and memory
end points. Readings for BIS obtained during the
second blood sample (when arousal had occurred
due to stimulation of the volunteer) or outside of
the protocol when a steady state had not yet been
achieved were excluded from any data analysis be-
cause they may have negatively biased the relation
between responsiveness score and drug concentra-
tion. Linear correlations between variables at each
assessment point were first examined. All volunteers
who responded to any verbal command (sedation
categories 3, 4, and 5) were classified as conscious.
Those who did not respond (sedation scores of 0,
1, and 2) were considered to be unresponsive and
unconscious. Logistic regression techniques were
used to analyze these relations for quantal end points
such as loss of consciousness and lack of recall. The
means and 95% confidence intervals (Cls) sur-
rounding the BIS;, and BISys values were calculated
using the covariance matrix of the logistic regression
parameters to estimate the standard error of the pre-
dicted estimates of BISs, and BISys (SAS Stat User’s
Guide; SAS Institute, Cary, NC). The prediction prob-
ability was also determined as described by Smith et
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Fig. 1. Scatter diagram showing the relation among BIS, ex-
pired isoflurane concentration (%), and sedation scores. Each
point represents one assessment. Open circles represent ob-
servations classified as conscious (responds to verbal com-
mand), whereas filled circles are considered unconscious.

al."” Any systematic differences among the groups
and drugs were analyzed using analysis of variance
or [ tests when appropriate. Because no significant
differences were observed for the relation between
BIS and consciousness or unconsciousness for pro-
pofol, isoflurane, and midazolam, data from these
three treatment groups were pooled to derive the
common relation between responsiveness score and
BIS. Descriptive statistics were used to characterize
demographic variables of each of the study groups.

Probability values less than 0.05 were considered
significant.
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Fig. 2. Scatter diagram showing the relation among BIS, mea-
sured propofol concentration (png/ml), and sedation scores.
Each point represents one assessment. Open circles represent
observations classified as conscious (responds to verbal com-
mand), whereas filled circles are considered unconscious.

Anesthesiology, V 86, No 4., Apr 1997

Midazolam Concentration (ng/ml)

Fig. 3. Scatter diagram showing the relation among BIS, mea-
sured midazolam concentration (ng/ml), and sedation scores.
Each point represents one assessment. Open circles represent
observations classified as conscious (responds to verbal com-
mand), whereas filled circles are considered unconscious.

Results

Seventy-two volunteers were enrolled at the four
sites of this study. Table 2 shows the demographic
distribution of participants at each study site. Two
volunteers were withdrawn from the study prema-
turely (and subsequently replaced) when signs of an
irritable airway (isoflurane group) and early airway
obstruction (propofol group) were noted at low
dose levels. Further dose increases were not at-
tempted in these persons and they recovered fully
without adverse sequelae.

Figures 1 to 4 show the relation among BIS 3.0, mea-
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Fig. 4. Scatter diagram showing the relation among BIS, mea-
sured alfentanil concentration (ng/ml), and sedation scores.
Each point represents one assessment. Open circles represent
observations classified as conscious (responds to verbal com-
mand). All participants remained conscious during the study.
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Table 3. Comparison of the Linear Correlations Coefficients Between Measured Drug Concentration, or BIS, and the Clinical
Sedation Scores as Shown in Fig. 1-4; Correlation (r) with Responsiveness Score

Target Measured Log
Agent (n) BIS 3.0 BIS 2.5 Concentration Concentration Concentration
Propofol (399) 0.883*tt 0.912*t% —0.808 —0.778 —0.769
Isoflurane (70) 0.850 0.828*tt —0.890 —0.894 —0.846
Midazolam (50) Q755 0.700 —0.773 —0.746 —0.654
Alfentanil (50) 0.444*% 0.434*t —0.166 —0.254 —0:285

* Significantly different than the correlation of Target Concentration with Sedation Score (P = 0.05).
1 Significantly different than the correlation of Measured Concentration with Sedation Score (P = 0.05).
1 Significantly different than the correlation of Log Measured Concentration with Sedation Score (P = 0.05).

sured drug concentration, and sedation score at each
assessment point. Table 3 also summarizes this informa-
tion. Figures 5 and 6 show logistic regression curves
describing the probability of loss of consciousness and
recall versus BIS 3.0 for each agent. The logistic regres-
sion curves for absence of lash reflex were indistin-
guishable from the probability of loss of consciousness
curves. The prediction probability values for BIS, which
indicate the probability of correctly predicting the state
of consciousness versus loss of consciousness with the
drugs tested, ranged from 0.885-0.976 and are listed
in table 4.

Table 5 lists the BIS 3.0 values for each drug at which
50% and 95% of volunteers were unconscious (BISs, and

1.00

BISos, respectively) and demonstrated complete lack of
recall. No values could be derived for participants re-
ceiving alfentanil, because only two of them across all
dose levels had loss of cued recall and no participant
lost consciousness. Because no significant differences
among agents were observed, the propofol, isoflurane,
and midazolam groups were combined to yield a BISs,
for loss of consciousness of 65 (95% CI, 64.6-65.4) and
a BISys of 51 (95% CI, 46.9-51.5). The BISs, and BISys
values for complete lack of recall (Z.e., the BIS value at
which there is a 50% or 95% probability of no free or
cued recall) when all drugs were combined were 86
95% CI, 85.0-87.4) and 64 (95% CI, 51.8-68.6), re-
spectively. Figure 7 shows the logistic regression curves
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ity of a positive response (0 to 1.0 = 0—
100% probability) to verbal command de-
termined using logistic regression analy-
sis of a quantal end point (conscious/un-
conscious) for all volunteers receiving
propofol, isoflurane, or midazolam. All
volunteers receiving alfentanil remained
conscious during the study, so no logistic
curve could be derived.
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describing the probability of loss of consciousness and  Discussion

recall versus BIS when the data for propofol, isoflurane,

and midazolam are combined.

The Cps, for loss of loss of consciousness/uncon-
scious (i.e. plasma concentration of the drug in equilib-
rium with its effect site at which 50% of participants
score an OAAS of 2 or less) for propofol was 2.35 pg/
ml (95% CI, 2.28-2.43) and for midazolam it was 270
ng/ml (95% CI, 226-314). Similarly, the MAC of isoflur-
ane for loss of consciousness (7.e.
tion of the drug in equilibrium
which 50%

, end-tidal concentra-
with its effect site at
» of volunteers score an OAAS of 2 or less)
was 0.51% (95% CI, 0.50-0.53). The corresponding
concentrations for 50% probability of loss of recall were

0.43 pg/ml propofol, 92 ng/ml midazolam, and 0.19%
end-tidal isoflurane.

Results from this volunteer trial provide a quantitative
comparison of the correlations among drug concentra-
tions, BIS, and clinical measures of sedation and mem-
ory function for four widely used
These results show that the BIS, a value derived from
the EEG, can be used as a pharmacodynamic measure
of hypnotic drug effect. Most importantly, BIS showed a
similar dose-response relation with isoflurane, propofol,
and midazolam across the dose/concentration range re-
quired to impair memory
in volunteers.

In this study, we address the pre
need for a systematic

anesthetic agents.

and induce unconsciousness

viously recognized
investigation of the relation
among anesthetic drug concentration, EEG parameters,

Agent (n) BIS 3.0 BIS 2.5

Target Measured

Log
Concentration Concentration Concentration
Propofol (399) 0.976 + 0.006* 0.980 + 0.006*

0.936 + 0.010 0.937 + 0.013 0.933 + 0.014
Isoflurane (70) 0.959 + 0.021 0.961 + 0.021 0.965 + 0.015 0.967 + 0.016 0.956 + 0.021
Midazolam (50) 0.885 + 0.047 0.846 + 0.060 0.869 + 0.045 0.886 + 0.048 0.832 + 0.068

* Significantly different from the

pK values for Target Concentration (P <
0.01).
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< 0.001), Measured Concentration (P < 0.01),

and Log Measured Concentration R<
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Table 5. Mean and 95% Confidence Intervals Surrounding
the BISs, and BIS,s Values, Calculated Using the Covariance
Matrix of the Logistic Regression Parameters to Estimate the
Standard Error of the Predicted Estimates of BIS,, and BIS,s;
BIS;, and BIS,; Values for Loss of Consciousness and Recall

BISss (95% Cl) BISs, (95% Cl)

BIS 3.0
Consciousness Propofol 51 (48-55) 3 (62-65)
Isoflurane 50 (39-61) 1 (65-76)
Midazolam 49 (37-62) 0 (65-75)
Combined 0 (46-53) 65 (63-67)
Recall Propofol 7 (72-83) 86 (83-88)
Isoflurane 2 (13-71) 95 (81-100)
Midazolam 68 (59-78) 84 (78-89)
Combined 64 (57-71) 86 (83-89)
BIS 2.5
Consciousness Propofol 55 (51-58) 0 (67-72)
Isoflurane 56 (46-67) 4 (69-80)
Midazolam 56 (43-69) 76 (71-81)
Combined 55 (51-59) 71 (69-73)
Recall Propofol 6 (67-84) 89 (86-91)
Isoflurane 8 (22-74) 94 (82-100)
Midazolam 73 (63-82) 86 (82-91)
Combined 4 (55-73) 89 (86-92)

and clinical measures of depth of anesthesia for individ-
ual anesthetic drugs.” Previous reports have shown that
BIS is a useful predictor of patient response (movement

or increased blood pressure) during surgery using vari-
ous anesthetic regimens.'® ** However, in a large, pro-
spective multicenter study using movement response
as a clinical end point, it was noted that BIS seemed
to correlate best with the effects of hypnotic drugs
(isoflurane, propofol), whereas opioid analgesics atten-
uated movement at dose levels that had little effect on
the EEG.” This suggested that movement at incision
primarily reflects the ability of the drug to obtund nox-
ious reflexes and may not be the most appropriate mea-
sure for assessing the consciousness/loss of conscious-
ness effects of many anesthetics. This study contrasts
with most previous studies evaluating the utility of BIS
(or other EEG parameters) in that we evaluated the
relation among increasing levels of sedation (as deter-
mined by the responsiveness measure of the OAAS),
drug concentration, and BIS.

The OAAS scale was chosen because it provides a
good correlation with the clinical evaluation of sedation
and has been tested prospectively.** In our initial analy-
sis, it was assumed that this scale would provide a linear
correlation between the observed clinical effect and the
BIS value or drug concentration. Recently the tech-
niques used to evaluate performance of anesthetic
depth indicators was reviewed.'” As discussed by Smith
et al.,'” ordinal values obtained using a responsiveness
rating scale may not allow a perfect linear relation be-
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tween the observed effect and the measure of anesthe-

tic depth. To account for this uncertainty, they pro-

posed calculating a prediction probability value, which
may provide a better measure to monitor performance.

The prediction probability value for BIS with the drugs

for which loss of response occurred ranged from 0.885

(for midazolam) to 0.976 (for propofol). The good cor-

relation between BIS and level of sedation, coupled

with the excellent prediction probability values, sup-
ports the value of the BIS to monitor increasing sedation
and loss of consciousness.

In a preliminary report from this trial,”> we noted that
increasing intensity of stimulation applied during this
clinical assessment process can lead to participant
arousal, thereby resulting in a variable clinical state de-
spite maintenance of constant drug levels. These factors
undoubtedly contributed to the observed intersubject
variability for all the quantitative measures, especially
near the critical transition between consciousness and
unconsciousness. In addition, the assessment of seda-
tion was done by several observers at four institutions
in an open study. This type of study design could also
lead to observer bias and variability in assessing sedation
levels. Despite these potential sources of inherent vari-
ability in the assessment and description of clinical
state, consistent relations between the BIS and other
measures of drug effect were observed for each of the
drugs.

To reduce intersubject variability resulting from drug
dose and the hysteresis that may exist between plasma
concentration and drug effect, the intravenous anesthe-
tics evaluated in this protocol were adminisiered using
computer-controlled infusion techniques to achieve
pseudo - steady-state concentrations in equilibrium with
their effect site. This should have provided a more pre-
cise determination of the relation between drug con-
centration and the level of responsiveness (7.e.. pharma-
cokinetic variability had been minimized). Variability
between drug concentration and drug effect may also
exist among the participants. A monitor of drug effect
ideally should also account for this pharmacodynamic
variability. The BIS had a significantly higher correlation
to clinical effect (ie., sedation scores) than measured
propofol blood levels and was as effective in correlating
with sedation scores as expired isoflurane measure-
ments or midazolam concentrations.

This study investigated a cross section of anesthetic
drugs when administered alone. We found that the cor-
relation between the BIS value and measured effect was
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independent of the drug administered to induce seda-
tion. Similar probability of response curves were ob-
tained for propofol, midazolam, and isoflurane. When
these anesthetics are used alone, BIS values greater than
70 are associated with a high probability of response
to verbal stimulus, whereas values less than 50 indicate
a low probability of response to verbal command.
Across all drugs tested, BIS values less than 64 were
associated with a low probability of recall. In a study
evaluating midazolam alone in the presence of regional
anesthetic block, the BIS;,, for loss of consciousness was
79.3."* This value is somewhat higher than that obtained
for our group of midazolam alone (BIS., = 70) and the
combined agent BIS;, of 65. This difference may reflect
cither the influence of the regional block in attenuating
sensory input or the louder verbal commands that can
be used in a volunteer study setting compared with
those used during surgery. Leslie et al.*° reported a
BIS5, of 91 for propofol-induced suppression of learning
using a “Trivial Pursuit” type of question task that is
similar to the BIS;, of 86 that we obtained using a pic-
ture or word recall test.

Our observation that the BIS versus clinical response
relation is independent of the choice of anesthetic drug
is encouraging for its clinical utility. However, modern
anesthesia is provided by a combination of several
drugs, and it will be equally important to determine
if the relation between the BIS and sedation remains
independent of drug when drug combinations are used.
Although previous work from several groups suggested
that different EEG descriptors might provide the best
measure of each drug effect, we sought to evaluate an
optimized BIS variable as a common measure of the
hypnotic effect induced by all three drug classes.

In this study, we prospectively tested the real-time
performance of one BIS version (revision 2.5) and then
further refined the BIS algorithm (revision 3.0) using a
more extensive database that included observations
from this trial. One potential drawback of retrospective
analysis is the possibility of introducing significant bias
based on the particular composition of the database
used to optimize performance. Comparison of these
two versions of BIS in this population of participants
(table 3) did not result in any significant improvement in
the correlation between BIS and patient responsiveness,
indicating that significant bias had not been introduced.

The BIS 3.0 algorithm has been selected for future use
because it provided a better performance at more
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awake levels of the responsiveness score, as described
in the appendix.

The drug concentration ranges required to interfere
with memory function and induce unconsciousness in
this study are consistent with previous published re-
ports concerning each of the drugs.”’** Our results
confirm that midazolam, propofol, and isoflurane pro-
duce amnestic effects at concentrations that are insuffi-
cient to induce loss of consciousness. We recognize
that relatively simple tests of memory function (picture
or word recall) were used in this study, so it is possible
that some “‘implicit” memory function may have been
preserved even when volunteers appeared to be uncon-
scious. For example, one volunteer correctly recog-
nized (cued recall test) the word snake, which had
been presented after he had been at a steady-state end-
tidal isoflurane concentration of 1% for at least 11 min.
During this assessment period, he had a sedation score
of 0 (no response to trapezius squeeze) and a BIS of
35. We assume that he simply guessed correctly when
shown the list of presented words, because he had no
specific recollection of having heard the word snake,
but we cannot eliminate the possibility that some form
of implicit priming may have occurred.

Ideally a monitor of anesthetic depth should (1) have a
perfect correlation between the measured effect and the
value obtained by the monitor, (2) this correlation should
be independent of the drug administered, and (3) there
should be no interpatient variability. Does BIS achieve this
ideal monitor? Adequate anesthesia appears to depend on
providing an adequate concentration of a drug to suppress
reflex responses to noxious stimuli and to provide a con-
centration of drug to ensure loss of consciousness. Our
results show that during the administration of propofol,
isoflurane, and midazolam, the BIS provided a good corre-
lation with the level of responsiveness, loss of conscious-
ness and recall that was drug independent, albeit with
some degree of intersubject variability. Initial reports with
drug combinations commonly used to provide anesthesia
have reported a small increase in the BISs, value for loss
of consciousness.”**" The results from these studies are
sufficiently encouraging to suggest that BIS is likely to be
helpful in guiding titration of the loss-of-consciousness
component of the anesthetic.

In summary, this study showed that the BIS correlated
well with the effects of propofol, midazolam, and
isoflurane on level of consciousness and recall. The cor-
relation of BIS to the level of sedation is equal to, or
better than, using measured drug concentrations.
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Across all drug combinations, BIS levels less than 50
indicate that a participant is probably unconscious and
will have no recall. Therefore we believe that the BIS
may be used effectively to measure the absence of con-
sciousness after midazolam, propofol, or isoflurane.
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Appendix 1. Bispectral Index (Revision 3.0)
Development

Clinical Database
A large database of high-fidelity EEG recordings was collected from
patients or volunteers receiving a wide variety of anesthetic regimens.
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From this large database (n > 600), a heterogeneous subset of cases
(n = 215), including 70 cases from this volunteer study, were selected
for inclusion in a development database. Selection of cases was based
on the following criteria: availability of complete clinical records, use
of a frontal montage, distribution of representative anesthetics, and
assessment of sedation/hypnotic end points. Anesthetic regimens in-
cluded in this development database included propofol, isoflurane,
midazolam, and thiopental, supplemented with various amounts of
opioids and nitrous oxide. The database consisted of 1,223 EEG seg-
ments of 100 s each recorded at multiple electrode sites from 215
patients, totaling more than 33 h of EEG recordings. The database
therefore consists of a segment of EEG and an associated. clinically
derived hypnotic/sedation state.

Learn/Test Paradigm

The development database was divided in thirds to form three data
SELs: two retrospective development sets (Z.e., a learning set A and a
testing set B), and a prospective evaluation set (C). Two retrospective
sets were created to allow a pseudo-prospective evaluation on set B
of indices developed using set A (i.e., a learn/test paradigm). Set C was
reserved for the final prospective statistical evaluation of candidate
indices that occurred at the end of the development process. An
equal number of patients were randomly assigned to each data set,
controlling for anesthetic protocol.

Feature Extraction

The segments of EEG immediately preceding each of the 1,223
observation points (i.e., snippet) were used to compute candidate
parameters, or features, for evaluation. A set of candidate bispectral
and power spectral features were extracted from the last 60 artifact-
free seconds of each 100-s EEG snippet. The power spectrum and
bispectrum of the EEG snippet data were computed and divided into
regions of different sizes of frequency (e.g., the value of the power
spectrum between 10 and 20 Hz). A series of different parameters
(mean, maximum, and so on) were used to characterize the data in
the frequency bands.

Feature Selection

The ability of each member of the set of candidate features to
discriminate between sedation groups was assessed by a multivariate
step-wise regression (using SPSS Release 6.0, SPSS Inc.. Chicago, Illi-
Nois, running on a Sun Microsystems Sparc System, Burlington, Massa-
chusetts) with sedation level using development set A. The observa-
tion points were equally weighted by sedation group. The features
were ranked by the multiple regression coefficient (multiple R). In
addition to individual features, the scope of the multivariate regres-
sion was expanded to incorporate interaction terms of two features.
The interaction terms often resulted in higher multiple Rs than did
their components considered individually.

Combination of Features into an Index

The features and interaction terms that produced high correlations
with sedation level (R > 0.80) on set A were combined into multivari-
ate indices using a multivariate regression to estimate the regression

coefficients. The algorithm of the loss of consciousness/sedation in-
dex is:
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Index = al*featurel + a2*feature2 + a3*feature3 + ¢

where al, a2, and a3 are the coefficients of the first, second, and
third features and ¢ is a constant. Feature 1 is a low-frequency bispec-
tral feature associated with “deep’” anesthetic effect. This feature is
a normalized measure of the relative consistency of the relations
among the very low (<1 Hz) and the very high (40-47 Hz) frequency
components. Feature 2 is a high-frequency feature associated with
light anesthetic effect and beta activation. It is an aggregate measure
of the activity of the components in the middle frequencies (11 -
20 Hz) relative to the activity of the components in the very high
frequencies (40-47 Hz). Feature 3 is the degree of EEG suppression.
The proprietary coefficients and the constant are determined by the
multivariate regression model.

The candidate index developed using set A was evaluated by de-
termining its classification performance on set B. This helped to
ensure that the set of EEG features selected for a candidate index
were statistically significant for the anesthetic regimens represented
in the clinical database. Full case trends on a subset of cases were
generated for candidate indices that exhibited good classification
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performance on both retrospective development sets. Candidate indi-
ces with poor trending performance were rejected.

The loss of consciousness/sedation model was developed using
only segments of artifact-free, nonsuppressed EEG. To evaluate the
performance of the revised BIS on nonideal data, final validation
of the combined index was performed by trending the index on
prospective databases containing all types of EEG. Trending was per-
formed on cases included in the trending databases (n = 429). There-
fore, even though about 33 h of EEG data were used for the develop-
ment database, evaluation of performance was conducted on more
than 1,000 h of EEG recordings.

The best candidate index based on statistical and trending perfor-
mance was selected as the revised BIS and is called BIS 3.0. In contrast
to earlier versions of the BIS, the addition of the high-frequency
feature yields an index that decreases monotonically with increasing
dose of hypnotic agent, even in the light sedation levels in which
beta activation may occur. The result is a BIS with an improved
correlation with light sedation/anesthetic levels. Although these in-
dex refinements have improved performance in the lighter sedation
ranges, intraoperative trending performance remains similar to previ-
ous versions.
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