(
1

ce of absorption, €quatio

B L |

!

!

|

1 on the three waveleng |

Q
A

Wy ‘.)A‘ 5 ‘Hhh'f.sh)
Ay

A X7, 3 AN
) + & (6 6N

9

¢d only on the wavelengls

~d terms of the numeraior
and 816-nm wavelenglh

1ation A9 reduces to

11.78L%:s. (AL0)
quations A6 and A7.
¢ measured path lengths
ned:

(e — S™ a1

|(exn™ — Ses™)

o— L (A1)

Lo

wavelengeh-specific w

ies it, yielding:

Pt (A1)
Na 08 A1) 1

A €

(g =) (1)

M
Ay —
[.A"(‘A P = EX )

)

341 01° @
——

81 Lhw

Anesthesiology

83:747-7560, 1995

© 1995 American Society of Anesthesiologists, Inc
Lippinc()ll—R;n‘L'n Publishers

747

Validation of the Alfentanil Canonical Univariate
Parameter as a Measure of Opioid Effect on the

Electroencephbalogram

Pedro L. Gambus, M.D.,” Keith M. Gregg, M.A.,1 Steven L. Shafer, M.D.

Background: Several parameters derived from the multi-
variate electroencephalographic (EEG) signal have been used
to characterize the effects of opioids on the central nervous
system. These parameters were formulated on an empirical
basis. A new statistical method, semilinear canonical corre-
lation, has been used to construct a new EEG parameter (a
certain combination of the powers in the EEG power spectrum)
that correlates maximally with the concentration of alfentanil
at the effect site. To date, this new canonical univariate pa-
rameter (CUP) has been tested only in a small sample of sub-
jects receiving alfentanil.

Methods: The CUP was tested on EEG data from prior studies
of the effect of five opioids: alfentanil (n = 5), fentanyl (n =
15), sufentanil (n = 11), trefentanil (n = 5), and remifentanil
(n = 8). We compared the CUP to the commonly used EEG
parameter spectral edge, SEysy. The comparison was based on
the signal to noise ratio, obtained by fitting a nonlinear phar-
macodynamic model to both parameters. The pharmacodyn-
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amic parameter estimates obtained using both measurements
were also compared.

Results: The values for signal-to-noise ratio were significantly
greater for the CUP than for SEysy when considering all the
opioids at once. The pharmacodynamic estimates were similar
between the two EEG parameters and with previously pub-
lished results. Semilinear canonical correlation coefficients
estimated within each drug group showed patterns similar to
each other and to the coefficients in the CUP, but different
from coefficients for propofol and midazolam.

Conclusions: Although the CUP was originally designed and
tested using alfentanil, we have proven it to be a general mea-
sure of opioid effect on the EEG. (Key words: Analgesics:
opioids. Electroencephalogram: canonical univariate param-
eter; spectral edge. Statistical modeling: semilinear canonical
correlation.)

THE electroencephalogram (EEG) has been widely
used as a measure of anesthetic drug effect on the cen-
tral nervous system (CNS). It is a continuous, nonin-
vasive measure from which estimates can be made
about the time course of anesthetic drug concentration
within the CNS. Additionally, the EEG has proven to
be a useful measure of drug potency' and, as such, has
played an important role in the development of new
anesthetic drugs.”§

Electroencephalographic measures of opioid drug ef-
fect reflect both the time course and relative potency
of opioid drug effect on the cerebral cortex, as reviewed
by Shafer and Varvel.? This is not surprising, because
the EEG response to opioids is clearly a function of the
plasma concentration® 5 (after compensating for dif-
fusion delay to the effect site), and the clinical response
to opioids is also a function of the plasma concentra-
tion, as demonstrated by Ausems ef al.’

since the early work of Bickford describing the eftects
of central acting drugs using the EEG,” many different
methods of analyzing the EEG signal have been used
to relate the EEG effect to drug concentration. Spectral
edge, total power, power in the 6, «, 6, and 8 frequen-
cies, median frequency, total number of waves per sec-
ond. autocorrelation, and a variety of ratios of different
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Table 1. Description of the Main Characteristics of

the Five Original Studies on which We Based Our

EEG Analysis.

No. of
Indi\(/)iduals Rate EEG End Point Goal of the Study Reference
Fentanyl! 10 150 ug/min 5 waves (max effect) Age effec'; on PK/PD 4
Fentanyl 5 2.2 ug-kg'- min~" 5 waves (max effect) Trefentanil control 2
Alfentanil 5 22 ug-kg™' ~min~" 5 waves (max effect) Trefentanil cqntrol 2
Sufentanil 11 18.75 pg/min 5 waves (max effect) Potency relanvg to fgntanyl 5
Trefentanil 5 22 ug-kg'-min”’ 5 waves (max effect) Crossover design with )
alfentanil and fentanyl
Remifentanil 8 1-8 ug-kg'-min”’ None Dose ranging 9

EEG = electroencephalogram; max = maximum; PK/PD = pharmacokinetics and pharmacodynamics

frequency bands are all examples of EEG processing
techniques that have been applied in an effort to reduce
the complex EEG waveform to a single (i.e., univariate)
measure of the effect of anesthetic drugs on the EEG.
These parameters were developed to quantitate some
aspect of the EEG that could be seen by visual inspec-
tion to change after drug administration. Thus, the se-
lection of EEG parameters has been mostly empirical,
in that the EEG signal processing algorithms have been
chosen in an ad hoc manner. An alternative is to use
an appropriate statistical method to define the EEG pa-
rameter that “optimally” correlates with anesthetic
drug concentration at the site of drug effect.

One such method is semilinear canonical correlation
(SCC). Semilinear canonical correlation is a statistical
technique that can be used to characterize the partic-
ular combination of EEG frequencies that optimally
correlates with effect site opioid concentration. Semi-
linear canonical correlation searches for the best linear
combination of the powers in the frequency spectrum
of the EEG, while rearranging and estimating the phar-
macodynamic parameters in an iterative fashion, trying
to obtain the combination of both EEG measure and
pharmacodynamic parameter estimates that maximizes
the signal-to-noise ratio (R?), a measure of how close
measurements and predictions are.

Gregg et al. previously applied SCC to the measure-
ment of alfentanil drug effect.® They demonstrated in
a test population that the EEG-based measurement de-
veloped with SCC, the alfentanil canonical univariate
parameter (CUP), performed better than spectral edge,
median frequency, 6 power, f ratio, and total power as
a measurement of alfentanil drug effect on the CNS.

In this article we extend those results to five opioids,
alfentanil (in a new data set), fentanyl, sufentanil, tre-
fentanil, and remifentanil, comparing the performance
of the CUP to the commonly used EEG parameter,

Anesthesiology, V 83, No 4, Oct 1995

spectral edge, SEos.. The R? of the two EEG parameters
was statistically compared.

Methods

24,59

We used EEG data recorded in prior studies,
performed by our research group under the approval
of the Stanford University Institutional Review Board.
The opioids studied were fentanyl, alfentanil, sufen-
tanil, trefentanil, and remifentanil. The original ex-
periments characterized the pharmacokinetic and
pharmacodynamic profile of the opioids using the EEG
as a measure of opioid drug effect on the CNS. Alfen-
tanil, trefentanil, remifentanil, and fentanyl*® were
studied in healthy volunteers. Additional fentanyl” and
sufentanil® data were used from studies in patients un-
dergoing general anesthesia. The patients receiving su-
fentanil or fentanyl were ASA physical status 1-2,
scheduled for a variety of elective surgical procedures,
and who received no premedication or other CNS active
drug prior to their EEG study. Demographic character-
istics for all these subjects were reported in the re-
spective publications.”*>* Details about the drug ad-
ministration and the EEG endpoints pursued are given
in table 1.

Electroencephalographic Data Collection

The details of the EEG data collection are as reported
in the original manuscripts>**>° and the EEG signal
analysis for all five opioids was as described by Gregg
et al.® To compute the CUP, the frequency spectrum
of the EEG for each epoch was reduced to 10 bins of
3 Hz each representing the EEG power spanning from
0.5 to 30 Hz. This binning method has higher resolu-
tion than the ‘classical” frequency bands 0, 0, a
and S.
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The Canonical Univariate Parameter

The EEG measure reported by Gregg et al. is based
on a series of coefficients that apply to the spectral
powers in the 10 3-Hz frequency bins.? It was derived
using the SCC technique, described later. The coeffi-
cients reported by Gregg et al. are shown in table 2.

Figures 1A and 1B show how the EEG measures of
drug effect were constructed for a representative base-
line EEG waveform (fig. 1A) and a waveform showing
maximum opioid drug effect (fig. 1B). This example
of maximal EEG effect was obtained by visual inspec-
tion of the EEG tracing, looking for maximal opioid-
induced slowing. The raw signal was initially digitized
and transformed into the frequency domain by means
of the fast Fourier transform, obtaining 60 frequency
bins of 0.5 Hz each spanning from 0.5 Hz to 30 Hz.
The spectral edge was defined as the frequency below
which 95% of the power lies, as shown on the second
graph in the two figures. The 60 frequency bins were
then reduced to 10 bins of 3 Hz each (third graph in
figs. 1A and 1B). The power in each bin was converted
into a natural log (log) of the power (fourth graph in
figs. 1A and 1B). In the last graph in figures 1A and 1B,
the log in cach bin is multiplied by the corresponding
coefficient from table 2. The CUP is then merely the
sum of the bins shown in the last graph in figures 1A
and 1B. In other words,

10
CUP = 2 v; logb;, (1)

i=1

where the v, are the coefficients taken from table 2,
and the b, represent the power in each one of the ten
frequency bins.

Table 2. Values for the Weighting Coefficients Obtained with
Semilinear Canonical Correlation for Each Frequency Bin’

Frequency Bin (Hz) Coefficient (v)

0.5-3 0.4489
3.5-6 0.2836
6.5-9 0.1865
95-12 ~0.5256
12.5-15 ~0.0683
15.5-18 -0.1269
18.5-21 0.0619
21.5-24 ~0.0662
24 5-27 ~0.1066
27.5-30 0.1886

L IR o D S Ml g R e SR

"From Gregg et al.®
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Summarizing, the CUP is not only the 7y coefficients,
but the combination of the logs of the powers and
their corresponding coefficients. The coefficients
tend to ‘“‘modulate’’ the changes in the power spec-
trum in a way that emphasizes where the drug-in-
duced changes are occurring. For opioids, it is known
that the main change is a shift in the power toward
the low frequencies, and the combination of the logs
of the powers and the coefticients reflects this trend
(see bottom panels of figs. 1A and 1B). Thus, it is not
as important whether the coefficient for the last fre-
quency bin is positive as it is that the log of the power
in that bin multiplied by the coefficient is very small
and contributes negligibly to the CUP. Greater CUP
values indicate that the effect is increasing.

Pharmacokinetic and Pharmacodynamic Models

The observed drug effect was related to drug con-
centration at the site of drug effect using a pharma-
codynamic model. Previous publications using the
EEG as a measure of drug effect have used the classic
Hill equation'” as the model relating concentration
in the effect compartment, C., to EEG effect, E, as
follows:

«@

; (2)

E:E+Em.lx_E i i i
0 ( u) CL.“ A I(,:,()“

where E is the effect being modeled, either SEqys., Or
the CUP, E, is the effect when no drug is present,
E,... is the maximum possible effect reached because
of the administration of the drug, ICs, is the effect
compartment concentration associated with an ef-
fect half the difference between E,., and E,, and «
is the Hill equation coefficient that determines the
steepness of the relationship. The apparent effect
compartment concentration, Cc is calculated as

Ce(t) = Co(t)*koe ™5, (3)

where k., is the elimination rate constant from the ef-
fect compartment,'' * is the convolution operator, and
C,(t) is the prediction of the ph;lrmacokinctic model
at time t. In turn, C,(t) was calculated as the convo-
lution of the plasma disposition function with the drug
input over time, 1(t):

Cp(t) = 2 Ae’*I(1), (4)

=1

where I(t) is the infusion rate shown in table 1 and
the duration of the infusion. The values of A; and A are
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rameter of the electroencephalogram (EEG). From the raw EEG
f the FFT (graph 2). The power spectrum was calculated for each

20 sec epoch of EEG signal (although only 5 sec are shown in graph 1 for clarity). We then added every six bins to obtain ten
bins of 3 Hz each (graph 3); the fourth graph shows the log (natural log) transformation of the power in each bin and how the
v vector transformed the power in each frequency bin. (4) Baseline EEG. (B) EEG during maximal opioid effect. Note in graph
2 the value for the spectral edge and the canonical univariate parameter value in graph 5. Note also in graph (B) that the shift
in the power toward the lowest frequency bins along with the important decrease in power from b; to by,.

those of the individual subjects for the study, either as
reported by the authors (fentanyl,?* alfentanil,” trefen-
tanil % remifentanil®) or as calculated by using extended
least-squares regression for each person from the orig-
inal data (sufentanil®).

Nonlinear Regression

Combining the above relationships yielded the fol-
lowing pharmacodynamic model relating the phar-
macokinetic parameters, the time course of the infu-
sion, the observed EEG data, and the parameters of the
pharmacodynamic model for SEgsu:

Anesthesiology, V 83, No 4, Oct 1995
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These pharmacodynamic parameters were estimated
mdcpcndcntly for SE¢s, and CUP using nonlinear
regression with ordinary least-squares. Because we are
trying to maximize correlation between the measure
of drug effect and the drug concentration in the effect
site, the objective function was the R* (coefficient of
determination or squared coefficient of correlation,

2

R2).'? This coefficient is defined as;

] = SSE = 1 o z?:] (Y| = §Yi)2

R* = > £ =
ST 2i- (vi —Y)°

(7)

w

where SSE (sum of squared errors) represents the sum
of the squares of the differences between the observed
measurements y; for a given time and what the model
predicts for this same time, y;, and SST (total sum of
squares) stands for the sum of the squares of the dif-
ferences between each actual measurement and the av-
erage of all the measurements, y. Observe that because
SST does not depend on the model parameters, maxi-
mizing R’ is equivalent to minimizing SSE, i.e., it is
equivalent to nonlinear regression with ordinary least-
squares.

The R? is a measure of the proportion of the variation
in the effect measurement directly attributable to
changes in concentration of the drug at the site of drug
effect. A value of R? close to one means that changes
in effect can be entirely explained by changes in the
apparent effect compartment concentration. A value of
R? close to zero means that there is no relationship
between effect compartment concentration and ef-
fect.'*'* We compared the values of R2 between SEys.,
and the CUP using the Wilcoxon signed rank sum test
for paired values.

Semilinear Canonical Correlation

Semilinear canonical correlation|| is the statistical
approach that allows one to extract from the complex
multidimensional EEG recording only the information
maximally correlated with “;lppurcm” effect compart-
ment concentration of the drug. The technique is ex-
actly what is described in the regression description
for CUP in equation 6, except that the ten coefficients
v; are estimated concurrently with the parameters of

the pharmacodynamic model ICso, &, Eo, Eax, and Keo-

A NVD L min TN MR

I Beal SL, Dunne A, Sheiner LB: Estimating optimal linear trans-
ariate response with

formations of a multivariate response to a univ
Technical Report of

application to semilinear canonical correlation.
the Division of Clinical Pharmacology. San Francisco, |
California, San Francisco, 1990

Iniversity of
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In conventional canonical correlation,'*' all param-
eters enter the model linearly. Semilinear canonical
correlation differs from conventional canonical cor-
relation only in that several parameters (ICs,, a, and
K.o) enter the model nonlinearly, and hence a nonlin-
ear regression is required. Figure 2 explains SCC using
a progression of more familiar statistical models.

Using SCC, we estimated the elements of the v vector
for each person. We then calculated a population es-
timate of the elements of the v vector for each opioid
by taking the arithmetic mean of each element of v

y =B, +Bx simple linear regression

y =B, +BX, +B,X,+ multiple linear regression

.Y, + VYo + =By + BX, +B,X,+++  canonical correlation

nonlinear regression

By
X = : .
Y HYYt= ——B By semilinear canonical correlation
X
2

yllogb1+-~~+ymlogb10

alfentanil canonical univariate parameter (C P

Fig. 2. Different linear and nonlinear statistical models as
compared to semilinear canonical correlation and to the al-
fentanil canonical univariate parameter. The x’s are indepen-
dent variables, the y’s are dependent variables and the § and
~ are parameters of the models. Also shown the model for the
canonical univariate parameter as compared to the semilinear
canonical correlation model. The ten 7y coefficients, E,, Enux,
ICs,, a, and k., should be estimated at the same time trying to
maximize the value of R” (see text).
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Fig. 3. Signal-to-noise ratio comparison. Values of the signal-
to-noise coefficient for both measurements of opioid EEG ef-
fect. Every black dot represents a person. The lines connect
the value for spectral edge and the canonical univariate pa-
rameter in each subject. The small arrows note the median
value. The top panel combines the results for all opioids. The
lower panels show the results with each opioid individually.
Dots overlap where two lines appear to connect to the same
dot.

estimated in the persons receiving that opioid. The de-
tails of the method are described by Gregg et al. We
then compared the pattern of the y vectors among the
different opioids to see the extent to which EEG mea-
sures customized for each opioid agreed with each
other and with the alfentanil CUP.

All the computations for both nonlinear regression
and SCC, were performed on a spreadsheet using the
Excel software program (Microsoft, Redmond, WA), the
parameters were optimized with the Solver tool within
Excel. The template spreadsheet is available by anon-
ymous File Tranfer Protocol (FTP) in the /public/
scc.dir directory of pkpd.icon.palo-alto.med.va.gov.
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The data for each person can be found in separate
workbooks.

Results

Signal-to-Noise Ratio

One EEG measurement every 20 s (3 measurements
per min) were used for fitting; EEG recording time
ranged from around 60 min for sufentanil and fentanyl
to 2 h for alfentanil, trefentanil, a subset of fentanyl
and remifentanil. The same number of data points were
used in each person for SEys.,, for the CUP and to com-
pute the optimal canonical combination.

Figure 3 shows the R? values for each person for SEqs,,
and the CUP measures of drug effect. The top graph
shows the results for all five opioids, while the lower
graphs distinguish the different opioids. Every black
dot in the plot represents a person and the connecting
line tracks the improvement or decrement in the R?
value. The arrow shows the median value within each
drug group.

Figure 3 shows that SEos.,, was a good measure of
opioid drug effect for the five opioids studied. In gen-
eral, R? was about 0.8 for SEgs, aCross the opioids stud-
ied. The comparison of R? between SEys., and the CUP,
when considering all opioids together, yielded an im-
provement in median R? (0.80 vs. 0.86) that was sta-
tistically significant (P = 0.0006; table 3). For fentanyl,
a statistically significant difference in R? values was also
found (P = 0.02; table 3). The trend toward improved

Table 3. Values of the Signal-to-Noise Ratio for All the
Individuals and for Each Drug for Both SEsy and the CUP

R? Mean Median Range
All* (n = 44) SEgse,  0.76 0.80 0.20-0.96
CupP 0.83 0.86 0.61-0.94
Fentanyl (n = 15) SEgso, 0.72 0.77 0.20-0.96
CUP 0.80 0.85 0.61-0.94
Alfentanil (n = 5) SE (071 0.80 0.30-0.91
CUP 0.83 0.87 0.68-0.90
Sufentanil (n = 11) SEce . 078 0.87 0.40-0.95
CupP 0.83 0.86 0.68-0.92
Trefentanil (n = 5) SEax = 076 0.78 0.61-0.92
CUP 0.87 0.88 0.77-0.94
Remifentanil (n = 8) SEgss. 0.82 0.81 0.72-0.93
CUP 0.85 0.85 0.78-0.92

SEgs-, = spectral edge 95%; CUP = canonical univariate parameter.

* P = 0.0006.
TP =0.02.
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UNIVARIATE EEG PARAMETER FOR MEASURING OPIOID EFFECT

R? was seen for each opioid studied, even in the case
of sufentanil were the CUP R* was greater for 6 of 11
subjects, as shown in the lower 5 graphs of figure 3.
Perhaps of greater clinical significance was the in-
creased consistency of the CUP when compared with
SEs.,. For every opioid except remifentanil, there were
persons in whom the SEqs,, performed relatively poorly
(R2 less than 0.7). In these persons, the relationship
of the CUP to effect site concentration was considerably
stronger than the relationship of SEys.,.. Additionally, in
no subject was the R? value for the CUP less than 0.6.
Thus, the CUP behaved as a better measure of drug
effect, in that it did not perform abysmally as SEs.,
occasionally did. Figure 4 illustrates this point. Here
we show the worst examples (by R? criterion) of the
relationship between concentration and response for
SEos,, and CUP for the five opioids and how this same
relationship is described by the other parameter. The
worst R? for every drug was from a SEqs., as can be seen
in figure 3. For fentanyl and alfentanil, the CUP found
a drug effect while SEos., found virtually no relationship.
For sufentanil, the CUP relationship was somewhat
steeper and had less variability about the baseline. For
trefentanil and remifentanil, the primary improvement
was decreased noise, particularly about the baseline.

Pharmacodynamic Analysis

Of the initial 44 subjects, the concentration-responsc
relationship for both SEgs., and for CUP could be de-
scribed by a sigmoidal relationship in 33. The subjects
where the relationship between effect and apparent cf-
fect site concentration did not follow a sigmoidal shape,
were not included in the following analysis of the
pharmacodynamic parameters. Table 4 shows the val-
ues for t '/, k., ICso, and « estimated using the CUP,
SEys.,, and as reported in the original studies. The values
fort '/, ko, ICs,, and «a are generally in good agreement
between SEys.,, and the CUP, and with the values re-
ported by the original authors. Figure 5 shows the con-
centration versus response relationship for all five
opioids, using both measures of drug cffect. As ex-
pected, the effect site concentration versus response
relationships estimated using CUP and SEgs., were sim-
ilar. Thus, CUP appeared to be measuring the same
pharmacodynamic phenomenon as SE,s., but with in-
creased R”.

Optimal Coefficients Estimated Using Semilinear

Canonical Correlation

Figure 6 shows the mean vy vector for cach opioid,
and the v vector from table 2. The y vectors for all five
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Fig. 4. Effect (vertical axis) versus effect site concentration
(horizontal axis) relationships in the persons with lowest
value for the signal-to-noise ratio. On the graphs at left, SEqsy
versus effect site concentration for every opioid is plotted;
the corresponding graph on the right shows the relationship
between effect site concentration and the canonical univariate
parameter for the same person. Each graph also shows the
value for signal-to-noise ratio.

opioids are very similar, and follow the same pattern
as the v vector reported by Gregg e? al. These similar-
ities suggest that the EEG response as a measure of
opioid drug effect is consistent across these five opioids.
In general, the weights estimated by SCC are greater at
the lower frequency bins where most of the opioid

effect is located.

Discussion
able EEG parameter

Biihrer et al.'® argue that a suit ‘
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Table 4. Summary
a Were First Analyzed

of the Pharmacodynamic Parameters Estimated wit

h Both SEysy and the CUP as Compared with the Values

Reported in the Publications Where Dat

Fentanyl Alfentanil Sufentanil Trefentanil Remifentanil
i 5.06 0.51 8.13 1.33 079
ke (s:lEJ: 524 0.41 7.83 1.59 1.07
Original 472-5.4 0.60 6.20 1.20
ICso (Ng/ml) CuP 7.50 525.57 0.60 403.63 11.65
SEgse. 7.00 466.82 073 336.23 8.51
Original 8.9-9.8 577.00 0.68 429.00
« CuP 4.80 7.57 4.35 5.99 4907
SEsss. 6.08 7.57 3.70 4.83 2.89
Original 4.80 6.00 3.10 5.00

SEgse = spectral edge 95%; CUP = canonical univariate parameter.

allow a quantification of the changes in the EEG;
be stable during baseline, when no drug is present;
distill the most prominent drug-induced property
visible in the raw EEG tracing with the minimal
amount of data transformation (the most prominent
change in the EEG induced by opioids is the slowing
in frequency and increase in amplitude);

4. show onset and offset of drug effect as a function
of concentration of drug in plasma and equilibration
delay;

5. exhibit a duration of the ceiling effect proportional

to the dose administered

W N =

S B iR oA
E E
max max
5 H
< ]
SE?S%
= CUP
E, E,
01 1 10 100 1000

Effect Site Concentration (ng/ml)

Fig. 5. The canonical univariate parameter and spectral edge
versus effect site concentration. Based on the pharmacodyn-
amic parameter estimates obtained with both electroenceph-
alographic measures of effect, the graph shows both spectral
edge and canonical univariate parameter together for each
opioid in a logarithmic scale of effect site concentration. The
sigmoidal relationship for spectral edge is preserved when
ulsiing canonical univariate parameter as a measure of opioid
effect.
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6. be obtainable with the use of available software.

In these studies, the CUP met all of the criteria except
possibly item 5, which was not specifically investigated.
Thus the CUP is a nearly optimal EEG parameter for
the purpose of measuring opioid drug effect on the
CNS.

In general, SEosy is also a good measure of opioid
drug effect. In the original work by Gregg et al., SEgsy,
was the best among the standard measurements of drug
effect on the EEG evaluated. Additionally, investigators
have used SEs., as a measure of opioid drug effect for
longer than 15 yr with good results.

When SEqs., performed well as a measure of drug re-
sponse, the CUP also performed well and the difference

00 /\ —/_
< 3 i . |
-05
Optimal y vector for each opioid
—— alfentaul CUP y vector

-1.0
053 356 659 95-12 12.5-15 155-18 185-21 21.5-24 24.5-27 275-30

Frequency bins (Hz)

Fig. 6. Opioid v vector. The comparison between the pattern
of the vy vector reported by Gregg et al. and the optimal ¥
vector for each one of the opioids studied is shown in the
graph. In the low frequency range is where the weight of this
coefficients is mostly located for all the opioids.
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petween them was minimal. That the CUP performs
petter than SEos., is mostly evident in those persons in
whom SEgs., was unable to demonstrate a drug response
(figure 4). Since the CUP was designed to maximize
the correlation between EEG effect and effect com-
partment drug concentration, it is able to extract in-
formation about drug effect even in noisy EEGs where
standard measures fail. The corollary is that the CUP
tends to ignore information in the EEG not related to
drug concentration. Thus, the CUP can be viewed as a
method of noise rejection.

The pharmacodynamic parameters we report differ
slightly from those reported by the authors in the orig-
inal studies (table 4). Modest methodologic differences
likely account for why our results were not identical.
First, our methods of digitizing and processing wave-
forms have improved since some of the original studies
were performed. To provide consistency across the re-
sults, we redigitized the analog signals from all studies
not originally processed with our current hardware and
software. Additionally, we completely reprocessed the
digitized waveforms in all studies so that a consistent
processing method applied throughout. These changes
in processing accounted for some of the differences in
pharmacodynamic results between the original publi-
cation and what we report herein. Many of these data
sets were originally analyzed using a semiparametric
approach to compute K,,,'” whereas we have used a
parametric method. These small differences in method
likely explain the small differences in pharmacodyn-
amic parameter estimates between this study and the
original studies shown in table 4.

We have designed our study as a validation of the
univariate parameter designed by Gregg et al. In their
study they obtained the CUP based on a learning sample
of eight persons and tested the resulting coefficients
Post boc in another sample of seven persons from the
same study. We have shown that despite the small size
of the learning set (8 persons) and the narrow focus
(just alfentanil), this measure of opioid effect on the
EEG is applicable to pure u agonists in general. This is
shown not only in our prospective test here with five
other opioids, but also by the similarity of the patterns
between the v vector reported in the original article®
and the v vector we estimated for cach opioid. Thus,
we propose that the CUP developed for alfentanil® can

# Dyck JB, Shafer §: Effects of age on propofol pharmacokinctics.
Semin Anesth 11:2-4, 1992
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be generally referred to as the ““‘opioid canonical uni-
variate parameter.”’

To see if the coefficients +y; defining the opioid CUP
provide a general measure of anesthetic drug effect, or
are specific to opioids, we also estimated the y vector
for midazolam (T.W. Schnider, personal communica-
tion), and propofol based on EEG recorded on previous
studies.#

A visual comparison between these vy vectors and the
CUP v vector is shown in figure 7. Although the lowest
frequencies are important to both sets of coefficients
(and hence may be useful as a measure of hypnotic
drug effect in general), there were clear differences in
how the mid-range and upper frequencies were
weighted. This suggests that the v vector for opioids
is not generally applicable to other CNS active drugs
used in the practice of anesthesia.

In summary, the effect of the pure u agonists fentanyl,
alfentanil, sufentanil, trefentanil, and remifentanil on
the EEG is consistent, except for differences in potency
and rate of plasma-CNS equilibration among the
opioids. A measure of drug effect designed for alfen-
tanil, the CUP, proves to be a robust measure of fen-
tanyl, sufentanil, trefentanil, and remifentanil drug ef-
fect on the EEG. In particular, this measure of opioid
drug effect performs well in those occasional subjects
in whom the 95% spectral edge performs poorly as a
measure of opioid drug effect. This would suggest that

1.0 -‘
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AN
N\
00 = \ /\//\X
X / \
\
\

-05 \

‘ —— Alfentanil CUP y vector

‘ Midazolam optimal y vector

| — — Propofol optimal y vector
10+ ——— B

053 356 659 95-12 12515 15.5-18 18.5-21 21.5-24 245-27 27.5-30

Frequency Bins (Hz)

Fig. 7.y vector of the alfentanil canonical univariate parameter
versus vy vector for other hypnotics. The pattern of the coef-
ficients from table 2, as compared to the optimal v vector ob-‘
tained using semilinear canonical correlation in a group of
persons under the effects of propofol or midazolam. N(?te the
different pattern of the weights in the high frequencies fo'r
propofol and midazolam as compared to the canonical uni-

variate parameter.
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the CUP may be particularly useful in closed-loop
stems based on an EEG measure of
ystems must behave well in the
a poor R* might result in
In addition, our results

opioid control sy
drug response. Such s
worst-case situation, where
inappropriate drug dosing.
support the conclusion of Gregg et al. that SCC is a
useful new statistical tool for developing univariate

measures of drug response from the multivariate re-

sponse measures gathered in clinical research.

The authors thank T. D. Egan, M.D., H. M. Lemmens, M.D., and
J. C. Scott, M.D., who supplied the electroencephalographic signal

analyzed in this study.
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