Anesthesiology

1999; 91:1209-20

© 1999 American Society of Anesthesiologists, Inc.
Lippincott Williams & Wilkins, Inc.

1209

Forty-bertz Midlatency Auditory Evoked Potential
Activity Predicts Wakeful Response during Desflurane

and Propofol Anesthesia in Volunteers
Robert C. Dutton, MD,* Warren D. Smith, Ph.D.,t Ira J. Rampil, M.D.,1 Ben S. Chortkoff, M.D.,§

Edmond | Eger Il, M.D.|

Background: Suppression of response to command com-
monly indicates unconsciousness and generally occurs at anes-
thetic concentrations that suppress or eliminate memory for-
mation. The authors sought midlatency auditory evoked
potential indices that successfully differentiated wakeful re-
sponsiveness and unconsciousness.

Metbods: The authors correlated midlatency auditory evoked
potential indices with anesthetic concentrations permitting and
suppressing response in 22 volunteers anesthetized twice (5
days apart), with desflurane or propofol. They applied stepwise
increases of 0.5 vol% end-tidal desflurane or 0.5 pug/ml target
plasma concentration of propofol to achieve sedation levels just
bracketing wakeful response. Midlatency auditory evoked po-
tentials were recorded, and wakeful response was tested by
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asking volunteers to squeeze the investigator’s hand. The au-
thors measured latencies and amplitudes from raw waveforms
and calculated indices from the frequency spectrum and the
joint time-frequency spectrogram. They used prediction prob-
ability (P, to rate midlatency auditory evoked potential indices
and concentrations of end-tidal desflurane and arterial propo-
fol for prediction of responsiveness. A Py value of 1.00 means
perfect prediction and a Py of 0.50 means a correct prediction
50% of the time (e.g., by chance).

Results: The ~40-Hz power of the frequency spectrum pre-
dicted wakefulness better than all latency or amplitude indices,
although not all differences were statistically significant. The Py
values for ~40-Hz power were 0.96 during both desflurane and
propofol anesthesia, whereas the Py values for the best-per-
forming latency and amplitude index, latency of the Nb wave,
were 0.86 and 0.88 during desflurane and propofol (P = 0.10 for
~40-Hz power compared with Nb latency), and for the next
highest, latency of the Pb wave, were 0.82 and 0.84 (P < 0.05).
The performance of the best combination of amplitude and
latency variables was nearly equal o that of ~40-Hz power. The
~40-Hz power did not provide a significantly better prediction
than anesthetic concentration; the P values for concentrations
of desflurane and propofol were 0.91 and 0.94. Changes of
~40-Hz power values of 20% (during desflurane) and 16% (dur-
ing propofol) were associated with a change in probability of
nonresponsiveness from 50% to 95%.

Conclusions: The ~40-Hz power index and the best combina-
tion of amplitude and latency variables perform as well as
predictors of response to command during desflurane and
propofol anesthesia as the steady-state concentrations of these
anesthetic agents. Because clinical conditions may limit mea-
surement of steady-state anesthetic concentrations, or compa-
rable estimates of cerebral concentration, the ~40-Hz power
could offer advantages for predicting wakeful reponsiveness.
(Key words: Anesthetic depth; arousal; attention; awareness;
memory.)

MIDLATENCY auditory evoked potentials (MLAEPs) may
predict suppression of response to command and mem-
ory formation during anesthesia.! ® Absence of response
to command is important because it implies an anes-
thetic effect in excess of that required to cause amne-
sia,”"!! and the return of responsiveness heralds the
impending return of a capacity for memory forma-
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tion.'?® S0, an indicator that predicts responsiveness
could guide the administration of anesthetic agents, es-
pecially if neuromuscular blocking agents suppress a
patient’s ability to signal undesired awareness.

Anesthetic concentration is a highly predictive indica-
tor of responsiveness; the awake minimum alveolar con-
centration (MAC,, .. and its equivalent plasma concen-
tration (CPsgaware) Of an agent define the concentration
at the 0.50 probability of wakeful response.'”'® In clin-
ical practice, anesthesia results from the sum of effects of
several agents, and therefore a neurophysiologic indica-
tor of responsiveness for a variety of anesthetic regimens
would be useful. Several variables derived from the
MLAEP have been examined to assess the correlation
with responsiveness or memory formation: latency of
the Nb peak,'** amplitude of the Nb peak,° latencies of
the Na and Pa peaks,>* auditory evoked potential in-
dex,'” variables derived from the frequency spec-
trum™*?*2! or the joint time-frequency spectrogram,?!
and wavelet analysis.”* The 40-Hz steady-state poten-
tial**?> and the “coherent” frequency, a frequency of
steady-state stimulation evoking a maximum power re-
sponse,”® also have been evaluated.

In the present study, we examined several MLAEP
frequency spectrum indices, in addition to conventional
MLAEP latency and amplitude indices, and compared
such indices against anesthetic concentration. To mea-
sure and compare the prediction accuracy of such a
variety of possible indicators, some of which may be
other than linearly scaled, we used a nonparametric
statistical test, prediction probability (P,).2”*® We used
Py to identify the best-performing MLAEP index and then
determined the specific values of this index that could
be used to guide the administration of anesthesia by
calculating the relation between the index and the prob-
ability of nonresponse to command.

Methods

Recruitment and Anesthesia Techniques

We enrolled 22 healthy male volunteers aged 21-30 yr
with their informed consent and approval from the Uni-
versity of California, San Francisco, Committee on Hu-
man Research. Details of patient recruitment, anesthetic
technique, and wakeful response testing have been de-
scribed previously.'® Each volunteer was anesthetized
twice, once with desflurane (Baxter Pharmaceutical
Products Division, Liberty Corner, NJ) and once with a
continuous intravenous solution of propofol (Stuart
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Pharmaceuticals, Wilmington, DE). Order of anesthetic
administration was randomized, with 5 days between
administrations. Each drug was delivered in concentra-
tion steps maintained for 15 min.

Desflurane administration began with a single-step in-
crease to an end-tidal concentration of 2.0%, as deter-
mined by a respiratory gas analyzer (Capnomac, Datex,
Helsinki, Finland) calibrated using secondary (cylinder)
standards. Volunteers were tested for responsiveness as
defined by their response to a verbal request to squeeze
an investigator’s hand one, two, or three times. Desflu-
rane end-tidal concentration was increased step-wise,
0.5 vol%, at 15-min intervals until the volunteer failed to
respond appropriately. MAC,..... for each volunteer
equaled the mean of the concentrations just permitting
and preventing appropriate response to command.'” For
the final concentration step, end-tidal desflurane concen-
tration was increased to 1.5 or 2.0 times MAC, . for
that volunteer.

For volunteers receiving propofol, intravenous deliv-
ery of propofol from a syringe pump (Ohmeda 9000,
Ohmeda, Madison, WI) was computer-controlled using
an infusion rate-time profile’® to deliver targeted step
increases of arterial propofol, beginning with a single-
step increase to a target concentration of 1.5 ug/ml, after
which concentration was increased step-wise 0.5 ug/ml
at 15-min intervals until the volunteer did not respond
appropriately to the hand-squeeze request. For each vol-
unteer, Cp50,. (@analogous to MAC,...) was calcu-
lated as the mean of the target concentrations just per-
mitting and preventing appropriate response to
command. For the final concentration step, target propo-
fol concentration was increased to 1.5 or 2.0 times
Cp50,wake fOr each volunteer. We determined propofol
concentrations in heparinized arterial blood samples
withdrawn from the left radial artery. The samples were
analyzed with high-performance liquid chromatography
using the technique of Plummer.*°

Midlatency Auditory Evoked Potentials

After abrading the skin (OmniPrep, DO Weaver, Den-
ver, CO), silver-silver chloride electrodes were placed at
the vertex (active), on both mastoids (reference), and
overlying the right clavicle (ground). Contact impedance
differed by less than 2 k() between electrodes. A Path-
finder I (Nicolet Instruments, Madison, WI) was used for
acoustic stimulation and recording of MLAEPs. A 150-us
unidirectional rectangular wave pulse provided a binau-
ral rarefraction click at 80 dB with a frequency of 9.3 Hz
via acoustically shielded headphones (Telephonics TDH
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39P, Huntington, NY). MLAEPs were recorded from O to
100 ms (512 data points) using a 15- to 1,500-Hz band-
pass filter. Individual trials with response signal >90% of
amplifier voltage limit were automatically rejected as
artifacts. The average from 1,000 stimulations obtained
over a 2- to 3-min period provided the MLAEP.

We recorded one, two, or three MLAEPs 9 min after
each 0.5% or 0.5 ug/ml step increase. Volunteers were
tested for responsiveness after recording MLAEPs.

Further MLAEP analysis was conducted on a Macintosh
computer (Apple Computer, Cupertino, CA). If repli-
cated MLAEPs were available, we averaged the MLAEPs
to obtain a single waveform and used that single wave-
form for subsequent data analysis. We defined the wave-
form occurring just before loss of responsiveness as
Resp, that occurring just after loss of responsiveness as
NoResp, and that occurring 1.5-2.0 times MAC, .. (Or
Cp50,wake) 35 NOReESP, .- For each volunteer and anes-
thetic agent, we defined a waveform set as the Resp,
NoResp, and NoResp,,., waveforms.

For each MLAEP waveform, we calculated MLAEP
power spectrum indices using joint time-frequency anal-
ysis (JTFA)*' (LabVIEW, National Instruments, Austin,
TX), using the short-time Fourier transform and a Han-
ning window. We used JTFA because the standard Fou-
rier transform- based methods of measuring the MLAEP
frequency spectrum usually incorporate a “window”
function®? that accentuates information at the center
latency of the MLAEP sweep (e.g., 50 ms of a 100-ms
duration acquisition). Because maximally predictive in-
formation may be in frequency spectra calculated with
nonstandard windowing, we used JTFA to vary the la-
tency of the window center. Like standard Fourier trans-
form-based methods, JTFA measures power as a func-
tion of frequency, and in addition as a function of
window-center latency. After appropriate scaling, the
JTFA calculated the two-sided power density spectrum,
also sometimes termed power spectra, in microvolts
squared per hertz (wV2/Hz), for a range of windows
centering at specified latencies; for a window center at
50 ms, the width of the window at half power was *18
ms and the frequency width was =7 Hz. The JTFA used
zero padding to 200 ms to obtain a frequency spacing of
5 Hz. For each MLAEP waveform, we calculated power
density spectra for windows centered from 20-74 ms, at
3-ms intervals. Then, for each of these power density
spectra, we measured power density over the range
from 20-80 Hz, at 5-Hz intervals, to obtain indices of
power density at each frequency bin and latency interval

(e'g‘ 3 Pwr4()~Hz38 ms) .
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To compare our JTFA results with more conventional
fast Fourier transform (FFT) analysis, we used Acg-
Knowledge (ver. 3.0, BIOPAC Systems, Goleta, CA) to
calculate power density at 40 Hz. The FFT's were calcu-
lated using a standard Hanning window, centered at 50
ms, and zero padding was added to extend the epoch to
200 ms. After appropriate scaling, the two-sided power
density of each FFT spectrum was measured in micro-
volts squared per hertz (wV2/Hz) at 40 Hz to create an
index we termed PWrpprio.,-

To compare the predictive performance of these
MLAEP power indices with that of standard MLAEP la-
tency and amplitude indices, we measured latency and
amplitude values using AcqKnowledge for each MLAEP.
The waveforms were passed through a 511-coefficient
Finite Impulse Response (FIR) highpass filter with Black-
man —61-dB windowing and a —6-dB cutoff at 15 Hz. We
identified the MLAEP peaks by simultaneously displaying
all three waveforms of a volunteer’s set and then select-
ing peaks according to the expected latency (e.g., the Na
peak was the maximum negative voltage between 17
and 22 ms) and the similarity in appearance of the peaks
among the three waveforms, considering the tendency
for peak latency to progressively increase from Resp to
NoResp to NoResp, .. Latency was measured from stim-
ulus presentation to the peak voltages (e.g., Nb) to create
MLAEP indices (e.g., Laty,).”> Amplitude was measured
from the zero-voltage baseline to the peaks (e.g., Nb to
create Ampy,,). We also calculated the peak-to-peak
voltage of Amp,, — (Amp,, + Amp,,)/2 to create
AMPpanp

After finding that Laty, was the best-performing la-
tency index and Ampy,p.n, the best-performing ampli-
tude index, and hypothesizing that these indices con-
tained independently predictive information, we com-
bined Laty;, and AmMppr,pany, i0t0 a new single-number
index:

LatyyAmpPyapany = Laty,(ms) — ALN;%NP(MV)»

Groups

In preparation for statistical analysis, for each anes-
thetic, we created a response group that consisted of
pooled Resp waveforms, and a no-response group that
consisted of the pooled NoResp and NoResp, .., wave-
forms. We called the combined response and no-re-
sponse groups for each anesthetic the complete group
for that anesthetic. Because the MLAEP waveforms of
some volunteers were missing or appeared artifactual
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(which might unfairly degrade predictive performance),
we created an extended group for each anesthetic by
selecting from the complete group the two thirds (14 of
21) of the volunteers having complete sets of waveforms
that were relatively free of artifacts. We also created a
bracketed group for each anesthetic, containing the
MLAEPs that just bracketed wakeful response (Z.e., Resp
and NoResp waveforms in the extended group and ex-
cluding NoResp,,.,, waveforms).

Statistical Analysis

We used P.*”?® to calculate predictive performances
of MLAEP and concentration indices. For example, con-
sider two randomly selected Nb latency values, one a
Resp and one a NoResp. The Py is the probability that
the Nb latency values correctly predict which waveform
is the Resp and which is the NoResp. A Py of 0.50 means
that the index correctly predicts responsiveness 50% of
the time (e.g., by chance) and a Py of 1.00 implies that
the index predicts responsiveness perfectly.

Having calculated a large array of spectral power den-
sities over a range of frequency bins and latency inter-
vals, we sought to determine the optimum frequency
and latency for separating responding and nonrespond-
ing volunteers. To do so, we calculated the Py values at
each frequency bin and latency interval for each anes-
thetic and then examined topographic surfaces of Py as
a function of frequency and latency to identify the peak
in Py values; the optimum frequency and latency values
were defined as those corresponding to the Py peak.

We also used Py to compare predictive performance of
MIAEP and concentration indices, for each database. To
compare the Py value of each MLAEP index with the Py
value of the corresponding desflurane or propofol con-
centration, we calculated the difference and statistical
significance of the difference at the P = 0.05 and 0.01
criteria levels (two-tail test, no Bonferroni correction).
For each MLAEP index, we also calculated the statistical
significance of the difference for predictions of desflu-
rane and propofol groups combined. To do so, we
pooled the P value of the difference during desflurane
anesthesia with that during propofol anesthesia to cal-
culate a product that has a chi-square-like distribution,
and then we tested the significance at the P = 0.05 and
0.01 criteria levels.”> We also compared the predictive
performance of the best-performing MLAEP power indi-
ces with that of the MLAEP latency and amplitude indi-
ces by similarly calculating differences between P, val-
ues and the statistical significances of the differences.

To calculate specific indicator values for predicting a
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volunteer’s probability of nonresponsiveness, we ap-
plied logistic regression analysis?’(’ (SPSS, Chicago, IL) to
each extended group to calculate the probability of
wakeful response as a function of indicator value. Logis-
tic regression analysis provided B8, a measure of the
steepness (slope) of the logistic regression curve, and
Indicator,, and Indicator,s, the values of the indicators
at which the probability of nonresponse equals 0.50 and
0.95.>7 Before applying logistic regression analysis, we
appropriately transformed indicator scales®”*® (see Ap-
pendix). We calculated logistic regressions for anes-
thetic concentrations, PWr gy 3amss PWligrzsoms and
Laty,. To display logistic regression curves for these
indices over comparable value ranges, we calculated
linear regressions of PwWr ,y,38 ms and Laty, against
logo(concentration), for desflurane and propofol.

Results

Twenty-one volunteers received desflurane and 22 re-
ceived propofol (one volunteer did not complete the
desflurane portion of the study because of a respiratory
infection). Figure 1 is a representative illustration of the
progressive increase in latency and decrease in ampli-
tude with decreasing responsiveness in a volunteer re-
ceiving propofol. Most sets showed a similar pattern of
change between Resp and NoResp, but two sets showed
no change, and one set showed a reversed change (de-
creased latency and increased amplitude). Figure 1 also
shows the FFT power density spectra of the MLAEPs
from the volunteer receiving propofol. Multiple MLAEPs
for a given volunteer, averaged to create a single MLAEP
for that volunteer, were frequently recorded at the No-
Resp, . level (13 of 21 desflurane volunteers, 15 of 22
propofol volunteers) but infrequently at the Resp level
(1 of 21 desflurane, 1 of 22 propofol) and NoResp level
(0 of 21 desflurane, 1 of 22 propofol).

Figure 2 shows the JTFA spectrograms of the MLAEPs
shown in figure 1.

Figures 3 and 4 show all the MLAEP waveforms in the
response and no-response groups of the desflurane and
the propofol extended groups.

Optimal Latency and Frequency for Calculating

Pwriop,

Figure 5 shows topographic maps of Py values for
power density over the latency range of 20-74 ms and
the frequency range of 25-60 Hz for desflurane and
propofol, for the bracketed groups. The Py values
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Fig. 1. A set of midlatency auditory evoked potential waveforms from one volunteer during propofol, showing the change in
appearance of the waveforms (4) and the power density spectra (B) from Resp to NoResp to NoResp, ... (Three replicated NoResp,, ..
waveforms are shown here before being averaged to obtain the single waveform).

peaked in the region of 38 ms and 40 - 45 Hz for desflu-
rane, and 50 ms and 40-45 Hz for propofol. The Py
values for the extended groups peaked at the same
latencies and frequencies as the corresponding brack-
eted groups. The P values for these highest performing

60
0 10 20 30 40 50 60 70 20 40 Time (ms)
Frequency (Hz)

Fig. 2. The joint time—frequency analysis results for the set of
midlatency auditory evoked potential waveforms shown in fig-
ure 1. The vertical axis is power density and the horizontal axes
are frequency and window center latency (see text). The bold
lines are the power density spectra with window-center laten-
cies of 50 ms and correspond to the power density spectra
shown in figure 1B.
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power density indices were 0.96 = 0.03 (P, value = SE)
for PWr 11,38 ms during desflurane (table 1), and 0.96 *
0.02 for PWr, 1,50 ms during propofol. We term these
indices Pwr gy,

Comparison of Prediction Performance

The alternative ~40-Hz indicator calculated using a
conventional FFT, PWrgpr405, had nearly the same high
level of performance as Pwr,,,,, (table 1). (Comparisons
of Py values must be made within a response-no-re-
sponse group pair, Z.e., within the desflurane column or
the propofol column.””)

The Py value for concentration of desflurane was
0.91 * 0.05 (table 1) and for measured propofol was
0.94 £ 0.03. The Py values for Pwr,, ., indices were not
greater than those for corresponding concentrations, at
P = 0.05.

The Py values for all MLAEP latency or amplitude
indices in the extended groups were less than for cor-
responding concentrations of desflurane and propofol
(table 1), although not all differences achieved statistical
significance at P = 0.05. Of the latency and amplitude
indices, Laty, had the highest prediction performance:
Py, = 0.86 = 0.06 during desflurane and 0.88 = 0.06
during propofol. The Py values for Pwry,,,, compared
with Py values for Laty, viclded P = 0.16 during desflu-
rane anesthesia, P = 0.14 during propofol anesthesia,
and pooled P = 0.10 for groups combined. The Py
values for Pwr,,, compared with those for the next
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Response Group, Desflurane
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Fig. 3. All the waveforms in the response group (Resp) and no-response group (NoResp and NoResp,,...) of the desflurane extended
group. The waveforms are ordered by overall similarity of latencies and amplitudes.

best-performing latency and amplitude index, Lat,,
yielded pooled P < 0.05.

Combining the best latency index, Laty,,, and ampli-
tude index, AMPy,pann: 1IN0 @ composite single-number
index, Lat,AmMpPy.p.np, iMproved prediction; Py =
0.95 = 0.03 during desflurane and 0.93 * 0.04 during
propofol.

For the bracketed group, the Py values for concentra-
tion and for all MLAEP indices decreased compared with
their corresponding values in the combined groups.
(Like other measures of correlation, Py is sensitive to
data range. By deleting Resp,..,, the data range de-
creased for all indices, and thus all P values would also
be expected to decrease.””) The Py value for desflurane
was 0.82 £ 0.09 and for propofol was 0.88 £ 0.06. The
corresponding Py value for Pwrg, .20 o Was 0.91 =
0.06 and for PWr 411,50 ms Was 0.92 * 0.05. The Py
values for these Pwr,,,;, indices compared with P, val-
ues for concentration were not significantly different,
yielding P = 0.44 during desflurane anesthesia, P = 0.44
during propofol anesthesia, and pooled P = 0.50 for
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groups combined. For Laty;, the corresponding Py val-
ues were 0.81 * 0.08 and 0.81 * 08.

Logistic Regression Analysis

Table 2 shows the logistic regression analysis results
for concentration, PWrg 1,38 me PWI40.1250 ms> a0d Latyy,
in terms of the values of Indicators,, Indicator,s, and 3
slope”’ for the extended groups. The Indicators, value,
analogous to MAC, ..., for concentration of desflurane
was 2.45 = 0.11 vol% and of propofol was 2.55 = 0.10
ug/ml, consistent with previously published results.'®
The Indicators, value for Pwryg 1,25 ms during desflurane
was —3.36 = 0.11 log,,(wV°/Hz) and during propofol
was —3.28 * 0.09 log,,(uV°/Hz). The Indicatorys value,
analogous to MAC, . .keos, fOr PWr 11,38 ms during des-
flurane was —4.02 = 0.25 log,,(wV>/Hz) and during
propofol was —3.80 * 0.19 log,,(uV>/Hz). Consistent
with the Py values in table 1, during desflurane anesthe-
sia, the slope for PWr 1,33 ms Was steeper than that for
PWr 01150 ms; during propofol anesthesia, the slope for
PWr 0 tu50 ms WAS steeper than for PWrg a0 ms-
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Fig. 4. All the waveforms in the response group and no-response group of the propofol extended group. The waveforms are ordered

by overall similarity of latencies and amplitudes.

Figure 6 shows logistic regression curves for anes-
thetic concentration, PwWry,y,35 ms and Laty, during
desflurane and propofol. The curves graphically display
results shown in table 2.7 Although the prediction per-
formance of an indicator is shown by the steepness of
the slope of the curve, because of the assumptions used
for scaling indices and determining comparable value
ranges, we did not attempt to compare differences be-
tween the curves.

As calculated from Indicators, and Indicator,s in table
2, for PWr, 1,38 ms @ €hange of nonresponsiveness from
50 to 95% was associated with a change of 0.66
log,o(tV>/Hz) during desflurane (a 20% change from the
Indicators, value) and 0.52 log,,(.V>/Hz) during propo-
fol (a 16% change).

Discussion

Although many MLAEP features have been proposed as
indicators of wakeful responsiveness, few comparisons
of the predictive performances of these indicators have
been made. Such comparisons constitute one of the

Anesthesiology, V 91, No 5, Nov 1999

primary contributions of the present work, and Py al-
lows such comparisons.””*® We found that the best-
performing indicators were the ~40-Hz power (Pwr ;)
a composite Nb latency and NaPaNb amplitude index
(Lat\,AMpP,pann), 4and ND latency (Latyy,) .

After finding good predictive performance of ~40-Hz
power measured by the JTFA spectrogram, we con-
firmed that a more conventional FFT analysis of ~40-Hz
power of the MLAEP provided similar high performance.

We found that 40 - 45 Hz was the range of the optimal
frequency of the MLAEP power for predicting response
to command. This finding confirms previous reports
associating ~40-Hz activity and wakefulness. #2394
The optimal latency for measuring the MLAEP power
was 38 ms during desflurane and 50 ms during propofol.
These latency values were obtained by inspecting the
topographic surfaces of Py values (fig. 5). We did not
attempt to calculate the confidence limits of these val-
ues. Inspection and comparison of individual power
density spectra suggest that the difference in these la-
tency values would not be statistically significant.

Figure 6 provides an example of specific ~40-Hz ac-
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Fig. 5. Topographic map of prediction probability (Py) values over the latency range of 20—74 ms and frequency range of 25-60 Hz
for the desflurane bracketed group (4) and the propofol bracketed group (B). The P, values during desflurane administration plateau
at 38 ms and 40-45 Hz, and Py values during propofol administration plateau at 50 ms and 40—45 Hz.

tivity values that could be used to guide the administra-
tion of anesthesia.

Of the latency and amplitude indices, Laty, had the
highest prediction performance, validating previous re-
ports about the efficacy of this index."*>?%% The Lat,,,
did not predict as well as anesthetic concentration, al-
though the differences were not statistically significant.
In contrast, Tooley et al® reported that Nb latency
predicted eyelash response better than concentration of
propofol.

Combining Laty,, and Ampy,p,np, i0tO 2 new single-
number index, Laty,Ampy,p.np iMproved predictive
performance slightly. To create the formula for calculat-
ing Lat\,,AMpPy,panp WE Calculated Py values for alterna-
tive combinations of Laty, and Ampyp.n, and found
that the best performance was by a formula summing the
increase in latency (in microseconds) of Laty,, and de-
crease in amplitude (in microvolts) of AmMpy,p.ny, i
which amplitude was normalized by a factor of 10 so

Anesthesiology, V 91, No 5, Nov 1999

that latency and amplitude had equally weighted
changes over the concentration ranges.

It would be of interest to compare the 40-Hz auditory
steady-state response (ASSR) with the ~40-Hz power of
the MLAEP. Although Plourde and Villemure®” compared
the ASSR with latency and amplitude indices of the
MLAEP, the ~40-Hz activity of the MLAEP was not re-
ported. Compared with the ~40-Hz power of the
MLAEP, the ASSR and the coherent frequency may have
advantages as predictors because, for an individual sub-
ject, the optimum stimulus frequency for evoking the
response could be determined while a subject was
awake, and the magnitude of that optimum response
used to normalize the values during anesthesia. 247263940
In contrast, MLAEP is measured using a fixed, relatively
slow stimulus rate, 9.3 Hz for example, which may not
be optimal for the inherent response of all individuals.
Individualization for response frequency may be impor-
tant because, although the optimum frequency of audi-
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Table 1. Prediction Probability Values for Anesthetic
Concentrations and Midlatency Auditory Evoked Potential
~40-Hz Power, Latency, and Amplitude Indices for the
Extended Groups

Desflurane Propofol
Concentration 0.91 = 0.05 0.94 = 0.03
PWr 401238 ms 0.96 = 0.03 0.93 = 0.04
PWY 401250 ms 0.92 £ 0.04 0.96 + 0.02
PWIerT40-H2 0.91 = 0.05 0.96 + 0.02
Laty, 0.79 = 0.07 0.71 = 0.08"f
Latp, 0.77 = 0.07* 0.70 = 0.08**%
Latyg 0.86 = 0.06 0.88 + 0.06
Latp, 0.82 = 0.07 0.84 + 0.07
AMppa 0.85 + 0.06 0.71 = 0.10*t
Ampg, 0.78 + 0.07 0.78 = 0.08*F
Ampyy, 0.61 = 0.09* 0.81 = 0.08*t
Amppy, 0.65 * 0.09" 0.66 = 0.08™t
AMpPapano 0.80 +~ 0.07 0.87 = 0.05%
Laty, AMPrapans 0.95 + 0.03 0.93 = 0.04

Data are Py values + SE. No ~40-Hz power values were greater than
corresponding concentration values at P = 0.05.

*P < 0.05, *"P < 0.01: value less than comresponding concentration value.
TP < 0.05, 1P < 0.01: pooled MLAEP value less than concentration value.

tory stimuli of a group of 16 awake subjects studied by
ASSR was 40 Hz, the range was 20-50 Hz.>' Similarly,
the range of coherent frequency for a group of 10 awake
subjects was 34 - 44 Hz.% After individualizing the ASSR
stimulus, Plourde et al.*® found that the predictive value
for loss of consciousness by ASSR was the same as that
by isoflurane concentration.

We created two groups to evaluate predictive perfor-
mances, the extended group and the bracketed group.
The extended groups consisted of one response (Resp)
and two nonresponse (NoResp and NoResp,..) MLA-
EPs, reflecting our interest in determining MLAEP indices
that could identify patients emerging from deeper anes-
thetic levels to wakefulness. Although we created the
extended group to provide a group for analysis that
contained a complete set of waveforms for each volun-
teer and a reduced number of artifactual waveforms,
even some waveforms in the extended groups appeared
irregular and of marginally acceptable quality, as seen in
figures 2 and 3.

We created the bracketed groups to enhance our abil-
ity to evaluate whether MLAEP indices could predict
better than concentration, which would suggest a reflec-
tion of basic neurophysiologic mechanisms related to
wakefulness. Bracketed groups were created by deleting
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the NoResp,.,, MLAEPs from the extended groups, de-
creasing the range of index values, and, as expected,”’
decreasing the P, values of MLAEP and concentration
indices. Although Py values of ~40-Hz power exceeded
those of anesthetic concentrations, the differences were
not statistically significant. If we had found significantly
higher Py values for ~40-Hz power, this would have
suggested that prediction performance by ~40-Hz
power may not simply reflect concentration, and that
~40-Hz power may reflect basic neurophysiologic mech-
anisms related to wakeful response.

If ~40-Hz activity reflects mechanisms related to wake-
fulness, what might those mechanisms be? The brain
generates gamma oscillations, also called ~40-Hz oscil-
lations, although the oscillations may range from 20-90
Hz.*> Gamma oscillations arise from the thalamocortical
system and are modulated by the intralaminar nuclei of
the thalamus, which are in turn influenced by the mid-
brain reticular activating system.*®>2 Although gamma
oscillations may occur during anesthesia and non-rapid
eye movement sleep, gamma oscillations markedly in-
crease during rapid eye movement sleep, arousal, and
awakening, occurring more frequently, increasing in am-
plitude, and becoming synchronous over widespread

Table 2. Values of the Indicators, and Indicator,; and of § for
Indicator-Response Logistic Regression Curves for the
Extended Groups

Desflurane Propofol
Concentration
(vol%, ug/ml)
Indicatorg, 2.45 = 0.1 2.55 +0.10
Indicatorgys 3.24 + 0.34 3.18 = 0.28
B (Log1o) 236 +5.0 29.7 = 8.6
Pwr4O—H238 ms
(Log+o(V?/HZ)
Indicators, —3.36 = 0.11 —3.28 £ 0.09
Indicatorgs | —-4.02 = 0.25 -3.80 £ 0.19
B —4.38 = 1.57 —-5.75 £ 1.97
PWr40.1z50 ms
(L0go(pV?/HZ))
Indicatorg, —-3.71 = 0.14 —3.64 + 0.08
Indicatorgs ~4.55 = 0.30 -4.07 £ 0.16
B -3.46 + 1.12 ~7.04 = 2.44
Laty, (ms)
Indicatorg, 485 + 1.6 438 =12
Indicatorgg 508 £ 3.6 52.3 + 3.0
B 0.26 = 0.09 0.36 = 0.07

Data are estimates + SE.

Indicators, = indicator value at the nonresponse probability of 0.50; indica-
torgs = indicator value at the nonresponse probability of 0.95; and B = siope
parameter of the logistic regression curve.
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(B), and Laty,, to probability of nonresponse to command during desflurane and propofol (C). The range of PWr o 11,35 ms

values corresponds to ranges for desflurane of 1.0—-6.0 vol% and for propofol of 0.7-7.0 pg/ml. The range of Laty, values
corresponds to ranges for desflurane of 1.0—6.0 vol% and for propofol of 1.0-10.0 pg/ml.

areas of the cerebral cortex.*!"%7%% In awake humans,
auditory stimuli reset the synchronicity of gamma oscil-
lations, producing coherent oscillations over the cor-
tex.*1#34% Purther investigation might reveal whether
the ~40-Hz activity we measured from extracranial scalp
electrodes is related to the gamma oscillations.

Although we speculate that ~40-Hz activity may re-
flect mechanisms related to wakeful response, ~40-Hz
activity may not reflect the mechanism underlying re-
sponsiveness, because for three volunteers the ~40-Hz
power of NoResp exceeded that of Resp. However, as
discussed subsequently, a subject may not respond even
though wakeful, and such a lack of response could help
explain the reversed change in ~40-Hz power for these
three volunteers. Also against the possibility that ~40-Hz
power reflects the mechanism underlying wakefulness is
the observation by Steriade et al.*® that ~40-Hz synchro-
nization of cortical electroencephalographic activity of
awake cats disappeared and reappeared without a de-
tectable reason, although wakefuiness appeared to be
uninterrupted.

We chose hand squeezing to demonstrate a volunteer’s
ability for cognitive processing and because failure to
appropriately respond indicates probable suppression of
memory formation.” *® We did not distinguish between
a brief and a sustained duration of wakefulness, although
this distinction may better indicate the potential for
memory formation.'*'> Occasionally, a person may be
wakeful and yet not respond to command,®>* and this
failure to respond might explain some cases in which
MLAEP indices showed little or no change between Resp
and NoResp (i.e., the NoResp should then have been
labeled a Resp). We did not choose eye opening on
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command as the endpoint of wakefulness'” because eye
opening may be an orienting or startlelike response
instead of one that indicates cognitive processing.
There were other shortcomings in our methods that
also could be avoided in future studies. Replicate MLAEPs
(which increase confidence in the waveforms) were
infrequently recorded because of time restraints. We
studied volunteers during induction of anesthesia rather
than emergence from anesthesia. If MLAEPs during
emergence differ from those during induction (Z.e., hys-
teresis), our findings might not hold for emergence.
Other reports suggest that hysteresis might not be a
problem: Nb latency provides similar results during re-
peated transitions from consciousness to unconscious-
ness and back again.” Finally, we studied volunteers who
did not receive noxious stimulation, such as surgical
stimulation. Surgical stimulation can alter MLAEP wave-
forms, causing increased amplitude of the peaks.*’
Although MLAEP indices did not predict significantly
better than anesthetic concentration, electroencephalo-
graphic indices that performed well, such as ~40-Hz
activity or bispectral index,'"*? could offer advantages
over anesthetic concentration. During clinical anesthe-
sia, the usefulness of anesthetic concentration as a pre-
dictor is confined to the inhaled anesthetics, in which
end-tidal concentrations can be measured on line. If
intravenous agents contribute significantly to production
of anesthesia, measurement of the concentration of in-
haled agents does not suffice as an adequate predictor.
Additional limitations result from changes in inhaled and
intravenous agent delivery after which pharmacokinetics
limit the capacity to estimate cerebral anesthetic con-
centrations. Thus, an electrophysiologic index that pre-
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dicts wakefulness independent of these variables would
be valuable, even though it does not necessarily predict
significantly better than steady-state anesthetic concen-
tration. Of note, at the present, the determination of
MLAEP requires more technical expertise and effort than
electroencephalographic (or bispectral index) monitor-
ing.

In summary, of the MLAEP indices we studied, ~40-Hz
power of the MLAEP frequency spectrum provided the
highest prediction performance of wakeful responsive-
ness in volunteers receiving desflurane and propofol.
The composite Laty Ampn,p.np indices provided the
next best performances, and Lat,,, the third best. The
~40-Hz power is an objective measure that can be ob-
tained from readily available instruments and may find
clinical application for predicting wakeful responsive-
ness.

Appendix: Rescaling Indicator Values to
Calculate Logistic Regression Curves

To appropriately apply logistic regression analysis, criteria about
distribution of data need to be satisfied; if the criteria are not met, data
may be transformed by nonlinear rescaling. To examine the appropri-
ateness of the scaling of MLAEP indices, we compared the data points
of each index with their corresponding logarithmicaily scaled concen-
tration data points. We did so because logarithmically scaled concen-
tration data meet the criteria and provide the best fit for constructing
concentration-response logistic regression curves.*® Scaling of MLAEP
indices were compared with log, (concentration) by visually exam-
ining x-y scatter plots for nonlinear trends and verifying improve-
ments in indicator scale transformations by increases in correla-
tion coefficients (r) found by comparing the transformed indica-
tors with log,(concentration). In this way, acceptable scaling was
obtained with 10g,o(PWr 1,38 ms): 10810(PWigp,50 me) Laty,, and
Latn, AMpP . pans-

The authors thank H. L. Bennett, Ph.D., for advice about data acqui-
sition and M. H. Valizadeh, M.S., for help with data analysis.

References

1. Thornton C, Barrowcliffe MP, Konieczko KM, Ventham P, Dore
(], Newton DEF, Jones JG: The auditory evoked response as an indi-
cator of awareness. Br J Anaesth 1989; 63:113-5

2. Newton DEF, Thornton C, Konieczko KM, Jordan C, Webster NR,
Luff NP, Frith CD, Dore (J: Auditory evoked response and awareness:
A study in volunteers at sub-MAC concentrations of isoflurane. Br J
Anaesth 1992; 69:122-9

3. Schwender D, Kaiser A, Klasing S, Peter K, Poppel E: Midlatency
auditory evoked potentials and explicit and implicit memory in pa-
tients undergoing cardiac surgery. ANESTHESIOLOGY 1994; 80:493-501

4. Schwender D, Madler C, Klasing S, Peter K, Popper E: Anesthetic

Anesthesiology, V 91, No 5, Nov 1999

control of 40-Hz brain activity and implicit memory. Conscious Cogn
1994; 3:129-147

5. Davies FW, Mantzaridis H, Kenny GNC, Fisher AC: Middle latency
auditory evoked potentials during repeated transitions from conscious-
ness to unconsciousness. Anaesthesia 1996; 51:107-13

6. Ghoneim MM, Dhanaraj V], Block RI, Todd MM: The auditory
evoked responses and awareness during anesthesia (abstract). ANGSTHE-
SIOLOGY 1996; 85:A177

7. Newton DEF, Thornton C, Konieczko KM, Frith CD), Dore (],
Webster NR, Luff NP: Levels of consciousness in voluntecrs breathing
sub-MAC concentrations of isoflurane. Br J Anaesth 1990; 65:609-15

8. Dwyer R, Bennett HL, Eger EI 11, Heilbron D: Effects of isoflurane
and nitrous oxide in subanesthetic concentrations on memory and
responsiveness in volunteers. ANESTHESIOLOGY 1992; 77:888 -98

9. Chortkoff BS, Gonsowski CT, Bennett HL, Levinson B, Crankshaw
DP, Dutton RC, Ion¢scu P, Block RI, Eger EI II: Subanesthetic concen-
trations of desflurane and propofol suppress recall of emotionally
charged information. Anesth Analg 1995; 81:728-36

10. Russell IF, Wang M: Absence of memory for intraoperative
information during surgery under adequate general anesthesia. Br J
Anaesth 1997; 78:3-9

11. Glass PS, Bloom M, Kearse L, Rosow C, Sebel P, Manberg P:
Bispectral analysis measures sedation and memory effects of propofol,
midazolam, isoflurane, and fentanyl in healthy volunteers. ANESTHESIOL-
oGy 1997; 86:836-47

12. Russell IF: Comparison of wakefulness with two anaesthetic
regimens: Total LV. v. balanced anaesthesia. Br J Anacsth 1986; 58:
965-8

13. Russell IF: Midazolam-alfentanil: An anaesthetic? An investiga-
tion using the isolated forearm techmnique. Br J Anaesth 1993; 70:42-6

14. Dutton RC, Smith WD, Smith NT: Wakeful response to com-
mand indicates memory potential during emergence from general
anesthesia. J Clin Monit 1995; 11:35-40

15. Dutton RC, Smith WD, Smith NT: Brief waketul response to
command indicates wakefulness with suppression of memory forma-
tion during surgical anesthesia. J Clin Monit 1995; 11:41-6

16. Heier T, Steen PA: Assessment of anaesthetic depth. Acta Anaest
Scand 1996; 40:1087-100

17. Swolting RK, Longnecker DE, Eger EI II: Minimum alveolar con-
centrations in man on awakening from methoxyflurane, halothane,
ether, and fluroxene anesthesia. ANESTHESIOLOGY 1970; 33:5-9

18. Chortkoff BS, Eger EI II, Crankshaw DP, Gonsowski CT, Dutton
RC, Ionescu P: Concentrations of desflurane and propofol that sup-
press response td command in humans. Anesth Analg 1995; 81:637-43

19. Doi M, Gajraj RJ, Mantzaridis H, Kenny GNC: Relationship be-
tween calculated blood concentration of propofol and electrophysio-
logical variables during emergence from anaesthesia: Comparison of
bispectral index, spectral edge frequency, median frequency and au-
ditory evoked potential index. Br ] Anaesth 1997; 78:180 -4

20. Madler C, Keller I, Schwender D, Poppel E: Sensory information
processing during general anaesthesia: Effect of isoflurane on auditory
evoked neuronal oscillations. Br J Anaesth 1991; 66:81-7

21. Durtton RC, Gonsowski CT, Chortkoff BS, Smith WD, Eger EI II:
Mid-latency auditory evoked potentials compared with concentrations
of desflurane and propofol for predicting wakeful responsiveness (ab-
stract). ANESTHESIOLOGY 1996; 85:A464

22. Stockmanns G, Nahm W, Thornton C, Newton DEF, Kochs E:
Middle latency auditory evoked potentials for detection of sedation:

20z I4dy 60 uo 1sanb Aq 4pd°01000-0001 L 6661-27S0000/5L6.L6€/602 1/S/ | 6/4Pd-8loiHE/ABOjOISBYISBUE/WOD JIELDIBA|IS ZESE//:dRY WOl papeojumo]



1220

DUTTON ET AL

optimization of analysis by wavelet parameters (abstract). ANESTHESIOL-
0GY 1998; 89:A538

23. Galambos R, Makeig S, Talmachoff P): A 40-Hz auditory potential
recorded from the human scalp. Proc Natl Acad Sci U S A 1981;
78:2643-7

24. Plourde G: The effects of propofol on the 40-Hz auditory steady-
state response and on the electroencephalogram in humans. Anesth
Analg 1996; 82:1015-22

25. Plourde G, Villemure C, Fiset P, Bonhomme V, Backman SB:
Effect of isoflurane on the auditory steady-state response and con-
sciousness in human volunteers. ANESTHESIOLOGY 1998; 89:844-51

26. Munglani R, Andrade J, Sapsford DJ, Baddeley A, Jones JG: A
measure of consciousness and memory during isoflurane administra-
tion: The coherent frequency. Br ) Anesth 1993; 71:633-41

27. Smith WD, Dutton RC, Smith NT: Measuring the performance of
anesthetic depth indicators. ANESTHESIOLOGY 1996; 84:38-51

28. Smith WD, Dutton RC, Smith NT: A measure of association for
assessing prediction accuracy that is a generalization of nonparametric
ROC area. Stat Med 1996; 15:1199 -215

29. Crankshaw DP, Morgan DJ, Beemer GH, Karasawa F: Prepro-
grammed infusion of alfentanil to constant arterial plasma concentra-
tion. Anesth Analg 1993; 76:556-61

30. Plummer G: Improved method for the determination of propo-
fol in blood by high performance liquid chromatography with fluores-
cence detection. J Chromatogr 1987; 421:171-6

31. Qian S, Chen D Joint Time-Frequency Analysis: Methods and
Applications. Upper Saddle River, NJ, Prentice-Hall, 1996

32. Rampil IJ: A primer for EEG signal processing in anesthesia.
ANESTHESIOLOGY 1998; 89:980-1002

33. Picton TW, Hillyard SA, Krausz HI, Galambos R: Human auditory
evoked potentials: I. evaluation of components. Electroenceph Clin
Neurophysiol 1974; 36:179-90

34. Thornton C, Catley DM, Jordan C, Lehane JR, Royston D, Jones
JG: Enflurane anaesthesia causes graded changes in the brainstem and
early cortical auditory evoked response in man. Br J Anaesth 1983;
55:479-85

35, Laird NM, Mosteller F: Some statistical methods for combining
experimental results. Int ] Technol Assess Health Care 1990; 6:5-30

36. Waud DR: On biological assays involving quantal responses.
J Pharmacol Exp Ther 1972; 183:577-607

37. Dutton RC, Smith WD, Smith NT: EEG predicts movement re-
sponse to surgical stimuli during general anesthesia with combinations
of isoflurane, 70% N,O, and fentanyl. J Clin Monit 1996; 12:127-39

38. de Jong RH, Eger EI II: MAC expanded: AD50 and AD95 values
of common inhalation anesthetics in man. ANESTHESIOLOGY 1975; 42:
384-9

39. Andrade J, Sapsford DJ, Jeevaratnum D, Pickworth AJ, Jones JG:

Anesthesiology, V 91, No 5, Nov 1999

The coherent frequency in the electroencephalogram as an objective
measure of cognitive function during propofol sedation. Anesth Analg
1996; 83:1279-84

40. Sapsford DJ, Pickworth AJ, Jones JG: A method for producing
the coherent frequency: A steady-state auditory evoked response in the
electroencephalogram. Anesth Analg 1996; 83:1273-8

41. Ribary U, loannides AA, Singh KD, Hasson R, Bolton JP, Lado F,
Mogilner A, Llinds R: Magnetic field tomography of coherent thalamo-
cortical 40-Hz oscillations in humans. Proc Natl Acad Sci U § A 1991;
88:11037-41

42. Freeman WJ: The physiology of perception. Sci Am 1991;
7(Feb):8-85

43, Llinds R, Ribary U: Coherent 40-Hz oscillation characterizes
dream state in humans. Proc Natl Acad Sci U § A 1993; 90:2078 - 81

44. Pantev C, Elbert T, Makeig S, Hampson S, Eulitz C, Hoke M:
Relationship of transient and steady-state auditory evoked fields. Elec-
troencephalogr Clin Neurophysiol 1993; 88:389-96

45. Paré D, Llinas R: Conscious and pre-conscious processes as seen
from the standpoint of sleep-waking cycle neurophysiology. Neuropy-
schologica 1995; 33:1155-69

46. Steriade M, Amzica F, Contreras D: Synchronization of fast
(30-40 Hz) spontaneous cortical rhythms during brain activation. J Neu-
roscience 1996; 16:392-417

47. Steriade M, Contreras D, Amzica F, Timofeev I: Synchronization
of fast (30-40 Hz) spontaneous oscillations in intrathalamic and
thalamocortical networks. ] Neuroscience 1996; 16:2788 - 808

48. Steriade M: Awakening the brain. Nature 1996; 383:24-5

49. Tooley MA, Greenslade GL, Prys-Roberts C: Concentration-re-
lated effects of propofol on the auditory evoked response. Br J Anaesth
1996; 77:720-6

50. Plourde G, Villemure C: Comparison of the effects of enflu-
rane/N,O on the 40-Hz auditory steady-state response versus the audi-
tory middle-latency response. Anesth Analg 1996; 82:75-83

51. Stapells DR, Linden D, Suffield JB, Hamel G, Picton TW: Human
auditory steady state potentials. Ear Hearing 1984; 5:105-13

52. Barth DS, MacDonald KD: Thalamic modulation of high-fre-
quency oscillating potentials in auditory cortex. Nature 1996; 383:
78-81

53. Franowicz MN, Barth DS: Comparison of evoked potentials and
high-frequency (gamma-band) oscillating potentials in rat auditory cor-
tex. J Neurophysiol 1995; 74:96-112

54. Russell IF: Auditory perception under anaesthesia. Anaesthesia
1979; 34:211

55. Thornton C, Konieczko K, Jones JG, Jordan C, Dore (],
Heneghan: Effect of surgical stimulation on the auditory evoked re-
sponse. Br J Anaesth 1988; 60:372-8

20z Idy 60 uo 3sanb Aq 4pd°01000-0001 L 6661-27S0000/5L6.L6€/602 1/S/ | 6/4Pd-8loiHE/ABOjOISBYISBUE/WOD JIELDIBA|IS ZESE//:d)Y WOl papeojumo]



