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We have compared the auditory evoked potential index (AEP,4ey) and bispectral index (BIS)
for monitoring depth of anaesthesia in spontaneously breathing surgical patients. Twenty
patients (aged |17—49 yr) undergoing day surgery were anaesthetized with computer-controlled
infusions of propofol. The mean (sD and range) of each measurement was determined during
consciousness and unconsciousness and at specific times during the perioperative period. Mean
values for AEP|,4e during consciousness and unconsciousness were 74.5 (sD 14.7) and 36.7
(7.1), respectively. BIS had mean values of 89.5 (sD 4.6) during consciousness and 48.8 (16.4)
during unconsciousness. AEP| 4., and BIS were greater during consciousness compared with
during unconsciousness. The average awake values of AEP| 4., Were significantly higher than
all average values during unconsciousness but this was not the case for BIS. BIS increased
gradually during emergence from anaesthesia and may therefore be able to predict recovery
of consciousness at the end of anaesthesia. AEP| 4o, Was more able to detect the transition
from unconsciousness to consciousness.
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The use of clinical signs for assessing ‘depth of anaesthesizg)culated from the amplitude difference between successive
although universally employed, is notoriously unreliabfe. segments of the AEP curfe.
However, it may be possible to ensure adequate anaesthesiéinlike other electroencephalogram (EEG) processing
if spontaneous respiratiois maintained during surgery. If techniques which ignore inter-frequency phase information,
anaesthesia is inadequate, the patient moves reflexlybigpectral EEG analysis includes intra-component relation-
response to surgery and if the level of anaesthesia ships (i.e. power coupling) in the EE® Bispectral index
excessive, respiration is depressed. (BIS), derived from the EEG bispectrum, has been shown
Changes in middle latency auditory evoked potentiats predict movement in response to surdém? and to
(MLAEP) have been shown to reflect reliably the level ofietect consciousnéd¢5when using a variety of anaesthetic
anaesthesia with a wide range of anaesthetic drb@®md drugs. In a previous study by our group that included a
to detect awarenegsHowever, auditory evoked potentialcomparison of AERgex and BIS in patients undergoing
(AEP) waves are difficult to analyse in the clinical situationsyrgery with regional anaesthesia, AGE, was shown to
Recently, the AERqe, (formerly known as the level of he capable of distinguishing consciousness from uncon-
arousal score), a mathematical derivative.that reﬂects B&ousness produced by propoteDur study was designed
morphology of the AEP curves, has been investigated agacompare measures of depth of anaesthesia with clinical

means of assessment of depth of anaestfiesibas also ,qsessment of the level of anaesthesiaspontaneously
been used successfully as the input signal in a closed loop

system for administration of total i.v. anaesthesia in patients
undergoing various surgical procedufeShe AER,4ex iS TThis article is accompanied by Editorial |
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EEG assessment of anaesthetic depth

breathing patients anaesthetized with propofol and undebit analogue-to-digital converter (PCM-DAS08, Computer
going surgery without regional anaesthesia. Boards Inc., USA) and processed in real-time by a micro-
computer (T1950CT, Toshiba, Japan).
Patients and methods The AEP were prodyced by'averaging 256 sweeps of
144 ms duration. The time required for a full update of the
After obtaﬁning approval from the Hospital Ethics Commitsignm was 36.9 s, but a moving time averaging technique
tee and informed consent, we studied 20 patients (LHowed a faster response time to any change in the signal.
females, mean age 32.8 (range 17-49) yr) undergoing dgyeraged curves were obtained at 3-s intervals.
surgery under general anaesthesia. AEPjgex, Which reflects the morphology of the AEP
Three investigators were involved in the study. Ongyryes; allowed on-line analysis of the AEP. It is calculated
anaesthetist was responsible for the conduct of the anags-the sum of the square root of the absolute difference
thetic and for monitoring depth of anaesthesia by normgktween every two successive 0.56-ms segments of the AEP
clinical methods. The second investigator ensured propgiyeform® AEP and other data were stored automatically on

the exact time of specific events, such as skin incision apgtrieval for further analysis.

patient movement in response to stimuli. After attaching

the EEG electrodes, paﬂentg were asked to cloge their eEerG bispectral and power spectral analysis
and relax. Anaesthesia was induced after ensuring artefact-

free signals and initial recordings from the EEG monitors! '€ EEG was obtained from four Zipprep electrodes placed
No patient received premedication. Target-controlle@? Poth sides of the outer malar bone {Aind Ap) with
infusions (TCI}” of propofol were used for induction andFPZ as the reference and Fps the ground. The EEG
maintenance of anaesthesia. The TCI pump used the sfPectrum was monitored using a commercially available
pharmacokinetic model as Zeneca’s Diprifusor system. BEG monitor (A-1000, BIS 3.0 algorithm, rev. 0.40 soft-
target blood propofol concentration of @g mr! was ware,.Aspect Med|cal Sys?ems, USA). The update_rate on
selected initially. Target propofol concentrations were thdf® bispectral index monitor was set to 10 s with the
titrated to effect to achieve the desired depth of anaestheBigPectral smoothing function switched off. The low-
(assessed clinically by the investigator responsible for tfgauency filter was set to 2 Hz and the high-frequency
anaesthetic), comparable with the way in which vaporize?§tting was 30 Hz. Data from the A-1000 EEG monitor were
and volatile agent concentration monitors are used fgpwnloaded automatically and stored on the microcomputer
inhalation anaesthesia. Patients also breathed 66% nitr§4§"Y> S o
oxide in oxygen spontaneously via a laryngeal mask airwayA" patients were interviewed after surgery abolut memory
(LMA). Analgesia was supplemented, at the discretion & intraoperative events. They were also questioned about
the anaesthetist, with i.v. ketorolac and fentanyl. Heart raf@€ir satisfaction with the auditory clicks and monitoring
arterial pressure, ventilatory frequency, pulse oximetr{gchnique.
electrocardiography and end-tidal carbon dioxide tension
were monitored. Data analysis

All anaesthetic drugs were discontinued simultaneouq{yean $D and range) values during consciousness and
at the end of surgery. Patients were then asked verballyygiconsciousness of both measurements were determined.

30-s intervals to open their eyes. ‘Conscious’ values were defined as those recorded from
) ) o before induction of anaesthesia until 30 s before loss of the
Auditory evoked potential monitoring eyelash reflex. ‘Unconscious’ values were defined as those

Auditory evoked potentials (AEP) were monitored agom 1 min after skin incision until 30 s before eye opening.
described in our previous stu#f.The EEG was obtained These conscious and unconscious values were used to
from three disposable silver—silver chloride electrodegetermine threshold values of each measurement with 100%
(Zipprep, Aspect Medical Systems, USA) placed on thgpecificity and threshold values with approximately 85%
right mastoid ¢), and middle forehead (-), with Fjas the sensitivity for consciousness and unconsciousness.
reference. The custom-built amplifier had a 5-kV medical Measurements were also compared at specific times in
grade isolation, common mode rejection ratio of 170 dBe perioperative period. As the AERx was recorded
with balanced source impedance, input voltage noise @fery 3 s and BIS every 5 s, both measurements were
0.3 uV and current input noise of 4 pA (0.05 Hz-1 kHzaveraged over successive 15-s intervals to produce compar-
rms). A third-order Butterworth analogue band-pass filteble periods for analysis. The averaged values were then
with a bandwidth of 1-220 Hz was used. The auditorgompared at the following times: (A) baseline (first recorded
clicks were of 1 ms duration and 70 dB above the normalvake value); (B) before induction of anaesthesia (last
hearing threshold. They were presented to both ears ateaorded awake value); (C) 30 s before skin incision;
rate of 6.9 Hz. The amplified EEG was sampled at @) 30 s after skin incision; (E) 5 min after skin incision;
frequency of 1778 Hz by a high accuracy, low distortion 12F) at the end of surgery and anaesthesia; (G) 3 min before
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Table 1 Mean (range) conscious and unconscious values of the auditory evoked 100
potential index (AERgey) and bispectral index (BIS)
80
Measurement Mean (range)
260
AEPIndex Q_E
Conscious 74.5 (51-110) E 40 N
Unconscious 36.7 (19-66) '(}/
BIS 20
Conscious 89.5 (70-97)
Unconscious 48.8 (1-94)

A B CDETF GH

Fig 1 Mean 6p) auditory evoked potential index (ARey recorded at
Table 2 Threshold values of the auditory evoked potential index (pp  the following times: A=baseline (first recorded awake value)-Before
and bispectral index (BIS) with 100% specificity (with corresponding sensitivityiduction of anaesthesia (last recorded awake valuel3Cs before skin
and threshold values with approximately 85% sensitivity (with correspondirigcision; D=30 s after skin incision; E5 min after skin incision; Fat
specificity) for consciousness and unconsciousness. Sensitivity (sens.) #mel end of surgery and anaesthesias3min before eye opening; +
specificity (spec.) in % 1 min before eye opening=at the time of eye opening and=at the
time of removal of the LMA. Shaded areas enclose the conscious periods
Threshold  85% sens. (spec.)  100% spec. (sens.) (A B, | and J). Mean conscious ARRey values at T(l) were significantly
lower than mean conscious values at *(A, B and J).

Unconscious

AEPingex 50 100 (96)
a4 86 (100) Table 3 Mean 6b) auditory evoked potential index (ARRey and bispectral
BIS 69 100 (88) index (BIS) before and after movement in response to stinRilivalues
67 84 (100) according to Wilcoxon’s signed rank test
Conscious
AEP|dex 67 100 (58) Before movement After movement P
60 85 (99.6)
BIS 95 100 (8) AEP|hgex 37.2 (8.6) 43.2 (13.1) <0.01
86 83 (98) BIS 42.9 (15.6) 47.2 (18.8) ns

eye opening; (H) 1 min before eye opening; (1) at the timAuditory evoked potential index (AER,)

of eye opening; and (J) at the time of removal of the LM .
Both measurements were also compared before and a gple 1 shows the mean values for Al and BIS during

. . . L onsciousness and unconsciousness (as defined above).
patient movement in response to noxious stimuli (LM

; X . o . ble 2 shows the threshold values of these measurements
insertion or surgical stimuli). Values were again averaged i .

; with 100% specificity and threshold values with close to
over comparable intervals of 15 s. Pre-movement avera

% sensitivity during consciousness and unconsciousness.
values were 30 to 15 s before movement and post-movemﬂn

averages were from 15 to 30 s after movement. ean ARy, during consciousness was 7450 (14.7)

: . ; ompared with 36.7 (7.1) during unconsciousness. Although
Data were analysed using ANOVA with Tukey's test anﬁmre was some overlap of conscious and unconscious

Wilcoxon's signed rank test as appropriaf=<0.05 was values, the lowest conscious value was higher than the

considered significant. . : .
mean unconscious value, and the highest unconscious value
was lower than the mean conscious value. An pRof

Results 44 was 86% sensitive (and 100% specific) for uncon-
Anaesthesia was supplemented with ketorolac 10 mg isciousness. A threshold value of 67 was 100% specific
and a mean dose of fentanyl Jug kgi.v. (range 0.8-2.0 (58% sensitive) for consciousness.
ug kgl). Mean duration of anaesthesia (start of induction Figure 1 shows mean AER., at the times of analysis.
to discontinuation of anaesthetic drug administration) wasEP,,4e, Was greater and more variable when patients were
20.6 (range 12.2-40.0) min, surgery (skin incision to eralvake compared with when anaesthetized. All mean awake
of surgery) 13.0 (5.5-32.8) min and recovery (end GXEP,,qe, vValues (times A, B, | and J) were significantly
anaesthetic drug administration to eye opening on commargater (Tukey's testP<0.001) than all mean values
6.6 (2.7-11.1) min. Mean duration from eye opening teecorded during unconsciousness (times C-H). There was
LMA removal was 0.4 (0-1.3) min. no significant difference between mean ARR values

Ventilation was adequate in all patients. Mean minimumecorded during unconsciousness (times C—H). Mean awake
oxygen saturation §p,) was 95.7% (89-99%) and thevalues of AERq, at eye opening (Fig. 1, time I) were
mean maximum end-tidal carbon dioxide concentration wagnificantly lower P<0.001) than awake values before
6.57 (5.1-8.7) kPa. Mean maximum changes in systolimaesthesia or at removal of the LMA (times A, B and J).
arterial pressure and heart rate remained within 20% Whlues for AER,qex 15 S after patient movement in response
baseline values. Eight patients moved in response to LMA stimuli were significantly higher (Wilcoxon’s signed rank
insertion and four patients moved after surgical stimuli. test,P<0.01) than values 15 s before movement (Table 3).
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I and J; tconscious BIS values at B were significantly higher than £ 3% 32 o o5
conscious values at |. I, unconscious BIS values at *(C-F) were = 5’; S w

significantly lower than unconscious values at §(G and H).
Fig 4 Changes in auditory evoked potential index (AfR) and bispectral
index (BIS) for one patient.

Bispectral index (BIS)

The mean conscious value for BIS was 8%b 4.6) and
unconscious value, 48.8 (16.4) (Table 1). In common wi

AEPiney, the lowest conscious value for B.IS was greateé and H). Unlike AER,4ex Which increased suddenly at the
than the mean unconscious value, but unlike AR the ; ) .
' time of awakening, there was a gradual increase in BIS

greatest unconscious value (94) was higher than the ML discontinuation of anaesthetic drug (Figs 2—4). Unlike

. 0 -
conscious value. A BIS value of 67 was 84% sensitive (arA Pier, BIS values 15 s after patient movement in response

0 e . ;
100% speciiic) for UNconsciousness (Table 2). A. h'.gt% stimuli were not significantly greater than values 15 s
threshold value of 95 was required for 100% Spec'f'C'tXefore movement (Table 3)

(with only 8% sensitivity) for consciousness. : . .
BIS also tended to be higher when patients were awakeNo patient had recall of events during anaesthesia. All

compared with during anaesthesia, but unlike ARR patients were satisfied with the anaesthetic technique and

o . ) none found the auditory clicks excessively loud or uncom-
BIS demonstrated more variability during unconsciousness y y

(Fig. 2). Unlike AER 4., mean awake BIS values were ortable. They were all happy to have the same technique

not significantly different from all mean values duringOf monitoring for future anaesthesia.

unconsciousness; there was no significant difference .

between mean BIS values at 1 min before eye openikgSCUSSION

(Fig. 2a, time H) when patients were clinically unconsciousThere may be a 1-2% frequency of awareness with spontan-
and mean awake values during recovery (times | and &pus recall of intraoperative everfs?® The implications
However, mean values during unconsciousness from 3®fs potentially the worst experience of a patient’s life
before incision until the end of anaesthesia (times C—&te enormous and include psychological and psychiatric
which included the entire duration of surgical anaesthesiajoblems, morbid fear of surgery, substantial medico-legal
were significantly lower than all mean values during corimplications and considerable adverse publicity for all
sciousness (times A, B, | and J). As with ARR,, mean concerned!-2®> A reliable monitor that ensures uncon-
awake BIS values were not all similar (Figa)2as mean sciousness is highly desirable. The use of neuromuscular
values before anaesthesia (time B) were significantly highglocking agents, in addition to providing the conditions in
than mean awake values at eye opening (time I). Unlikehich inadequate anaesthesia is more likely, also make its
AEP4ex, mean unconscious BIS values were not all similatetection more difficult by abolishing two of the most
(Fig. 28), as values from 30 s before skin incision until thevaluable indicators of depth of anaesthetic, respiration and

%nd of anaesthesia (times C-F) were significantly lower
han values from 3 min to 1 min before eye opening (times
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movement in response to surgery. Our study comparstimuli compared with before movement (Table 3). This
different measurements of depth of anaesthetigpontan- difference may be because of the longer period after
eously breathinganaesthetized patients. stimulation (up to 3 min) used for detecting changes in BIS
AEP4ex @and BIS appeared to be able to distinguism the other studie® 2° compared with 15 s used in our
between awake and anaesthetized states (Figs 1, 2). Bsitidy. Measurements were compared close to the exact time
measurements had greater awake values before anaesti@simovement to assess their ability to respond rapidly to
and on recovery compared with values recorded durimppanges. AERq4ex requires a marginally longer period
unconsciousness. However, ARRappeared to distinguish (36.9 s) compared with BIS (30 s) for a fully updated
the transition from unconsciousness to consciousness meignal. Therefore, the post-movement averaged values of
accurately asll mean awake values (times A, B, | and JAEP,,4ex Would have contained more pre-movement data
were significantly higher tharall mean values during compared with BIS, making AERey lesslikely to show
unconsciousness until 1 min before eye opening (times Gtatistically higher values after movement.
H). Although other studies have shown BIS to be capablePrys-Roberts suggests that loss of consciousness is a
of detecting consciousne¥s!® we found that BIS was threshold event? Therefore, the rapid increase in ARR,
unable to detect the transition from unconsciousness dbthe time of awakening may be expected of a monitor
consciousness. This was probably because of the gradinat distinguishes consciousness from unconsciousness. The
increase in BIS after discontinuing anaesthesia (Figs 2—aility of BIS to predict movemefkt2and major haemo-
This gradual increase in BIS during emergence is consistelynamic changé$ in response to surgical incision implies
with the findings of other studiétand suggests that BISthat it may be used as a monitor of anaesthetic effect.
tracks the clearance of anaesthetic drugs and may be uséfalvever, its ability to predict response to incision was
in predicting awakening at the end of surgery or as lamited in the presence of effective opioid analge&ia.
monitor of sedation. Figure 3, showing the changes in medhis suggests that BIS may be measuring the amount of
values of AER4e and BIS at the analysed times, an@naesthetic drug-induced suppression of the EEG, and not
Figure 4, illustrating changes in BIS and AR, (at the reflecting changes in the state of arousal of the brain
actual time of occurrence, i.e. not averaged over 15 s) fdetermined by the balance between hypnosis (provided by
a typical patient, demonstrate this gradual increase in Béhaesthetic drugs) and the opposing effects of analgesia
during recovery, contrasting with the sudden increase @&md surgical stimulation. In a study of a revised version of
AEP4ex at the time of awakening. BIS, Howell and colleagues concluded that BIS was a
In a recent study, we found some differences in threshaldeful monitor of the level of consciousness irrespective of
and mean values of both measurements during repeapedfound analgesia with alfentaril.However, Howell and
transitions between consciousness and unconsciouthesmlleagues studied volunteers who were not undergoing
Compared with the present study, there were lower threshalargery.
values of AER4ex and BIS with 100% specificity for In another study of volunteers undergoing anaesthesia
unconsciousness. In the previous study of repeated tramgthout surgery, Alkire demonstrated that BIS correlated
itions, there were also lower threshold values of BIS anglith changes in brain metabolism induced by anaesthesia,
AEP,4ex With 85% sensitivity for consciousness. Thereneasured using positron emission tomography (FET).
were also differences in mean conscious and unconscid\lgire’s study necessitated measurements during steady-
values, with lower mean conscious AER. and higher state conditions in volunteers not subjected to surgical
mean unconscious BIS values in the previous study. Thesténuli, a situation that almost never occurs during normal
differences were possibly because of a lack of premedicainical practice. We may speculate that there is a specific
drugs used in the present study, the greater influence thafldS arousal centre in the brainstem reticular formation
lag between changes in the measurements and changethat determines whether consciousness is present. The
anaesthetic concentration would have had in the previoausal centre may be ‘switched on’ during consciousness
study and the sedative effects of anaesthetic drugs and ‘switched off’ during unconsciousness from any cause.
conscious values in the previous study. However, bothBIS reflects the global EEG (as opposed to arousal centre
studies demonstrated the superiority of ARE over BIS activity), then it would correlate with anaesthetic-induced
in detecting the transition from unconsciousness to coohanges in brain metabolism during steady-state conditions
sciousness and the statistically significant differend@lkire’s study), and increase gradually at the end of
between all mean conscious AER, values and mean anaesthesia when anaesthetic drugs are discontinued (the
unconscious values. present study). During recovery from anaesthesia, global
When monitoring depth of anaesthesia, changes indudeHG activity may increase progressively when anaesthetic
by light anaesthesia are partially reversed by surgicdiug administration ceases, while the arousal centre may
stimulation?>-27Previous studies have reported that stimulaemainswitched off until return of consciousness. A monitor
tion produces an EEG arousal response that is detectdédglobal cortical EEG activity would therefore show a
by BIS28 22 However, we found that only AER., was gradual increase in measurements at the end of anaesthesia,
significantly higher after patient movement in response tghile a monitor that measures activity of the arousal centre
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Surgery Movement

AEP,

Index

. . B Autonomic
Stimulation — Arousal — offects
A L,
Analgesics Hypnotics BIS

Fig 5 Schematic diagram of the interaction between surgical stimulation, analgesia and hypnosis. Analgesic agents decrease the stimulating effects of
surgery and reduce the requirements for hypnotic agents. BIS appears to measure the effect of the hypnotic agent at time Ayhileréd\idres
a measure of the overall balance between surgery, analgesia and hypnosis at time B.

may demonstrate a more sudden change at the pointAxf:knowledgements
recovery of consciousness. The present study and previQSthank pr D. Russell for assistance, and Aspect Medical Systems for
studies by our group demonstrated this sudden increasdeimiing us the A-1000 EEG monitor.
AEP|4exON regaining consciousness, and a gradual increase
in BIS during recovery from anaesthesia. AR was also
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