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Nowadays many anesthesiologists feel the need
to monitor depth of anesthesia during total

intravenous anesthesia, even though it is not a
standard technique worldwide. The A-line

Autoregressive Index (AAI) and the Spectral
Entropy (SE) are two commercially available index-
es of anesthetic depth widely used in clinical prac-
tice. The A-line ARX Index (AAI) is an adaptive

A B S T R A C T

Aim. Target controlled infusion intravenous anesthesia is a growing phenomenon. Nowadays, many anesthesiologists
feel the need to monitor depth of anesthesia during total intravenous anesthesia, even though it is not a standard tech-
nique worldwide. Spectral Entropy (SE) is a relatively new depth of anesthesia index. The aim of this study was to inves-
tigate whether predicted site-effect propofol concentrations, A-line Autoregressive Index (AAI) and SE values are use-
ful for predicting loss of verbal contact (LVC) and loss of consciousness (LOC) during steady-state conditions. 
Methods. Forty-four patients scheduled for elective major abdominal surgery were recruited. All patients were
unpremedicated. A target controlled infusion of propofol was administered using Schnider’s pharmacokinetic mod-
el. The initial propofol infusion  provided a site-effect concentration of 1.0 mcg mL-1, and was increased stepwise by
1.0 mcg mL-1 every 4 minutes until the concentration reached 6.0 mcg mL-1. A 4 minute interval was chosen to
assure that steady state site-effect concentrations were obtained. AAI, SE and propofol site-effect concentrations were
recorded when LVC occurred and also when LOC occurred. Population values for predicted site-effect concentra-
tions at the clinical endpoints were estimated and correlated with AAI and SE values. 
Results. In our study for LOC the effect-site concentration to include 90% of patients was 5.85 ?mcg mL-1 (5.70-5.90)
and 3.4 mcg mL-1 (3.24-3.60) for LVC. In this study, 90% of patients lost verbal contact at an AAI value of 68 (64.6-
71.4) and an SE value of 68.2 (66.2-70.2). LOC occurred in 90% of patients at an AAI value of 39.2 (37.2-41.1)
and an SE value of 40.2 (38.1-41.3). 
Conclusion. LOC and LVC occur within a defined range of predicted site-effect concentrations. More emphasis
should be given to site-effect concentrations. SE and AAI have similar values at different endpoints and similar corre-
lation with Ceprop. AAI and SE are both useful tools in predicting both LVC and LOC. 
(Minerva Anestesiol 2009;75:692-7)
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method for extracting MLAEP from the electroen-
cephalogram using an autoregressive model with
exogenous input. This technology is incorporated
in the A-line System (A-line Monitor; Alaris
Medical System Inc., San Diego, CA, USA). SE is
an alternative approach for assessingdepth of anes-
thesia that quantifies the degree of spatial and tem-
poral integration of cerebral neuronal activity using
entropy principles.

The time-honored concept of minimum alve-
olar concentration (MAC) for volatile anesthet-
ics is widely used to clinically ensure that patients
are receiving sufficient anesthesia   to prevent
awareness.1

A similar concept exists for intravenous anes-
thetic agents and is referred to as the effective con-
centration 50 or EC50.2 It is defined as the con-
centration of an i.v. anesthetic at which 50% of
patients will not respond to skin incision. This
concept is a clinically useful concept as it is now
possible to predict concentrations of propofol in
the blood and at the site-effect using different
pharmacokinetic models.3, 4

The aim of the study was to determine which
value of predicted site-effect propofol concentra-
tions, AAI or SE, best predicts two different clin-
ical endpoints: loss of verbal contact (LVC) and
loss of consciousness (LOC) during steady-state
conditions.

Materials and methods

Forty-four patients undergoing elective major
thoraco-abdominal surgery were recruited. The
study was approved by the University Ethics
Committee and all patients gave written informed
consent. Exclusion criteria were age <18 or >65,
recent administration of sedative or opioid drugs,
and renal, hepatic, cardiac or respiratory function
impairment. No sedative or opioid drugs were
administered before induction of anesthesia. All
patients had a 16 G and an 18 G venous cannula
inserted in the forearm for fluid infusion and anes-
thetic drug administration, respectively. Standard
monitoring was established. Monitoring for AAI
and EEG State Entropy was established before
drug administration, and sensors were positioned
according to the manufacturer’s instructions.

The AAI (AEP/2 version) from the MLAEP

was calculated using the A-line® monitor
(Danmeter A/S, Odense, Denmark). The AAI val-
ue ranges from 100 to 0. The MLAEPs were elicit-
ed with a bilateral click stimulus of 70-dB inten-
sity and 2-ms duration. Three electrodes (A-line®

AEP electrodes; Danmeter A/S) were positioned at
the mid forehead (+), left forehead (reference),
and left mastoid (-). The MLAEP are automati-
cally extracted using a short moving-time average
technique together with an ARX model.

SE was calculated using the M-ENTROPY
module (Datex-Ohmeda Inc., Madison, WI,
USA). The SE value ranges from 91 to 0. Entropy
values were derived from the frontal electroen-
cephalogram and electromyogram using three elec-
trodes. SE is computed over the frequency range
from 0.8 to 32 Hz. It includes the electroen-
cephalogram-dominant part of the spectrum. The
time windows for SE are chosen optimally for each
particular frequency component and range from
60 to 15 s.

The SE is a relatively new approach for assess-
ing depth of anesthesia that quantifies the degree
of spatial and temporal integration of cerebral neu-
ronal activity using entropy principles.5

A target controlled infusion of propofol was
administered using the Base Primea Infusion
System (Fresenius-Vial) according to Schnider’s
pharmacokinetic model.6 This system displays pre-
dicted site-effect concentrations (estimates of the
drug concentration at its site of action). The tar-
get site-effect concentration of propofol was com-
puted to yield a time to peak effect 4 of 1.6 min as
published by Schnider 7 and clinically confirmed
by Struys.8 The initial propofol infusion was to
provide a site-effect concentration of 1.0 mcg mL-1,
and it was increased stepwise by 1.0 mcg mL-1

every four minutes until the concentration reached
6.0 mcg mL-1. A four minute interval was chosen
to assure that steady state site-effect concentra-
tions were obtained.9 At each step, the Observer’s
Assessment of Alertness/Sedation Scale was per-
formed to clinically measure the level of seda-
tion.10, 11

AAI, State Entropy and propofol predicted site-
effect concentrations were recorded when both
loss of verbal contact and LOC occurred. All
patients received 100% oxygen during the study.
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Statistical analysis

A quantal response model (probit analysis) was
used to calculate EC05, EC50, and EC95 at each
end-point based on predicted site-effect concen-
trations, and the probability of LVC and LOC
was calculated using logistic regression. The curves
were fitted using the likelihood ratio goodness-of-
fit test.

The standard logistic model for propofol con-
centrations with AAI and SE is the following:
P=C+(1-C)(1/1+e-(βo+ β1x1). where P is the prob-
ability of unconsciousness for predicted site-
effect concentration or the probability of con-
sciousness for AAI and SE, C is the initial esti-
mate of the natural response rate, β0 is the inter-
cept and β1 is the estimate of the coefficients of
the independent variable x1 (propofol concen-
tration, AAI or SE).12 The ability of AAI and SE
to describe LVC and LOC was evaluated using
prediction probability (Pκ). Pκ represents a meas-
ure of performance by which an indicator cor-
rectly predicts the rank order of an arbitrary pair
of distinct observed anesthetic depths. An ideal
anesthetic depth indicator is described by a
monotonic decreasing or increasing function.
The prediction probability Pκ has a value of 1
when the indicator predicts the observed anes-
thetic depth perfectly and the correlation is pos-
itive. Pκ has a value of 0 when the indicator pre-
dicts the observed anesthetic depth perfectly and
the correlation is negative. Pκ has a value of 0.5
when the indicator predicts the outcome no bet-
ter than chance. For each electroencephalograph-
ic measure of anesthetic drug effect, we calcu-
lated the prediction probability (Pκ) developed
by Smith et al.13 Pκ was calculated using the Pκ
Macro Sheet (Excel-Windows). 

A sample size of 44 was determined by a pow-
er analysis based on the following assumptions:
1) a five-point variation of SE, AAI would be clin-
ically significant; 2) alpha=0.05; d) beta=0.1. 

Data analysis was performed with SPSS Software
Version 10.1 Windows XP and GraphPad Prism
Software Version 6.0 Windows XP. 

Results

Forty-four patients were studied. The demo-
graphic data are as follows: 20 male/24 female, 18

ASA I / 26 ASA II, age (years) 48.7±10.6, height
(cm) 165.3±7.1, BMI (kg/m2) 23±2.5.

Induction of anesthesia was smooth in all cas-
es, although 14 patients (34%) reported burning
pain during injection of propofol. Hemodynamic
parameters remained stable despite a non-clini-
cally significant decrease in mean arterial pressure;
no clinically important hypotension occurred.
Heart rate, mean arterial blood pressure and oxy-
gen saturation were recorded at baseline, when
LVC occurred and at LOC (Table I). 

At baseline before any drug administration, AAI
and SE values were 97.2±1.3 (95-98) and
91.00±0.8 (89-92), respectively.

When LVC occurred the site-effect EC05, AAI
and SE were 1.2 mcg mL-1 (1.1-1.2), 84.2 (81.7-
86.7), and 79.5 (76.5-82.5), respectively; the site-
effect EC50, AAI and SE were 2.3 mcg mL-1 (2.2-
2.4), 73.4 (70.0 -76.8), and 71.2 (68.2-74.2),
respectively; the site-effect EC90, AAI and SE
were 3.4 mcg mL-1 (3.2-3.6), 68 (64.6-71.4), 68.2
(66.2-70.2), respectively.

When LOC occurred the site-effect EC05, AAI
and SE were 2.95 mcg mL-1 (2.8-3.1), 70.4 (67.4-
73.8), and 68.4 (64.2-72.6), respectively; the site-
effect EC50, AAI and SE were 4.2 mcg mL-1 (4.0-
4.3), 58.4 (53.4 - 62.4), and 52.3 (49.7-54.8),
respectively; the site-effect EC90, AAI and SE
were 5.9 mcg mL-1 (5.7-5.9), 39.2 (37.2- 41.1)
40.2 (38.1-41.3), respectively. No gender differ-
ences were observed in any of the endpoints either
for AAI or SE (χ2≥0.05). The ability of the indi-
cators to predict LVC and LOC are presented as Pκ
values. The Pκ’s of AAI for LVC and LOC were
0.86 (0.03) and 0.84 (0.01), respectively, while
the Pκ values of SE for LVC and LOC were 0.93
(0.04) and 0.91 (0.03), respectively. Pκ values did
not differ significantly. 

The probabilities of LVC and LOC versus pre-
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TABLE I.—Cardiovascular and respiratory data. 

Baseline Loss of verbal Loss of
contact consciousness

Heart rate (bpm-1) 77.3 (9.1) 82.2 (8.4) 78.4 (7.2)*
Mean arterial pressure
(mmHg) 80.5 (9.2) 84.6 (6.4) 76.3 (5.5)*
SaO2 (%) 98.5 (1.1) 99.0 (1.0) 99.1 (0.8)*

Mean (SD) . *P<0.001 (Student’s t-test).
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dicted site-effect propofol concentrations are shown
in Figures 1, 2.

Good correlation was found between AAI and
propofol predicted site-effect concentrations
(r2=0.77) and correlation between SE and propofol
predicted site-effect concentrations well (r2=0.88). 

Bland-Altman plot was used to compare the
two measurement systems. SE and AAI showed
good comparability (mean difference: 2.1). The
upper and lower limits of agreement were 26.9
and 31.1, respectively. AAI and SE differed by
more than 20% only in eight cases of over 140
measurements (5.7%) (Figure 3).

Discussion

The aim of the study was to investigate whether
predicted site-effect propofol concentrations and

values of SE and AAI are useful in predicting LVC
and LOC.13 Awareness is a danger when neuro-
muscular blocking agents are used because the
most important sign of awareness, patient move-
ment, is abolished. Anesthesiologists have used
the concept of MAC to ensure they are delivering
sufficient volatile anesthetic to ensure patient
unconsciousness. The EC50 is a concept analo-
gous to MAC and can be an estimate of how much
intravenous drug needs to be administered to
obtain an effect in 50% of the population.14

Unfortunately, unlike volatile agents, drug con-
centrations cannot be measured in real time but
they can be predicted by using pharmacokinetic
models. Equilibration of the site-effect with the
blood concentration takes four to five times the
keo half-life [T1/2(keo)], where T1/2 (keo)= 0.693/keo.
We used Schnider’s pharmacokinetic model, which
uses a keo of 0.45 min-1, resulting in a time to
peak effect of 1.6 min and a site-effect steady state
concentration in approximately four minutes.9 A
pharmacokinetic model widely used in target con-
trolled infusion anesthesia uses a keo of 0.2 min-1

and would take approximately 15 minutes for
blood and site-effect concentrations to equili-
brate.15

We believe that the ability to clearly display site-
effect concentration should be an integral part of
any TCI system and that during induction and
recovery predicted site-effect concentrations are
clinically more useful than predicted blood concen-
trations. 
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Figure 1.—Predicted site-effect concentrations of propofol (mcg
mL-1) vs. probability of LVC.
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Figure 2.—Predicted site-effect concentrations of propofol (mcg
mL-1) vs. probability of LOC.
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Figure 3.—Bland Altman analysis.
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For LVC the value of site-effect concentrations
to include 90% of patients was 3.4 mcg mL-1 and
5.9 mcg mL-1 for LOC . Although the range of
predicted blood concentrations is useful in the
assessment whether a patient is unconscious, nei-
ther the MAC nor the predicted concentration
range guarantees lack of awareness. A previous
study 16 compared the behavior of two calcula-
tions of electroencephalographic spectral entropy,
SE and response entropy (RE) with the AAI and
the Bispectral Index (BIS) as measures of anes-
thetic drug effects. They compared the measures
for baseline variability, burst suppression, and pre-
diction probability. They also developed pharma-
codynamic models relating SE, RE, AAI, and BIS
to the calculated propofol site-effect concentra-
tion (Ceprop). Although all within the acceptable
range, prediction probability and individualized
Spearman’s rank correlation were highest for BIS,
lower for AAI and the lowest for SE.

In our study, we tried to achieve a steady-state
concentration of propofol in the site-effect, which
was not reached in the previous study, to better
determine the pharmacodynamic effects in the
individual. We believe that in our study higher
EC90 values for LOC are due to the fact that our
study was conducted in steady state conditions,
while previous data 12, 17 were collected in non-
steady state conditions. Furthermore, in our study
Schnider’s pharmacokinetic model was used, while
other authors have used Marsh’s pharmacokinet-
ic model. For a cerebral monitor to be reliable in
assessing the depth of anesthesia, it should display
a strong correlation between the observed variable
(e.g., SE, AAI) and the patient’s state of conscious-
ness, with no correlation with the anesthetic drugs
and with minimal patient intervariability. In a
recent editorial, Kalkmann and Drummon 18 sug-
gested that these conditions have not yet been
achieved with any of the available cerebral moni-
toring devices.

In our study for LOC the value of effect-site con-
centrations to include 90% of patients was 5.85
mcg mL-1 (5.70-5.90) and 3.4 mcg mL-1 (3.24-
3.60) for LVC. In this study 90% of patients lost ver-
bal contact at an AAI value of 68.2 (64.6.-71.4)
and an SE value of 68.2 (66.2-70.2). LOC occurred
in 90 % of patients at an AAI value of 39.2 (37.2-
41.1) and at an SE value 40.2 (38.1-41.3). The

range of SE is similar to the range of AAI, but SE
showed a higher correlation with propofol predict-
ed-site concentrations; thus AAI and SE are both
useful in predicting LVC and LOC. 

This study has some limitations: it was done
on a small specific population and uses a specific
anesthetic technique and pharmacokinetic mod-
el that do not reproduce the general anesthesia
population. SE and AAI appeared to be compa-
rable in predicting both LVC and LOC. However,
further studies using the SE monitor in larger sur-
gical populations are needed to determine its future
role in clinical practice. 

References

1. Zbinden AM, Maggiorini M, Petersen-Felix S, Lauber R,
Thomson DA, Minder CE. Anaesthetic depth defined using
multiple noxious stimuli during isoflurane/oxygen anesthe-
sia. Motor reactions. Anesthesiology 1994;80:253-60.

2. Smith C, McEwan AI, Jhaveri R, Wilkinson M, Goodman D,
Smith LR et al. The interaction of fentanyl on the Cp50 of
propofol for loss of consciousness and skin incision.
Anesthesiology 1994;81:820-8.

3. White M, Kenny GN. Intravenous propofol anesthesia using
a computerised infusion system. Anesthesia 1990;45:204-9. 

4. Shafer SL, Gregg KM. Algorithms to rapidly achieve and
maintain stable drug concentrations at the site of drug effect
with a computer-controlled infusion pump. J Pharmacokinet
Biopharm 1992;20:147-69.

5. Bruhn J, Bouillon TW, Radulescu L, Hoeft A, Bertaccini E,
Shafer SL. Correlation of approximate entropy, bispectral
index, and spectral edge frequency 95 (SEF 95) with clinical
signs of “anaesthetic depth” during coadministration of propo-
fol and remifentanil. Anesthesiology 2003;98:621-7.

6. Schnider TW, Minto CF, Gambus PL, Andresen C, Goodale
DB, Shafer SL et al. The influence of method of administra-
tion and covariates on the pharmacokinetics of propofol in
adult volunteers. Anesthesiology 1998;88:1170-82.

7. Schnider TW, Minto CF, Shafer SL, Gambus PL, Andresen
C, Goodale DB et al. The influence of age on propofol phar-
macodynamics. Anesthesiology 1999;90:1502-16.

8. Struys MM, De Smet T, Depoorter B, Versichelen LF, Mortier
EP, Dumortier FJ et al. Comparison of plasma compartment
versus two methods for effect compartment-controlled tar-
get-controlled infusion for propofol. Anesthesiology
2000;92:399-406.

9. Struys MM, Jensen EW, Smith W, Smith NT, Rampil I,
Dumortier FJ et al. Performance of the ARX-derived audi-
tory evoked potential index as an indicator of anaesthetic
depth: a comparison with bispectral index and hemodynam-
ic measures during propofol administration. Anesthesiology
2002;96:803-16.

10. Chernik DA, Gillings D, Laine H, Hendler J, Silver JM,
Davidson AB et al. Validity and reliability of the observer's
assessment of alertness/sedation scale: study with intravenous
midazolam. J Clin Psychopharmacol 1991;10:244-51.

11. Abbott/American Association of Critical-Care Nurses; Saint
Thomas Health System Sedation Expert Panel Members.
Consensus conference on sedation assessment. A collaborative
venture by Abbott Laboratories, American Association of
Critical-Care Nurses, and Saint Thomas Health System. Crit
Care Nurse 2004;24:33-41.

12. Milne SE, Troy A, Irwin MG, Kenny GN. Relationship

MINERVA MEDICA COPYRIGHT®



between bispectral index, auditory evoked potential index
and site-effect EC50 for propofol at two clinical end-points.
Br J Anaesth 2003;90:127-31.

13. Smith WD, Dutton RC, Smith NT. Measuring the perform-
ance of anaesthetic depth indicators. Anesthesiology 1996;
84:38-51.

14. Kodaka M, Okamoto Y, Koyama K, Miyao H. Predicted val-
ues of propofol EC50 and sevoflurane concentration for inser-
tion of laryngeal mask Classic and ProSeal. Br J Anesth
2004;92:242-5.

15. Coetzee JF, Glen JB, Wium CA, Boshoff L. Pharmacokinetic
model selection for target controlled infusions of propofol.

Assessment of three parameter sets. Anesthesiology 1995;82:
1328-45.

16. Vanluchene ALG, Vereecke H, Thas O, Mortier EP, Shafer SL,
Struys MM. Spectral Entropy as an Electroencephalographic
Measure of Anaesthetic Drug Effect A Comparison with
Bispectral Index and Processed Midlatency Auditory Evoked
Response. Anesthesiology 2004;101:34-42.

17. Irwin MG, Hui TW, Milne SE, Kenny GN. Propofol effec-
tive concentration 50 and its relationship to bispectral index.
Anesthesia 2002;57:242-8.

18. Kalkman CJ, Drummond JC Monitors of depth of anesthe-
sia, quo vadis? Anesthesiology 2002;96:784-7.

MINERVA MEDICA COPYRIGHT®

Received on July 9, 2009 - Accepted for publication on September 10, 2009.
Corresponding author: M. Iannuzzi, Department of Experimental Medicine, Pharmacology Section, Second University of Naples, Naples,
Italy. E-mail: micheleiannuzzi@libero.it

Vol. 75 - No. 12 MINERVA ANESTESIOLOGICA 697

A-LINE AUTOREGRESSIVE INDEX, STATE ENTROPY AND STEADY STATE PREDICTED SITE-EFFECT EFFECTIVE IANNUZZI
CONCENTRATION OF PROPOFOL


