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Introduction

Anaesthesia facilitates a wide variety of surgical procedures. Patients generally receive a
combination of anaesthetic and analgesic agents to induce and maintain an adequate depth
of anaesthesia and analgesia. In addition to anaesthesia and analgesia, muscle relaxation is
provided using muscle relaxants, facilitating the surgical procedure. Next to the positive
effects of anaesthetic agents in maintaining unconsciousness, analgesia and muscle
relaxation, these agents potentially compromise the autonomic stability of the patient.
Thorough knowledge of the pharmacokinetics and pharmacodynamics of these agents
enables the anaesthesiologist to administer a combination that offers the most stable
anaesthetic with the shortest possible induction and recovery times and optimal operating

conditions with the least incidence of adverse effects.

In contrast to the past practice of administering anaesthesia on the basis of knowledge of the
needs of the population, modern anaesthesia focuses on the individual needs of the patient.
To focus the administration of intravenous anaesthetics on the individual needs of the

patient, the anaesthesiologist has three strategic tools.

The first and most important tool is the pharmacological knowledge that has been gathered
over the past 20-30 years. From this body of knowledge, the anaesthesiologist may take data
that allows him or her to adjust the administration of the various anaesthetic agents to the
specific need of the individual patient. In this way, each individual patient may experience
rapid induction, stable maintenance and rapid recovery from anaesthesia without serious

adverse effects.

The second tool to optimize intravenous anaesthesia is the application of state-of-the-art
intravenous drug administration techniques. Until recently, intravenous anaesthetic agents
were administered either as a bolus doses or by manually controlled infusion pumps, but now
target-controlled infusion is the state of the art and is increasingly gaining interest from the
clinical anaesthesiologist. Target controlled infusion offers significant advantages over
conventional administration methods for intravenous agents and thereby allows for further

optimization and individualization of intravenous anaesthesia.

The third and last tool to optimize intravenous anaesthesia is the use of the most recent CNS
monitoring techniques. The past 20-30 years saw an intense search for a reliable parameter
to track the depth of anaesthesia. So far, monitoring the depth of anaesthesia is still a utopia.
However, with respect to the monitoring of the level of (un)consciousness, considerable
progress has been made. This has resulted in the clinical introduction of the bispectral index



monitoring (BIS). The bispectral index, a mathematical derivative of the
electroencephalogram (EEG), closely correlates with the state of the unconsciousness and
the concentration of various anaesthetic agents. As such, it may be used to guide the
administration of intravenous agents and may thus lead to a more controlled anaesthesia

that again is better tailored to the individual needs of the patient.

This manuscript describes the current status of the application of these three strategic tools

to optimize the administration of propofol-opioid anaesthesia.



1. Pharmacokinetic-Pharmacodynamic Knowledge

In everyday clinical practice, anaesthesiologists are faced with dose-effect relationships of
both opioids and intravenous anaesthetic agents that exhibit a wide interindividual variability.

This interindividual dose-effect variability of anaesthetic agents is caused by both
pharmacokinetic and pharmacodynamic differences between patients. The pharmacokinetic
variability is in the order op 70%. With a propofol infusion rate of 10 mg/kg/h, blood propofol
concentrations may vary between patients between 3 and 5 mg/L. Differences in cardiac
output, hepatic perfusion, protein binding and enzyme activity are responsible for these
interindividual pharmacokinetic differences.®®

The pharmacodynamic variability is much larger, in the order of 300-400%. During induction
of anaesthesia with a target-controlled infusion of propofol, some patients already lose
consciousness at a target of Img/L, whereas others need 4-5 mg/L to experience the same
effect. Factors that are responsible for this huge pharmacodynamic interindividual variability
still remain obscure, but genetic differences in receptor pharmacology may play an important
role. @

Next to the pharmacokinetic and pharmacodynamic variability of single agents, the
administration of two or more agents together gives rise to pharmacokinetic and
pharmacodynamic interactions. Anaesthesiologists combine anaesthetic agents on a daily
basis because the provision of anaesthesia on the basis of a single agent is associated with
significant adverse effects compromising hemodynamic and/ or respiratory function, affecting
operating conditions, and/or postponing postoperative recovery. Because of the small
therapeutic window, a detailed characterization of anaesthetic agents and their interactions is
required to allow a proper selection of the various intravenous agents and their combinations,
and to obtain an optimal therapeutic pharmacological effect in the absence of significant
adverse effects.

In this section we describe the pharmacology of propofol and the four most uses opioids
(fentanyl, remifentanil, alfentanil and sufentanil) when given as sole agents and when given
in combination. Finally, the optimal concentration combinations of propofol with the various

opioids are defined for various endpoints.”®



1.1 Pharmacology of propofol

Propofol, a lipophilic agent, has a fast onset and short duration of action due to a rapid
penetration through the blood-brain barrier and distribution to and from the CNS followed by
redistribution to inactive tissue depots such as muscle and fat. © Propofol pharmacokinetics
are best described on the basis of a three compartment model (table 1). The short effect-site
equilibration half-life and the small central compartment are responsible for its time peak
effect of only two minutes. The larger volumes of distribution, combined with a clearance that
equals hepatic perfusion, are associated with a context sensitive half-time that only increases
from about 20 to about 30 minutes with infusion durations increasing from 2 to 8 hours.
Consequently, propofol is very well suited for continuous infusion techniques. Its high
clearance and redistribution, even after prolonged infusion, allow for a rapid return to
consciousness even after many hours of anaesthesia. Propofol as a single agent for
anaesthesia, without opioid pre-treatment, causes loss of consciousness in 50% of the
patients (ECs,) at a blood concentration of 3.4 mg/L. Propofol may be used as a
monoanaesthetic agent during surgery. Then blood concentrations in excess of 10-12 mg/L

are required to suppress responses evoked by surgical stimulation. ¢°*?

| (13

Propofol dosage schemes should be adjusted for age and sex. Schnider et al. *® described

the relation ship between dose, age and blood concentrations for loss of consciousness in

healthy non —premedicated volunteers. In this study, the ECx, for loss of consciousness was

2.4, 1.8 and 1.3 mg/L in volunteers aged 25, 50 and 75 years, respectively™® Children
require a higher induction dose as result of a larger central compartment, ** whereas elderly
patients require a lower induction dose as a result of smaller central compartment and a

(1518 As well as the relatively larger central compartment in children, the

reduced clearance.
clearance is increased to a lesser extent. The application of target-controlled infusions of
propofol in children using adult pharmacokinetic parameter sets will therefore cause a
divergence of the blood concentration from the desired target concentration. Elderly female
patients need a higher dosage of propofol compared with males because of a higher

clearance rate. *”

Cytochrome P450 (CYP) 2B6 is predominantly involved in the oxidation of propofol, ®®
whereas part of the propofol hydroxylase activity is mediated by CYP2C9 in human liver,
especially in lower substrate concentrations. Moreover, propofol is metabolized by additional
isoforms such as CYP2A6, 2C8, 2C18, 2C19 and 1A2, especially when substrate
concentrations are high. This low specificity of CYP isoforms may contribute to low
pharmacokinetic interindividual variability of propofol (70%) and to the low level of metabolic

drug interactions observed with propofol. 9



Table I. Pharmacokinetic and pharmacodynamic parameters of propofol and the opioids. Various pharmacokinetic parameter sets are available
in the literature for all of these agents, but population pharmacokinetic data are available only for propofol, remifentanil and alfentanil. These

population pharmacokinetic parameter sets may therefore be best applicable in a population that varies greatly in age, weight and gender.

Parameter and unit  Propofol(20)? Fentanyl® Remifentanil®? Alfentanil® Sufentanil®?
Vi (L) 4.27 8.9 4.98 8.9 14.3
V, (L) 24.0 50.3 9.01 13.8 63.1
Vs (L) 238 2955 6.54 121 261.6
CL; (L/min) 0.68 0.63 2.46 0.36 0.92
CL, (L/min) 1.60 4.83 1.69 0.93 155
CLs (L/min) 0.836 2.23 0.065 0.15 0.33
t1s,keO (min) 2.40 4.70 0.90 1.10 5.87
EC50 (ug/L) 3400° 1.1° 4.7° 90° 0.14°

a Model estimation for patient 40 years, 180 cm and 80 kg.
b For loss of consciousness
c Optimal ECsx in the presence of propofol

Cl; = elimination clearance; Cl, = rapid distribution clearance; Cl; = slow distribution clearance; ECs, = 50% effective concentration for loss of

consciousness (propofol) or adequate analgesia (opioids); t¥2keO = effect site equilibration half-time; V; = volume of central compartment;

\/, = volume of rapidly equilibrating peripheral compartment; V; = volume of slow equilibrating peripheral compartment.




Propofol inhibits CYP 2A1 (phenacetin O-de-ethylation), CYP2C9 (tolbutamide 4'-
hydroxylation), CYP2D6 (dextromethorphan O-demethylathion) and CYP3A4 (testosterone
6B-hydroxylation) activities with 50% inhibitory concentrations (ICso) of 40, 49, 213 and 32
pmol/L, respectively. ¢

Propofol induces a marked loss of sympathetic tone in healthy volunteers. Cardiac and
sympathetic baroslopes are significantly reduced with propofol, especially in response to
hypotension, suggesting that propofol induced hypotension may be mediated by an inhibition
of the sympathetic nervous system and impairment of baroreflex regulatory mechanisms. ©®
Loss of vascular tone in arteries, as a result of a reduced Ca?" influx, may also contribute to
the hypotension following induction with propofol. “” Reduction of cardiac muscle contraction
is a result of reduced free systolic Ca®* concentration in myocardial cells (28) resulting in a
negative inotropic state of the cardiac muscle by propofol. Especially in elderly patients, this
may contribute to propofol induced hypotension, giving rise to the need for adjusted induction
schemes for propofol in the elderly. Propofol, even at low doses, depresses the ventilatory
response to acute hypoxic incidents. The depression of the acute hypoxic response results
from an exclusive effect within the central chemoreflex loop at the central chemoreceptor.
(29,30)

These adverse effects of propofol may lead to severe haemodynamic and respiratory
depression, especially in patients with a more fragile homeostatic balance such as elderly
and those with cardiovascular and respiratory diseases. This furthermore stresses the

importance of individualisation of anaesthetic drug administration.



1.2. Pharmacology of Opioids

The pharmacology of the four most commonly used opioids, fentanyl, alfentanil, remifentanil
and sufentanil, has been studied extensively. The opioids differ in their pharmacokinetics but,
by acting at similar receptor sites, exhibit comparable pharmacodynamics. Table | gives an

overview of representative pharmacokinetic parameters of the four opioids. The effect site

equilibration half time (t4xe0) is fastest for alfentanil and remifentanil. (Table I) The context

sensitive half time of the four opioids gives an indication of the suitability of these agents to
be given by prolonged infusion.
Remifentanil has the most rapid pharmacokinetics of the four opioids. It has the shortest time

to peak effect as a result of its small central compartment and short t% 0. As a result of its

high rate of clearance of tissue esterases, remifentanil the shortest context-sensitive half-
time of only a few minutes even after continuous infusion for many hours or days. The
measured context-sensitive half-time of remifentanil after a 3 hour infusion was 3 minutes,
with an offset of respiratory depressant effect of about 5 minutes, whereas the measured
context-sensitive half-time of alfentanil was 47 minutes with an offset of about 54 minutes. %
Increasing the infusion duration hardly increases the time to a 50% reduction in the blood
remifentanil concentration after termination of the infusion. This is caused by the fact that
remifentanil reaches steady state very rapidly and thus becomes context-insensitive.
Alfentanil an sufentanil become context-insensitive after a few hours of infusion (figure 1),
whereas in the clinical situation fentanyl does not reach this state. Consequently, remifentanil
is generally administered by continuous infusion.

Remifentanil is eliminated from the blood through hydrolysis by blood and tissue esterases.
The metabolites formed do not contribute to the total effect of remifentanil. 2 In patients with
liver disease, even severe, the elimination half-life is not different from healthy volunteers, ¢
but with renal failure the main metabolite of remifentanil is excreted more slowly, may
accumulate and reach active concentrations. ®* The other opioids are metabolised through
the CYP enzyme system and clearance can not exceed hepatic perfusion. Due to differences
in redistribution and clearance, the context-sensitive half time increases in the order
sufentanil<alfentanil<<fentanyl (figure 1). Similarly, due to differences in effect site
equilibration and initial distribution, the time to peak effect after a bolus increases in the order
remifentanil<alfentanil<fentanyl<sufentanil (figure 2). Consequently, fentanyl, sufentanil and
alfentanil are given predominantly by bolus administration, with fentanyl being the least

suitable for use in continuous infusion techniques



Fentanyl
— Alfentanil
—- — Sufentanil
————— Remifentanil

CSHT (min)

Time (min)

Figure 1: Context-sensitive Half-times (CSHT; the time required after termination of an infusion for the
blood concentration to drop by 50%) for the opioids fentanyl, alfentanil, sufentanil and remifentanil.

——— Fentanyl
— Alfentanil
- - Sufentanil

----- Remifentanil
200 -~

Opioid equivalent concentration (ug/L)

Time (min)
Figure 2: Computer simulations using the pharmacokinetic parameters as described in table | to
determine the time to peak effect for the four opioids when given as equipotent bolus in 15 seconds.



Age and lean body mass significantly influence opioid distribution and clearance. With

increasing age from 20 to 80 years, t'4.o iNncreases by approximately 50%; effect site

equilibration is thus considerable slower in the elderly. ©®

Lean body mass is also a
significant covariate in the distribution of remifentanil. In both young and elderly obese
patients, remifentanil dosage should be based on lean body mass rather than total body
mass. 2%

Pharmacodynamically, opioids are very much alike; they all produce physiological changes

consistent with potent y opioid receptor agonist activity, including analgesia and sedation.

The adverse effect profile (like that of other drugs in this class) includes ventilatory
depression, nausea, vomiting, muscular rigidity, bradycardia and pruritis. ¢ The potency
ratio between the opioids, although showing some variation throughout the literature, is such
that 1 pg/L of fentanyl is approximately equipotent to 0.1 pg/L of sufentanil, 70 pg/L alfentanil
and 2 pg/L remifentanil. This is not only for the major desired effect, analgesia, but also for

the adverse effects such as respiratory depression.



1.3 Pharmacokinetic interactions between Propofol and Opioids

The first suggestion of pharmacokinetic interactions between propofol and the various
opioids go back to 1993 when Schiitller and lhmsen ®®, revealed, on the basis of a mixed
effects modelling population pharmacokinetic analysis, that fentanyl and alfentanil both
decreased the volume of the central compartment and the clearance of propofol. More
recently, Pavlin et al. ®® showed that in the presence of alfentanil at plasma concentrations
of 40 pg/L, with patients still breathing spontaneously, blood propofol concentrations were
increased by 20%. Furthermore, Matot et al. ®® showed that the first pass pulmonary uptake
reduced from 60-40% after pretreatment with fentanyl. A reduced first-pass uptake of
propofol may indeed increase the initial blood propofol concentration after bolus dose
administration.

Conversely, both Gepts et al. “? and Pavlin et al.®® reported increased alfentanil
concentrations in the presence of propofol. This may be the result of inhibition by propofol of
the oxidative metabolism of alfentanil by CYP, which so far has only been described in vitro.
(4142 Also, sufentanil metabolism appears to be inhibited in the presence of propofol. Other
sedative agents that interfere with the metabolism of opioids are midazolam and
dexmedetomidine, which have been shown to inhibit the metabolism of alfentanil and
eltanolone (pregnanolone). “*43

Recently, two pure pharmacokinetic interaction studies have shed more light on interactions
between propofol and opioids. In the presence of a constant blood propofol concentration of
1.5 mg/L, the pharmacokinetics of alfentanil were significantly altered.“* Propofol increased
mean plasma alfentanil concentrations by approximately 15%. Propofol decreased the
elimination clearance (Cl,) of alfentanil by 15%, rapid distribution clearance (CL,) by 68%,
slow distribution clearance (CL3) by 51% and lag-time by 62%. Mean arterial pressure and
systemic vascular resistance were significantly lower in the presence of propofol, suggesting
that the hemodynamic changes induced by propofol may be the cause of the
pharmacokinetic interaction. This pharmacokinetic interaction was furthermore expressed by
the prolonged context-sensitive half-time of alfentanil during combined infusion with propofol.
Propofol increased the context sensitive half time of alfentanil by 10-15% on average for
durations of infusion from 6-240 minutes, at which time alfentanil reaches a steady state and
decay becomes context insensitive.

Similarly, in the presence of alfentanil, propofol concentrations also increase. Alfentanil
reduces the metabolic clearance of propofol and increases the slow distribution volume. Next
to alfentanil, heart rate also proved a significant covariate on the mixed effects analysis of the
pharmacokinetics of propofol in this study. Tachycardia reduced the blood propofol

concentrations because of increased hepatic blood perfusion, whereas in the presence of



bradycardia blood propofol concentrations tended to be elevated. The authors conclude that
propofol has a flow limited clearance; all processes that influence liver blood flow might
influence blood propofol concentration. Tachycardia induced by perioperative stress or fever,
or bradycardia induced by B-adrenoreceptor agonists or co administered opioids, may,
through changes in cardiac output, significantly affect dose-concentration relationship for
propofol, thereby affecting its dose-effect relationship.“®

In conclusion, it becomes increasingly evident that propofol and the opioids affect each
other’s distribution and elimination. Further studies are necessary to evaluate the precise

mechanisms that cause these pharmacokinetic interactions.



1.4 Pharmacodynamic interactions between propofol and opioids.

1.4.1 Terminology

Bovill“® reviewed the methodology of the study of drug interactions in anaesthesia and
described four methods of interaction analysis: fractional analysis, isobolographic analysis,
the method of Plummer and Short and the parallel line assay. The response surface

.47 is the latest branch of the

modelling technique described recently by Minto et a
pharmacodynamic modelling tree. Each of these modelling techniques uses more or less the
same terminology. In general, four classes of drug interactions can be defined as

follows. #5849

Zero interaction is said to occur when the effect of the combination of two drugs is exactly the
sum of the individual agents. This is more often referred as an additive interaction. This
occurs when two agents do not really interact but simply provide their action next to one
another without influence. Inhalational anaesthetic agents generally exhibit an additive
interaction.

When the effect of the combination is greater than expected, as based on the concentration-
effect relationships of the individual agents, the interaction is said to be synergistic. Supra-
additivity or potentiation are often used as synonyms for synergism. One then needs
relatively less of the combination obtain a certain effect compared to when the agents are
given alone.

An infra-additive interaction is said to occur when the effect of the combination is less than
the sum of the effects of the individual agents. One needs relatively more of the combination
to obtain a certain effect to when the agents are give alone.

Lastly, antagonism is the situation where the effect of the combination is less than that of one
of the constituents. For example, the combined effect of alfentanil and nalaxone is less than

that of alfentanil alone.

1.4.2 Interactions is practice

Combinations of propofol (0.1-1 mg/L) and fentanyl (40ug/L) have enhanced the sedative
and analgesic properties. Although propofol has no analgesic properties, it can be used as a
monoanaesthetic agent at blood concentrations exceeding 10-12 mg/L in the absence of
opioids. Furthermore, propofol offsets the emetic effects of alfentanil (ECs, 0.5 mg/L),
whereas alfentanil induced pruritis persists.(38) With these concentrations, ventilation is only
moderately affected. Resting minute ventilation decreases by approximately 25%, in the
presence of a somewhat smaller reduction in CO, production of approximately 15%, resulting

in a moderate increase (41-46 mmHg) in the end-tidal partial pressure of CO..



Both fentanyl and alfentanil have been shown to decrease propofol requirements for

(1050} A fentanyl concentration of 3 pg/L and

induction of anaesthesia in a synergistic manner.
a plasma alfentanil concentration of 122 ug/L both reduce the blood propofol ECs, for loss of
consciousness by 40%. Although alfentanil reduces propofol requirements, the reduced
dosage requirements of propofol do not assure a more haemodynamically stable induction of
anaesthesia in American Society Anaesthesiology (ASA) status classification 1-2 patients,
because alfentanil potentiates the haemodynamically depressant effects of propofol to a
similar degree as it potentiates the its sedative effects. The interaction between fentanyl and
propofol is also a source of hemodynamic changes. Billard et al.®» have shown that the
mean decrease in systolic pressure after induction with propofol alone was 28 mm Hg, but 53
mmHg in the presence of fentanyl 2ug/kg. Hemodynamic changes post-intubation were not
different with increasing doses of propofol.®?

Intraoperative, propofol is also potentiated by opioids.®'? Propofol concentrations required to

blunt motor responses to skin incision in 50% of the patients (ECso nc) diminished greatly

with plasma fentanyl concentrations increasing from 0 to 3pg/L.*? Higher plasma fentanyl

concentrations, did not further reduce the ECx nc Of propofol, demonstrating a ceiling effect
for propofol dosage reduction by fentanyl. Intraoperatively, with a 5-fold increase in the
propofol concentration from 2-10 mg/L, alfentanil requirements were reduced by over 10-fold
in female patients undergoing gynaecological surgery.®*? For both alfentanil and fentanyl,
the magnitude of the interaction with propofol increases with the strength of the stimulus (the
concavity of the isobole for loss of eyelash reflex or loss of consciousness < skin incision <
intra-abdominal surgery). Lastly, alfentanil has been shown to affect the propofol
concentrations at which patients awake postoperatively. In the presence of still significant
alfentanil concentrations of 150ug/L, the blood propofol concentration had to decrease to
0.5-1 mg/L before patients regained consciousness, whereas with plasma concentrations of
alfentanil below 50 pg/L patients awoke at blood propofol concentrations of 2-3 mg/L.® For
remifentanil and propofol, the interaction for intraoperative endpoints and awakening run
parallel to those between alfentanil and propofol. In general, one may conclude that propofol
concentrations at which patients regain consciousness are affected by the degree of painful
stimulation postoperatively and the opioid concentration. The extend of reduction in propofol
ECs for intraoperative anaesthetic stability is similar for alfentanil and remifentanil, with a
potency ratio of alfentanil to remifentanil of 35:1.¢*?

By computer simulation, based on both pharmacokinetic and pharmacodynamic interaction
data, the optimal propofol-alfentanil concentration combination has been defined that

assures both adequate anaesthesia and the most rapid possible recovery in 50% of



patients.® This optimal propofol-alfentanil concentration combination has been determined to
be a blood propofol concentration of 3.5 mg/L in the presence of 85 ug/L alfentanil. After
termination of a 5-hour target controlled infusion with these concentrations, 50% of the
patients will regain consciousness after 16 minutes. With higher propofol concentrations the
postoperative surplus of propofol will postpone recovery, whereas in the presence of lower
propofol concentrations the higher intraoperative alfentanil concentrations will delay
recovery. With the use of pharmacokinetic-pharmacodynamic computer simulation, this
optimal propofol concentration is affected by both the choice of the opioid as well as the
infusion duration. The steeper the decay in the opioid concentration relative to the decay in
the propofol concentration, the more the optimal propofol-opioid concentration shifts to a
lower propofol and a higher opioid concentration. As a consequence, the optimal propofol
concentration is much lower when it is combined with remifentanil compared when it is
combined with fentanyl, sufentanil or alfentanil. For example, the optimal propofol
concentration (ECgs for no response to surgical stimuli) when combined with fentanyl is in the
order of 5 mg/L, whereas the optimal propofol concentration when combined with
remifentanil is 2.5 mg/L.®) The exact optima of these propofol-opioid concentrations are
defined on the basis of steepness of the concentration decay of propofol relative to those of
the opioids, as well on the position of the interaction curves associated with a 50 or 95%
probability of no response to a surgical stimulus, relative to the position of the interaction
curve associated with a 50% probability of return of consciousness postoperatively.
Consequently, the optimal propofol concentration decreases in the presence of various
opioids in the order of fentanyl > alfentanil > sufentanil >> remifentanil (with the order of
alfentanil and sufentanil changing after approximately 180 minutes (see figure 1)). The
duration of infusion is the second factor influencing the decay of the two agents and thereby
the optimal propofol-opioid concentrations. However, with increasing duration of infusion the
optimal effect-site concentrations change only marginally.

Although the concept of the context-sensitive half-time has improved our understanding of
the clinical implications of the pharmacokinetics of anaesthetic agents much more than has
the elimination half-life, one should keep in mind that concentrations not always need to
decrease by 50% to achieve return of consciousness or spontaneous breathing. It is clear
that at suboptimal concentrations (not associated with adequate anaesthesia and the most
rapid possible recovery), as often will occur in clinical practice due to the interindividual
variability in pharmacokinetics, recovery is much more postponed after propofol-fentanyl
anaesthesia than when propofol is combined with alfentanil, sufentanil or remifentanil. It is
also clear that the optimum for the propofol-remifentanil combination is less important than

for the other propofol-opioid combinations, because even at suboptimal propofol-remifentanil



concentrations recovery, even after prolonged infusion, is still rapid. To avoid a delayed
return to consciousness, these data suggest that intraoperative responses may be best
counteracted by additional propofol in combination with fentanyl, alfentanil or sufentanil and
by additional remifentanil during propofol remifentanil anaesthesia.

Furthermore, when spontaneous breathing is desired, lower (than optimal) effect-site opioid
concentrations (e.g. effect-site alfentanil concentrations, < 50 pg/L) in the presence of
corresponding higher (than optimal) effect-site propofol concentrations should be given. In
contrast, in the cardiovascular compromised patient, haemodynamic function may become
less depressed in the presence of higher (than optimal) effect-site opioid and
correspondingly lower (than optimal) effect-site propofol concentrations. In spontaneously
breathing patients and cardiovascular compromised patients, suboptimal (with respect to
speed of recovery) propofol-opioid concentrations thus are indicated intraoperatively at the
expense of a prolonged recovery.

From the optimal propofol-opioid concentrations, optimal propofol and opioid infusion
schemes have been derived that assure adequate anesthesia and the most rapid return of
consciousness after termination of the infusion when propofol is combined with one of the
opioids fentanyl, alfentanil, sufentanil or remifentanil (table Il). These infusion schemes
should be used as guidelines and adjustments must be made to the meet the individual
needs in anticipation of factors such as age, sex, and stimulus intensity related to the type of

surgery.

1.5 Can We Benefit From Drug Interactions?

For various clinical endpoints one may now evaluate, on the basis of existing
pharmacokinetic-dynamic interactions data, if it is possible to benefit clinically from the
interactions between propofol and the various opioids.

1. Is it possible to increase the speed of induction on the basis of propofol-opioid
interactions? Two factors govern speed of induction with a single agent. These are the speed
of administration and time to peak effect. Time to peak effect is determined by the initial
distribution of a drug (V1, K12, and K3 with a three compartment model) and the equilibration
rate between blood and effect site (keo). It is possible to improve speed of induction using

propofol opioid combinations, simply because in the presence of high opioid concentrations



Table Il. Infusion schemes of propofol and opioids required to maintain effect site concentrations of these agents, when given in combination, with +15% of
the effect-site concentrations that are associated with a 50% and 95% probability of no response to surgical stimuli (EC50 and EC95) and the most rapid
return of consciousness after termination of the infusions. These optimal infusion schemes have been derived from data in female patients undergoing lower

abdominal surgery. They should be uses as guidelines and be adjusted to the individual needs of the patients. (vuyk et al. (8))

Alfentanil Fentanyl Sufentanil Remifentanil
Opioid
EC50-EC95 (ug/L) 90-130 1.1-1.6 0.14-0.20 4.7-80
Bolus (ug/kg in 30 sec) 25-35 3 0.15-0.25 1.5-2
Infusion 1 (ug/kg/h) 50-75 x 30 min 1.5-2.5 x 30 min 0.15-0.22 thereafter 13-22 x 20 min
Infusion 2 (ug/kg/h) 30-42.5 thereafter 1.3-2 x 150 min 11.5-19 thereafter
Infusion 3 (ug/kg/h) 0.7-1.4 thereafter
Propofol
EC50-EC95 (mg/L) 3.2-44 3.4-54 3.3-45 25-2.8
Bolus (mg/kg in 30 sec) 2.0-2.8 2.0-3.0 2.0-2.8 15
Infusion 1 (mg/kg/h) 9-12 x 40 min 9-15 x 40 min 9-12 x 40 min 7-8 x 40 min
Infusion 2 (mg/kg/h) 7-10 x 150 min 7-12 x 150 min 7-10 x 150 min 6-6.5 x 150 min

Infusion 3 (mg/kg/h) 6.5-8 thereafter 6.5-11 thereafter 6.5-8 thereafter 5-6 thereafter




lower effect-site propofol concentrations are needed for loss of consciousness and these are
reached more rapidly. Because the time to peak effect differs for propofol and the various opioids,
the timing of the opioid bolus relative to that of propofol is critical in this respect. Times to peak effect
for propofol, remifentanil, alfentanil, fentanyl and sufentanil are 2, 1.2, 2.3, 4.3 and 7.5 minutes,
respectively (figure 2). To benefit most from the ability opioids to reduce anesthetic requirements,
sufentanil should be given well in advance of propofol, more so than remifentanil or alfentanil.

2. Is it possible to increase the hemodynamic stability of the induction or maintenance of
anaesthesia on the basis of the current knowledge of propofol-opioid interactions? Opioids reduce
the anaesthetic dose requirements for induction of anaesthesia. In theory, this may lead to an
improved hemodynamic profile of the induction of anaesthesia. However in ASA 1-2 patients this
dose reduction does not leas to a more stable induction of anaesthesia. *? In elderly patients or
patients with cardiovascular instability, high opioid/low propofol anaesthesia may be associated with
increased hemodynamic stability during induction of anaesthesia. However, not data are yet
available to support this supposition.

3. Is it possible to decrease the time to awakening postoperatively on the basis of propofol-opioid
interactions? With the use of optimal propofol-opioid concentrations, it is clearly possible to optimize
intravenous, anaesthetic drug delivery. The propofol and opioid infusion regimens described in table
Il can be used as guidelines and will allow adequate anesthesia associated with a rapid recovery
after termination of the propofol and opioid infusions. ® In general, propofol-remifentanil anesthesia
is associated with the most rapid return of consciousness after any infusion duration compared with
fentanyl, alfentanil or sufentanil. Another benefit of remifentanil is that even at suboptimal high
concentrations, return of consciousness is only marginally postponed.

4. What are the optimal propofol-opioid concentrations for anesthesia that allow spontaneous
respiration? So far, no clinical relevant data regarding propofol-opioid interactions for spontaneous
respiration have been described. Bouillon et al. ®? described for a single agent, alfentanil, the clinical
profile in this respect. The ECs, for adequate ventilation during normocapnia is 60 pg/L. With higher
plasma alfentanil concentrations, the arterial pressure of CO, has to increase considerable to
maintain adequate ventilation. Similarly, for propofol is has been shown that with increasing
concentrations the responses to both hypercapnia and hypoxia are diminished.®® This means that in
the presence of propofol hypoxia will be deeper and hypercapnia more severe before a ventilatory
response will be evoked by these stimulants. Because no interaction data exist, and nor are data
available regarding the effect of nociception on propofol-opioid respiratory depression, optimal
propofol-opioid concentrations that assure adequate anesthesia and adequate respiration cannot yet
be defined.

5. Lastly, the level of postoperative pain a patient experiences is not only influenced by the

type of surgery but also by the propofol-opioid concentrations used intraoperatively. When

propofol is given at high concentrations, intraoperative opioid needs are low. At the end of



surgery, when the propofol infusion is discontinued, the opioid concentration may appear to
be insufficient for adequate postoperative analgesia. To prevent this from happening, in
anticipation, intraoperative low opioid concentrations may be avoided or intravenous
morphine may be administered well in advance of skin closure.



2. State-of-the-art Administration Techniques

Target-controlled infusion as used in modern anaesthetic practice refers to the use of an
infusion pump with an integrated pharmacokinetic dataset. With this technique, the user does
not set an infusion rate but rather sets the desired blood concentration, i.e. the so-called
target-concentration. The computer then uses the incorporated pharmacokinetic dataset to
calculate the infusion rate required to reach and maintain the desired blood concentration.
Next, the computer triggers the infusion pump to actually administer the infusion rate
calculated. The pump will initially at a high infusion rate, thus giving a loading dose. In
addition, the pump will repeatedly calculate the running rate required to maintain a constant
blood concentration. After the initial loading dose, the calculated maintenance infusion rate
decreases logarithmically to maintain a constant blood concentration. The logarithmic
decrease in infusion rate is the result of the gradual saturation of the various pharmacokinetic
compartments. When a lower target is set, the computer will stop the infusion of the drug
until, as a result of clearance and redistribution, the desired concentration is reached.

The development of computer-controlled infusion systems date back to 1983 when Schittler

et al. ®®

) described the use of a computer to perform the ‘bolus elimination and transfer’
infusion scheme with a system called CATIA (computer assisted total intravenous
anesthesia). Many other systems followed, including that of Alvis et al. ®® who compared
target-controlled infusion-controlled anesthesia with that from a manual administration
scheme. This has led to the introduction of the clinically available target-controlled infusion
pump registered for the administration of propofol, the Diprifusor®. The Diprifusor® is provided
with prefilled propofol syringes containing either 10 or 20 mg/mL of propofol. The prefilled
syringes are equipped with a passive magnetic device that serves as a recognition tag for the
target-controlled infusion device to indentify the drug and the solution of the drug in the
syringe. Two important features of the Diprifusor® are the display of the predicted effect-site
concentration and the prediction of the time to reach a lower blood concentration. With this
last feature, anaesthesiologist now is capable of predicting the time to recovery in patient
irrespective of the infusion duration.

The accuracy in the prediction of the actual blood concentration ®® by target controlled
infusion depends on the match between the pharmacokinetic dataset integrated in the
software and the in vivo distribution and elimination of the drug in the patient. Vuyk et al. ©®
compared five different pharmacokinetic parameter sets of propofol for their effect on the
predictive accuracy of propofol target-controlled infusion systems in female patients. In this
study, the measured propofol concentrations exceeded the concentrations predicted by the

target-controlled infusion device on average by 20%. The median performance error of the



five datasets tested varied between 20% and 100%, stressing the importance of installing a

proper pharmacokinetic parameter set.

Similarly, Mertens reported on the predictive performance of remifentanil target-controlled

infusion using the Minto parameter set. In general, measured remifentanil concentrations

were on average 18% lower than predicted by the target-controlled infusion device. In an

offline analysis, Mertens and colleagues reported on the improved predictive performance

with the Egan remifentanil pharmacokinetic parameter dataset.®” Although the parameter set

of Egan and colleagues®® performed best in in the analysis of Mertens et al., a population

pharmacokinetic parameter set like that of Minto® may prove to beneficial in a more

heterogeneous group of patients.

In conclusion, target-controlled infusion devices have been shown to be capable of predicting

the actual measured concentrations quite closely, although proper selection of a matching

pharmacokinetic parameter set remains important. The Diprifusor® has been shown to

accurately predict the measured concentration in a wide variety of patients.

In general, the target-controlled infusion mode of administration of drugs provides a number

of practical advantages to the user compared with conventional infusion;

* Improved control and predictability of pharmacodynamic effect achieved,;

* Therapeutic concentration achieved rapidly and maintained constant;

* Control over onset time by slow upward titration of target if desired in the elderly;

* Proportional changes in blood concentration rapidly achieved;

* Improved titratability;

* Avoidance of peak blood concentrations and possible risk of toxicity;

* No need for calculating of infusion rates;

e Automatic adjustment for differences in body weight, lean body mass, age or sex if
complex model available;

* Displayed effect-site concentration facilitates titration of the blood concentrations;

* Estimation of the time required to reach a lower plasma concentration;

* Target concentration regained automatically after syringe change;

* A more logical and modern approach.

However, may of these advantages have not been proven in outcome studies. Lastly, target-
controlled infusion systems can either target the blood concentration or the effect
compartment concentration. The only clinically available system, the Diprifusor®, targets and
controls the blood concentration.

In conclusion, through target-controlled infusion, the anaesthesiologist is capable of providing

anaesthetic drugs in a more controlled manner, allowing a more rapid titration of effect to the



individual needs of the patient.



3. Bispectral Index Monitoring

In 1875, Richard Caton ®% described the EEG as a way of determining cerebral activity on
the cortical surface of the skull of animals. Then, in 1937, Gibbs and colleagues®”
discovered that the EEG activity was affected by the administration of anesthetic agents.
Because the raw EE is hardly interpretable online, this quest for a clinically useful parameter
derived from the EEG has great importance.

In this search, time domains, frequency domain and higher order statistical analysis
techniques have been evaluated for their usefulness in the analysis of a depth of anesthesia
parameter. Time domain-derived parameters are, for example, the change in total power or
median frequency in time, the occurrence of activity in time in certain EEG frequency bands
or the frequency of occurrence of burst-suppression. The effect of various anesthetic agents
on time domain-derived EEG parameters have been described and claimed to be clinically
useful. 162

However, apart from various publications in this field, time domain EEG parameters have
never been exploited on a large scale in clinical practice.

The most often used frequency domain analytical method for EEG data is the Fast Fourier
Transformation (FFT). During FFT, the EEG signal is sliced into small time period of a few
seconds, called epochs. The FFT analysis then results in the projection of the power
spectrum versus the EEG frequency in, e.g. the 0-30 Hz range, during each epoch. The FFT
in its turn gives rise to the derivation of clinically useful parameters. Two of the most studied
FFT derived EEG parameters are the spectral edge and the median frequency. The spectral
edge (SEgs) is the FFT-derived frequency below which 95% of the power spectrum in the
FFT spectrum is found; the median frequency (SEsg) is defined as the frequency below which
50% of the power in the FFT spectrum is found. Both SEg¢s and SEs, decrease with
increasing depth of anaesthesia and increasing blood and CNS concentrations of
anaesthetic agents.

Opioid Concentrations correlates very well with the FFT derived parameters. ©% with
increasing opioid concentration, the EEG changes from a low amplitude high frequency
signal to a high amplitude low frequency signal. This results in the FFT as an increase in
power at lower frequencies (0-5Hz) with a reduction of power at higher frequencies (10-
30Hz) and results in a decrease of the SEqs and SE 5.

Intravenous anaesthetic agents such as propofol etomidate and methohexitone also
correlate very well with frequency domain-derived EEG parameters. With propofol, the EEG
amplitude shows a characteristic biphasic response to increasing blood propofol

concentrations in all frequency bands.®® Again, although claimed clinically useful, frequency



domain-derived parameters have never been used on a broader scale in clinical practice.
Consequently, the search went on an resulted in the application of higher order statistical
analysis of the EEG in recent years, which in the end has resulted in the introduction of the
BIS monitor.

Bispectral analysis focuses on the correlation between the phases of the various wave
components of which the raw EEG is built. It is a computation of the burst suppression ratio
(BSR) and QUAZI, two time domain-derived parameters, the B-ratio, a frequency domain
parameter defining the power in the 30-47Hz band relative to the 11-20Hz band, and lastly
the SyncFastSlow parameter determined from the bispectrum peaks in the 0.5-47Hz band
relative to the 40-47Hz frequency band.®® An important feature in the calculation of the
bispectral index is that the weight of any of these four subparameters in the final calculation
(BSR, QUAZI, B-ratio and SyncFastSlow) changes with the level sedation. The B-ratio
weighs heavier in the final computation at levels of light sedation, the SyncFastSlow
parameter dominates at excitation and surgical levels of anaesthesia and the BSR and
QUAZI are more important in the calculation at the most deep levels of EEG depression. The
specific weight of the parameters of the BIS at various clinical states has been determined,
during the development of the BIS by Aspect Medical Systems, on the basis of a dataset
gathered from a group of patients that received various anaesthetics while EEG and
behavioral data were collected. In practice, the BIS is determined as a running average over
15-30 seconds of EEG signal collection and visualized as a dimensionless nonlinear
parameter between 0 and 100, with 0 equalling no electrical activity and 100 defining the
awake state (figure 4). The BIS reflects the awake state at values exceeding 95, a state of
sedation at BIS values 65-85, an arousal state depression suited for general anaesthesia at
BIS values of 40-65 and burst suppression patterns become evident al BIS levels below
40.67

The effect of various anaesthetic agents on the BIS appears to be agent-specific. In general,
anaesthetic agents such as propofol, midazolam or thiopental have a strong depressant
effect on BIS. Blood propofol concentrations of 2 mg/L decrease the BIS to 60-80, propofol
concentrations of 3-6 mg/L the BIS becomes 40-50 and with propofol concentrations
exceeding 10 mg/L burst suppression patterns become apparent and the BIS gets close to
0.(68) Pharmacodynamic interactions between agents combined during anaesthesia also
affect BIS values. Only very few data describe the effect of combinations on BIS. As already
described, opioids reduce propofol requirements for induction of anaesthesia. Parallel to this
observation, loss of consciousness with propofol occurs at higher BIS values when opioids
are administered prior to propofol than when propofol is given as a sole agent.*® The

significance of this observation is yet unclear.



The most promising application of the BIS may be as a monitor of awake-sedation-
unconsciousness levels. In the absence of CNS monitoring, anaesthetic agents are often
administered on the basis of the prescribed administration regimens (12-10-8 mg/kg/h step
down propofol infusion scheme) that may be adjusted to the response of the individual
patient. The prescribed regimens do not take into account the pharmacokinetic of + 70% or
the pharmacokinetic variability of £ 300-400% between patients. This huge interindividual
pharmacokinetic-dynamic variability, next to the sometime poor predictability of the surrogate
measures of sedation and anaesthesia (e.g. hemodynamic parameters, movement
responses to nociception), is the cause of frequent overdosage or underdosage of individual
patients during sedation and general anaesthesia. Monitoring of the BIS allows for almost
instant focusing, out of the huge inter- and intraindividual pharmacokinetic-pharmacodynamic

variability, on the specific needs of the individual patient at any time.

Lastly, BIS monitoring has been incorporated in closed loop systems with a target-controlled
infusion device for anaesthesia drug administration with BIS value as the control parameter.
In these systems, the target-controlled infusion system thus determines the infusion rate on
the basis of the difference between the measured and desired BIS value. Using this system
provided safe and reliable anaesthesia, although an initial overshoot in BIS value occurred

a "™ as well as some oscillation around the set BIS. ?

during induction of anaesthesi
The use of BIS has some limitations. Some agents like nitrous oxide and ketamine, induce
their effects by mechanisms that the BIS monitor is unable to track. Adding ketamine or
nitrous oxide deepens the anaesthetic level but increases the BIS. In the presence of these
agents, the BIS monitor should not be used. Electrocautery will make the BIS disappear or
increase; pacemakers have also been described to increase the BIS. Electromyographic

activity has been claimed to increase the BIS, but later versions like the XP may be less

susceptible to this. Lastly, hypothermia decreases the BIS by 1.12 units per °C decline in

body temperature.

As well as articles discussing the commercially available BIS monitor, there is increasing
attention in the literature on auditory evoked potentials as a parameter to track changes in
the anaesthetic state. Several studies suggest that mid-latency ® auditory evoked potentials
(MLAEP) have potential to be an effective discriminator between the anaesthetised and

conscious state. 4™

These studies even suggest that the distinction between the
anaesthetised and awake state is sharper, with less overlap in the ranges of conscious and

unconscious values, with MLAEP derivatives than is the case with the BIS. However,



although monitoring of auditory evoked potentials has proven to be be of value for research

purposes, at this moment its clinical value remains unclear.

As with the other two strategic tools, the implementation of EEG monitoring by means of the
bispectral index, or perhaps in the future through monitoring the auditory evoked potentials,
further enhances the ability of the anaesthesiologist to rapidly obtain information on the

specific needs of the individual patient

4. Conclusion

This review provides an overview of how intravenous anaesthetic practice has changed over
the past 20-30 years, from the administration of anaesthetic agents on the basis of imprecise
population data in a more or less “black box” type of patient into a anaesthesia on the basis
of individualised pharmacokinetic-pharmacodynamic data with advanced administration
devices in a carefully monitored and more “transparent” patient. Increased pharmacokinetic-
pharmacodynamic knowledge of anaesthetic agents, together novel administration and
monitoring techniques has improved the level of control flexibility and the safety of

anaesthetic practice.
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