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We are honored to present Total Intravenous Anesthesia and Target Controlled Infusion. This
book is a testament to the passion and expertise of the contributing authors who are all
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John William Sear

Among the first reports of the intravenous injection of drugs
are those describing the studies of Wren and Major
[1, 2]. They injected opium dissolved in water into the
venous system of a dog, which caused it to be stupefied but
did not kill it! Despite this observation made more than
350 years ago, the history of clinical intravenous anesthesia
does not really become significant before the late nineteenth
century.

The delivery of drugs by the intravenous route requires
specific equipment; and for this, we must be grateful for the
development of the hollow needle by Francis Rynd in 1845,
and the syringe in 1853 by Charles Gabriel Pravaz. The latter
was not initially designed for intravenous drug administra-
tion but rather for the delivery of perineural and intra-arterial
injections. More recently the development of target-
controlled infusion delivery regimens aimed at achieving
given plasma or effect-site target drug concentrations has
usually required dedicated infusion apparatus linked to com-
puter systems that control the rate of drug dosing.

Among the earliest pioneers studying the delivery of
intravenous anesthesia to patients was Pierre-Cyprian Ore
(Professor of Physiology, University of Bordeaux), who, in
1872, reported 36 cases of anesthesia using chloral hydrate
as an intravenous anesthetic in the treatment of patients with
tetanus, to the Societe Chirugicale de Paris [3]. Despite his
enthusiasm, these early attempts at intravenous anesthesia
(IVA) were associated with a high incidence of mortality. As
a result, this delayed the further development of IVA until
the beginning of the twentieth century.

1909 saw the development of hedonal (a urethane deriva-
tive) which was used for the treatment of insomnia.
Krawkow and Fedoroff described its role to provide general
anesthesia [4, 5]. They described this as the ‘“first

J.W. Sear, MA, BSc, MBBS, PhD, FFARCS (<)

Nuffield Department of Anaesthetics, University of Oxford,
Headington, Oxford, Oxfordshire OX3 9DU, UK

e-mail: john.sear@gtc.ox.ac.uk

© Springer International Publishing AG 2017

intravenous agent that produced fairly adequate surgical
anesthesia with a moderate degree of safety.” However, the
agent was not sufficiently water soluble, and resulting
“weak” solutions acted very slowly to produce anesthesia,
and had a long duration of effect. Hence the search for other
agents continued with Noel and Souttar examining the pos-
sible role of paraldehyde [6]; while Peck and Meltzer
described the use of intravenous magnesium sulfate [7];
and ethanol infusions were studied by Naragawa, and Cardot
and Laugier [8, 9].

The anesthetic properties of the barbiturates were first
observed with diethylbarbituric acid, which was synthesized
by Fischer and von Mering [10]. But, again, its low water
solubility and prolonged duration of action lead to a delayed
further development of the drug. Use of the first barbiturate
for intravenous anesthesia was reported in 1921, when
Bardet and Bardet studied a mixture of the diethylamines
of di-ethyl and di-allyl barbituric acid (Somnifen) [11].
The sodium salt of sec-butyl-(2-bromoallyl)-barbiturate
(Pernocton) had greater water solubility, and was introduced
into clinical practice in 1927. Further developments lead to
the synthesis by Kropp and Taub, and initial clinical studies
by Weese and Scharpff of the short-acting, rapid onset
hexobarbital (Evipan) [12], although the drug had a high
incidence of excitatory side effects. Nevertheless, use of
Evipan was recommended as the agent of choice in those
individuals with a tendency to bronchospasm.

Barbiturates

The first major development and advance from a clinical
viewpoint was the introduction of thiopental, which was
administered in separate studies by Lundy, and Waters
[13, 14]. At the same time, Tabern and Volwiler had initiated
a research program to prepare a series of thiobarbiturates
where there was substitution of the oxygen at the C(2) posi-
tion with a sulfur atom [15]. This led to agents having a

A.R. Absalom, K.P. Mason (eds.), Total Intravenous Anesthesia and Target Controlled Infusions,
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shorter period of hypnosis. One of these molecules was
thiopental. It was devoid of the excitatory side effects seen
with hexobarbital. The barbiturate was completely
metabolized with only <0.3 % excreted unchanged in the
urine. In man, there was a comparatively high rate of metab-
olism (16-24 % per hour). Thiopental had no analgesic
properties, but had the tendency to increase the sensitivity
of an individual to pain and touch.

Although it was originally studied in the USA, it was
subsequently introduced into the United Kingdom by Jarman
and Abel [16]. At this time, maintenance of anesthesia
was normally provided by di-ethyl-ether or one of the other
volatile agents (all of which had undesirable side effects).
As a result, researchers started using infusions of thiopental
to maintain anesthesia. However, they found that if the
barbiturate was given without opioids or muscle relaxants,
large doses of barbiturates were needed to suppress
movement, and these doses caused side effects of cardio-
respiratory depression and delayed awakening (the pharma-
cokinetics and metabolism of the barbiturate were not fully
defined until much later by Price [17]).

Use of thiopental by infusion has also been cited as the
cause of many deaths among the casualties at Pearl Harbor in
1941—with the often quoted, but misconceived and incor-
rect statement from a surgical colleague “that intravenous
anesthesia was an ideal method of euthanasia!!” [18, 19].

Pentobarbital (a metabolite of thiopental) had previously
been used as an anesthetic by Lundy in 1932. It caused less
laryngospasm than was seen after thiopental, but there was a
suggestion that it was associated with an improved recovery
profile.

Since the Second World War, further developments have
taken place with other drugs being used to provide intrave-
nous anesthesia. Beside thiopental, several other intravenous
thio-barbiturates were assessed including thiamylal and
thialbarbitone; drugs having the same duration of action
and spectrum of activity as thiopental, but lower potency.

Introduction of a methyl thio-ethyl group into the side
chain of methitural was aimed at accelerating the breakdown
of the drug. Its development led to a drug that was popular in
Germany as Thiogenal, and as Neraval in the USA, although
the quality of anesthesia was inferior to that of thiopental.
Similar comments were made about buthalitone (marketed
as Transithal in the UK; as Ulbreval in the USA; and
Baytinal in Germany) which was synthesized in the USA
in 1936, but not studied until 1954 by Weese and Koss. The
potency of buthalitone was about half that of thiopental.

However, a greater advance was seen with the introduc-
tion of hexobarbital which causes rapid onset of anesthesia.
This property was attributed to the addition of a methyl
group at the C1 position. Further development of this mole-
cule led to the introduction in 1957 of methohexital, which
was of shorter duration of action and had a shorter half-life

J.W. Sear

than thiopental [20]. It was irritating to the subcutaneous
tissues if accidentally given extravascularly, but more irri-
tant and dangerous if given intra-arterially. Methohexital has
two asymmetrical carbon atoms, so existing as four separate
isomers. The proprietary drug is a mixture of two of these:
a-dl pair (a mixture of all four isomers was shown by Taylor
and Stoelting to produce excessive skeletal muscle activity
and possible convulsions [21]).

There have been a number of studies described that used
the drug by continuous infusion to maintain anesthesia with-
out prolonged recovery times [22, 23]. However, its use was
associated with the side effect of pain on injection and a high
incidence of involuntary muscle movements. Several other
methyl-thiobarbiturates have been studied, but again all had
very high incidences of excitatory side effects.

Benzodiazepines

Although a number of benzodiazepines have been studied as
sedative drugs since the synthesis of chlordiazepoxide in
1955 (e.g., diazepam, lorazepam), only diazepam has
enjoyed any use as an anesthetic induction agent. Titration
of the drug to the exact induction dose is difficult, as the
drug’s profile includes a slow onset of action and prolonged
duration. The benzodiazepine is water insoluble, which
requires the use of a lipid solvent, but early solvents caused
venous irritation. The introduction of an emulsion formula-
tion reduced the incidences of pain on injection and throm-
bophlebitis, but had no effect on the recovery profile after
large doses of diazepam.

More recent advances with the benzodiazepines as agents
for the maintenance of anesthesia have revolved around the
introduction of firstly midazolam, and more recently
remimazolam. The former has been used for the induction
and maintenance of intravenous anesthesia [24, 25]. One
advantage of these agents is the parallel development of a
specific antagonist, flumazenil, which can be given at the
termination of anesthesia to facilitate recovery. However,
this has not been totally straightforward, as the mismatch
between the pharmacokinetics and pharmacodynamics of
the agonist and antagonist has resulted in reports of cases
showing “rebound hypnotization” after initial recovery [26].

Propanidid

Propanidid (a phenoxyacetic acid derivative of eugenol, the
chief constituent of oil of cloves) was a short-acting seda-
tive-hypnotic containing an ester moiety which was broken
down by body (pseudochline-esterase) and tissue esterases.
It was the first clinically acceptable non-barbiturate intrave-
nous anesthetic when introduced in 1965 but was withdrawn
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in 1984 because of a high incidence of anaphylactic
reactions—again, believed to be due to the poly-
oxyethylated castor oil solvent, Cremophor EL (BASF,
Ludwigshafen, Germany).

When attempts were made to find an alternative solvent,
it was shown that a liposomal formulation had a similar
potency in rats to the Cremophor one; it also appeared
superior as far as tolerance with a reduced incidence
of clonic seizures [27]. A further study was therefore
conducted in swine, but this failed to confirm any potential
advantage of the liposomal formation over other existing
hypnotics [28].

More recently another metabolically active ester with a
structure similar to propanidid (AZD 3043) has been
evaluated in man—this time, formulated in the lipid emul-
sion used for propofol [29]. Although the drug had a short
context-sensitive half-time, there were some undesirable
side effects—water insolubility; low potency; a dose-related
increase in heart rate during drug infusion; sporadic episodes
of involuntary movements and increased muscle tone (espe-
cially during the recovery phase); and in three patients there
were episodes of erythema, chest discomfort, and dyspnea
after drug dosing. Overall, one or more adverse side effects
occurred in 29 % of the patients studied.

Etomidate

This imidazole derivative was discovered in 1964 at Janssen
Pharmaceutica in Belgium and introduced into clinical
practice in 1974. Unlike many other intravenous agents,
etomidate caused little hemodynamic depression, and its
use was not associated with histamine release. The agent
had the profile of rapid onset and offset, but its use was
accompanied by significant adverse side effects: pain on
injection—due primarily to the propylene glycol solvent;
myoclonic activity; and a high incidence of postoperative
nausea and vomiting.

In 1983 it was reported that when the drug was given by
continuous infusion to provide ICU sedation to multiply
traumatized patients, there was an increase in patient mor-
tality when compared with other sedation regimens [30]. In
vitro and in vivo studies have shown that infusions (and
single doses) of etomidate result in an inhibition of adrenal
steroidogenesis.

As a result, the present role of etomidate in anesthesia
practice is confined mainly to use as an induction drug for
patients at risk of hemodynamic instability; for those who
have shown previous allergic reactions to other induction
agents; and electro-convulsive therapy (since etomidate
decreases seizure thresholds).

A reformulation of etomidate in a lipid emulsion reduces
the incidence of pain on injection, but does not address the

issue of reduced cortisol synthesis. More recent attempts at
addressing the effects of the imidazole compound on cortisol
biosynthesis are further discussed in Chaps. 12 and 16.

Steroids

In 1927, Cashin and Moravek reported the ability of a
colloidal suspension of cholesterol to induce anesthesia in
cats [31]. Subsequent studies showed no apparent relation-
ship between the hypnotic (anesthetic) and hormonal
properties of the steroids, with the most potent anesthetic
steroid being pregnan-3,20-dione (pregnanedione) which is
virtually devoid of endocrine activity.

Over the next 80 or more years, the anesthetic properties
of a large number of steroids were assessed both in vitro, and
in vivo in laboratory animals and man. One of the main
problems with steroid agents has been their lack of water
solubility. Most steroids show high therapeutic indices in
animals, but a variable effect in man in terms of the onset of
hypnosis, and the rapidity and completeness of recovery.

In 1941, Selye reported that injections of progesterone
produced sleep in rodents [32]; however, it was not until the
studies by P’An et al., and Murphy and colleagues that the
first clinical report of the anesthetic effects of the water
soluble steroid hydroxydione was published [33, 34]. How-
ever, this drug did not have an ideal profile—as the onset of
hypnosis was delayed (not occurring until 3—5 min after drug
administration). Was this because the hypnotic effect of
hydroxydione was due to a metabolite? It also had a long
duration of action; and a high incidence of thrombophlebi-
tis—so requiring the drug to be administered as a high
volume, dilute solution. Other side effects included a fall
in blood pressure and respiratory depression which also did
not occur until sometime after initial drug administration.
However, compared with thiopental, hydroxydione had a far
greater therapeutic index; other features were an association
with a low incidence of postoperative nausea and vomiting.

In the early 1970s, studies were undertaken of a new
compound that was a mixture of two steroids (alfaxalone
and alfadolone acetate) solvented in polyoxyethylated castor
oil (Cremophor EL solution). This resulted in the hypnotic
agent Althesin [35]. The main component of the combina-
tion was alfaxalone; the alfadolone acetate being added to
increase the solubility of the alfaxalone. Althesin was a rapid
onset, short-acting drug, which was used to both induce
anesthesia, and provide anesthesia when given by repeat
intravenous bolus doses or as a continuous infusion. The
features of rapid onset and high potency have been
associated with the presence of a free-OH group at the C
(3) position of the A ring of the pregnane nucleus.

In lower doses, the drug was used to provide sedation
during regional anesthetic blocks or to allow controlled
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ventilation of patients in the intensive care unit. The drug
also had advantageous effects on cerebral metabolism with a
reduction in cerebral oxygen consumption, and a decrease in
cerebral blood flow and CSF pressure leading to a reduction
in intracerebral pressure (so making the drug very useful
for neuroanesthesia); a low incidence of venous sequelae
including thrombophlebitis.

One important facet of its pharmacology was that repeat
bolus dosing of Althesin was not associated with a progres-
sive increased duration of effect, as had been seen with
barbiturate drugs. This finding led several authors to explore
the concept of maintaining anesthesia by a continuous infu-
sion of the steroids [36—40]. These pivotal studies underpin
the development of continuous intravenous anesthesia.

However, it was soon found that the use of Althesin was
associated with a high incidence of hypersensitivity reactions
[41-43]. Research studies aimed at establishing the cause
of these reactions were never completely conclusive, and
attempts at reformulation were similarly unsuccessful.
Hence the drug was withdrawn from clinical practice in
1984, although its use continued in some veterinary species.
Recent interest in the use of steroids to provide anesthesia has
led to further attempts at reformulation (see Chap. 16).

Other steroid anesthetic agents have been evaluated in
animals and man—including minaxolone citrate, eltanolone
(5B-pregnanolone), ORG 21465 and ORG 25435—but all
have failed to display improved pharmacokinetic or pharma-
codynamics profile when compared with other anesthetic
agents available at that time.

Phencyclidines

These cyclohexylamine compounds act to produce a differ-
ent type of anesthesia than that seen with other anesthetic
agents—namely, a state of unconsciousness in which the
patient appears to be in a cataleptic (or dissociative) state,
but able to undergo surgery without any recall of events.
Several drugs of this type have been studied, but the first
significant compound was phencyclidine (Sernil; or PCP).
This is still used today in some veterinary practices; but has
been superseded in man because of its high associated inci-
dence of post-anesthetic psychotomimetic side effects and
delirium.

The main drug today is ketamine, which was synthesized
in 1962 by Stevens at Parke-Davies laboratories, with the
first clinical studies undertaken in 1965. Widespread clinical
use originates in 1970, and it is still the drug of choice for
many clinical scenarios in both human and veterinary
practices (this being the case despite evidence of psychoto-
mimetic activity and cardiovascular stimulation in many
patients [44, 45]).
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There are some data to suggest that the drug (which is a
racemic mixture of two optical isomers) may show an
improved profile when given as the S (+) isomer alone.
Both animal and human studies confirm this to be the more
effective isomer, with shorter emergence and faster return of
cognitive function. However, its use does not totally abolish
the occurrence of the postoperative sequelae.

Propofol

The history underlying the development of the present lead
compound (propofol—di-isopropyl phenol) has not been
straightforward. Propofol, a substituted derivative of phenol
was synthesized by Glen and colleagues at ICI, UK in the
early 1970s [46]. Because of the drug’s water insolubility,
initial studies were conducted with it formulated in three
different solvents. The main study programme was
conducted with a formulation solvented in Cremophor
EL. This resulted in a number of cases of anaphylactoid
reactions, and the temporary withdrawal of the drug.

In 1983, a lipid emulsion formulation of the drug was
available, with the first dose delivered by my erstwhile
colleague, Nigel Kay, in Oxford, UK [47]. The subsequent
clinical trials programme showed it to be a drug of great
potential, with the drug being licensed for general release in
the UK and Europe in 1986 followed by FDA approval in the
USA in 1989.

Since that time, the drug has been used worldwide; and
the full pharmacokinetic and pharmacodynamics profile of
the agent have been defined when used for induction and
maintenance of anesthesia; for sedation for minor
procedures (with or without regional blockade); and for
sedation in the intensive care unit.

The Concept of ‘Balanced Anesthesia’

The concept of balanced anesthesia was first introduced by
George Crile during the period 1900-1910, with the aim of
providing a light general anesthetic with obtunding of the
responses to noxious stimuli associated with surgery being
achieved by the administration of local anesthetic blocks. In
1926, Lundy used the same term to indicate the balance
between a mixture of premedication (often heavy and often
excessive), regional anesthesia and general anesthesia
[48]. The first use of an intravenous balanced anesthetic
technique was thiopental in combination with nitrous
oxide and oxygen as reported by Organe and Broad
[49]. This concept of using several different components
of a total anesthetic was further expanded by Neff et al.
with nitrous oxide-oxygen anesthesia being supplemented
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by intravenous pethidine (meperidine), a neuromuscular
relaxant (d-tubocurarine) and sodium thiopental [50].

It is from these roots that present day intravenous anes-
thesia or total intravenous anesthesia is derived.

Intravenous anesthesia for practice outside the
operating theater.

Although anesthesia is usually conducted within the confines
of the hospital, office practice, or surgery, there is increasing
need for the delivery of anesthesia at various sites of
trauma—such as at traffic accidents, other disasters or in
the theater of war. The need to develop intravenous anesthe-
sia for these scenarios originates partly from the anesthetic
techniques used during the Chaco War (1932-1935)
between Bolivia and Paraguay, and the Spanish Civil War
(1936-1939).

Apart from hexobarbital, which was introduced in
1932, the medical staff had few other options available,
and had to revert to the use of intravenous ethanol and
tri-bromomethanol (Avertin). The main advantage of hexo-
barbital compared to previous barbiturates was its induction
of anaesthesia in one arm-brain circulation time.

Again the introduction of thiopental in 1934 by Lundy
and Tovell changed practices in these cases. Despite the
adverse comments levelled at the use of thiopental at Pearl
Harbor by civilian surgical personnel, intravenous agents
must remain a key component of anesthesia in these
circumstances. The editorial comments of Halford have
often overshadowed the truth as presented in the
accompanying paper by Adams and Gray. Thankfully sug-
gestion that the use of thiopental was associated with
increased adverse outcomes including mortality has not
resulted in the abandonment of intravenous anesthesia in
the shocked patient.

However, present anesthetic practices outside of the hos-
pital environment have been influenced through the intro-
duction of two key intravenous agents—ketamine in 1970
and Althesin in 1971, together with the availability of a
number of short-acting analgesics (initially pentazocine,
and later fentanyl, alfentanil, sufentanil, and more recently
remifentanil). Examples of successful techniques used by
the British army are typified by the studies of Restall and
Jago [51, 52]; while American practice was largely based
around the use of ketamine, and remains that way to this day.
The more recent introduction of propofol into “field anesthe-
sia” represents another new development, which remains to
be fully evaluated.

The research and development of new intravenous anes-
thetic agents continues; but progress is likely to be slower than
the rate and pattern of growth seen over the last hundred or so
years. Will we see new innovative agents? Only time will tell!
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John B. Glen

Introduction

The mathematical background to the concept of target-
controlled infusion (TCI) and its application to the adminis-
tration of intravenous anaesthetic and analgesic drugs will be
discussed elsewhere in this book (see Chap. 25—“Pharma-
cokinetics and Pharmacodynamics in the Pediatric Patient”
by Anderson and Chap. 6—“Basic Pharmacology: Kinetics
and Dynamics for Dummies” by Rader). As I was closely
involved in the development of propofol, and the clinical
trial programme and related studies required to support the
introduction of the ‘Diprifusor’™ TCI system, this chapter
sets out to provide a personal account of the development
and regulatory approval of commercial TCI systems.

The Development of Infusion Devices Suitable
for Use in Anaesthesia

Propofol, first marketed as an anaesthetic agent for induction
and short term maintenance of anaesthesia in 1986, was
developed by the Pharmaceuticals Division of Imperial
Chemical Industries (ICI, becoming Zeneca in 1993, and in
1999 merging with Astra to form AstraZeneca—these are
referred to as ICI or by the generic term “the Company”
hereafter). From an early stage in the pharmacological eval-
uation of the drug, it was apparent that propofol had a
pharmacokinetic profile which would allow its use by con-
tinuous infusion to maintain anaesthesia, an observation
critical to its selection as a candidate drug. Further regu-
latory approvals were obtained to extend the use of propofol
to long term maintenance of anaesthesia and as a sedative,
used in association with regional anaesthesia, or to facilitate
ventilation in patients requiring intensive care.
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A limiting factor in the clinical development of infusion
techniques was the lack of suitable equipment in operating
theatres. While anaesthesiologists were familiar with the use
of volumetric infusion pumps in the intensive care environ-
ment, these devices with their high capital cost and a require-
ment for expensive disposable cartridges were not suitable
for routine theatre use. While some syringe drivers were
available, most of these had a maximum delivery rate of
99 ml h™". In 1986 I wrote to a large number of the infusion
device manufacturers to elicit their interest in a collaborative
approach to the development of equipment more suitable for
routine operating theatre use. Among a small number of
positive responses, that from the Ohmeda Company, a sub-
sidiary of BOC Healthcare was the most encouraging. They
built a prototype which incorporated a bolus facility for the
rapid delivery of loading infusions and could be interfaced
with a controller for computer-controlled infusions. Clinical
evaluation of this prototype confirmed that it fulfilled all the
requirements of an infusion device for anaesthesia, such that
the Ohmeda 9000 became the first of a new generation of
syringe drivers [1]. This device could provide ‘bolus’ infu-
sion rates up to 1200 ml h™' suitable for induction of anaes-
thesia and a continuous infusion rate up to 200 ml h™".
Syringe pumps with similar features were subsequently
developed by a range of manufactures around the world.

First Steps Towards Commercial TCI Systems

In the late 1980s I recall a discussion with Walter Nimmao,
who was at that time Professor of Anaesthesia at Sheffield
University. He had recently returned from a visit to Duke
University, North Carolina, where he had been impressed by
the work Jerry Reeves and Peter Glass were doing with
pharmacokinetic model-driven infusion and suggested that
we should consider this approach for the administration of
propofol. Studies on the maintenance of anaesthesia in Europe
had been done principally with conventional syringe pumps,
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with depth of anaesthesia adjusted simply by altering the
infusion rate in ml per hour to deliver drug within the range
of 4-12 mg kg~ ' h™". This appeared to be quite satisfactory
and was consistent with my experience in laboratory animals,
where the response to a change to infusion rate was a prompt
change in depth of anaesthesia. As such, I was not convinced
at that time that a more sophisticated, ‘computer-controlled’
system would offer significant benefits to justify the likely
cost and added complexity. However, as the various interna-
tional research groups continued to work with a range of
independently developed computer-controlled infusion
systems, and began to apply them to the administration of
propofol, in early 1990 I persuaded ICI to allow me to orga-
nise a workshop on computer simulation and control of
i.v. infusions in anaesthesia, with the following objectives:

1. To allow common interest groups to exchange ideas and
discuss future developments

2. To promote a degree of standardisation in systems devel-
oped for the infusion of propofol

3. To facilitate the development of more convenient systems
for the administration of i.v. anaesthetics.

The attendees were mainly academic anaesthesiologists
with interests in pharmacokinetics and pharmacodynamics, a
number of whom had developed their own prototype
computer-controlled systems for the administration of hyp-
notic or analgesic agents. These included Chris Hull, Cedric
Prys-Roberts, Peter Hutton, Gavin Kenny, Martin White and
Bill Mapleson from the UK, Luc Barvais, Alain d’Hollander,
Frederic Camu and F Cantraine from Belgium, Pierre Maitre
and Don Stanski from Switzerland, Jirgen Schiittler and
Siggi Kloos from Germany, Xavier Viviand and Bruno
Lacarelle from France, Anders Nilsson from Sweden and
Peter Glass, Jim Jacobs and Steven Shafer from the USA.
Martyn Gray (Ohmeda, UK) and Jim Skakoon (Bard, USA)
provided input from infusion device manufacturers, and
from the Company, I was accompanied by Ian Cockshott
(pharmacokinetics), Philip Arundel (mathematics and elec-
tronics) and Katie Hopkins (medical research).

This meeting achieved its objectives in that the
participants welcomed the opportunity to share their experi-
ence and to seek a route towards wider availability of com-
puter-controlled infusion systems. It was clear that there
would need to be a degree of standardisation and discussion
of product liability issues highlighted the need for pharma-
ceutical companies to provide regulatory authorities with
more information, before guidance on computer-controlled
infusion could be included in drug prescribing information.
By the end of this meeting I was convinced that computer-
controlled systems could facilitate the administration of
propofol for maintenance of anaesthesia but commercial
support for a complex and potentially expensive
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development was yet to be obtained. Together with Jos
Heykants of Janssen Pharmaceutica, I organised a second
international workshop on ‘Target Control Titration in intra-
venous anesthesia’ in the Netherlands just prior to a World
Congress of Anaesthesiology congress being held there in
June 1992. This meeting was chaired by Carl Hug from the
USA and attended by almost 40 academic anaesthesiologists
(Fig. 2.1), a number of industry participants and
representatives from a regulatory agency (FDA, USA) and
a Notified Body (TUV, Germany). I had first suggested the
term ‘Target Control Titration’ as an alternative to the vari-
ous acronyms that had been used to describe prototype
systems developed by different groups when speaking at a
Swedish Postgraduate Meeting at Leondahl Castle in
October 1991. Gavin Kenny was another speaker at this
meeting who agreed that it was desirable to avoid the impli-
cation that a computer rather than an anaesthesiologist
controls the depth of anaesthesia and thereafter began to
refer to Target Controlled Infusion in subsequent papers.
In time this terminology, and the acronym TCI, was
endorsed by other leaders in the field [2]. The interest of
anaesthesiologists and medical device manufacturers in this
approach was clearly increasing and possible approaches to
commercial development were emerging. The group at
Glasgow University had modified their original system [3]
to produce a portable system which used a Psion Organiser
(POS 200) interfaced with the Ohmeda 9000 syringe pump
[4]. Reports of local use of this system, which were later
published [5] indicated that 27 of 30 anaesthesiologists who
had used the system found that it had changed their use of
propofol for maintenance of anaesthesia, the main reasons
being greater ease of use and more confidence in the predict-
ability of effects, in comparison with manually controlled
infusion. This began to elicit commercial interest within ICI
and a project team was constituted in August 1992 to deter-
mine the feasibility of developing a TCI system linked to a
prefilled syringe presentation of propofol which was already
under development.

The ‘Diprifusor’ TCl Development

The development of the Diprifusor TCI system and
associated technology has been described elsewhere [6, 7],
but a brief summary is included here to illustrate the strategy
adopted. Despite extensive academic experience with TCI,
there was no precedent within regulatory agencies for deal-
ing with this kind of drug—device combination, and exten-
sive discussions with drug and device regulatory authorities
were held to seek a way forward. A proposal by the Com-
pany to link the development to electronically tagged pre-
filled syringes (Fig. 2.2), to confirm the drug and drug
concentration present, was welcomed by these authorities.
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Fig. 2.1 Delegates invited to attend a workshop on ‘Target Controlled
Titration in Intravenous Anaesthesia’, co-sponsored by ICI
Pharmaceuticals and Janssen Pharmaceutica in Holland in 1992. Aca-
demic delegates from the USA included Julie Barr, Peter Glass, Carl
Hug, Jerry Reeves, David Watkins, Steve Shafer and Don Stanski, from
the UK Michael Halsey, Cedric Prys-Roberts, Gavin Kenny and Martin
White, from Germany Jiirgen Schiittler, from Belgium Elisabeth Gepts,

Fig. 2.2 Plastic finger grip with electronic tag utilising Programmed
Magnetic Resonance to confirm presence of propofol and identify
concentration in glass prefilled syringe (Reproduced with kind permis-
sion from AstraZeneca)

This added a significant level of technical complexity to the
development but had the commercial benefit to the Company
that the new technique would be restricted to use with
‘Diprivan’™ the Company’s brand of propofol. It is unlikely
that commercial support for the development would have

Alain D’Hollander and Luc Barvais, from France Frederique Servin, from
Australia David Crankshaw and Laurie Mather, from South Africa Johan
Coetzee, and a representative of the FDA in the USA, Dan Spyker.
(Reproduced with kind permission from Springer Science + Business
Media: The Wondrous Story of Anesthesia, EI Eger, II et al. (eds) 2014,
Chapter 66, Some examples of industry contributions to the history of
anesthesia. Leazer R, Needham D, Glen J, Thomas P, Fig. 66.6, p. 919)

been achieved without this approach. It was considered
important to separate clearly the responsibilities of the
drug company in selecting the pharmacokinetic model and
providing guidance on usage, with the addition of target
concentration settings to the drug prescribing information,
from those of the pump manufacturer. The plan to achieve
this involved the development by the Company of the
Diprifusor TCI module (Fig. 2.3) containing the TCI control
software, with a preferred pharmacokinetic model and soft-
ware to communicate with the electronic identification tag,
the pump display and the pump motor, which could be
incorporated by the device manufacturer into a conventional
syringe infusion pump. Results of clinical trials with devices
containing the preferred model, and proposed guidance on
target concentration settings for inclusion in Diprivan label-
ling, would be submitted to drug regulatory authorities.
Within Europe both the Diprifusor TCI module (as an
‘Accessory’) and integrated devices incorporating the mod-
ule would be submitted for conformity assessment by a
Notified Body (G-MED, France) as designated by EEC
Directive 93/42 which came into effect in Jan 1995. The
Company spent a considerable time developing a delivery
performance specification with a series of test input profiles.
Demonstration of conformity with this specification by a
device manufacturer, using a final integrated device,



12

J.B. Glen

Fig. 2.3 Diprifusor™ TCI
module (8 X 5 x 1 cm)
developed by ICI
Pharmaceuticals (now
AstraZeneca) and containing the
Marsh pharmacokinetic model
and two microprocessors running
independent versions of TCI
control software as developed by
the University of Glasgow
(Reproduced with kind
permission from AstraZeneca)

provided a link between the medicines authority assessing
the clinical trials submission and the Notified Body
evaluating the device. Discussions with the FDA in 1995
concluded that the submission of both clinical and device
data should be in the form of a Pre Market Approval (PMA)
application, to the group primarily responsible for the assess-
ment of new devices in the USA.

In late 1991, the Ohmeda Company, possibly as a conse-
quence of marketing priority being given to desflurane,
decided to stop manufacture of the Ohmeda 9000 pump.
As a result, Martyn Gray, an electronics expert who had
been collaborating with the Glasgow University group,
became available to work as a consultant for the Company.
A decision was made to licence the Glasgow University TCI
technology as the Company was satisfied that the two pro-
cessor design incorporated in this system was likely to offer
the most robust approach to TCI and Martyn was already
familiar with this software. Martyn Gray (Anaesthesia Tech-
nology Ltd, Wetherby, UK) played a key role in the design
and validation of the Diprifusor TCI module, thus
transforming the Glasgow University software into a format
that could communicate with and be installed in infusion
pumps from a range of manufacturers. The development of
the drug concentration identification system also required
close collaboration between Martyn Gray and another exter-
nal consultancy (Scientific Generics Ltd, now Sagentia,
Cambridge, UK). An indication of the complexity of this
aspect of the development can be seen in the equipment
required to manufacture the electronic tag in the syringe
finger grip (Fig. 2.4).

To ensure standardisation of drug delivery at a particular
target setting, it was important to select a single pharmaco-
kinetic model. Philip Arundel at ICI had developed the
pharmacokinetic simulation program EXPLICIT [8] and I
selected models described by Dyke and Shafer [9], Tackley

AstraZenoca UK Lid
Macclosfiokd

Silk Road Business Park
Cheshira '

aaall
Ce

et al. [10], and Marsh [11] for comparison. Detailed infor-
mation on drug infusion rates and measured blood propofol
concentrations were available from healthy control patients
in a pharmacokinetic study of propofol [12]. Simulation of
the infusion rates used in this study with EXPLICIT showed
a degree of positive bias (measured concentrations greater
than predicted) with all three models. The degree of positive
bias was small and similar with the Tackley and Marsh
models and was somewhat greater with the Dyck and Shafer
set. Similar results were later obtained in a prospective
comparative study with the same three models [13], and in
view of the greater clinical experience already obtained with
the Marsh model, this was selected for further clinical stud-
ies. Meetings continued with academics working in this field
and it was agreed that results obtained up to that time would
be pooled to obtain a set of population pharmacokinetic
parameters. Preliminary results were reviewed in 1993 but
the figures obtained at that time using NON-MEM software
showed no significant improvement in predictive perfor-
mance. The Marsh model used in Diprifusor systems
incorporates a minor reduction in central volume of distri-
bution but in other respects uses the rate constants described
by Gepts and colleagues [14]. A minor typographical error
occurred in the description of the adult model given in a
study related to the development of a model for children [11]
in that Diprifusor systems use a value for k1, of 0.114 min ™"
as described by Gepts rather than the value of 0.112 min~'
given in the Marsh publication. This disparity has a very
minor effect on propofol delivery.

For the programme of Company sponsored clinical stud-
ies, the Glasgow University software was incorporated in a
customised ‘Backbar’ computer developed by Martyn Gray
at Anaesthesia Technology Ltd and linked via a serial port to
an Ohmeda 9000 or Graseby 3400 computer compatible
syringe pump. Delivery performance tests confirmed that,
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Fig. 2.4 Equipment required to
manufacture and insert the
electronic tag into the plastic
fingergrip for glass prefilled
syringes of ‘Diprivan’™
(Reproduced with kind
permission from AstraZeneca)

Table 2.1 Example of Diprifusor drug delivery specification in 50 kg
subject with an initial target blood propofol concentration of 6 pug ml™"',
reduced to 4 ng ml~" at 10 min and increased to 6 ne ml~" at 20 min

Time (min) 1 5 10 20 21 30

Ideal vol (ml) 8.44 |15.51 |23.59 |30.48 |34.21 |46.41
Min balance vol (ml) |7.60 |14.73 |22.41 |28.96 |32.50 |44.09
Max balance vol (ml) |8.86 |16.29 |24.77 |32.00 |35.92 |48.73

at a series of target settings, the delivery of propofol with
these two systems was equivalent. Further tests examined
inter-syringe and inter-pump variability, linearity of output
over a target concentration range of 1-8 pg ml~', delivery
performance over a 6 h period and performance at extremes
of body weight accepted by Diprifusor systems (30 and
150 kg). Cumulative volume of drug delivered was
measured with an electronic balance and compared with an
ideal volume obtained by computer simulation of the same
target input using Diprifusor software. At selected time
points, infusion error was calculated as follows:

(Balance volume — Ideal volume)

Infusion error % = x 100

Ideal volume

Initial response time was also calculated as the time required
for the predicted target to reach 90 % of the target set when
the balance output was fed into Diprifusor software. This
work led to a delivery performance specification, with a series
of five test protocols, which was supplied to the manufacturers
of commercial ‘Diprifusor’ systems. Initial response times for
these test protocols ranged from 0.4 to 1.0 min and infusion
error allowed was generally +5 %. By demonstrating confor-
mity with this specification, manufacturers were able to dem-
onstrate that the Diprifusor module had been correctly
installed in their pump and would operate in a manner consis-
tent with the systems used in clinical trials. An example of the
specification for one test profile is shown in Table 2.1

Eight prospective clinical studies with the selected TCI
control program and using the Marsh pharmacokinetic
model for induction and maintenance of anaesthesia in
adults were completed and submitted to drug regulatory
authorities in Europe and the USA in 1995. The principal
objectives of the trial programme were as follows:

1. To determine the target concentration settings required to
induce and maintain anaesthesia

2. To examine the influence of premedication [15], analge-
sic supplementation [16] and mode of ventilation [17] on
the target concentrations required.

3. Two studies assessed the predictive performance of the
Marsh model using the methods proposed by Varvel and
colleagues [18]. Both studies showed an acceptable
degree of positive bias (i.e. measured blood propofol
concentrations greater than predicted) with median values
of 16 % in one study in general surgery patients [19] and
25 % in patients undergoing cardiac surgery [20].

4. To determine the target concentrations required in elderly
patients and in patients undergoing cardiac surgery
[20]. One unpublished study in cardiac surgery patients
was conducted with a double blind study design as
requested by FDA and demonstrated no clinically rele-
vant differences between the groups in haemodynamic or
safety assessments.

5. To compare the characteristics of anaesthesia and ease of
use of the Diprifusor TCI system with manually con-
trolled infusion [21].

Efficacy and safety assessments made in these studies
were consistent with previous experience with propofol
and the following guidance on target blood propofol
concentrations when using Diprifusor TCI systems for
induction and maintenance of anaesthesia was proposed as
an amendment to ‘Diprivan’ prescribing information:



In adult patients under 55 years of age anaesthesia
can usually be induced with target propofol
concentrations in the region of 4 to 8§ ug/ml. An initial
target of 4 ug/ml is recommended in premedicated
patients and in unpremedicated patients an initial
target of 6 ug/ml is advised. Induction time with
these targets is generally within the range of 60—120
seconds. Higher targets will allow more rapid induc-
tion of anaesthesia but may be associated with more
pronounced  haemodynamic — and  respiratory
depression.

A lower initial target should be used in patients
over the age of about 55 years and in patients of ASA
grades 3 and 4. The target concentration can then be
increased in steps of 0.5 to 1.0 ug/ml at intervals of
1 minute to achieve a gradual induction of anaesthesia

Supplementary analgesia will generally be
required and the extent to which target concentrations
for maintenance of anaesthesia can be reduced will be
influenced by the amount of concomitant analgesia
administered. Target propofol concentrations in the
region of 3 to 6 ug/ml usually maintain satisfactory
anaesthesia.

Drug labelling also highlights the requirement for the
target concentration to be titrated to the response of the
patient, in view of interpatient variability in propofol phar-
macokinetics and pharmacodynamics, and for users to be
familiar with the instructions for use in the “‘Diprifusor’
Guide for Anaesthetists” which provided further information
on the concept of TCI and advice on the practical use of the
system.

Approvals for amendments to the drug prescribing infor-
mation and EC certificates of conformance with the
requirements of directive 93/42/EEC, allowing CE marks
of conformance to be attached to the Diprifusor TCI module
and integrated devices containing the module, began to be
achieved in the UK and most European countries from 1996
onwards. The first integrated Diprifusor TCI system to gain
approval in Europe was the Becton Dickinson Master TCI
pump (Vial, later Fresenius, Bresins, France) followed by
the Graseby 3500 (Smiths Medical, UK), Alaris IVAC TIVA
TCI pump (Alaris Medical, later Carefusion, UK) and later
in Japan, the Terumo TE-372 syringe pump.

Further submissions were made to drug authorities to
extend the use of Diprifusor TCI systems to conscious seda-
tion for surgical and diagnostic procedures and for intensive
care sedation [22], but these submissions have not been
made in every country in which approval for induction and
maintenance of anaesthesia has been granted. No submission
to allow the use of Diprifusor TCI systems in children has
been made in any country. Currently used Diprifusor
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systems display predicted effect-site propofol concentration
using a blood-brain equilibration rate constant (k,y) of
0.26 min~'. This value was obtained from a preliminary
analysis of a study in which pharmacodynamic data was
obtained by monitoring EEG auditory evoked potentials
[23]. A final non-parametric analysis of the study data
provided a mean k.o value of 0.2/min [24]. Subsequently, a
modified k.o of 1.21 /min was proposed for use with the
Marsh model [25] but was not endorsed by AstraZeneca.
The opportunity to control effect-site concentration was not
incorporated in the original Diprifusor TCI module because
of the complexity of the regulatory process, the impossibility
of measuring effect-site concentrations and uncertainty
about the most appropriate k., value for use with the
Marsh model. More recently the latest version of the
Diprifusor TCI module has been modified to allow the con-
trol of effect-site concentrations with an intermediate k,q of
0.6 min~', a value found to be most likely to achieve a stable
effect when the target is fixed at a time when a desired effect
has been achieved [26]. In a further comparative study the
Marsh model and a ko of 0.6 min~' achieved induction of
anaesthesia more rapidly than the Marsh model in blood
concentration control or the Schnider model [27, 28] with a
k.o of 0.46 min~ ' in effect-site control with no differences
between groups in the magnitude of blood pressure changes
or the frequency of apnoea [29].

The clinical trial documentation submitted in Europe was
sufficient to gain approval for amendments to Diprivan
labelling to allow administration by TCI in most countries
in which TCI devices have been approved. Notable
exceptions were Japan and the USA. In Japan the 1 %
Diprivan Prefilled Syringe with electronic tag drug identifi-
cation was evaluated and approved as a 1 % Diprivan
Injection-Kit following four studies which examined useful-
ness, benefits, microbiology and use by conventional
methods of administration. This was followed by a TCI
user study in Japanese patients in which the Graseby 3500
infusion pump with the Diprifusor TCI module was used to
assess efficacy, safety and controllability. Predictive perfor-
mance was also assessed and median bias of 18.8 % was
similar to that seen in European studies [30]. Guidance on
administration of Diprivan by TCI in Japan recommends the
use of slightly lower target settings:

Diprivan should be administered using Diprifusor TCI
function of a Diprifusor TCI pump.

(1) Induction

Usually in adults, infusion should be started intra-
venously with a target blood propofol concentration of

3 ug/ml, which should be increased in steps of 1.0
to 2.0 ug/ml at intervals of one minute if clinical
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signs do not show onset of anaesthesia in 3 minutes
after start of infusion.

In adult patients, anaesthesia can usually be
induced with target concentration in the range of 3.0
to 6.0 ug/ml within the range of I to 3 minutes.

In elderly patients and in patients of ASA grade
3 and 4, a lower initial target should be used.

(2) Maintenance

The required depth of anaesthesia can usually be
maintained by continuous infusion of the drug in com-
bination with oxygen or a mixture of oxygen and
nitrous oxide, while the target concentration is titrated
against the response of the patient. Target
concentrations in the region of 2.5 to 5.0 ug/ml usually
maintain satisfactory anaesthesia in adults.

Analgesics (narcotic analgesics, local anaesthetics, etc.)
should be used concomitantly.

Despite a lengthy evaluation process during which FDA
reviewers and regulatory strategy changed, approval for the
Diprifusor TCI system in the USA was not obtained and the
agency issued a non-approvable letter in 2001, stating that
lack of precision in dosing posed an unacceptable risk. The
Company responded that no pharmacokinetic model could
be expected to eliminate variability in the concentrations
achieved at a particular target setting and that such
variability had not been associated with any safety concerns,
but approval was not achieved and the Company withdrew
the US submission in 2004. A theoretical treatise has since
then proved that TCI devices can neither create nor eliminate
biological variability, the overall spread of observations
being an intrinsic property of the drug [31]. More detailed
information on the failure to obtain approval for TCI in the
USA is discussed in a recent publication on the history of
TCI [32].

‘Open’ TCI Systems

Around 2002, as ‘Diprivan’ patents began to expire, a num-
ber of medical device manufactures began their independent
development of TCI devices without a drug recognition
facility which therefore allowed their use with generic
preparations of propofol. Among the first of these were the
‘Orchestra’® Base Primea introduced by Fresenius Vial in
2003 and the ‘Asena’® PK syringe pump (Alaris Medical,
now Cardinal Health Care). By this time continuing aca-
demic research had led to the publication of an alternative
pharmacokinetic model for propofol, developed in
volunteers, with covariates for age, weight, height and lean
body mass [27]. This study also included characterisation of
the relationship between plasma concentration and the time

course of drug effect, and proposed a value for the blood—
brain equilibration rate constant (k,)) of propofol of
0.456 min~' and a predicted time of peak effect of 1.7 or
1.6 min when assessed by visual inspection of the EEG
[28]. Algorithms to achieve and maintain stable drug
concentrations at the site of drug effect had been published
earlier [33, 34] and medical device companies came under
pressure from academic groups to provide TCI systems
which would not only allow the administration of generic
propofol with the Marsh model, but would also allow the
choice of the alternative pharmacokinetic model, the choice
to control plasma or effect-site drug concentrations and
the ability to deliver remifentanil or sufentanil by TCI.
While these devices refer to plasma rather than blood
concentrations, this chapter continues to describe blood
concentrations as in the regulatory studies with propofol
and remifentanil whole blood concentrations were measured
and guidance on target settings in drug labelling is provided
in terms of blood concentrations.

In Europe these systems were submitted to a Notified
Body to assess conformity with the standards set out in the
European Medical Device Directive 93/42 in the same way
that the Diprifusor module and integrated Diprifusor TCI
pumps were evaluated. As devices intended to deliver
anaesthetic (i.e. ‘potentially hazardous’ substances), these
come within Class IIb of the Directive classification and
require inspection by a Notified Body with regard to their
design, manufacture and quality assurance. A key feature of
the Directive is that devices bearing a CE mark, indicating
that they have demonstrated a satisfactory assessment of
conformity with the requirements of the Directive, can then
be marketed throughout Europe and CE marking has also
been recognised as a sign of approval by other countries
outside Europe. Directive 93/42 provides a series of ‘Essen-
tial Requirements’ which have to be met in relation to safety
and performance. In terms of performance, it is sufficient to
demonstrate that a device incorporating a particular model at
particular target settings will deliver an infusion profile and
predict plasma or effect-site drug concentrations in line with
mathematical predictions for the same model obtained by
computer simulation. Literature publications describing
clinical experience with particular models can be used to
justify the choice of target settings used in these studies.
There is no requirement for the Notified Body to have any
contact with the relevant Medicines Authority responsible
for the marketing authorisation of the drugs to be infused or
the manufacturer of these drugs. A similar approach to
device approval has been used by newer entrants in the
field. The Perfusor® Space and Infusomat® Space pumps
(B Braun, Germany), the Volumed® pVP 7000 and
Syramed® pSP600 devices (Arcomed AG, Switzerland)
and the Pion® TCI pump (Bionet, Korea) have incorporated
the Marsh and Schnider models for propofol, the Minto
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model for remifentanil and in some cases models for admin-
istration of sufentanil, alfentanil, fentanyl, midazolam, keta-
mine and dexmedetomidine by TCIL.

In the case of propofol, the introduction of open TCI
systems giving users a choice of pharmacokinetic models
and modes of administration has led to a degree of confusion
[35] which will be discussed in the section on propofol TCI
with open systems. In the following sections the author has
used the pharmacokinetic  simulation  programs
TIVAtrainer© (Version 9.1 GuttaBV, Aerdenhout, The
Netherlands) and PK-SIM (Specialized Data Systems,
Jenkintown, PA, USA) to illustrate, in example subjects,
the performance of different pharmacokinetic models or
their implementation.

Remifentanil TCI

By the time open TCI systems became available there were
already a large number of literature publications on the admin-
istration of remifentanil by TCI based on the use of
non-approved TCI software and prototypes in research studies.
A number of different pharmacokinetic models for
remifentanil had been described and I was commissioned by
GlaxoSmithKline to assist Professor Jiirgen Schiittler with the
preparation of a Clinical Overview to support the administra-
tion of remifentanil by TCI and to provide guidance on appro-
priate target remifentanil concentrations for inclusion in drug
labelling. This involved a detailed review of 41 published
clinical studies involving a total of 2650 subjects, comparison
of the performance of the different pharmacokinetic models
and the selection of a preferred model, overviews of efficacy
and safety and conclusions on risks and benefits. The pharma-
cokinetic model described by Minto and colleagues [36] was
advocated for the following reasons:

1. This model was derived from a composite analysis of data
from 65 healthy adults with an age range of 2085 years

2. A population pharmacokinetic model was developed to
account for an observed effect of age and lean body mass
on the pharmacokinetics of remifentanil

3. This study also provided a k., value for remifentanil
related to patient age, predicting slower equilibration in
patients older than 40 years and faster equilibration in
younger patients.

4. Widely used in prototype TCI systems with good clinical
results

5. A prospective evaluation of the predictive performance of
this model provided acceptable values for bias (—15 %)
and inaccuracy (20 %) [37].

Once approved, guidance on the administration of
remifentanil by TCI was added to the Statement of Product
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Characteristics  (SPC)  for remifentanil  (‘Ultiva’,
GlaxoSmithKline) in territories where approved TCI
devices were available. Extracts from the SPC include the
following:

‘Ultiva’ may also be given by target controlled infusion
(TCI) with an approved infusion device incorporating
the Minto pharmacokinetic model with covariates for
age and lean body mass. For TCI the recommended
dilution of Ultiva is 20-50 micrograms/ml.

Ultiva TCI should be used in association with an
intravenous or inhalational hypnotic agent during
induction and maintenance of anaesthesia in
ventilated adult patients. In association with these
agents, adequate analgesia for induction of anaesthe-
sia and surgery can generally be achieved with target
blood remifentanil concentrations ranging from
3 to 8 nanograms/iml. Ultiva should be titrated to
individual  patient response. For particularly
stimulating surgical procedures target blood con-
centrations up to 15 nanograms/ml may be required.
At the end of surgery when the TCI infusion is stopped
or the target concentration reduced, spontaneous res-
piration is likely to return at calculated remifentanil
concentrations in the region of 1 to 2 nanograms/ml.
As with manually-controlled infusion, post-operative
analgesia should be established before the end of
surgery with longer acting analgesics. There are insuf-
ficient data to make recommendations on the use of
TCI for spontaneous ventilation anaesthesia and use
of TCI for the management of post-operative analgesia
is not recommended.

In association with an intravenous or inhalational
agent, adequate analgesia for cardiac surgery is gen-
erally achieved at the higher end of the range of target
blood remifentanil concentrations used for general
surgical  procedures. Following titration of
remifentanil to individual patient response, blood
concentrations as high as 20 nanograms/ml have
been used in clinical studies

Because of the increased sensitivity of elderly
patients to Ultiva, when administered by TCI in this
population the initial target concentration should be
1.5 to 4 nanograms/ml with subsequent titration to
response.

In obese patients, with the calculation of lean body
mass (LBM) used in the Minto model, LBM is likely to
be underestimated in female patients with a body mass
index (BMI) greater than 35 kg/m2 and in male
patients with BMI greater than 40 kg/m2. To avoid
underdosing in these patients, remifentanil TCI should
be titrated carefully to individual response.
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In ASA III/1V patients a lower initial target of 1.5 to
4 nanograms/ml should be used and subsequently
titrated to response.

In many respects, the approach adopted for remifentanil
TCI was ideal in that a single pharmacokinetic model is
recommended and advice on suitable target concentration
settings is provided in the drug labelling. Although some
studies had used the pharmacodynamic parameters provided
by Minto and colleagues to deliver remifentanil by effect-
site TCI, GlaxoSmithKline did not wish to recommend
this approach. While some of the open TCI systems now
available do provide the option to control effect-site
concentrations of remifentanil, this mode of administration
leads to very minor differences in drug delivery in compari-
son with plasma concentration control (Fig. 2.5). With a
drug with such rapid onset and offset characteristics as
remifentanil, it is unlikely that a study comparing the
two modes of administration would detect any clinical
differences.

One defect in the Minto model is the use of the James
equation [38] which underestimates lean body mass in obese
patients. However, this was recognised at the time of the
regulatory submission and notification of this effect was
added to the drug labelling. Estimation of lean body mass
will be discussed in more detail in a later section.
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Sufentanil TCI

Sufentanil is not marketed in the UK but is used in the USA
and a number of European countries and the ability to
administer sufentanil by TCI with the pharmacokinetic
model described by Gepts and colleagues [39] has been
incorporated in some of the open TCI systems now avail-
able. In France a brief addendum concerning drug
concentrations has been included in the French prescribing
information for ‘Sufenta’™. Guidance on suggested plasma
concentrations includes the following:

Efficient concentration

— Anaesthesia. After iv administration, the following plasma
concentration of 0.15 to 0.6 ng/ml is usually used to maintain
general anaesthesia when combined with hypnotics.
Concentrations of 0.4 to 2 ng/ml are requested in cardiac
surgery. Plasma and effect site (brain) concentrations equil-
ibrate after 6 min. Spontaneous ventilation is observed at a
mean concentration of 0.2 ng/ml.

— Sedation. Combined with a benzodiazepine for long term
sedation, the concentration is usually between 0.3 to 2 ng/ml.

Although a specific pharmacokinetic model is not men-
tioned, the pharmacokinetics of the drug as described
indicates values for Vc (the central volume of distribution)
and clearance which are identical to those described by
Gepts [39]. Some open TCI systems also provide the
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opportunity to control effect-site concentrations of
sufentanil using the Gepts model combined with a blood—
brain equilibration constant (k.) of 0.112 min~! derived
from the mean equilibration half life of 6.2 min described
by Scott and colleagues [40]. With a drug such as sufentanil
with a relatively slow onset, control of effect-site concentra-
tion will lead to the administration of a significantly larger
initial dose (Fig. 2.5) and a more rapid onset of effect. One
concern with some implementations of the Gepts model is
that the model is not weight proportional and without age
and weight limits could deliver excessive doses if used in
small children.

Propofol TCl with Open TCI Devices

The ability to deliver generic preparations of propofol is
possible with open systems which do not require the added
security of the electronic identification of the drug and its
concentration. Isolated cases have been reported where the
wrong concentration of propofol emulsion has been selected
[41] or where propofol and remifentanil syringes were mis-
takenly reversed [42] and in one case led to accidental
awareness [43]. Anecdotal reports suggest that such
mistakes may occur more frequently than reported. Failure
to use the correct syringe brand selection can also lead to
errors in drug delivery, in some cases up to almost 20 % of
the nominal delivery [44].

Providing users with a choice of two pharmacokinetic
models for the administration of propofol by TCI has led to
a significant degree of confusion which has probably hin-
dered the wider adoption of the technique [35]. Possible
sources of confusion are discussed as follows:

Simple Versus Complex Model

With the Marsh model, as the central volume of distribution
(V1) is related to body weight, both volumes of distribution
and clearance are related to body weight and a single set of
rate constants can be used for all patients. The consequence
is that, at any given target setting, drug delivery in terms of
mgkg ' ormgkg 'h™'or pg kg~ min~" is the same for all
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patients, independent of body weight, gender or patient age.
Although age is requested as an input, this is only to ensure
that this adult model is not used in patients younger than
16 years. It is expected that target settings will be titrated to
achieve the depth of anaesthesia or sedation desired, and
lower targets are recommended in older or debilitated
patients. Guidance on recommended target settings is
provided in ‘Diprivan’ labelling and changes in target
settings provide proportional changes in the rate of drug
delivery. The introduction of this system was accompanied
by the provision by the pharmaceutical company of more
detailed information on the technique in training materials
such as the ‘Diprifusor’ Guide for Anaesthetists and an
extensive programme of training courses provided by local
marketing companies with the assistance of local and inter-
national experts, often accompanied by demonstrations of
the technique achieved with live video links to an operating
theatre. The Marsh model has been used extensively and
safely for many years since its first introduction in Diprifusor
TCI systems in 1996 and it can be estimated that about
25,000 such systems have been introduced to clinical use.
In contrast to the simplicity of the Marsh model the
Schnider model is more complex. It is difficult without
further calculation to gain much information on the likely
performance of a particular pharmacokinetic model from the
series of rate constants used as inputs in a TCI program.
However, if the volumes and clearances of the three-
compartment model are presented in the terms of ml kg '
for volumes and ml kg~' min~' for clearances as in
Tables 2.2 and 2.3, some prediction of the differences
between models in delivery performance is facilitated. In
the Schnider model, V is constant at 4.27 1, age is a covari-
ate for the volume of the second compartment (V) and rapid
peripheral clearance (Cl,); and weight, height and lean body
mass are all covariates for metabolic clearance (Cl,).
Although gender is not a covariate, it has an influence on
Cl, as the James equation used to calculate lean body mass is
gender specific in such a way that metabolic clearance is
about 15-30 % greater in female subjects, the higher figure
being seen in heavier patients (Table 2.3). The best way to
compare the performance of different pharmacokinetic

Table 2.2 Influence of age and gender on volumes of distribution and clearance with the Marsh and Schnider pharmacokinetic models for

propofol
Schnider Schnider
Marsh 30 year, M 50 year, M

Vi (mlkg™h 228 61 61

V, (ml kg™h 473 398 287

V3 (ml kg™ 2895 3400 3400

Cl, (ml kg~" min™") 27.1 23.4 23.4
ClL, (ml kg~" min™") 26 26.3 19.5

Cl; (ml kg~" min™") 9.6 11.9 11.9

All subjects 70 kg, 170 cm

Schnider Schnider Schnider Schnider
80 year, M 30 year, F 50 year, F 80 year, F
61 61 61 61
119 398 287 119
3400 3400 3400 3400
234 28.7 28.7 28.7
9.2 26.3 19.5 9.2
11.9 11.9 11.9 11.9
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Table 2.3 Influence of body weight and gender on volumes of distribution and clearance with the Marsh and Schnider pharmacokinetic models

for propofol

Vi (mlkg ™"
Vs (mlkg™")

Marsh
228
473

Schnider

50 kg, M
85
401
4760

Schnider

70 kg, M
61
287
3400

Vs (ml kg™") 2895

Cl, (mlkg™' min™") 27.1 30 23.4

Cl, (ml kg™ min™") 26 272 19.5

Cl; (ml kg™ min™") 9.6 16.7 11.9
All subjects 50 year, 170 cm

Schnider Schnider Schnider Schnider
110 kg, M 50 kg, F 70 kg, F 110 kg, F
39 85 61 39
182 401 287 182
2164 4760 3400 2164
24 34.4 28.7 31.2
12.4 27.2 19.5 12.4
7.6 16.7 11.9 7.6

Fig. 2.6 The influence of patient 2.5 -
age on the cumulative dose

(mg kg™") of propofol delivered
with the Marsh and Schnider
models at a target blood
concentration (Cbr) of 4 pg ml~!
in 70 kg, 170 cm male subjects.
Filled diamond Marsh Cbry all
ages, open square Schnider Cbr
30 year, filled triangle Schnider
Cbr 50 year, open triangle
Schnider Cby 80 year

Cumulative dose (mg.kg-)

models is to examine delivery performance in terms of the
cumulative amount of drug given over the first few minutes
(i.e. the induction dose) and thereafter the infusion rate
profile delivered in the maintenance phase. The cumulative
dose delivered over an extended period can also be useful to
give an overall picture of the induction and maintenance
phases.

Figure 2.6 shows a comparison of the influence of patient
age on the cumulative amount of propofol delivered over
5 min with the Marsh and Schnider models in a 70 kg,
170 cm male subject at a target blood propofol concentration
of 4 pg ml ™", It can be seen that the Schnider model, with a
much smaller central compartment volume than the Marsh
model, delivers a much smaller initial dose by rapid infusion
than the Marsh model. By 2 min the Schnider model has
delivered only 0.7 mg/kg in the 50-year-old patient whereas
the Marsh model has provided 1.4 mg kg, independent of
patient age. The initial dose delivered by the Schnider model
is also independent of patient age but thereafter the slopes of
the delivery profiles reflect age related changes in rapid
peripheral clearance (Cl,) (Table 2.2). Figure 2.7 shows a
comparison of the two models with respect to patient weight
in 50 year, 170 cm male subjects. Again, the cumulative
dose delivered is much smaller with the Schnider model and
as V is constant in this model, the weight related reduction

Time (min)

in V, in terms of ml kg~ ' (Table 2.3) leads to weight related
changes in initial dose delivered in terms of mg kg~ with a
larger initial dose in lighter patients. Weight related changes
in clearance in terms of ml kgf1 min ! (Table 2.3) also
explain the age related divergence in the cumulative dose
lines in the figure.

Because the Schnider model delivers such a small initial
dose it has become routine practice in centres which use this
model to select an option to control effect-site propofol
concentrations. Figure 2.8 shows the cumulative dose of
propofol delivered with the Marsh model in blood concen-
tration control mode and the Schnider model in effect con-
trol mode (k. 0.46 minfl) in 50 year, 170 cm male patients
of 50, 70 and 110 kg at targets of 4 pg ml~". In the 70 kg
subject, the initial dose delivered with the Schnider model is
now similar to that provided by the Marsh model in blood
control mode, while that in lighter patients is greater and that
in heavier patients is smaller. Once a requested target is
reached there is very little difference between blood and
effect site modes of control in the infusion rate required to
maintain this target. Figure 2.9 shows the infusion rates
delivered by the Marsh model in blood concentration control
(Cbt) and the Schnider model in blood and effect-site con-
trol (Cer) in 50 year, 170 cm male patients of 50 and 100 kg
when propofol target concentrations of 3 pg ml~' have been
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Fig. 2.7 The influence of patient
weight on the cumulative dose
(mg kg’l) of propofol delivered
with the Marsh and Schnider
models at a target blood
concentration (Cbry) of 4 pg ml™"
in 50 year, 170 cm male subjects.
Filled diamond Marsh Cbr all
weights, filled square Schnider
Cbr 50 kg, open square Schnider
Cbr 70 kg, filled triangle
Schnider Cbt 110 kg

Fig. 2.8 The influence of patient
weight on the cumulative dose
(mg kg™ of propofol delivered
with Marsh model in blood
concentration control (Cbp

4 ug mi~") and the Schnider
model in effect control (Cey

4 pg mI~") in 50 year, 170 cm
male subjects. Filled square
Schnider Cer 50 kg, filled
diamond Marsh Cbr all weights,
open square Schnider Cet 70 kg,
filled triangle Schnider Cer

110 kg

Fig. 2.9 Propofol infusion rates
(mg kg~' h™") delivered with
Marsh model in blood
concentration control (Cbt

3 pg ml™") and the Schnider
model in blood concentration
(Cbr 3 pg ml™") and effect
control (Cer 3 pg ml™") in

50 year, 170 cm male subjects
weighing 50 or 110 kg. Filled
triangle 50 kg, Schnider CbT,
open triangle 50 kg, Schnider
CeT, filled diamond Marsh Cbr
all weights, filled square 110 kg,
Schnider Cbr, open square

110 kg, Schnider Cey

Cumulative dose (mg.kg™)

Cumulative dose (mg.kg ™)

Infusion rate (mg.kg™'.h™")
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set. Infusion rates with the Schnider model in the 50 kg
subject are greater than those provided with the Marsh
model and those in the 110 kg subject are lower, in both
cases reflecting weight related changes in clearance
(Table 2.3). In both Schnider simulations, the maintenance
infusion rate in effect control mode is only marginally
slower than with blood control and this difference disappears
over time, in the absence of any change in target setting.
Increases in rapid peripheral distribution and clearance (V;
and Cl,) in subjects younger than 53 years and decreases in
older subjects influence the maintenance infusion rate for the
first 30 min but thereafter, in a 70 kg subject, rate is similar
to that provided by the Marsh model. The increase in clear-
ance in female subjects seen with the Schnider model
leads to greater infusion rates in females and, in terms of
mg kg~' h™', the influence is greater in heavier patients
(Fig. 2.10).

The potential attraction of the Schnider model is that the
incorporation of covariates for age, body weight and height
attempts to explain and reduce inter-individual variability in
propofol pharmacokinetics and improve the precision of the
model in predicting the blood and effect-site propofol
concentrations achieved. Effect-site propofol concentrations
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cannot be measured but methodology for the evaluation of
predictive performance of TCI systems has been described
[18] whereby bias is described by the median performance
error (MDPE) for an individual or group of patients and
inaccuracy as the median absolute performance error
(MDAPE) derived from comparisons of measured and
predicted blood propofol concentrations. It has been
suggested that MDPE should be no greater than 10-20 %
and MDAPE in the region of 20-30 % for a TCI system to
be deemed clinically acceptable [45]. While most studies
evaluating predictive performance with both the Marsh and
Schnider models have found group values for MDPE and
MDAPE close to these ranges, group values being medians
of medians in an individual patient probably provide an
unrealistic picture of the large degree of pharmacokinetic
variability between individuals in a group and within an
individual over time. This variability becomes evident
when one looks at the range of values contributing to the
group and individual median values (Table 2.4) [46]. This
shows that the benefits of the more complex Schnider model
over the simpler Marsh model are limited as considerable
inter-individual variability persists with both models. It has
been confirmed that the Schnider model produces less

Fig. 2.10 Influence of gender 14.0
and body weight on propofol —_
infusion rates (mg kg~' h™") in E 12.0
50 year, 170 cm subjects with —
the Schnider model in blood o 10.0
concentration control (Cbr =
3 pgml™"). Filled diamond 50 kg 2 BD
female, open square 50 kg male, §- '
filled triangle 110 kg female, i) 6.0
open triangle 110 kg male © '
s 40
[74]
e 20
=
0.0

10 20 30

Time (min)

40 50 60

Table 2.4 Predictive performance of the Marsh and Schnider models for propofol as assessed by median performance error (MDPE %) and
median absolute performance error (MDAPE %) with values given as the median and range of values encountered for individual patients in each

study group

Model Subjects n

Marsh Major elective surgery patients 46
Marsh Orthopaedic or gynaecological surgery 10
Schnider Healthy adult volunteers 18
Marsh Healthy control patients 9
Schnider Healthy control patients 9
Marsh Major elective surgery patients 41
Schnider Major elective surgery patients 41

#10-90 percentiles

MDPE % MDAPE % Reference
16.2 (—21-84) 20.7 (6.3-84) [19]
—7 (—43-43)* 18.2 (8-53)* [13]
1.8 (—34-74) 20.7 (11-74) [46]
2.3 (—32-33) 24.6 (11-37) [47]
—0.1 (—22-34) 23.6 (13-43) [47]
16 (—27-84) 26 (11-84) [48]
15 (—23-73) 23 (7-73) [48]
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Fig. 2.11 Influence of body 70
mass index (BMI kg m™~2) on lean
body mass (LBM kg) in filled 60
square male and open diamond —_
female subjects, 160 cm height _E‘ 50
and bodyweight 30-180 kg as s
calculated with the James g 40
equation [38] £
S 30
& 20
-
10
0
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positive bias (measured concentrations greater than
predicted) when the target concentration is steady or increas-
ing, but the overall figure in a given patient is influenced by a
trend towards negative bias at induction and positive bias at
recovery or when a lower target is set [47, 48]. Opposite
effects are seen with the Marsh model with positive bias at
induction and negative bias during recovery. These
differences are most likely a consequence of the marked
difference in central compartment volume (V) with the
two models (Table 2.2) as discussed earlier. More recent
pharmacokinetic studies [49, 50] have demonstrated an
influence of age on propofol clearance, an effect that was
not observed in the Schnider model (Table 2.2). While there
is merit in the development of pharmacokinetic models
which attempt to take account of age and gender related
changes in pharmacokinetics, patient characteristics such
as age [28] and ASA status lead to marked differences in
propofol pharmacodynamics, which influence the drug
concentrations required to achieve a desired effect. On top
of predictable trends, inter-individual variability in pharma-
cokinetics and pharmacodynamics account for the guidance
that propofol target concentrations should be titrated to
achieve the effect desired in any individual patient and limits
the potential benefits of more complex models.

Lean Body Mass Calculation
The Schnider model for propofol, and the Minto model for
remifentanil, both incorporate lean body mass (LBM) as a
covariate for the calculation of metabolic clearance and both
use the equations described by James [38] to determine
LBM. However, there are inconsistencies in these equations
which in some circumstances lead to erroneous values [51].
The James equations based on weight (kg) and height
(cm) for male and female subjects differ as follows:

Males : LBM (kg) = 1.1 x weight — 128 x (weight/height)*

BMI (kg.m?)

Females : LBM (kg)
=1.07 x weight — 148 x (weight/height)*

Body mass index (BMI) = weight (kg)/height (m?) increases
as body weight increases but increases more slowly if height
also increases. Figure 2.11 illustrates the influence of body
mass index on lean body mass as calculated by the James
equation in male and female subjects of 160 cm height over
the weight range of 30-180 kg. It can be seen that LBM
reaches a maximum value and begins to decline at a BMI
value around 35 kg m 2 in female subjects and about
42 kg m~? in males.

Alternative methods to assess LBM based on measure-
ment of antipyrine space or fat free mass (FFM) have been
described by Hume [52] and Janmahasatian and colleagues
[53], respectively, as follows:

Hume : Males : LBM (kg)
= 0.33929 x height (cm) + 0.32810 x weight (kg)
—29.533

Females : LBM (kg)
= 0.41813 x height (cm) + 0.29569
x weight (kg) — 43.2933

Janmahasatian and colleagues : Males : FFM

~9.27 x 10’ x Body wt (kg)

~6.68 x 10° + 216 x BMI

9.27 x 10* x Body wt (kg)

Females : FFM = 3
8.78 x 10° + 244 x BMI

Both of these methods avoid the paradoxical decline in LBM in
patients with high values for BMI and can be used to illustrate
the differing consequences of the use of the James LBM
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Fig. 2.12 Influence of method 60.0
of calculation of lean body mass
on propofol clearance (ml kg’1 50.0
min’l) in a 160 cm, 40 year 3 g
female subject. Filled diamond i
James [38], open triangle g = 40.0
Janmahasatian [53] and filled ) E
square Hume [52] equations 2 w 30.0
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Fig. 2.13 Influence of method of 80.0
calculation of lean body mass on
remifentanil clearance (ml kg™ 70.0

min’l) in a 160 cm, 40 year
female subject. Filled square
Hume [52], open triangle
Janmahasatian [53] and filled
diamond James [38] equations

60.0
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= 40.0
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Remifentanil clearance
(ml kg1 min 1)

30

equations in the Schnider model for propofol and the Minto
model for remifentanil. In the Schnider model for propofol,
clearance is influenced by both LBM and total body weight
(TBW): CI; (l min’l) =1.89 + ((TBW — 77) x 0.0456)+
((LBM — 59) x —0.0681)+  ((Height — 177) x 0.0264).
The consequence is that at BMI values greater than
35 kg m ™2 in female patients, as calculated LBM begins
to decrease, metabolic clearance begins to increase again,
such that the infusion rates at a given target setting will
increase with a potential risk of overdosage.

In the Minto model for remifentanil, age and LBM are
covariates for metabolic clearance: C11(1 min’l) =2.6—
0.0162 x (Age — 40) 4+ 0.0191 x (LBM — 55). Thus, in
patients with high BMI, clearance in terms of 1 kg '
decreases such that there is a potential risk of underdosage.
However, in terms of ml kg_1 min~", the principal influence
on infusion rate during maintenance of anaesthesia, the
increase in propofol clearance with the Schnider model in
a 40 year, 160 cm height, female patient of 180 kg would be
70 % in comparison with values predicted by the Hume and

120
Body weight (kg)

60 90 150 180

Janmahasatian equations while the decrease in remifentanil
clearance in the same patient would be 40 % (Figs. 2.12 and
2.13). This problem highlights a failure to validate the per-
formance of the proposed models over the whole range of
potential patient input characteristics. Once recognised, the
manufacturers of the Asena PK and Orchestra Base Primea
open TCI systems introduced a compromise solution
whereby inputs of body weight and height producing BMI
figures above the point where the James equation calculates
a declining LBM lead to clearance being calculated based on
the maximum LBM for the patient’s height. A similar pro-
cedure has been implemented in more recently introduced
open TCI systems.

Different Implementations of Effect Control
Software

At the time of their introduction in 2003 both the Asena PK
and the Orchestra Base Primea open TCI pumps provided
users with the option of controlling propofol blood or effect-
site  concentrations with the Schnider pharmacokinetic
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Fig. 2.14 Influence of method of 2.50
implementation of effect control
TCI on initial propofol dose —_
delivered in a 20 year, 170 cm ® 2.00 1
female subject with the Schnider =
model at a target effect site g 150 A
concentration (Cer) of 4 pg ml~". -
Open square fixed T peak b
1.6 min, filled diamond fixed k. S 1.00 -
0.456 min " T

b —

£ 0.50 A

0.00
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model. However the implementation of the effect control
facility in the Asena PK device calculated a k., for each
patient based on a fixed time to peak effect of 1.6 min while
the Base Primea pump used a fixed k.o of 0.456 min~ ', both
figures coming from the original publication by Schnider
and colleagues [28]. With both methods, age has an influ-
ence on the size of the initial bolus delivered and the time of
peak effect as a consequence of age related changes in rapid
distribution. As such the greatest difference between the two
methods is seen in younger patients. In a 20-year-old, 70 kg,
170 cm female subject, at a propofol effect site target con-
centration of 4 pg ml~', the initial dose delivered with a
fixed k,o of 0.46 min~ ' (predicted time to peak effect
1.36 min) is 1.11 mg kg~ '. In the same patient with time to
peak effect fixed at 1.6 min (k.o = 0.32 min~ "), the initial
dose delivered is 1.43 mg kg™, an increase of 28 %. The
difference between the two methods becomes more marked
as body weight increases as shown in Fig. 2.14. In the 60 and
70 kg patients, the difference between the two methods
occurs principally because the illustration involves a young
patient but, as body weight increases and clearance increases
due to the complex influence of body weight and LBM, time
to peak effect with a fixed k.o decreases. Thus with the fixed
time to peak effect method, a greater reduction in k.o is
required to achieve a time to peak of 1.6 min and this slower
k.o delivers a greater initial dose at the same target setting.
As the disparity between the two methods, in the initial dose
delivered over the weight range 80—100 kg increases from
37 to 60 %, while BMI remains below the point at which the
James equation provides erroneous values for LBM, it is
unlikely that this difference would be abolished by the use
of an alternative method of LBM calculation.

The same problem does not occur with the Marsh model
as an increase in body weight is not associated with any
decrease in the predicted time to peak effect and effect
control TCI at a target of 4 pg ml™' with a fixed k.o of
1.2 min~" or a fixed time to peak effect of 1.6 min delivers

70 80 90 100 110
Body weight (kg)

120 130

an initial dose of 1.4 mg kg™, independent of patient age or
body weight.

Models for TCl in Children

Use of the Diprifusor TCI system is restricted to use in
patients of 16 years of age or older as studies with this
system have not been conducted in children and no guidance
on propofol target concentration for use in children is
provided in Diprivan (propofol) labelling. However, a num-
ber of studies of the pharmacokinetics of propofol in chil-
dren have been published and the model described by
Kataria and colleagues [54] and the ‘Paedfusor’ model
have been incorporated in some open TCI systems.

The history of the ‘Paedfusor’ model is as follows: In
1997, discussions with Jiirgen Schiittler and Martin White at
the time of the ASA meeting in San Diego that year led to the
production of a modified Diprifusor system with a pharma-
cokinetic model which required the calculation of clearance
as a power function of body weight on the basis of the
preliminary results of a population pharmacokinetic study
with propofol which was later published [55]. Central com-
partment volume (V) at 458 ml kg~ was much greater than
the value of 228 ml kg used by the Marsh model in adults
and to avoid a sudden step change in 16-year-old patients, V,;
is gradually decreased in 13- to 15-year-old patients. This
system, which became known as a ‘Paedfusor’ was provided
by Zeneca to Neil Morton in Glasgow who confirmed the
ease of use of the system, clinical efficacy and absence of
adverse effects when used for induction and maintenance of
anaesthesia in healthy children aged 6 months to 16 years
[56]. Further studies confirmed good predictive performance
when this model was used in children of 1-15 years
undergoing cardiac surgery or catheterization [57]. Anaes-
thesia was induced with an initial propofol target blood
concentration of 5 pg ml~' and was supplemented with a
TCI infusion of alfentanil. Median performance error
(MDPE) and median absolute performance error (MDAPE)
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Fig. 2.15 Influence of 30

pharmacokinetic model on
propofol infusion rates delivered
in a 20 kg child at a target blood
concentration (Cbr) of 4 pg ml™!
with filled triangle Kataria, open
square Paedfusor and filled
diamond Marsh adult models
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values of 4.1 % and 9.7 %, respectively, were determined.
The full details of the Paedfusor model used in this study
were provided in a subsequent publication [58]. Both the
Kataria and Paedfusor models were found to achieve accept-
able predictive performance in a study which compared
eight paediatric pharmacokinetic models in healthy young
children [59]. At a given target blood propofol concentration
both models deliver greater initial doses and subsequent
infusion rates than the Marsh adult model with the Kataria
model delivering more than the Paedfusor model (Fig. 2.15).
Another potential problem with commercial imple-
mentations of the Kataria model is that the study publication
describes three different models and the same version of the
model may not always be selected.

Use of Different Rate Constants to Predict or
Control Effect Site Concentration

As mentioned earlier, the original submissions for
‘Diprivan’ (propofol) and ‘Ultiva’ (remifentanil) to
Medicines Authorities in Europe did not contain information
on administration of these drugs by effect control TCI and no
guidance on effect-site target concentrations was provided in
drug labelling. An early modification of Diprifusor TCI
software involved the incorporation of a blood brain equili-
bration constant (k,y) of 0.26 min~ !, but only to allow the
prediction of effect site propofol concentration. Despite the
lack of regulatory approval from any Medicines Authority at
the time in 2003 when open TCI systems began to be
marketed, administration of propofol and remifentanil by
effect control TCI has become widely practised. Potential
confusion arises from the incorporation of different kg
values for effect control with the same drug as has occurred
with propofol. The TCI devices provided by Arcomed AG
allow a choice of time to peak effect of 1.6 min or 4 min with
the Marsh model, Fresenius Kabi use a k.os of 0.456 min~'
for the Schnider model and 1.2 min~" for the Marsh model in

10 20 30 40 50 60

Time (min)

their system, while Carefusion TCI pumps use a time to peak
effect of 1.6 min for both models. AstraZeneca considered
that a time to peak effect of 4 min was probably too slow,
that a time to peak effect of 1.6 min was probably too fast,
and only recently a modified version of the Diprifusor mod-
ule incorporating an intermediate k., of 0.6 min~' was
approved. This value was determined on the basis of a
detailed review of published studies in which propofol was
given safely by effect control TCI with the Marsh pharma-
cokinetic model and a range of k.o values. To update the
Summary of Product Characteristics for ‘Diprivan’ with the
provision of information on the administration of propofol
by effect control TCI a Type II variation was submitted to
Medicines Agencies in a selection of European countries.
Despite the fact that, with the effect site target recommended
for induction with this k,, the initial dose of propofol deliv-
ered would be less than that advised for induction with a
manual bolus, and the widespread use of open TCI systems
with a range of k. values, further prospective studies with
this k.o were requested. The only exception was Germany
where the variation was approved.

The consequences of a range of k,y values for the same
drug are as follows:

1. With blood concentration control, the rate of increase in
predicted effect site concentrations at induction and the
rate of decrease in predicted effect site concentrations
after a reduction in target or during recovery will be
influenced. A faster k.o or shorter time to peak effect
predicting faster equilibrium between blood and effect
site concentrations and vice versa for a slower k., or
longer time to peak effect. However, at any given target
setting, the actual rate of onset of effect and rate of
recovery will be dependent on the rate of blood brain
equilibration in the patient and unaffected by the predic-
tion provided by any model k.
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2. With effect control administration, different k,qs can have
a marked effect not only on the rate at which predicted
effect site concentrations increase and a desired effect-
site target is achieved but also on the initial dose deliv-
ered at any particular target (Fig. 2.16); and that in return
will influence the peak predicted blood concentration
(Cbcarc) achieved. With the Marsh model and a propofol
effect site target of 4 pg ml~' as used in Fig. 2.16, peak
CbcaLc ranges from 5.5 pg ml~! with a kooof 1.2 min "
to 9.4 pg ml~' with a k,o of 0.26 min~'. With the
Schnider model and a k.o of 0.456 min~ !, despite the
administration of a smaller initial dose, peak Cbcarc
reaches 13.3 pg ml ™', as a consequence of the smaller
central compartment volume in this model. Thus it is
imperative in any study which describes effect site
concentrations at induction, that information on the
model and k., used is provided to allow meaningful
interpretation of any observations [60]. Once equilibrium
between predicted blood and brain concentrations is
achieved, the infusion rate of drug required to maintain
a desired target is essentially similar to that which would
be provided with blood concentration control, and the
precision of the two systems at that point will be identical.

In summary, the regulatory approach adopted in the
approval of second generation, open TCI systems, by
providing different models for the same drug, inappropriate
methods for the calculation of lean body mass, two different
implementations of effect site concentration control, and a
choice of different k.o values for effect control, has led to a
considerable degree of confusion. The skill of anaesthetists
in titrating drug dosage to effect, and dealing with situations
where potential overdosage or underdosage could occur,
appears to have avoided serious safety issues. Some
hospitals adopt a local policy to limit possible confusion
by only allowing one model to be used, but problems may
arise when trainees move from one institution to another.

1 2 3 4 5

Time (min)

Possible Ways Forward

The syringe recognition system used in the development of
the Diprifusor TCI system prevents the possibility of
the type of ‘drug swap’ error as described earlier. However,
the Diprifusor approach has not been applied to other drugs
and electronically tagged syringes are not available for
generic preparations of propofol. The use of barcode tech-
nology to reduce drug administration errors is showing
promising results [61, 62]. Universal compliance with
these systems was not achieved, but perhaps one can envis-
age a future TCI pump where mandatory scanning of the
drug to be infused, with a scanner as an integral part of the
infusion device, would be required to allow the pump to
operate.

It appears that the regulatory approach to clinical use of
the technique of TCI and the approval of TCI devices will be
dependent on the stage of development of the particular drug
involved:

Drug Is Still Being Actively Marketed
by the Originating Company

The benefit of the Diprifusor approach, also relevant to
remifentanil TCI, is that a single pharmacokinetic model
was identified, clinical studies were performed with TCI,
and with the involvement of medicines regulatory
authorities, guidance on target drug concentrations, appro-
priate for use with the selected model was included in the
drug labelling, now provided as the Summary of Product
Characteristics (SPC) in Europe. Key elements in the
Diprifusor development were the provision of a delivery
performance specification and guidance for device
manufacturers on patient age and weight limits deemed
suitable for the pharmacokinetic model used. It is suggested
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that this information should form part of the regulatory
submission to a Medicines Authority for any new drug to
be given by TCI. The major failing of the current route of
approval of ‘Open’ TCI systems is that the essential
requirements of Directive 93/42/EEC can be met, and con-
formance with full quality assurance procedures
demonstrated, and yet TCI devices intended for the same
purpose can deliver drug in quite different ways at the same
target setting. As such it would seem appropriate that TCI
drug delivery devices should be considered as a special case
within the Directive and should require the Notified Body
evaluating the documentation to consult with the manufac-
turer of the drug to be infused and a relevant Medical
Regulatory Authority to ensure the delivery performance of
the device conforms to that held by the Medicines Authority
and to avoid the confusion caused by different models for the
same drug. Three technical evaluation reports on commer-
cial TCI devices were prepared for the UK Medicines and
Healthcare products Regulatory Agency (MHRA) by Craig
Davey at the Bath Institute of Medical Engineering. These
are available at the following web site: http://nhscep.
useconnect.co.uk/CEPProducts/Catalogue.aspx The report
on ‘Target controlled infusion (TCI) systems part two:
Alaris Asena PK’ includes the following statements: “It is
interesting to note that while a high degree of accuracy is
achieved, the different models will actually cause the pump
to deliver [propofol] markedly differently from one another
... It is beyond the scope of this report to judge the clinical
effectiveness for any of the models ...” The same comment
is made in the report on the Fresenius Vial Base Primea and
neither report identified the problems associated with the
James calculation of lean body weight or the different
implementations of effect control TCI.

Drug Is No Longer Actively Marketed
by Originating Company

Propofol

The above approach, while desirable, may not be possible
when pharmaceutical companies limit further development
effort and expenditure once generic versions of their drug
become available and at the same time relevant expertise
within the company may have been lost. As such, the driving
force for the introduction of TCI for a particular drug comes
from the academic community and device manufacturers. In
an attempt to resolve the problems highlighted in this chap-
ter, the ‘Open TCI initiative’ was inaugurated at the time of
the 14th World Congress of Anaesthesiologists in Cape
Town in 2008, at a meeting hosted by Steve Shafer. This
Initiative, now hosted on the web site of the World Society
of Intravenous Anaesthesia at www.worldsiva.org has
provided a forum for discussion and a focal point for the

collection of study data which has been used in the develop-
ment of a general purpose pharmacokinetic model for
propofol [49]. This model has shown good predictive per-
formance in the subgroups of children, adults, elderly and
obese patients contributing data to the study and with further
prospective validation may prove to be the preferred model
for propofol. If this proves to be the case, there is likely to be
a third model added to the options of anaesthetists in Europe,
as those familiar with their current preferred model may be
reluctant to change their practice, at least in the short term.

On the other hand, in the USA, in the absence of any
approved TCI device to date, there may be an opportunity to
introduce the technique with a single pharmacokinetic
model, thus avoiding the confusion of multiple models for
the same drug. Extensive clinical experience has demon-
strated that propofol can be safely administered by TCI.
In the absence of any approved predicate device, it is likely
that a Pre Market Approval (PMA) application will be
required and linkage to clinical information in published
studies could be provided by device manufacturers in the
form of a delivery performance specification linking partic-
ular target settings to initial doses delivered (mg kg~ ') and
subsequent infusion rate profiles (mg kg~' h™") recognised
as appropriate for propofol. To assist in training and
familiarisation with these systems it would be appropriate
for such delivery equivalence data to be provided in the
device operating manual. Once one device is approved, the
requirement for other manufacturers to demonstrate equiva-
lence in a 510 K application would prevent the introduction
of different models unless they complied with the approved
delivery specification. With propofol now a generic drug, it
likely that the onus on funding regulatory submissions and
training programs for the introduction of TCI in the USA
will fall on the medical device companies. One possible way
forward may be for a number of medical device companies
to co-fund the more complex PMA submission by one of
their number on condition that other subscribers have pref-
erential access to data to facilitate early 510 K submissions.

Other Drugs

For other drugs, both in the USA and elsewhere, it would be
desirable for the academic community to reach a consensus
on a preferred pharmacokinetic model and, particularly
where publications describe different modelling approaches
[39, 54], to define the parameters of the model. Again a
delivery performance specification should be produced by
the first device company developing a system for a particular
drug to demonstrate drug delivery rates consistent with
existing drug labelling and clinical experience and again
this information should be included in the device operating
instructions. It is suggested that the evaluation of the first
such device submitted to a European Notified body should
require that body to consult with the manufacturer of the
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drug and a relevant Medical Regulatory Authority to ensure
the delivery performance of the device conforms to
approved drug labelling and subsequent device submissions
for the same drug should be required to demonstrate equiva-
lent delivery performance.

Conclusion

While a tightly controlled regulatory approach was adopted
in the development of the Diprifusor TCI system, the regu-
lation of open TCI systems in Europe, by allowing duplicate
models for the same drug, has probably hindered the wider
adoption of TCI by making the technique appear more
complex and confusing. With the recent development of a
general purpose pharmacokinetic model for propofol, there
may be an opportunity for the USA to adopt a sound
approach, despite the delay.
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Introduction

The business of life is the acquisition of memories. Carson
(Downton Abbey S4E3)

This topical quote was continued as “in the end that’s all
there is.” In a sense this highlights how memory makes us
uniquely human. As the human mind is the most complex
creation in the universe, it stands to reason that memory
embodies to a large extent this complexity. When memory
fails in the end for some of us, a large portion of our being
human also fails. In dementia some basic forms of memory
do still exist and function, and functioning begins to rely
more and more on stereotypical unconscious rather than
recent autobiographical memories. During our whole lives
unconscious memories allow us to function in an ever chang-
ing world by, for instance, jumping at a loud (potentially
dangerous) noise, moving a piece of food to our mouth, or
choosing a candy for unknown reasons from among dozens
available. These unconscious memories seem to be
implemented in the very core of our brains, and the question
of whether consciousness can exist in the absence of
memories is one of terminology. Certainly, conscious
memories can be absent in the presence of consciousness,
but a sine qua non of consciousness is the presence of
working memory (memory of the here and now, even if the
here and now is never remembered).

From this brief introduction, one can see memory is a
complex phenomenon, or more accurately closely inter-
related phenomena [1-3]. There are multiple memory
systems, the classical division being between conscious
and unconscious memory processes, which are supported
by different, but not necessarily exclusive neurobiologic
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processes [4—6]. As will become clear throughout this chap-
ter, the boundaries between these divisions are not as simple
as many classification systems (taxonomies) imply. Largely
this is a result of trying, as it were, to put memory into a box
and it won’t fit!

What is a memory? At the most basic level it is a rear-
rangement of our brains at the synaptic level [7, §]. Memory
is a process that produces a brain different from what it was
before, that difference being the memory. Synaptic rear-
rangement does not occur instantaneously, and the sum of
the processes needed to complete these changes is termed
“consolidation” [9]. As we can attest to from our daily lives,
memory is not a static entity and is constantly evolving over
time, although the rate of change may be different over
different temporal epochs. Old memories can be
re-remembered, and the term re-consolidation describes the
process of recalling a memory and then storing a slightly
different version. In fact, events similar to this occur every
night during sleep, where the neural records of events from
the previous day are massaged by waves of the oscillatory
activities of the sleeping brain [10-12]. In fact, we are now
in an age where it might be possible to manipulate memories
at will, the implications of such actions being quite profound
and still quite unclear [13].

How does one determine if synaptic changes have
occurred? Not being able to visualize synaptic changes in
real time (until recently, but with totally impractical
methods), a proxy is needed [14]. In the end, the only way
one can determine if a memory is present is by observing a
change in behavior which is in some way related to the
creation of that memory. In this sense memory is a behavior,
and therein lies the source of much controversy when mem-
ory is discussed. The observations of memory related
behaviors are largely undisputed. Everyone agrees, for
example, that the reaction time to a stimulus in a particular
paradigm has decreased, or that recognition with a given
degree of confidence has occurred. However, it is frequently
the case that very differing opinions are offered as to how to
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Fig. 3.1 The many levels of memory. Memory can be understood at
many different levels, from behavioral changes to synaptic
modifications in neurons. Conceptualizations of memory begin with
careful behavioral observations in humans or animals, where specific
parameters are changed (e.g., time between encoding and recognition),
and changes in behavior are measured. A conceptual construct can be
created to explain these observations, such as short (working) and long

these behaviors are explained. Behind every behavioral
result, there stands a conceptualization of a memory system,
or set of memory systems which allows one to explain why a
given behavior resulted [15] (Fig. 3.1, left-most sections).
The best conceptualizations are those that allow one to
predict ahead of time what change in behavior will occur
under a given set of circumstances [16]. Careful study of
behavior under these circumstances will allow more solid
acceptance, or lead to more degradation of a given concep-
tualization. Frequently predictions of a model are tested in a
patient with a known brain lesion, e.g. one that affects
procedural (e.g., mirror drawing), but not long term memory.
Ideally a matching study is done in a patient with an opposite
type of lesion, e.g. a patient with a deficit in long term, but
not procedural memory [17, 18]. A similar dissociation can
be demonstrated between short and long term memory stores
[19, 20]. Dissociability along these lines provides strong
support of separate memory processes, but one problem is
that it may be very difficult to locate a patient with a specific
enough lesion that clearly interferes with a single memory
function. In this iterative process conceptualizations are
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term memory systems. These conceptualizations are then related to
underlying neurobiologic mechanisms in terms of anatomy, electro-
physiology, and molecular mechanisms [and in some instances physi-
cal principles (e.g., quantum mechanics)]. The great challenge is to link
changes in, for example, phase changes in oscillatory activity that
influences synapse formation with something as complex as recogni-
tion memory

verified or refuted, with new and improved ones being a
result. The introduction to a conference on episodic memory
written by Baddeley is an excellent example of how this
process unfolds [21]. It should be noted that in the 2010s we
are still engaged in these iterative processes. Thus, concepts
of memory are continually evolving, and certain key ideas
are as hotly debated as cherished political beliefs. To best
understand memory, one needs to be somewhat familiar with
the unfolding of conceptualizations (a.k.a. taxonomies) of
memory over time. In this chapter as well, I will describe
what is known of anesthetic induced manipulation of mem-
ory, though knowledge is still at a somewhat primitive stage.

A History of the Taxonomy of Memory

The noteworthy idea that memory was more than one entity
was proposed only in the last half of the last century, really
not that long ago. Though in 1949 Hebb presciently
suggested a distinction between memory processes with
short term memory being defined as evanescent electrical
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activity, with long term memory being consisting of more
permanent neurochemical changes, it was Atkinson and
Shiffrin who are most credited with fleshing out the concept
of these two major forms of memory [22]. Before then, it
was still quite controversial whether memory could be
regarded as anything by a unitary process [23]. This argu-
ment is eerily similar to the current controversy regarding
the nature of recognition in conscious memory, which will
be detailed later in this chapter. As usual in these situations,
the behaviors which lead to conceptualization of short vs
long term memory were well accepted. The now famous
7 + 2 items capacity of short term memory was established
in the 1950s. This was the amount of material that could be
recalled immediately after presentation [24, 25]. Fortunately
for many generations, telephone numbers fit this bill, espe-
cially as alphabetic prefix codes were used. One could easily
remember a telephone number after hearing it once. In fact,
songs have been written about this (PEnnsylvannia 6-5000,
Glen Miller orchestra'). Atkinson and Shiffrin (among
others) wanted to understand and detail mechanisms to
explain this observation. A major insight was to postulate a
short term memory store of limited capacity. When the ninth
item comes along, item one is pushed out. The interaction of
a short term store with recent items in long term memory
could explain more complex behaviors, such as the serial
position effect, where items from a long (greater than ten
item) list are recognized with a U shaped probability
[26]. Initial and last items are likely to be remembered
better, as items from the start of the list are likely to be
rehearsed and incidentally encoded into long term memory,
whereas recent items are still present in working memory
and easily recalled (more detailed explanations are more
complicated, the serial position effect is a whole field of
study) [27]. A few decades later, after numerous behav-
ioral/conceptual iterations, short term memory was
conceptualized as working memory, itself consisting of dif-
ferent sub-components. Each component was a conceptuali-
zation that could explain an associated behavioral or set of
behavioral observations. Predictions of previous models
broke down when more closely examined, or in patients
with specific neurologic lesions. Baddeley improved the
concept of short term memory by defining separable
components collectively termed working memory [28]
(Fig. 3.2). These conceptualizations in turn led to more
detailed neurocomputational and neurobiologic conceptua-
lizations that propose how cognitive conceptualizations
are instantiated in the brain. It is easy to see how memory
can be considered at different scales representative of
multiple layers that interact with each other (Fig. 3.1, all
sections). For example, a well-accepted neurobiologic

! http://en.wikipedia.org/wiki/PEnnsylvania_6-5000.
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Fig. 3.2 Refinement of conceptualizations over time: The figure
provides a simple illustration of how a basic conceptualization, of
short (STM) and long term memory (LTM), can become more elaborate
as more detailed behavioral observations are subject to analysis. A
number of observations, such as the inability to remember beyond
7 + 2 items when rehearsal was prevented, lead to the famous dual
store conceptualization, as described by Atkinson and Shiffrin in the
1960s. However, observations predicted by this model (that patients
with impaired STM should have broad deficits in LTM) were not
actually observed, and a more refined conceptualization of Baddeley
resulted, that of working memory with multiple components handling
different types of input (phonologic, visuospatial, semantic). It should
be remembered that such conceptual elaborations of memory systems
are still occurring

conceptualization of working memory is a process embodied
in the oscillatory activity of the brain, which provides a
capacity as large as the ratio of gamma to theta frequencies
(roughly), which happen to be on the order of 7-9 to
1 [29]. Thus, starting with very basic properties of neurons,
modeling small world neuronal interactions can serve to
explain an observed behavior much removed from this level
of detail [30]. Such a reductionist approach lends solid cre-
dence to the observation that working memory is fleeting. As
mentioned before, a critical requirement of consciousness is
working memory, as to be conscious is to be aware of the
“here and now,” instantiated as working memory [31, 32].
After being processed in working memory, some infor-
mation does become long term memory. LTM embodies
Carson’s comments on our being human, as working mem-
ory is so evanescent. Not surprisingly the more closely we
examine long term memory the more we appreciate that it
itself is incredibly complex. As with the dichotomy between
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short and long term memory, conceptualizations of LTM
began as a dichotomy between conscious and unconscious
memory [33]. This dichotomy was best illustrated in the
1950s by the world’s most famous neurologic case, H. M.
[34]. He was one of a series of seven patients reported by
Scoville and Milner describing a peculiar memory deficit
after therapeutic surgery to cure intractable epilepsy. Sur-
gery such as this may seem to be a radical approach today,
but the concept was founded on the observation from a
decade before that if a diseased portion of the brain was
removed, this would “liberate” normal functioning brain no
longer inhibited by the scarred brain tissue [35]. Interest-
ingly, to this day a similar approach with appropriate
refinements still seems to be the best option in some
situations, such as drug resistant epilepsy arising from dis-
crete scar tissue in the temporal lobe [36]. With improved
surgical methods, seizure mapping, and understanding of
neurobiologic mechanisms resection does result in some
improvement in specific memory abilities, harkening back
to the original work of Hebb and Penfield [37].

As illustrated by the Scoville case series, unexpected
consequences may be more important for the advancement
of science than dreamed of. After surgical treatment for
epilepsy, it did seem that an almost magic cure was found.
Before surgery, the patient was essentially incapacitated,
sometimes to the point of not being able to leave the house
because of relentless seizures or intoxication of too high
doses of barbiturates to treat those seizures. After surgery a
virtually normal life resulted. Detailed descriptions of the
peculiar memory impairment associated with this type of
surgery, one that is able to be reproduced in the surgical
theater when a patient is given a benzodiazepine, led to
eventual knowledge of the key role of the hippocampus in
conscious memory. Similarly, one will note that a patient
undergoing sedation with light doses of diazepam,
midazolam, ketamine, or propofol frequently keeps asking
the same question. This is a predictable behavior in patients
receiving light doses of these drugs, and results from the fact
that patients can’t remember the answer to their repetitive
questions. It should be noted that after the case reports of
Scolville and Milner, it was decades before there was
enough evidence to clearly point to the hippocampus as the
seat of conscious memory [38]. The reason it took so long to
confirm this relationship was that in the original case series
not only was the hippocampus removed (bilaterally) during
surgery, but the resection also included a complex set of
structures closely related to the hippocampus which also
resided in the medial temporal lobe [5]. It took many years
to determine how these structures were interconnected and
how they interacted. The Scolville and Milner case series
really re-invigorated the conceptualization of memory
systems as being embodied in certain structures of the
brain. Not surprisingly a huge amount of basic research on
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memory focused on the neuronal architecture of the hippo-
campus, and related structures [39].

Animals are valuable to study memory, as one can control
conditions very closely, manipulate genes, record from indi-
vidual (giant) neurons, and obtain really fine grained data.
For example, a prototypical system is the Aplysia (sea snail/
slug), which is a vehicle to study reflex and simple
behaviors, such as classical (reflex) and operant (e.g., eating)
conditioning. These forms of memory are stereotypical, and
though much is known about them, how these systems
influence memory processes in humans is still murky.
Much of the classical taxonomy of memory relates to these
stereotypical, unconscious memory systems. Included in
these behaviors are priming, skills and habits, classic condi-
tioning and non-associative behaviors [33]. From the per-
spective of this chapter, priming is the most important, as it
is the type of memory most sought after when studies look
for learning during anesthesia. Priming is the preferential
response to a previously experienced stimulus, one that is
not consciously remembered. Indirect tests to detect these
memories must be used, as they are not consciously accessi-
ble. The most common task used is word stem completion,
where a portion of the stimulus word is presented, and the
rate of completion using previously presented words (during
anesthesia) is compared with a control list [40]. Habits and
skills are stereotypical behaviors that are initially conscious
memories that through repetition are incorporated into motor
circuits as unconscious memories. Being stereotypical, even
small changes in pattern requires new conscious learning
(the bane of pianists who initially learn an incorrect note in
a passage, for example). Pavlovian conditioning is best
known to humans (and maybe dogs) as what occurs when
smelling bacon. Non-associative learning embodies habitu-
ation or sensitization to a repetitive non-relevant or harmful
stimulus, respectively. More complex memories, particu-
larly in animal models, may be difficult to categorize as
being conscious or unconscious if the organism cannot pro-
vide insight into the experience. For example, in rats a more
complex memory is visual object recognition, where a rat
will explore a novel object in preference to an object previ-
ously seen before. Though some literature equates visual
object recognition memory to conscious memory in humans,
it seems that the memory systems mediating object recogni-
tion may best be related in humans as unconscious memory
[41]. The divide between animal neurobiology and human
memory becomes wider as more complex memory is con-
sidered. In the case of visual object recognition memory, the
hippocampus was thought to play a vital role. Hippocampal
involvement is considered as a proxy for conscious memory
in animal models. A number of studies showed that animals
with hippocampal lesions were impaired in object recogni-
tion memory. However, when memory paradigms were care-
fully constructed to not contain spatial cues, it turned out that
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hippocampal lesions made no difference in object recogni-
tion memory. Thus the initial lesion studies were
contaminated by subtle environmental cues, highlighting
the sensitivity of memory studies to confounding factors.
The closest parallel between animal object recognition
memory and human memory may be face recognition,
which recently has been shown to activate parahippocampal
structures [42].

The largest divide between lower animal models and
humans occurs in the case of conscious memory, which is
the memory referred to by Carson [43]. This is what most
people think of as “memory,” and is incredibly complex and
somewhat hard to pin down, especially in animal models.
The history of taxonomy starts with declarative memory,
which is a memory we can (consciously) declare we have.
Further characterization of conscious memory led to the
realization that these memories really occur in a place and
in particular a time, best described as episodic memories,
episodes that are like frames in a film strip (which in fact is a
paradigm used to study this form of memory) [44]. The
closer one considers and investigates episodic memory, the
more complex it becomes. For example, there is a distinct
sense of knowing oneself in episodes of conscious memory,
thus best characterized as “autonoetic” memories. In addi-
tion, one can envision one’s self travelling through time,
most critically, into the future (what will happen if I lie
about what I did last night . ..) [45]. It will be very hard to
convincingly demonstrate these qualities of conscious
memories in animal models. In fact, some authorities do
not think animals possess conscious memory as we do, and
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Fig. 3.3 A “classic” conceptualization of human memory systems.
Long term memory is classified into various components in Squire’s
model [55], and is based on much animal work as well as observations
in patient lesion cases. These concepts arose after the report of impaired
memory in a series of neurologic cases (case HM, reported by Scoville
and Milner in 1957), following surgery in the medial temporal lobes.
Classically, long term memory was considered in large part as a static
entity, which can be classified according to features of the memory
(e.g., conscious access vs. unconscious influence). A large body of
multiple line evidence obtained over a 30-year period revealed that

\ UNCONSCIOUS

Non-declarative
\

35

that even scientists anthropomorphize their pets. Complex
paradigms used in animals are claimed to be representative
of higher forms of conscious memory, but other experts
consider these memories to be, at best, “episodic like” [46—
48]. Thus, even though animal models may provide copious
and invaluable information about memory, the ultimate dis-
covery of how human memory works will require study of
humans themselves. It will always be a conundrum of how to
relate memory from one species to another. Again the
observed behaviors in a particular animal model are undis-
puted, it is the interpretation of how these results relate to
human memory that is the source of controversy.

As regards conscious memory, the safest correlate of
“conscious memory” in animals is probably spatial memory,
which is indisputably mediated by the hippocampus [49—
51]. Common paradigms to study this form of memory are
paradigms such as the radial maze or the Morris water maze,
where the animal depends on extraneous spatial cues to
remember previously explored avenues. In fact, the discov-
ery of hippocampal place cells/fields revolutionized
concepts of the neurobiology of conscious memory
[52, 53]. The divide between animal and human hippocam-
pal neurobiology has been considerably diminished using
sophisticated signal analysis methods in epilepsy patients
with implanted electrodes, for example [54].

Most readers are probably familiar with the classic tax-
onomy of memory, which is a distillation of many decades
of research founded on centuries of behavioral
observations. This classic classification deserves a
Figure as a historical starting point (Fig. 3.3). Currently, a

l Time and repetition

Skills and Habits (procedural)
Simple classic conditioning (Pavlovian)
Priming (word stem completion)
Non-Associative learning

the hippocampus was essential for the formation of conscious, episodic
memory explaining the observations of Scoville and Milner. A clue to
the fact that this classification is just a starting point in understanding
memory is illustrated by some “permeability” between categories. For
example, at one time the knowledge that George Washington was the
first president of the USA was a new and startling memory (an episodic
memory), but then it became a “fact,” knowledge of the world that we
do not recall where and when it was learned (semantic memory).
Similarly, patterned behaviors such as skating and playing a musical
instrument become unconscious motor memories over time
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Fig. 3.4 More recent conceptualizations of memory. These
conceptualizations build on the concepts presented in Fig. 3.3 using a
foundation of neuroanatomical relationships. Memory systems are
widely distributed, and interact with each other in somewhat flexible
fashions. Those closest to the environment (sensory regions) are “low
level” systems which are the most easily understood on a basic physio-
logic level, and most likely embody portions of unconscious memories.
Higher level systems that embody conscious memory likely depend on
network activity and distributed processes, though all systems interact
with each other in complex fashions to not only subserve memory
function, but also consciousness. Higher level interactions are more
sensitive to anesthetic effects, and low level systems may still be

major shift in conceptualization of memory is occurring
where taxonomy is changing in nature from a static classi-
fication of memory systems to conceptualizations that
incorporate information flow from the outside (or inside)
world through stages of processing to a conscious or uncon-
scious memory [56] (Fig. 3.4). Information transfer and
processing become important components of these conceptua-
lizations, which now include the malleability of memory itself
(false memories, eye witness memories, post-traumatic
memories, etc.) [57]. Careful readers of the mechanisms of
anesthesia literature will no doubt appreciate a close
resemblance to similar concepts of consciousness, and the
progression of information from sensory and internal sources
into a percept that one is consciously aware of [58, 59]. In
fact, this is likely no co-incidence, as neurobiology is more
than likely parsimonious in implementing solutions for simi-
lar problems, be it consciousness, working memory, or long
term memory.
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functional in certain situations during anesthesia, wherein unconscious
memories may be formed. However, these memories may simply be
perceptual (sensory) priming memories where an enhanced physiologic
response occurs to a re-experience of the stimulus. At our current state
of knowledge of neurobiology, these sensory memories formed during
anesthesia would require the interaction of sensory input regions (e.g.,
V1 for visual, Al for auditory) with other multiple brain regions (likely
in the medial temporal lobe), with any resulting sensory memories
residing in peri-sensory brain regions (V2 or A2). Pathways for sensory
processing are shown for the visual modality for clarity, the same
principles would apply to auditory or olfactory sensory systems in
their respective brain regions

A Useful Conceptualization of Memory

One needs to have a working conceptualization of memory
that incorporates bits and pieces of different models to avoid
getting hopelessly lost. The classic taxonomy is useful in
terms of nomenclature, and will be utilized as such. As
mentioned, the current direction of memory research is in
terms of information processing, and it is best to relate these
concepts to the classic nomenclature as a starting point. To
simplify, I will only consider information from the outside
world, though the same principles, but not necessarily
specifics, can be applied to the inner, dreaming world
[58, 60]. To begin with, let us consider how a picture
frame from the film of our lives becomes a memory, and
more. But before this, one should become familiar with the
basic construct of a memory study.
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Memory as a Behavior: The Ebbinghausen
Paradigm, or More Simply, Study-Test Paradigm

About 150 years ago a psychologist, Hermann Ebbinghaus,
was interested in quantifying memory. We all know that the
most common fate of memory is that it is forgotten [61]. This
is a very fortunate state of affairs, for if you pay attention to
all the stimuli that are processed in a single day, and then
think of what life would be like if you remembered each
stimulus for the rest of your life, you would quickly realize
you would be living a nightmare. As is common for many
“life is stranger than fiction” diseases, there is the rare
neurologic case that embodies a form of super-memory
[62]. Such people can remember, for example, all the details
of the weather on a particular date many years in the past.
Not surprisingly, it does turn out that significant psychologi-
cal distress accompanies such super-memory ability.

Thus, it is no surprise that historically, one might be first
interested in quantifying the most basic property of memory,
namely how it is lost. Ebbinghaus proceeded to do this in a
systematic fashion, where given items were studied, and
then recognition for these items was used to quantify mem-
ory decay over time. Almost all behavioral observations of
memory, both in humans and in animals, use a study-test
(encoding, recognition) paradigm, also referred to by those
in the field by Ebbinghaus’ name. To this day this paradigm
is the only way to practically detect and measure a memory,
ultimately a result of synaptic re-arrangements in the brain.
Another important variable in this paradigm is the time
between encoding and recognition [63]. Multiple recogni-
tion tasks can be performed, which is what Ebbinghaus did,
to define memory decay (or, alternatively, improvement
from repeated practice on the task) [64]. There is an almost
infinite variety of paradigms available by modifying the
three main elements of the study-test paradigm, those
being encoding, time to recognition, and recognition. During
encoding and recognition tasks, the particular instructions
given, including any modification of the environment or
context is crucial to interpret the results, as will be
exemplified throughout this chapter. Time is the factor that
is the most quantifiable, but one must be aware that it is
crucially important to know what the person/animal is doing
(or more accurately is instructed to do) during the time
between encoding and recognition.

What Ebbinghaus quantified was that memory decays
very rapidly at first, and then more slowly as time increases
(Fig. 3.5a). Eventually, an autobiographical memory
remains, those of episodic experiences long ago [65-67].
In closely related circumstances, probably with repeated
encoding activity, an episodic experience is transformed
into a fact—knowledge about the world. For instance, we
know that stoves are hot, but we don’t remember how that
information got into our memory. This form of memory is
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termed semantic, a term that embodies perfectly the
relatedness to the meaning of words, which is really knowl-
edge of the world. On the other hand, memories associated
with motor skills (driving a car, playing a musical instru-
ment) becomes embodied, through repeated encoding, into a
primitive (or phylogenetically old) set of neural circuits in
our brain which allows automated behavior, and is a form of
unconscious memory [68, 69]. But, let’s turn back to epi-
sodic memory decay. Mathematical modeling of memory
decay is possible, and it seems that a power decay function,
as opposed to an exponential decay function, fits data the
best [70, 71]. Parameters from the power function fit can, for
example, quantify memory decay characteristics of common
anesthetic sedatives, discussed later in this chapter [72].

Recognition memory is tested by asking the subject to
perform matched encoding and recognition tasks. Often the
instructions for encoding are thought of as a variation of
“remember these items, for you will be asked to name them
later.” This is certainly a valid encoding paradigm, but more
frequently incidental encoding paradigms are used, where
the subject follows a relatively easy instruction that on the
surface is not related to memory, such as “you will hear a
series of words, push one button if the voice is female, and
the other if it is male” [73]. No indication is given that the
words will be incorporated into a recognition task later. The
person pays attention to the task, and normally, the words
presented are incorporated into memory automatically, thus
the term incidental encoding. Slight modifications of task
instructions, such as “push one button if the word is an object
that is larger than a bread box, otherwise push the other” will
activate different memory systems, and thus result in differ-
ent memory performance at recognition [74]. In studies of
unconscious memory, frequently the length of time of pre-
sentation or clarity of the item is varied. For example, a
picture may be shown for 33, 50, and 80 ms to determine a
perception threshold, and then changes in behavior are
measured, those usually being reaction times to stimuli
which were presented at longer and shorter time intervals
than the perception threshold [75]. Shorter intervals index
unconscious memory processes, whereas longer intervals
index conscious memory processes. Similarly, words may
be degraded by white noise to determine a perception thresh-
old for information content.

During the time interval between encoding and recogni-
tion, the environment and instructions to the subject are
crucially important. Variations include performing an “inter-
ference” task, resting comfortably, sleeping, staring at a
cross hair on a computer screen, etc. All will result in
differing memory performance, and one should be aware
that vagueness about what actually was done during this
period would confound results from that study.

There are many recognition paradigms, again with crucial
differences in instructions. One main theme is that
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Fig. 3.5 (a) The fate of memories is to be forgotten. Ebbinghaus
established basic observational principles to quantify memory behav-
ior. An event (stimulus) is experienced (encoded). After a certain time,
the presence of memory is tested for by a recognition task. This study-
test paradigm (Ebbinghausen paradigm) revealed that most memories
are forgotten over time, rapidly at first, and then more and more
slowly. A power decay function (as opposed to an exponential decay
function) best describes loss of memory over time. (b) Depending on

recognition performance is greatly affected by the effort
required to retrieve a memory. It makes sense that if you
have to remember a previous item out of the blue, that would
be more difficult than choosing between two items after the

specific parameters and instructions for encoding, recognition, etc.
many variations of the study-test paradigm are possible. For example,
the difficulty in accessing a memory can be varied by giving clues,
providing a choice of possibilities, etc. How behavior changes with
these modifications provides important insight into how memory
operates, and which brain regions are involved with different
aspects of memory such as attention and effort needed to retrieve a
memory

instruction “you have seen one of these before, which one
was it?”. This effect is well known, and difficulty of retrieval
from hardest to easiest is illustrated by examples as follows:
free recall (“what do you remember”), cued recall (“do you
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remember something that looked like a car”), yes/no recog-
nition (“have you seen this item before, yes/no”), forced
choice recognition (“choose the one you have seen before
from these three items”), forced choice recognition using
two items (Fig. 3.5b). The degree of similarity of the lure
items (items given as choices, but not previously presented)
will modulate the degree of difficulty, and such variations
can be used to determine a ‘“signal strength” of the
memory [76].

From these brief examples, one can appreciate the almost
infinite variety of paradigms possible in the study-test for-
mat. Each small manipulation provides, hopefully, another
insight into how memory works.

From Sensation to Memory: Information Flow

This section will focus on conceptualizations of information
flow from the outside world into the brain where it can
become a memory. These conceptualizations are embodied
as distinct memory processes (encoding, storage, recogni-
tion, etc.) and are divorced from neurobiologic instantiation
[15]. The reader should be aware of this distinction, even
though some are closely linked (e.g., hippocampus and con-
scious memory). One should not get into the habit of freely
substituting a neurobiologic mechanism for a conceptualiza-
tion, or vice versa. Some neurobiologic underpinnings of
memory behaviors will be discussed in more detail in the
sections on unconscious and recognition memory.

An important differentiation in terminology common to
memory and consciousness is needed, particularly for those
interested in anesthetic effects on the brain. What is the
correct terminology for seeing a light? Some people might
say that the light is perceived, whereas others would say that
it is sensed. Some would argue that perception is a more
complex bit of information than sensation, that perception
has some greater structure to it. In fact, in the study of
consciousness, a key concept is that of a percept, a unified
experience of awareness that incorporates many different
threads of information. To avoid confusion, I will use the
word “sense” for primary activation of sensory cortices from
the outside world (e.g., primary auditory or visual cortices).
Terms containing “percept” will relate to a conscious expe-
rience of an event from the outside world [31].

The first event of a potential memory is sensation, an
activation of primary sensory cortices (Fig. 3.4). Most real
world events activate multiple senses, but for research
purposes, most stimuli stimulate a single sense. Immediate,
unconscious processing occurs of the stimulus to measure
basic qualities of the stimulus (e.g., intensity, orientation,
frequency, color, etc.). At a very early stage, comparison
with a template (a previously experienced stimulus, either at
some time in the past, or in the current train of stimuli) is
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undertaken [77, 78]. If there is a mismatch, neuronal
responses tend to be larger [79-81]. A deviant stimulus
may be of interest or importance, and mechanisms come
into play to devote attentional resources to the incoming
stimulus (aptly named as a “bottom-up” attentional
modulating process). Neurophysiologic correlates of the
so-called orienting reflex can be measured, e.g. as the mis-
match negativity, and can be used to study how sifting
through a the constant stream of incoming information
directs important details to the most relevant brain systems.
As with a Christmas tree, important stimuli are collated with
more and more information to elaborate what was just expe-
rienced into a conscious percept [56]. As an example, we
may jump when we hear a loud noise. Auditory sensation is
activated, the characteristics of the sound are automatically
extracted (loud, short duration, previous match with an
explosion), the flight or fight response may be activated
(fear mediated memory), a motor reflex occurs (jump)
before further processing occurs. Additional details may
then be added, for example from the visual stream (we turn
to see a broken plate on the floor). We access previous
semantic knowledge (bits of porcelain from a plate, when
plates break they make a loud noise) in order to make sense
of what just happened. Further fear processing is stopped
(it was not a bomb), we collect more details about the plate
(pattern completion), and realize it is an anniversary gift
from last month, by extracting this information from epi-
sodic memory (wherein the fear/anxiety response may be
re-activated). Any number of these processes can be
influenced pharmacologically, and in this manner the effects
of anesthetics on memory can be sorted out [82, 83]. A
useful conceptualization (taxonomy) of information flow
processing is that proposed by Tulving, the serial-parallel-
independent model of memory [43, 57]. This is just one of a
number of conceptualizations of memory. but is helpful to
know as it incorporates a holistic conceptualization from
sensation to long term memory. Anesthetic effects on mem-
ory, particularly as regards to unconscious learning during
anesthesia, can be thought of in these terms. Some other
hierarchical conceptualizations are referenced [84—86].

Serial Parallel Independent (SPI) Model
of Memory

The acronym “SPI” is meant to indicate that the interaction
among the three major components of this model is depen-
dent on the memory process in play at the time (Fig. 3.6).
The three components are arranged in a hierarchical fashion,
with input from the outside world coming into the perceptual
representation system (PRS). During encoding, information
is processed in a Serial fashion, passing from PRS to seman-
tic memory, which collates and decodes sensory input with
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Fig. 3.6 The SPI memory system of Tulving. SPI stands for serial
parallel independent model. Three large memory systems representing
the perceptual representation system (PRS), semantic, and episodic
memory are related in a hierarchical fashion during encoding, where
information processing is Serial. Storage of memories is Parallel in
each system, and these can be retrieved independently from other
systems. Of interest during anesthesia is the PRS, the lowest “rung”

previous knowledge of the world (semantic memory, mem-
ory of “facts”) to know what just happened. If input is
similar to previous experience, it can be processed further
incorporating this information (e.g., a red round object may
be a ball). Novel qualities of the input are further processed
in the higher level of episodic memory, where the experience
can be incorporated as a novel event personally relevant in a
distinct place and time (episodic memory, such as what we
had for dinner last night). Episodic memory contains previ-
ous knowledge (I had steak at my favorite restaurant) with
novel experiences (this event happened last night at 7 p.m.
with a well-known friend). Linking of previous knowledge
with novel information is mediated by the hippocampus,
notably the spatial and temporal aspects of memory (where
I had dinner and when I had dinner) [87]. These qualities are
the hallmarks of a conscious (episodic) memory. At each
level of processing, distinct forms of memory can be stored
in Parallel, with perceptual representations (color, intensity,
orientation, etc.) stored in the PRS, factual knowledge (red
rubber ball) stored in the semantic system, and personally
relevant and novel memories (I threw the red rubber ball
against a wall this weekend) in the episodic memory system.
A different interaction of this system is defined during rec-
ognition, where memories can be retrieved independently

Working Memory

!

QOut

of the memory processing, relating to sensory input and perception. If
any memory function operates during anesthesia, it would be the PRS.
It is likely that perceptual memories, if formed, would be stored in
secondary sensory association cortices. On the other hand, if high level
episodic memories are present during anesthesia, then “awareness” has
occurred, an undesirable event if not expected by either the practitioner
or patient

from each system. So red rubber ball is an independent
memory of a ball, which could as easily be a blue soft ball.
Importantly for understanding the interaction of anesthesia
with memory is the fact that memories can be stored in the
perceptual system, and then subsequently retrieved indepen-
dently of the (conscious) semantic and episodic memory
systems using techniques such as perceptual priming. The
latter is an enhanced reaction (shorter reaction time, greater
probability of choosing a previously experienced stimulus
over a novel one, etc.) to a stimulus based on its perceptual
representation [88].

The beauty of the SPI classification is its simplicity and
power to explain diverse phenomena. For example, on the
basis of being serial, input into episodic memory is depen-
dent only on input from semantic memory, the memory of
facts. However, there is no a priori requirement that these
“facts” are indeed “true.” Thus, if for whatever reason one
has learned the fact that there are Martians who live in Area
51 of New Mexico, then one could have a conscious memory
experience of meeting one at dinner last night, and that
episodic memory would be as vivid and valid as another
person’s memory of dining with his wife. Thus, this model is
useful to conceptualize how false memories arise and
behave [57].
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Recognition Memory: Not So Simple—
Familiarity and Recollection with a Detour
into Déja vu

Recognition memory is a much more complex process than a
binary decision of whether one has experienced a stimulus
before. The processes of how someone recognizes that an
event or stimulus has been experienced before are still very
much being worked out. All authorities agree that there are
different qualities present in recognition, and the reader can
relate to this as we have all experienced the so-called
butcher-on-a-bus phenomenon (a.k.a. “the face is familiar,
but I can’t remember the name”). We know we have seen
someone before (they, the butcher, are familiar), but we

familiarity
effect Size 8.8

= First Presentation

- Recognition 6 seconds
(working memory)
Recognition 27 seconds
(long term memory)

Fig. 3.7 Recognition of a conscious memory produces two different
qualities we have all experienced, a fast “familiarity” reaction (I’ve
seen this before, the “fez” is familiar) and a more elaborate recollection
reaction of an event located in a time and space in our memories (a day
at the beach, for example). Objective measures of brain activity
recorded during these intertwined processes can be obtained using the
electroencephalogram (EEG). Electrical activity of the brain can be
averaged to cancel out “random noise” (EEG activity not related to the
recognition task) to reveal the Event-Related Potentials (ERP) of mem-
ory processes. The ERP of a memory of a stimulus (red and green wavy

don’t remember other details from the episode such as
what the person wore, their name, when we saw them,
where they were, etc. These qualities are differentiated in
the descriptive labels of familiarity and recollection
(Fig. 3.7). The ability to remember specific details
associated with the familiar face would be to recollect the
memory [90, 91].

A tongue twister and key fact to remember is that recol-
lection is not the same as recognition, but recollection is a
type of recognition. How best to mechanistically explain
recollection is an area of great controversy between two
main hypotheses [15]. As this level of detail is now becom-
ing relevant to actions of anesthesia on memory, it is now
topical for anesthesiologists to understand these issues.

Larger difference

Smaller difference

A=0.25 pV

recollection
effect Size 14.2

ny

lines, versus a new stimulus, blue wavy line) is larger in amplitude than
a novel stimulus. The familiarity component of recognition occurs
earlier than recollection, and is located in a somewhat different brain
region (central Cz electrode versus parietal Pz electrode) [Reproduced
from Veselis RA, et al. Propofol and midazolam inhibit conscious
memory processes very soon after encoding: an event-related potential
study of familiarity and recollection in volunteers. Anesthesiology.
2009;110(2):295-312 [89]. With permission from Wolters Kluwer
Health, Inc.]
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A recent study has shown that previous experience of gen-
eral anesthesia in young children seems to affect one type of
recognition memory, namely recollection, but not the
familiarity qualities of recognition [92, 93]. The axiom of
“as long as the study is reasonably well done, the attendant
observations are rarely disputed” applies to this study. This
is one of the few carefully done studies of memory and
anesthesia in children. In this study, children who had anes-
thesia were carefully matched with controls, and both were
tested (in the absence of any anesthetic drug) for the recol-
lection and familiarity aspects of recognition memory.
Although overall recognition was similar in both groups, a
measurable difference in recollection was observed. The
question of neurotoxicity of anesthetics, especially in chil-
dren, is a looming problem, so this concrete observation is
most noteworthy [94]. Controversy arises about how best to
explain these observations. The authors of the study
interpreted their findings using the “dual process” theory of
memory. However, one should be aware of other
explanations, and be open to different interpretations down
the road. To better understand the underpinnings of this
study, I will detail how one would study familiarity versus
recollection recognition memory.

Differences between familiarity and recollection are stud-
ied using study-test paradigms as previously described. The
added ingredient to tease out the type of recognition is a
measure of confidence (or bias) of the recognition. Thus,
during the recognition task, after an item is either recognized
as previously seen (old) or not (new), a measure of confi-
dence is obtained [95]. This measure varies among studies,
but the most common one is to use a 6 point scale, from
“absolutely sure old” (with “moderately sure old,, “some-
what sure old” in between) to “absolutely sure new”
(or “somewhat sure new,” “moderately sure new”). Similar
information can be obtained in animal models by ingenious
manipulations of reward strategies, where choice of reward
is biased by previously learned preferences [47, 48]. A
receiver operator characteristic (ROC) curve is plotted of
these responses. In this type of analysis the ROC is the
cumulative recognition proportion against false alarms rate
(a false alarm is an item that is recognized as old, but is in
fact a new item) across the six levels of confidence. So, for
example, the left most point is the (old) recognition of
highest confidence. Thus, the person is virtually certain
they got the right answer, and typically about 20 % of old
items are correctly recognized as being old (the y axis), and
very few truly new items are incorrectly recognized with
high confidence as being old (false alarms, thus, close to 0 %
plotted on the x-axis) (Fig. 3.8). Then the next least confi-
dence category is added cumulatively to the previous score,
thus the next point is always greater in both axes. As a
consequence these graphs generally have 5 unique points
(as the last cumulative value is always 100 %). A curve
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interpolation graphically describes recognition performance.
A set of recognitions that are largely or solely based on
familiarity will produce an ROC curve that is characteristi-
cally symmetrical along the 45° axis. On the other hand,
recognitions based on recollection produce an offset at “sure
old” category (at the lowest false alarm rate), and tend to
produce a linear response as confidence decreases. Further
information can be gained by statistically normalizing scores
across a Gaussian distribution (z-scores, which produce a
z-ROC). In the case of z-ROC’s familiarity recognitions
produce a flat line, as the distribution of signal strengths is
Gaussian in nature, whereas an inverted curve is present for
recollection, which has a non-Gaussian or skewed distribu-
tion. Measures of familiarity and recollection as embodied in
ROC curves are robustly observed. Controversy rages over
what mechanisms produce these observed behaviors.
Mechanisms to explain how these curves may be
generated falls into two main camps, the so-called dual
process theory and single process/signal strength theory
[96, 97]. There seem to be more publications that interpret
observations as dual process theories (as was done in the
paper describing memory impairments in children receiving
anesthesia), so I will present this first. Dual process theories
basically state that mechanisms supporting recollection are
different from those that support familiarity. Part of this
difference is related to the neuroanatomical underpinnings
of these processes, with the hippocampus primarily involved
in recollection (whereas single process “theorists” posit that
the hippocampus is involved in both recollection and
familiarity recognitions) [98, 99]. Dual process theorists
provide substantial evidence that familiarity based recogni-
tion seems to be centered on other medial temporal lobe
structures, in particular the parahippocampal regions [100—
105]. Familiarity is the easiest to understand conceptually,
and is characterized by Gaussian signal strength
distributions with recognition occurring when the separation
in signal peaks (between different items) is large enough.
These processes are thought to be very efficient in their
implementation, and occur almost automatically. In fact,
this can be measured using electrophysiologic methods
such as event-related potentials [89, 104, 106—108]. The
onset of familiarity processes occur some 100 ms sooner
than recollection processes (Fig. 3.7). Details of how these
mechanisms may be instantiated neurobiologically will be
presented below. If there is low signal strength or signal
peaks are close together (old and new items are very similar
to each other), then the confidence in familiarity is low, and
the behavioral correlate would be “unsure new/old” i.e., the
3rd or 4th confidence categories. However, if the signal
strength is high or signals are well separated, then one
might state “sure new” or “sure old.” It is important to
keep in mind that signal strengths are modeled by Gaussian
distribution curves. On the other hand, a recollection
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Fig. 3.8 A method to measure the contribution of familiarity versus
recollection in recognition memory. This is also an illustrative example
of the difficulty in translating observations, which are generally agreed
upon, into a conceptualization, which may have a number of
alternatives to explain the observations. A receiver operator character-
istic curve is created by assessing the confidence of the recognition
memory from a surety that the stimulus is old (previously experienced)
to surety that it was never experienced (new). See text for details. The
methodology to create the ROC curve is fairly standard and widely
used. The curve represents the combined contributions of familiarity
and recollection to recognition memory. How these contributions are
conceptualized is important in understanding memory systems, with
two alternative explanations, the dual process versus single process

theory, holding sway in different camps. Both conceptualizations use
different explanations of why the ROC curve looks the way it does, and
why it changes appearance when certain parameters are changed in
study paradigms. The dual process theory postulates that familiarity
and recollection are separable processes, where familiarity is a process
that depends on separation of signals between two Gaussian
distributions to separate new and old events, whereas a more complex
recognition process is present for recollection. In the latter case, the
hippocampus acts as a pattern detector where a certain threshold crite-
rion needs to be met before recognition can occur. The single process
theory postulates a single memory process that behaves differently
under differing circumstances based on the strength of memories
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recognition involves not only the primary stimulus (e.g., the
person’s face), but also associated details (the party, the
clothes, the date). In mechanistic terms one can model this
as pattern completion, and when a certain number of details
are matched, then recollection of the full pattern occurs. The
additional processing required to test pattern matches
explains why recollection processes start later and take lon-
ger than familiarity processes. On the flip side, if insufficient
pattern completion is present then no recollection may
occur, i.e. a memory failure. A Gaussian distribution of signal
strength will always yield some degree of recognition, be it
ever so small. Thus, in the dual process theory recollection is
posited as a threshold process (note that the threshold effect
applies to the recollection, not the recognition which can also
include familiarity processes). Below this threshold no recol-
lection occurs, and any recognition that occurs would be
solely based on familiarity. If one is above this pattern com-
pletion threshold, then recognition is primarily based on rec-
ollection. Recollection would be expected to typically
produce a “sure old” response, and the threshold effect is
used to explain the offset of the ROC curve at the “sure old”
response. Thus two processes (familiarity and recollection,
dual processes) are used for recognition. In fact, everyone
agrees on the latter statement, however it is emphasized again
that the specifics of how these processes come into play in
producing a recognition response are thought to be different in
dual process versus single process models.

In the single process model theorists posit that both
familiarity and recollection processes are continuous
expressions of signal strength, but that recollection
embodies additional details about the memory. In most
experimental paradigms, these additional details are tested
by measuring source memory. Thus, instead of just
presenting “word” during the study phase, “word” is
presented in different locations on the computer screen,
with a different color from other words in different locations
in the stimulus list. When recognition of word is tested for,
the participant is also asked where on the screen or what
color the word was. Retrieval of these additional details
provides evidence of recollection rather than familiarity
(and this was the paradigm used in the study comparing
children who had or did not have general anesthesia)
[92, 93]. Dual process theories predict that an old recollec-
tion response will not occur until a certain number of these
details are present, whereas single source theories state that
source memory is integral to the memory itself, no matter
what strength that memory is.

Needless to say, arguments on either side have not been
compelling enough to abate the controversy. The important
point the reader has to appreciate is that one needs to be
extremely careful not to conflate reliable observations with
postulated mechanisms that produce these observations.
Thus the findings of Stratmann et al. robustly show some
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degree of memory impairment in children who have
undergone general anesthesia, which affects recollection
out of proportion to familiarity [92]. However, one should
be very hesitant to postulate some neurotoxic effect on the
hippocampus as a result of anesthesia, be it ever so appeal-
ing, until a great deal of additional corroborating evidence is
available.

Now, let us take a little detour into the experience of déja
vu to illustrate again the importance of maintaining a divide
between observation and explanation. This is a memory
feeling we have all likely experienced at one time or another
(at least about 80 % of people do). It is the feeling of having
experienced a current ongoing event sometime before, with
the memory being of excruciating clarity (internally one
might think “I know I have experienced these exact events
before, I can almost know what will happen next”)
[109]. There is no accepted explanation for this memory
feeling, but a most interesting one is that there is a timing
problem between different memory systems, namely work-
ing and long term memory. This produces a feeling of
experiencing the exact same events (which in fact have
only happened once) at different times. Normally informa-
tion flows in an orderly fashion through working memory
(the “here and now”) into long term memory (something that
happened at some time in the past). However, if long term
memory mechanisms somehow simultaneously have access
to the contents of working memory, one could experience
the same event as happening now and simultaneously in the
past [110]. On the other hand, others explain déja vu as an
instantiation of familiarity, or error in pattern completion by
the hippocampus [111, 112]. These examples illustrate that
there is general agreement on the observations of déja vu, in
no small part due to the fact many of us have personally
experienced this. However, when it comes down to explana-
tion of these events, no one knows what particular concep-
tualization explains these phenomena. It is generally agreed
that the neurobiologic mechanisms producing déja vu are
incorporated in the medial temporal lobes, as these feelings
can be induced by electrical stimulation of these regions in
epileptic patients [112]. Whether the same would occur in
normal subjects is unknown, these people would never have
electrodes implanted. It may be that the same end result, déja
vu, can arise via different mechanisms, everyone may be
correct!

Under the Hood: The Neurobiologic/
Neurocomputational Instantiation
of Conscious Memory Processes

The report of HM, who was the key index case in the
series of cases reported by Scoville and Milner, began the
era of understanding memory processes in terms of
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neuroanatomical, and subsequently neurobiologic and
neurocomputational systems (the terms vitro,”
“in vivo” now include “in computo”) [113]. In brief, the
famous report of Scoville described a severe impairment in
the ability to form new episodic memories (e.g., memorizing
a word list) after bilateral removal of a substantial amount of
material from the medial temporal lobes. The material
contained not only the hippocampi, but many other medial
temporal lobe structures, thus it was not until some decades
later that the hippocampus was clearly identified as the seat
of conscious memory. A combination of animal and patient
lesion studies, where neurologic damage was more localized
to the hippocampus proper led the way to this insight
[38, 114]. During this period, HM had become the most
studied neurologic case in history, and really solidified the
concept that conscious and unconscious memory are embod-
ied in different processes and neuroanatomy [115]. HM was
able to learn unconscious memories as easily as others,
e.g. the motor skill of mirror drawing, but had no recollec-
tion of any of these experiments immediately after testing.
However, over the last few decades it has become equally
clear that even though the hippocampus is necessary for
conscious memory, it is not sufficient. A complex web of
interactions with other brain regions is needed for conscious
memory function. As information flow progresses from sen-
sation to long term memory, more and more interactions are
needed, and wider and wider regions of brain areas function
coherently in networks to support memory function
[116, 117].

Interactions between different brain regions occur in the
language of oscillations which provide a rich grammar for
communication, ranging from frequencies to coherence, to
phase shifts [118, 119]. Of particular note is that oscillations
in the gamma and theta ranges seem to be very important in
memory processes (as well as consciousness, and anesthetic
effects thereon) [29, 120-127]. The divisions of the EEG
frequency band (i.e., alpha, beta, theta, gamma, etc.) are
arbitrary and based on historic interpretations of raw signals
in roughly the order of discovery or description [128]. Limits
between bands are also arbitrary, and change through time
and with the model (human, animal) being studied
[113, 129]. Theta ranges approximately from 4 to 7 Hz,
whereas gamma frequencies occur at approximately
40-80 Hz. As with many processes, it is not the actual
value, but changes in the value itself that are important.
Thus, small changes in theta frequency, phase shift, power,
etc. can be very significant. As is becoming increasing
evident, it is quite a feat to describe with this level of detail
how a memory process is embodied in an associated neuro-
anatomy and the encompassing electrophysiologic milieu. A
great deal of progress has been made as details of neuronal
physiology have been pinned down, and computational
power of computers has increased faithfully following
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Moore’s law. Two memory processes in particular will be
considered, those being working and episodic memory as
mediated through the medial temporal lobe. The latter will
be considered in terms of the qualities of recollection and
familiarity. As oscillatory activity in the brain is critically
dependent in inter-neuronal connections, which are heavily
dependent on GABAergic mechanisms, a key target of anes-
thetic action on memory may be modulation of electrophys-
iologic interactions of neuronal networks [130-139].

Working Memory

The first differentiation of memory processes was between
short and long term memories. After this insight, short term
memory was conceptualized as a series of closely related
working memory processes [140, 141]. Working memory is
embodied largely in the pre-frontal cortex, richly connected
to the medial temporal lobe [142-145]. Details of how
information is held in working memory have been worked
out in terms of electrophysiology. One can now explain why
the capacity of working memory is 7 & 2 items in terms of
oscillatory activity [30]. Purely by using characteristics of
neuronal electrophysiology, an underlying slower wave
action of frequency theta (hippocampal theta rhythms) can
contain information in the form of superimposed faster
gamma activity. It turns out that the ratio of gamma to
theta (40:4 Hz) is about 7 [146, 147] (Fig. 3.9). As you
may note the ratio is closer to 10, but information is
contained in only a certain portion of the theta rhythm
oscillation cycle. This was one of the first neurocompu-
tational instantiation of memory processes, and others have
followed.

Episodic/Conscious Memory

The behavior of more complex systems can be embodied in
computational models based on neural networks. A compu-
tational neural network structure is created out of
interconnected elements, where the rules for response in
each element are well defined and usually simple (e.g.,
when the summation of inputs into the element exceeds a
certain threshold value, that element then produces an out-
put, the degree of which can be adjusted according to a
weight) [148] (Fig. 3.10). As can be appreciated, each ele-
ment can be considered a very simple neuron, thus the label
of neural network. Most interestingly even simple designs
(e.g., two-layer feed-forward network) can learn and repro-
duce very complex behavior. A set of data, containing input
data and output results, is used to train the network to
reproduce the behavior sought. Training in this context is a
recurrent algorithm wherein the error term between the
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Fig. 3.9 Instantiation of working memory—from electrophysiology to
behavior. The brain communicates with itself in the language of
oscillations. The electrophysiologic properties of neurons as well as
the architecture of their connections determine the frequency of
oscillatory activity. Information is contained not only in the frequency
of oscillations, but other properties such as phase relationships as well.
This is an example of how one can explain why working memory can
contain a maximum number of items based on representation of
oscillations with differing frequencies (gamma, approximately

ulPSC amplitude (pA)

40 cycles/s contained within theta oscillations, approximately
7 cycles/s) which are produced by the electrophysiologic properties
of neurons. The ratio of gamma to theta oscillations is roughly the
capacity of working memory. Many other characteristics of memory
can be related to theta and gamma oscillatory activity [middle panel
reproduced from Jensen O, Lisman JE. Hippocampal sequence-
encoding driven by a cortical multi-item working memory buffer.
Trends Neurosci. 2005;28(2):67-72 [147]. With permission from
Elsevier Ltd.]
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Fig. 3.10 Computational algorithms based on artificial neural
networks. Artificial (computational) neural networks are loosely
based on neuronal interactions with each other, but greatly simplified,
to produce a learned, or trained, output from a series of inputs using
Hebbian type learning. Very complex behavior can be modeled with
neural networks, even when the input/output rules for each element are
simple in nature. Complexity is modeled by the interactions of neural
network elements (“w”, i=1...n), and a simple two-layer feed-forward
fully interconnected network is displayed. Each element processes
(e.g., sums, “sigma”) inputs from other elements and produces an
output based on a rule (e.g., threshold activation, “activation function”
in the figure). The strength of the output (inputs into the next layer) can
be modified by a weighting factor. Neural networks are trained by

output produced by the network and the target output is
minimized but adjusting the parameters governing the
behavior of the network elements (primarily the weighting
of the outputs for each element). For example, inputs can be
the power of various EEG frequencies, and the output can be
whether the EEG is of a sedated patient or an awake patient
[149—152]. The trained network can be used on novel data
sets to predict an output with reasonable success. As compu-
tational power and algorithms have advanced exponentially
“children” of these methods are getting to the point where
“the brain,” as opposed to the EEG, for example, can be
mathematically modeled [153, 154]. In general, there is no
deterministic algorithm defined by the training process or
modeling. The neural network behaves in a complex manner
that is essentially a black box. Practically, neural networks
work quite well in many real world situations, for example
predicting tidal patterns, automated image/pattern analysis,
minimal path finding, and yes, financial applications too.
The use of this methodology to model neuroanatomical
constructs of conscious memory will now be reviewed.

The Hippocampus

The hippocampus is a set of recurrent looping neural
pathways that can very efficiently embody complex infor-
mation using a sparse encoding [155-157]. The basic

matching a set of outputs (e.g., tidal heights) with a series of inputs
(date, weather parameters, location, etc.) that are processed by a net-
work with an initial set of weighting parameters (e.g., 0.5). An error
term from the output is generated, and weights are modified iteratively
to minimize this error term. When a certain acceptable error threshold
is achieved, the network is then tested with a set of new (never used
before) inputs and the error measured between predicted and actual
outputs to assess how well the neural network models real world data.
This can be done by training a network on a portion of a data set, and
testing on the other part of the data set. Networks can be constructed
with more elaborate configurations (e.g., recurrent inputs, more layers,
pruned connections) to model even more complex behaviors

structure is presented in Fig. 3.11. The hippocampus is richly
connected to the cortex, but the vast majority of connections
are indirect. Input from the cortex is received via the ento-
rhinal cortex, and output is through the same structure, but in
a different layer (in general the cortex has six layers of
neurons). Three major structures comprise the hippocampus,
the dentate gyrus, and the cornu ammonis (CA) specifically
the CA3 and CAl1 subfields (as with many things labels are
historic and somewhat poetic). A neural network model
representative of hippocampal neurobiology is presented in
Fig. 3.12 [158, 159]. As far as neural networks go, this is a
fairly complex design. However, this is a very good model
for pattern recognition. One of the first insights into the
computational abilities of the hippocampus was obtained
by measuring individual neuronal responses in behaving
rats walking through a maze [53, 160-162]. The same sets
of neurons fired when the rat was in a given location, thus the
concept of place cells was discovered. The memory of a
particular location is embodied in this pattern. One can
think of many conscious memories (e.g., words) as a pattern.
The neural network model of the hippocampus will produce
a threshold type of output when a certain number of elements
of a previously learned pattern are present. This is the
instantiation of the recollection process, and experimental
results from this computational model agree well with
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Fig. 3.11 Hippocampal architecture. This Figure is the classic histo-
logic drawing of a rodent hippocampus Santiago Ramon y Cajal
published in 1911 (Drawing of the neural circuitry of the rodent
hippocampus. Histologie du Syst¢tme Nerveux de ’Homme et des
Vertébrés, Vols. 1 and 2. A. Maloine. Paris. 1911). Such accurate and
detailed observations are still very relevant today. Included in this
Figure is a conceptualization of information processing through various
regions of the hippocampus. Input of information is from close-by
regions in the medial temporal lobe (entorhinal cortex, EC). Sensory
input via the EC projects to the dentate gyrus (DG), the CA3 and CA1
fields of the hippocampus and the subiculum (Sub) via the perforant
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Fig. 3.12 This is a neurocomputational model of the hippocampus
(a combination of Figs. 3.10 and 3.11). Most readers are familiar with
the terms “in vitro” and “in vivo,” and now we can add “in computo” as
another way to understand details of physiologic processes. This neural

observations [16, 76, 159]. The reader should be aware that
even though this “hangs together nicely,” it does not mean
this is actually what happens in terms of actual physiologic
processes. In a sense this is a mechanistic conceptualization.
Adding to this strong circumstantial evidence is the fact that
the computational model predicts certain behaviors, that,
when actually tested, hold true. Further refinements in math-
ematical modeling are now being incorporated where, anal-
ogous to place cells, there are “time” cells [87]. One of the
basic concepts of conscious memory is that an event occurs
not only in a particular place, but also in a particular time.

BN

pathway. The dentate gyrus projects to the CA3 field of the hippocam-
pus via Mossy fibers. CA3 neurons project to the CAl field of the
hippocampus, which in turn projects back to the subiculum. The
subiculum feeds back to the EC. In the EC, superficial and deep layers
are arranged to produce a recurrent loop for incoming sensory informa-
tion. After processing in the hippocampus, output influences informa-
tion in the entorhinal reverberating circuit, which in turn repetitively
activates the hippocampal formation, or is transmitted to other regions
of the cerebral cortex. Thus, the hippocampus provides a very complex
information processing architecture in a small amount of space, and is
ideally suited in terms of pattern completion/recognition

A3 CA1
DG
EC_in EC_out

network architecture can be used to understand recognition memory in
humans, and can reproduce the observations of recognition memory as
described in Fig. 3.8

It now seems that a neurocomputational explanation can be
proposed for the hippocampus to embody time as well as
space.

The Rest of the Brain

A computational model of the non-hippocampally connected
cortex is much simpler, where a “simple” two-layer feed-
forward network can reproduce signal strength memory
behavior (a.k.a. familiarity) (Fig. 3.13). As the reader is
likely to appreciate, though this model of familiarity based
memory works well to mimic observational results, it is
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Fig. 3.13 Similar in concept to Fig. 3.12, this is a neural network
instantiation of the familiarity component of recognition memory. Such
“in computo” modeling can be used to investigate factors important in
memory as a bridge between neurobiology and observation. Ideally the

likely not the way the brain works. Neurons are much more
complex than the elements present in a neural network
model. However, this modeling is a good starting point for
further research, and importantly, may serve well as a basis
for investigations of anesthetic effects on memory in terms
of electrophysiological mechanisms.

The “Black Box” of Unconscious Memory

To study memory requires some evidence that a memory has
been created in the brain, which, as alluded to above, boils
down to measuring a change in behavior. This is complex
enough in the case of conscious memory, where a simple
study-test paradigm can become incredibly complex by
manipulation of numerous factors. The same study-test par-
adigm design is used to study unconscious memory, but with
the added caveat that the person or animal in question has to
be completely unaware that memory is being created or
tested [163, 164]. This requirement is more easily attained
in the case of animals, and is the reason I said that many
memory behaviors in animals (e.g., object recognition) may
best be compared to unconscious memory processes in
humans [41]. The change in behavior indicative of the mem-
ory cannot be consciously accessible, thus all recognition
paradigms mentioned above (recall, forced choice, etc.) can-
not be used. To detect unconscious memory requires inge-
nious methods to measure such a memory. Methods include
measuring some improvement in performance (e.g., faster

012 013 014 0.15 0.16

Mean cortex activity

model is used to predict a certain outcome when parameters are
modified in a predictable fashion. These are then tested “in vivo” to
support the validity of such modeling

reaction time to a previously experienced stimulus, when
compared to non-experienced stimuli), or a preference for
the previously (unconsciously) experienced stimulus. The
latter is the basis for the previously popular subliminal
advertising campaign [165]. Subliminal advertising is now
highly frowned upon by society, but it could be said that if
conscious perception of a product occurs in unrelated media
(e.g., a movie), then “product placement” has occurred.

A large question about unconscious memory is whether it
can influence future behavior. This requires two main
criteria to be met, that the person is truly unaware of previ-
ous learning, and that the change in behavior is able to be
replicated in a number of studies. Closely related questions
include publication bias, and statistical “anomalies” where
the underlying assumptions of statistical testing are not fully
appreciated when conclusions are drawn, namely rejection
of the null hypothesis [166, 167]. These topics are of increas-
ing interest as clinical care is driven more and more by major
studies published in reputable journals [168]. A typical study
of unconscious memory might be as follows. People are
asked to read stories about knowledgeable and learned
scientists versus stories of sports personalities (presumably
not in the running for Nobel Prizes). Then the people who
have read these stories are asked to complete a general
knowledge questionnaire. A study might demonstrate that
people exposed to scientist stories completed the knowledge
questionnaires with more correct answers. If the results of
the study are positive, it is more likely to be published as
being exciting new research (particularly in the psychologic
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literature) [169]. To the casual reader of the literature it may
appear that there is evidence of unconscious memory influ-
ence all around us, from walking faster after reading about
athletes, to improved outcomes following surgery in the
setting of “positive thinking.” As it turns out, replication of
these studies is more difficult than initially imagined. This
difficulty is being appreciated more and more in studies with
“hard” end points such as mortality as well. If one carefully
considers the assumptions of statistical reasoning where we
traditionally accept a p < 0.05 as being an acceptable rate of
false positives, it turns out that the chance of replicating
those results is somewhere around 50 % [168]. Thus,
reasons for un-reproducibility may include a) the effect
may not exist, and the initial positive studies were in fact
false positives (estimated to be from 14 to 36 % even in
well-respected peer-reviewed literature) b) there is an effect,
but the current study is underpowered to replicate, or c) the
study population is different in some subtle way that is
difficult to ascertain (e.g., diurnal rhythms). In the case of
unconscious learning, an additional problem is that not
uncommonly the “unconscious” learning turns out to actu-
ally be conscious learning when the appropriate probes (e.g.,
de-briefing interviews of participants regarding insight) are
used. Are the people really unaware that reading a story
about a scientist followed by a general knowledge question-
naire has nothing to do with envy for smart people? When
general interest in a particular field increases to the level that
it becomes important to answer a question definitively, it is
more likely that negative studies will be published, and more
balanced weight of evidence will ensue. The latter is most
important in the case of meta-analyses and Cochrane type
reviews. The question of learning during anesthesia seems to
have reached this point [170, 171]. All these factors make
study of unconscious memory fascinating, while at the same
time vexing. More often than not purported evidence of
unconscious memory turns out to be a more complex insight
into conscious memory. It is still very unclear if learning
during anesthesia (if present) truly represents unconscious
memory, or some degree of a weak conscious memory.
Memories are not immutable and similarly their
categorizations. For example, skills and habits are considered
by classical taxonomy to be unconscious memory. For exam-
ple, one should try singing the national anthem starting
with the third line without silently reciting the first two lines
(this is a classic situation for musicians who feel compelled to
“finish the phrase” when practicing). As we all know, one has
had to learn the national anthem somewhere at some time.
How did this conscious memory become an unconscious
memory of a habit? The same process occurs in conscious
memory, where an episodic event (capitals of countries)
becomes general knowledge, a semantic memory without
time or context (see “time and repetition” interactions
Fig. 3.3). 1T hope I have convinced the reader that the
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boundaries between the taxonomies of memory, even con-
scious and unconscious are at best blurry [56, 88, 117]. It does
seem the trend is towards a richer, more integrated apprecia-
tion of memory, without a return to the previous unitary
concept of memory [172]. As an example, modeling of recol-
lection and familiarity as separate processes using separate
neural networks predicts observed behavior very well. How-
ever, if the neural network is designed to incorporate both
recollection and familiarity constructs into the same network
model, lo and behold, very similar results are obtained, the
combined network also models observed behavior just as
well [76]. As neural networks are “black boxes” to a large
extent, how or why this happens remains a mystery. But this
may, in fact, be the way our brains work.

Thus, currently, while we know a great deal about con-
scious memory, the same cannot be said of unconscious
memory, particularly in regards to underlying mechanisms
supporting these memory processes. Needless to say, this is
one reason it is difficult to apply neurocomputational
modeling to unconscious memory as has been done for con-
scious memory. The best conceptualization we have of uncon-
scious memory is that of information flow [43, 56].
Unconscious memories have to be formed from information
obtained from the outside world, which by necessity has to
get into the brain through sensory cortices. At some point in
information collation and processing, unconscious informa-
tion (e.g., shape, size, intensity, color, orientation, frequency,
etc. of a stimulus) becomes a conscious percept. At that point
we know we just saw a red rubber ball, maybe one that we
used to play with as children. Thus the best we can do with a
neurobiologic instantiation of unconscious memory formation
is to model information flow from the outside world before
it becomes a fully conscious percept, which then has an
opportunity to become a conscious memory.

The Neurobiology of Unconscious Memory

The neurobiology of unconscious memory may best be
related to the lowest “rung” of the SPI model of memory,
the perceptual system (note that “perceptual” is used in the
psychological sense, and refers to sensation, not the percept
of consciousness). Automatic processing of stimuli, one
aspect of which is to filter out extraneous information whilst
directing attentional resources to events of interest (orienting
reflex), allows one to learn very complex information with-
out being aware of the specifics of that information. In other
words, we can learn rules that are complex without ever
knowing the rules (subliminal learning) [173]. Compared
with conscious memory, very little investigation has been
undertaken to understand the basis of unconscious memory.
But what little is known reveals a complex underpinning for
this behavior. As with conscious memory, information trans-
fer and communication between different brain regions must
occur for learning to take place [88, 173]. The type of
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memory learned as “unconscious” memory during anesthe-
sia is likely different from that studied in humans in the
absence of drug during unconscious rule learning. Lower
processing power may be needed to form implicit, percep-
tual memories during anesthesia than unconscious rule
learning. The neurobiologic underpinning for rule versus
perceptual (sensory) learning may be quite different, though
with some overlap of mechanisms likely. Thus, while there
is some degree of likelihood of sensory (perceptual) memory
formation during anesthesia (as detailed below), there seems
to be much less likelihood of the type of learning as embod-
ied in unconscious rule learning, as the latter requires
mechanisms such as information transfer across distant
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brain regions which are likely to be non-functional during
anesthesia.

Anesthetic Effects on Memory

Three large bodies of research exist in this field, those being
(1) the effects of anesthetics on conscious memory, which
include fear modulation of memory and differential effects
on recollection and familiarity processes, (2) the issue of
awareness, and (3) the ability to learn unconscious memory
during anesthesia (Fig. 3.14). Failure of the ‘“anesthetic
system,” which includes human system processes as well

low doses 0.4 MAC

Hypnotic

Fig. 3.14 The conceptual relationships between anesthesia and mem-
ory. The dose response curve between conscious (explicit) memory and
increasing doses of anesthesia is well established, with decreasing
probability of memory formation as anesthetic doses increases. When
a dose of anesthetic associated with 50 % probability of movement to
skin incision (one minimal alveolar concentration—MAC) is present,
no chance of conscious memory formation is present. For almost all
CNS depressants (most anesthetics), a dose of 0.4 MAC will produce an
~50 % probability of memory impairment on the basis of sedation
(inattention to the environment). It is hypothesized that a similar dose

1.0 MAC high doses
Asleep Loss of

response
to incision
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response curve is present for unconscious memory, but is shifted to the
right (more resistance to anesthesia). However, this is much less cer-
tain, as it is very difficult to quantitate unconscious memory formation.
Well established is also the effect of amnesic drugs such as midazolam
and propofol, which result in a low probability of conscious memory
formation at low doses of drug. When one believes the patient is
experiencing 1 MAC of anesthesia, but in fact less anesthetic is present
(e.g., technical failure of delivery device), conscious memory is func-
tional when the patient is not expecting this, and awareness results
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as drugs, to ablate conscious memory when the patient
expects no memory is covered by the somewhat vague
term ‘“awareness,” again not to be confused with the concept
of being aware in the sense of consciousness (though, these
are closely related). A brief discussion of awareness will be
undertaken only to put this huge field of investigation into
context regarding memory. The majority of literature of
anesthetic effects on unconscious memory relates to the
question of whether learning can occur during anesthesia
when conscious memory function is not present
[174, 175]. Learning during anesthesia is commonly
described as implicit memory formation during anesthesia.
A much smaller question is the impact of anesthetic drugs on
implicit (unconscious) memory during consciousness (i.e.,
during sedation). The difficulties of differentiating conscious
from unconscious memory processes in the setting of mild
sedation are formidable, and I will not review this literature,
as it is at best confusing.

Anesthetic Effects on Conscious Memory: How
Do We Make Patients “Not Remember a Thing!”’?

When we’re asleep we are disconnected from the outside
world [31, 58]. Our brains are busy re-processing memories
of the day’s events, a portion of which we may experience in
our dreams [10, 176—-178]. Similarly, during anesthesia we
become disconnected from processing sensory input even
though sensory input is still being registered, and will be
discussed in the section on learning during anesthesia. Thus,
information from the outside world cannot become a con-
scious memory, as not enough processing power is present to
form that conscious memory. An unexpected conscious
memory that occurs during anesthesia falls under the cate-
gory of awareness during anesthesia, discussed briefly in the
next section. Normally, the practicing anesthetist prevents
memory formation by putting their client to sleep. This in
itself is not very interesting from a mechanistic point of
view, but the transition to this state is, on the other hand,
most interesting. If the dose of anesthetic agent can be held
to one that produces sedation (“almost sleep”), some degree
of conscious memory mechanisms are still functional, and
the possibility of memory formation is present.

For sensory information to become a conscious memory
(which hereafter in this section will be simply referred to as
“memory”), attention must be paid to that information.
There is a large body of literature examining the influence
of attention on memory formation, and in practice we do use
this trick to influence memory formation [179-184]. An
example is engaging a patient in conversation while we
start an intravenous injection. Most anesthetic agents pro-
duce memory impairment in the sedative dose range by
interfering with attention (the opposite way of stating this
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is “producing sedation”). Sedation interferes with informa-
tion processing in the early stages of memory formation,
namely transfer of information from working memory to
long term memory [89, 185]. As stated previously, if infor-
mation disappears from working memory, it is gone forever
unless it has been processed into long term memory. Thus, a
person who is drunk can walk home in an impaired (sedated),
but still barely functional state (for example, stopping before
crossing a street with traffic in it), but will have no memory of
the excursion back home. Working memory is sufficiently
functional to process and react to current events, but these are
not subsequently transferred to long term memory. The
neurobiologic underpinnings of sedative anesthetic actions,
not surprisingly, mimic those of natural sleep, and involve
structures in the hypothalamus and other deep brain areas
[186—-189]. These same neural circuits also seem to be
involved in the loss of consciousness that occurs with anes-
thesia. In practice, the great advantage of preventing memory
formation by producing sedation is that we have a real time
measure of sedative effect, such as reaction time, slurred
speech, eyelid closure, responsiveness, etc. This allows criti-
cal titration of drug to desired effect (the clinical end-point of
having a patient snoring). Proceeding into a state of sedation/
unresponsiveness and coming out of it seems to occur along
two different neural/time paths, producing a hysteresis effect
[190, 191]. It may be more difficult to arouse a person from
sedation once it is established. In other words, the drug con-
centration associated with awakening may be quite a bit less
than that needed to produce unresponsiveness. Sometimes,
one can observe an interesting exception to this natural history
in that a person can be experiencing concentrations of anes-
thetic agent that normally produce deep sedation or unrespon-
siveness, but nevertheless can still respond to external stimuli
(e.g., following simple commands) [60]. However, in this
state the person may be unable to process other inputs, and
be “floating” in a state of “disconnectedness,” with various
degrees of recall afterwards. The term “dysanesthesia” has
been applied to this most interesting state of (un?)conscious-
ness. It is still very unclear if this state is unique to anesthesia,
and how best to reproduce it for further study.

As opposed to sedation, some anesthetic agents have
unique effects on memory, producing amnesia for events
that transpire in the presence of low concentrations of
these drugs [192, 193]. Benzodiazepines are the prototypical
class of drugs that produce this effect. At concentrations of
drug that produce amnesia, sedation is largely absent. Thus
the drunkard above becomes the slightly intoxicated person
that had their gin and tonic spiked with flunitrazepam
(Rohypnol), GHB (gamma hydroxybutyrate), or similar
“club” drug. Persons intoxicated in such a fashion may
function at a much better level, and seem to be quite awake
and unimpaired. Yet, recall of events is much less likely, the
amnesia is much more dense [194].
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Fig. 3.15 Amnesic drug actions on conscious memory. The low
probability of memory formation with amnesic drugs is apparent only
after an initial period of memory decay, 15-50 min. Accelerated
memory decay occurs when information is learned in the presence of
midazolam or propofol. The top blue line represents the normal rate of
forgetting of information in the placebo group. As Ebbinghaus
demonstrated, memory is forgotten over time. These curves represent
the loss of memories encoded into long term memory during an
encoding task just before time = 0 at which point drug infusion was
stopped. When midazolam or propofol were present at low

Careful study of memory processes in the presence of low
doses of midazolam or propofol reveals the mechanism of
this action to be the rapid loss of memories [72]. Details of
how amnesic drugs affect memory are best understood in
context of information flow from the outside world into a
long lasting memory (Fig. 3.15). Terminology is a bit con-
fusing, and one can be led astray by this. As described
previously, awareness of the “here and how” occurs in
working memory, a limited store of what has just come in
from the outside world. Items in working memory can be
remembered as long as they are continuously refreshed
(rehearsal), think of memorizing a 10 digit phone number.
It is easier to remember the first and last digits of the number,
the serial position effect. The initial digits are likely already
in long term memory, and the last digits heard are in working
memory. To critically study the difference between working
memory and long term memory processes a paradigm has to
be used that prevents rehearsal of any items in working
memory, so that one can determine if recognition of an
item is truly from working or long term memory. Such a
paradigm is the continuous recognition task, where items are
presented every few seconds, with items repeated at short
(1 or 2 intervening items) or long (10, 20 or 30 intervening
items) [72, 82, 89, 195, 196]. The task of the person is to
indicate if the item is new (presented the first time) or old
(a repeat from the previous set of items). Importantly

concentrations during the encoding task, those items encoded into
long term memory were forgotten at an accelerated rate compared
with placebo. Most of the differences in forgetting from placebo hap-
pened in the first 45 min. After this time the decay curves are essentially
parallel, indicating that consolidation processes that are in play after
45-90 min are not differentially affected by these drugs. The decay of
memory can be modeled as a power decay function, and the parameters
of this model represent memory impairment due to sedation (lambda in
Fig. 3.5a, initial condition) or to lack of consolidation (psi in Fig. 3.5a,
accelerated memory decay)

attention has to be paid to each item as it is presented (is it
old or new?), thus preventing rehearsal of any items in
working memory. As the capacity of working memory is
about 7 items, and if items are presented every 3 s, then an
item can reside in working memory no longer than about
20 s. If an item is correctly recognized from more than
10 items previously, then it must be remembered from
“long” term memory. This is the confusing part of terminol-
ogy in that “long” term memory is any time interval longer
than working memory, i.e. about 20 s (not very long term in
most people’s minds). Using this methodology, one can
determine if a drug affects working memory (lack of recog-
nition of short interval items), or only long term memory
(lack of recognition of longer interval items). Indeed, the
sedation effect of drugs affects working memory, whereas
amnesic drugs allow long term memories to be formed
[89]. However, when these initially recognized items are
tested at longer and longer intervals, 10 min, 30 min, 4 h,
we find that items initially remembered from long term
memory disappear very quickly (in comparison with pla-
cebo) [72]. Working and long term memory processes can
be indexed by electrophysiologic measurements (event-
related potentials), and reveal additional details. This
explains the dense amnesia of amnesic drugs. Even if the
memory is formed initially, it rapidly disappears. The fact
that working memory is largely intact means that behavior in
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the “here and now” is relatively normal, the person just can’t
remember what happened at all the night before. This type of
amnesia occurs only in the presence of drug, not before, and
not after the drug concentration falls to critically low levels
on the basis of redistribution of metabolism. Something
about the amnesic drug prevents long term memories from
being consolidated into lasting memories. The specifics of
what happens are still unknown.

The decay characteristics of long term memories formed
in the presence of drug can be carefully measured and
modeled using a power decay function, and thus the degree
of amnesic versus sedative effect of a drug can be
quantitated. As mentioned in the previous paragraph, the
amnesic effect of a drug must act on some aspect of the
sum of processes needed to consolidate a newly formed
memory into one that lasts substantially longer. This inhibi-
tory action must occur soon after memory formation, for if it
acted much later, then recent memories formed at an earlier
time than drug administration would also disappear. Such an
effect would be characterized as retrograde amnesia, as
depicted in the movies when a traumatic event has occurred.
To date no study in humans has documented such a retro-
grade amnesic effect of any anesthetic drug [197]. In prac-
tice, we “ensure” amnesia by administering small doses of
these agents, usually midazolam, before noxious events. One
should be aware that by giving an amnesic drug, we cannot
“erase” previously experienced memories. However, we
never know how successful amnesia is until we can debrief
the patient some time after the events. It could be that the
dose of midazolam used was too low to produce the dense
amnesia that was sought.

An interesting field of investigation is how anesthetic
effects on memory translate to the pediatric patient popula-
tion. It is known that working memory doesn’t fully develop
until quite late, about age 20 or so [198]. Another interesting
fact is that most anesthetics influence memory through
GABAergic mechanisms, and GABAergic receptor expres-
sion changes with age, with different effects in different
cortical layers [199]. There are also some animal data that
indicate long term memory effects of anesthetics (potentially
a marker of neurotoxicity) can be mediated by GABA
receptors [133]. Thus, much needs to be clarified regarding
anesthetic effects on memory in the pediatric patient popu-
lation. This will be challenging as this is a difficult age group
in which to perform behavioral studies, those being the
necessary condition to understand memory.

Awareness During Anesthesia: Interaction
with Memory Systems

Awareness during anesthesia represents the ability of con-
scious memory processes to function in a situation in which
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they are expected not to be functional. This statement
highlights the two “prongs” of this issue. One is fairly straight-
forward in that episodes of awareness are invariably associated
with concentrations of anesthetic agents that are too low to
suppress conscious memory formation and retention (consoli-
dation) [200]. As discussed in the previous section conscious
memories can be formed but then quickly forgotten in the
presence of amnesic agents such as propofol or midazolam.
There are ethical dilemmas that revolve around the issue of
whether anesthetic practice that depends on lack of consolida-
tion of conscious memories is considered anesthesia [201]. In
practical terms this means the patient is “awake” in the pres-
ence of an amnesic drug, but has no recollection of events that
happened in this state later. One issue that raises ethical
concerns in some people’s minds may be the duration of this
amnesic state. This practice seems to be readily accepted, for
example during awake intubations, or the increasingly rare
“wake-up test” during neurosurgery, but is frowned upon by
some for longer periods of time in a state of “dysanesthesia”
where comfortable awareness may be present in a state of
dissociation from external stimuli [202]. As mentioned else-
where in this chapter, multiple states of being may be possible
in the presence of anesthetics, and some of these may indeed
occur only in the presence of anesthetics rather than having
analogs in other situations [31, 58].

The other “prong” of awareness is expectation. It seems
that if a complete explanation is provided to the patient of
what is likely to happen, awareness is much less distressing,
as this was what is expected. This is routinely attested to by
the practice of having the patient awake and responsive
during critical times during brain surgery ("awake
craniotomies"), where preservation of eloquent cortex is
the goal of this procedure. In fact, this procedure was stan-
dard practice in the era of H. M.s surgery, and now has been
rediscovered. as being the best monitor of which part of the
brain is important for a certain function, such as language or
counting. Analogous to detecting a memory, behavior is the
key observation of interest. The importance of patient expec-
tation is attested to by the fact that in situations where
sedation is the goal of anesthesia, the occurrence of unex-
pected awareness can be every bit as distressing as that
which occurs during anesthesia where complete unrespon-
siveness is the goal [203]. Too commonly, patients
undergoing sedation for procedures are told by someone
that they “won’t remember a thing” (which is usually true).
This may help reduce anxiety before the procedure, but may
also be a dis-service to our patients when sedation is not as
deep as the patient was expecting.

Awareness is closely linked with the emotional memory
system, mediated through the amygdala. One might consider
post-traumatic stress disorder as a “wind-up” phenomenon
of the fear mediated memory system. A significant incidence
of PTSD can occur with awareness, and it is somewhat
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unclear how to best capture these events [204-206]. It
appears that PTSD can occur at a time quite distant from
the inciting event. Routine post-op questioning reveals a
very low incidence, by an order of magnitude, of aware-
ness when comparison is made to formal studies of aware-
ness [207, 208]. Why this is the case is unclear, but has
been noted in a number of studies. The determine correctly
the incidencd of PTSD in the setting of awareness requires
longitudinal studies which are excruciatingly difficult and
expensive to do, thus data on this are quite sparse at this
time. Equally sparse are data on the effects of anesthetics
on the fear mediated memory systems [82, 209]. It not only
makes sense, but is also a fact that emotive stimuli require
higher concentrations of anesthetic agents to prevent them
from becoming memories [83]. A few studies have exam-
ined the effects of low doses of sevoflurane or propofol on
amygdalar function and memory formation, and it does
seem that the amygdala is more resistant to the effects of
anesthetics. Whether the behavioral observations are
linked to the neuroanatomical findings is still an open
question.

The goal of reducing “awareness” to zero incidence will
require changes in anesthetic practice to eliminate errors in
administration (e.g., disconnected IV during TIVA) as well
as ensuring appropriate patient expectations. The former can
be largely addressed by “being aware of awareness” (e.g.,
use of checklists, protocolized hand-offs with change in
personnel, etc.), and the latter by improving the informed
consent process [210, 211].

Learning During Anesthesia, Is It Possible? What
Is the Evidence?

The decade of the 1950s was an era of intense stresses with
the possibility of global destruction just a button push away.
We were surrounded by evidence of this reality from Bikini
atoll to Sputnik. The Cold War exploded into full swing and
there seemed to be no place to hide. Thus it is no surprise
that we looked for answers to unanswerable questions any-
where we could, and one of these places was the uncon-
scious mind. This was the era of “subliminal messages” in
advertising [165]. If we could not stop the Manchurian
candidate, then why not try to gain some monetary advan-
tage? One wonders if it was just a co-incidence that the first
interest in what our minds were doing during anesthesia was
born in this cultural context. The first investigations into this
issue were quite dramatic, exemplified by statements such as
“When questioned at a verbal level he may have no memory
at all for the material covered in this [surgical] interval ...
The next step is to ask permission of the subconscious to
release this deeply remembered material.” [212]. Thus,
under the right circumstances, using specialized hypnotic
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techniques, one could peer into the dark unconscious where
seemingly every occurrence during the anesthetic experi-
ence was faithfully recorded [213]. These concepts fit in
quite well with efforts to manipulate the subconscious mind
to good and not so good ends. It is no wonder that we
continue to this day to desperately seek the truth about
what happens in our minds during anesthesia. Despite the
multitude of studies that find no evidence of any ability to
influence our minds during anesthesia, we hang on to the
studies that seem to provide hope that we can influence our
unconscious minds which in turn can affect our behavior
(positive suggestions, etc.). Are positive results hints of the
truth, or, in fact an attempt to assuage a more fundamental
need in our human experience?

As the reader can appreciate by now, the evidence to
support or refute the formation of memories during anesthe-
sia is roughly equal on both sides of the equation
[174, 175]. Over the decades and despite manipulations of,
or control for, depth of anesthesia, analgesia, anesthetic
regimen, etc. there still is no insight into why there is such
variability in results [170, 214-220]. One possibility is a
significant “file-drawer” effect, where negative studies are
less likely to gain publication, thus it is difficult to weigh the
evidence in a Cochrane type analysis [221]. Such publica-
tion bias seems to be particularly relevant for social sciences,
and one can regard this field as an intersection between these
and the “hard” science of mechanisms of anesthesia. One
might regard hypnotic methods as a “sociologic” type of
approach whereas more recent studies focus on more con-
trolled methods [171, 213]. Just as the presence of memories
can only be detected (in practical terms) by looking for
changes in behavior after formation of a memory, the only
way behavior can be affected by a previous event is by the
formation of a memory. Thus the evidence that external
events during anesthesia can affect our post-anesthetic
behavior is sought in the presence of memories formed
during anesthesia. The best methodology to detect uncon-
scious memories is as yet unclear [171]. The behaviors
sought must be those not under conscious control (otherwise
what is detected is a conscious memory) [163, 164]. Thus,
the design of a typical study is to present stimuli (almost
always auditory in nature) during clinically adequate anes-
thesia while the depth of anesthesia is being measured (e.g.,
using BIS), and then measure a preference for presented
versus non-presented stimuli after the anesthesia has worn
off. The preference is measured by “the first word that comes
to mind” when presented with the first few letters of a word
(word stem completion), or by measuring reaction time, for
example while reading the words (or a story) [214, 222]. Evi-
dence of unconscious memory is established by a difference
in reaction to presented versus non-presented stimuli (at a
certain level of statistical likelihood), and some evidence
that the memory is not conscious. The latter is usually
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established by negative recall or recognition tests, or by
manipulation of task instructions. For example, the process
dissociation procedure incorporates an additional task to
“name a word that comes to mind that is not the first word
you think of.” This cognitive procedure requires a conscious
manipulation of memory [223]. The results of this task are
compared with those of unconsciously mediated word stem
completion. There is disagreement on how best to imple-
ment the process study procedure when studying learning
during anesthesia. Hazadiakos argues that a third category of
memory process exists beyond conscious and unconscious,
that being guessing. If one re-analyses previous studies that
utilized the process dissociation procedure where uncon-
scious memory was detected, then when the possibility of
guessing is included these positive results largely disappear
[171]. In a sense a more conservative statistical threshold is
set by including guessing, and the underlying question is still
unanswered as to what the most appropriate threshold should
be [166, 167].

Even the same groups of investigators have a hard time
replicating their results [219, 220]. This could be a true
problem with detection of unconscious memory, or alterna-
tively represent a statistical quandary. If one looks closely
at the assumptions underlying probabilistic statistics
[as opposed to predictive (e.g., Bayesian) statistics], it is
clear that the probability of replication of a result in the
original study is on the order of 40 %, when traditional
statistical thresholds are used [166, 168]. This seems to
agree very well with the historical track record of studies of
learning during anesthesia. One way out of this quandary, as
suggested by Avidan, is to ask the question of plausibility, is
learning during anesthesia a neurobiologic possibility? [224]

There has been much progress made in understanding
how anesthesia affects the brain to produce unconsciousness
[225, 226]. Needless to say, the story is much more compli-
cated than it seemed even a decade ago. These same
principles likely apply to how memory processes work,
being as dependent on networks and information transfer
as is consciousness. Another approach to the question of
learning during anesthesia is a careful consideration of a
potential and plausible neurobiologic explanation of this
phenomenon. If such a mechanism can be postulated, then
efforts can be pursued to identify these processes, and exam-
ine anesthetic effects thereon. In short, there is sufficient
evidence to support a plausible (if improbable) scenario
wherein information from the outside world can be learned
by the brain during anesthesia.

At this time, there is overwhelming evidence that infor-
mation is sensed by the brain during anesthesia. In other
words, auditory sensation (perception), though diminished,
is still present during unresponsiveness [227-230]. There is
really no investigation of visual sensation during anesthesia
in humans. Studies focus on auditory perception, as this is
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the logical entry point of extraneous information of a person
whose eyes are taped closed during an anesthetic (one
wonders at the incidence of awareness if foam earplugs
were used as routinely in the operating room) [231]. The
great unknown is what happens to this sensory input after
initial sensation during anesthesia? To begin to answer that
question one can seek an end result (evidence of implicit
memories, which, as described above, has been somewhat
unfruitful), or look at processes that support further elabora-
tion of sensory input that could eventually lead to a memory.
Local connectivity seems to be intact, thus one could imag-
ine transfer of information from primary sensory cortices to
secondary association areas [232-234]. Indeed, in animals, a
form of basic memory, visual object recognition memory,
does ultimately reside in secondary sensory cortices
[235]. This type of memory allows an animal to remember
if an object has been seen before, and thus requires no further
exploration when new objects are waiting to be discovered.
The weight of recent literature supports the nature of this
memory to be independent of hippocampal involvement, and
thus would not be considered a form of conscious memory
[41]. This form of memory may be similar to that sought in
implicit memory studies in anesthesia. If these exist, then
likely they would reside in secondary sensory cortices, the
behavioral instantiation of which would be that of a sensory
(perceptual) memory in the lowest rung of the SPI model of
Tulving. A question to answer is how is information
processed from sensory cortices to become a memory in
association cortices? It seems that rather than direct transfer
of information from primary to secondary (association) cor-
tices, processing must occur through other brain structures,
most likely those of the limbic system [236, 237]. If these
nodes are eliminated, primitive or basic memory formation
does not occur.

As much as local connectivity is present during anesthe-
sia, connectivity between non-local (distant) regions of brain
during anesthesia is severely diminished, if not absent. Feed
forward information flow may be preserved, but feedback
information flow is not [225, 233, 238-246]. The question
that is unclear at this time is where feed forward stops during
anesthesia. The critical question is whether sufficient feed-
forward processing exists through other brain structures to
allow transfer of information from sensory to association
cortices, which can then become a perceptual (sensory)
memory. Initial measures of local connectivity showed that
it was preserved. Subsequently, more elegant analytic
methods indicated that information content of this connec-
tivity is low or absent [247].

Thus, one can envisage a mechanism by which memories
could be formed during anesthesia, but the probability of this
occurring seems quite unlikely. At the very least enough
functionality of network activity must be present to allow
feed-forward processing with at least some feedback to the
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peri-sensory cortices. At this time very little is known about
these processes, even in the absence of anesthesia, let alone
during anesthesia. If indeed one could find a situation where
implicit memory formation was predictable, the next issue to
address is the significance of these memories. Though there
is great hope that unconscious memories can influence
behavior after anesthesia, at this time the best that can be
hoped for is that these memories can be detected. In other
research arenas, it is quite controversial whether uncon-
scious memories have an effect on behavior. Replication
studies seem to indicate that unconscious memories in fact
have little influence on our behavior [164].

Conclusion

As I hope the reader appreciates by now, memory is a very
complex set of phenomena, which are still being fleshed out
in many directions. The field has gone from a unitary con-
cept to that of multiple memory systems which were con-
sidered to be separate. However, as each set of processes is
examined closely, they are found to interact with each other
more and more closely. The neurobiologic processes
supporting memory systems, also considered as separate in
the past, are now being revealed as largely separate, but
with many mutual interactions and similarities in basic
functioning. A given neurobiologic process can be
influenced to subserve different higher level systems.
Thus, the hippocampus (or portions thereof) function to
support some unconscious memories, and unconscious
memory systems (e.g., amygdala) modulate conscious
memories. Add to this mix the interaction of anesthetics,
and one can imagine an almost limitless combinations of
effects on memory systems ranging from subtle changes in
timing of oscillatory activities in circuits to wholesale
blockade of transmission of any information from one part
of the brain to another. These are just beginning to be
dissected out, and much cross fertilization will occur from
the studies of mechanisms of the loss of consciousness from
anesthetic drugs. Currently, most of our knowledge resides
in the epi-phenomenal realm, i.e. how anesthetics change
behavior relevant to memory. We know which drugs are
amnesic, which are sedative, and those that have both
properties. How these affect cognitive outcomes is just
beginning to be investigated (e.g., “triple low” patients,
post-operative cognitive dysfunction, delirium, neurotoxic-
ity in children) [248-255]. If there is one thing to remember
from this chapter, it is that one needs to approach the field
with an open mind, and not be tethered to a particular
conceptualization. An open mind in alliance with keen
clinical observations will lead to new and better
understandings of what we do every day.
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Ram Adapa

There is as yet no generalised theory of anaesthesia. This
lack of understanding of the mechanisms underpinning gen-
eral anaesthesia is partly due to a lack of convergence of the
various methodologies employed to explore these. However,
this gap is also fundamentally due to the absence of a
universally accepted definition of consciousness. Cognitive
neuroscience has seen a relatively recent resurgence of
interest in the study of consciousness that has successfully
brought together sleep and anaesthesia research in an
attempt to address this deficiency. Investigations into the
neurophysiological mechanisms of consciousness and of
general anaesthesia mutually inform each other. Sleep shares
behavioural phenotypes with the state of anaesthesia but
critically differs in arousal by external stimuli and the rhyth-
mic cycling between different stages. Exploring the relation-
ship of general anaesthesia to sleep has provided substantial
insights into the mechanisms of anaesthesia. Basic science,
animal and lesion studies over the past several decades
provide ample evidence for the fact that anaesthesia and
sleep affect key neurochemical circuits in the brainstem,
the basal forebrain, the thalamus and the cortex. However,
as yet unanswered is the hierarchical organisation in these
systems and how disparate pharmacological and pathologi-
cal entities generate a comparable behavioural state of
unconsciousness and unresponsiveness. This chapter will
aim to bring together an overview of the current knowledge
and recent evidence surrounding the neural, chemical and
network substrates underlying consciousness and two com-
mon conditions of altered states of consciousness (sleep and
anaesthesia).
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Brainstem: Basal Forebrain Circuits, Sleep
and Anaesthesia

Several brainstem structures have now been well
characterised for controlling global sleep states (Fig. 4.1).
It is thought that wakefulness is maintained by the action of a
collection of cholinergic and monoaminergic nuclei on
higher structures [2]. These are now recognised as distinct
nuclei found within Moruzzi and Magoun’s historical retic-
ular formation [3]. They include the serotonergic dorsal
raphe nucleus (DR), the histaminergic tuberomammillary
nucleus (TMN), the cholinergic laterodorsal tegmental
(LDT) nucleus and the noradrenergic locus coeruleus (LC).
These wakefulness promoting nuclei have reciprocal inhibi-
tory connections to the sleep-promoting nuclei, exemplified
by the ventrolateral preoptic nucleus (VLPO) of the hypo-
thalamus [2]. The activity in ‘wake-promoting’ and ‘sleep-
promoting’ nuclei alters depending on level of conscious-
ness [4]. These nuclei have mutually inhibitory projections
that produce the necessary conditions for a subcortical ‘flip-
flop’ wake-sleep switch, which can cause rapid transitions
between conscious states [2]. Several anaesthetic drugs alter
activity in these nuclei at concentrations used clinically to
induce anaesthesia [5].

Natural sleep cycles through several stages of non-rapid
eye movement (NREM) sleep, switching into rapid eye
movement (REM) sleep associated with vivid dreaming.
These switches occur several times, with increasing REM
sleep periods before the transition to consciousness. A simi-
lar mutual inhibition model has been proposed to understand
the neural mechanisms underlying REM sleep, the ‘REM
flip-flop switch’. This consists of mutually inhibitory
REM-off and REM-on areas in the mesopontine tegmentum
[6]. The REM-on neurons in the pedunculopontine tegmen-
tal (PPT) nucleus and the laterodorsal tegmental (LDT)
neurons trigger cortical desynchronisation via the thalamus.
REM-off neurons (in the LC and raphe) become inactive
during REM sleep and inhibit REM-on neurons to terminate
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Fig. 4.1 The ascending arousal system sends projections from the
brainstem and posterior hypothalamus throughout the forebrain.
Neurons of the laterodorsal tegmental nuclei and pedunculopontine
tegmental nuclei (LDT and PPT) (blue circles) send cholinergic fibres
(Ach) to many forebrain targets, including the thalamus, which then
regulate cortical activity. Aminergic nuclei (green circles) diffusely
project throughout much of the forebrain, regulating the activity of
cortical and hypothalamic targets directly. Neurons of the
tuberomammillary nucleus (TMN) contain histamine (HIST), neurons
of the raphe nuclei contain 5-HT and neurons of the locus coeruleus
(LC) contain noradrenaline (NA). Sleep-promoting neurons of the
ventrolateral preoptic nucleus (VLPO, red circle) contain GABA
(Reproduced from Saper et al. [1] with permission from Elsevier)

REM sleep. REM sleep may therefore be initiated either by
direct excitation of REM-on neurons or by inhibition of
REM-off neurons.

The importance of these regions in induction of anaesthe-
sia is evident from microinjection studies where injection of
propofol or barbiturates into the medial preoptic area results
in potentiation of a natural sleep-like state. Injection of
GABA-A agonists into the TMN in rats also causes sedation
and hypnosis, and this effect is reversed with GABA-A
antagonist injection [7]. Histaminergic neurons in the TMN
are also modulated by isoflurane [8] and by propofol through
inhibition of histamine release from the TMN [7].

The role of other neurotransmitters such as noradrenaline
and acetylcholine in the regulation of the sleep-wake cycle is
also important in understanding the effects of commonly
used sedative and anaesthetic agents (Table 4.1). For exam-
ple, dexmedetomidine-induced sedation closely resembles
NREM sleep, and this may be the result of inhibition of
noradrenaline release from the LC [9]. Reduced inhibitory
LC activity on the VLPO in turn increases the inhibitory
activity of the VLPO on the ascending arousal circuits.
Noradrenergic inhibition in the LC may contribute to
anaesthetic-induced unconsciousness; mutant mice lacking
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dopamine-B-hydroxylase (which is required to synthesise
norepinephrine in the locus coeruleus) have been shown to
be more sensitive to anaesthetics [10]. Propofol has been
recently demonstrated to be dependent on GABA-A release
from the VLPO projections to the LC to cause sedation in
rats [11]. Similarly, inhibition of cholinergic activity inhibits
sleep-promoting activity in brainstem regions including the
LDT, and the sedative effect of opioids may be due to the
subsequent reduced acetylcholine release [12]. Conversely,
physostigmine administration has been demonstrated to
increase local acetylcholine concentrations and partially
reverse propofol and inhalational anaesthesia [13, 14]. As
such, anaesthesia has traditionally been thought to be
mediated by direct activation of the GABA-A receptor in
an endogenous sleep pathway [7].

The transition to unconsciousness with anaesthetic agents
is unlikely to be mediated exclusively through arousal
nuclei. For example, hypothalamic orexinergic neurons do
not appear to play a role in anaesthetic-induced unconscious-
ness; rather, they modulate emergence from general anaes-
thesia [15]. Ketamine appears to activate the locus coeruleus
in association with its hypnotic effects [16] and is dependent,
in part, on noradrenergic neurotransmission [17].

Adenosine as a Mediator of Homeostatic Control

Prolonged periods of wakefulness and sleep deprivation are
associated with a predisposition to sleep with alterations in
sleep architecture, such as a compensatory rebound increase
in REM sleep and an increase in extracellular ATP and
adenosine [18]. It is postulated that this increase in extracel-
lular adenosine accumulation during wakefulness inhibits
LC activity that results in unopposed VLPO activity. Natural
sleep can therefore reverse the behavioural and cognitive
effects of sleep deprivation (in fact, it is thought this is the
primary purpose of natural sleep [19]). In this regard, this
aspect of LC-VLPO modulation is essential for the homeo-
static regulation of sleep drive. Adenosine receptor
antagonists (caffeine) can therefore reduce the rebound of
sleep that occurs following sleep deprivation, and also the
potentiating effect of sleep deprivation on anaesthesia. Inter-
estingly, sleep drive following propofol anaesthesia is also
reduced due to alteration in extracellular adenosine concen-
tration (see below).

Arousal from Sleep and Anaesthesia

Arousal from sleep is mediated through complex
interactions of the brainstem and subcortical nuclei (see
above). Of primary importance is the role of noradrenergic
transmission and LC activity [20]. Similarly, emergence
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Table 4.1 Neuronal system activity during anaesthesia and sleep
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Neuronal system activity during anaesthesia and sleep

Neurotransmitter |  Propofol Barbiturates | Ketamine NREM REM
system sleep sleep
GABA

Acetylcholine

Serotonin

NMDA

Norepinephrine

Minor
Potentiation

Major
Potentiation

inhibition

Minor
inhibition

Major

O .=
change

from general anaesthesia occurs through modulation of his-
taminergic, cholinergic, dopaminergic and orexinergic/
hypocertinergic systems considered important in arousal
networks [15]. Similar to sleep, evidence is growing for the
central role of LC and noradrenergic transmission in
regulating arousal from anaesthesia. For example, Vazey
et al. demonstrated that increased noradrenergic transmis-
sion from the LC alone is sufficient to facilitate emergence
from isoflurane anaesthesia [21]. This may be of importance
during concomitant administration of alpha-adrenoceptor
antagonists. The importance of noradrenergic transmission
in arousal mechanisms is further highlighted by the finding
that methylphenidate, a potent inhibitor of dopamine and NE
transporters, induces emergence during isoflurane or
propofol anaesthesia [22].

Electrophysiological Correlates of Brainstem
Activity

Surface recordings of EEG reflect cortical neuronal activity,
and altered states of consciousness are reflected in charac-
teristic EEG changes. However, it is well recognised that the
generation and maintenance of cortical activity is modulated
by brainstem and basal forebrain structures. Although there
is no direct neurophysiological correlate of REM sleep dur-
ing anaesthesia, basal forebrain cholinergic neurons (receiv-
ing excitatory projections the brainstem,and
innervating the cerebral cortex) have been demonstrated to
be active during REM sleep [23]. Electrical discharge from
these basal forebrain neurons correlates positively with EEG
power of gamma (30-60 Hz) and theta (4-8 Hz) frequency

from

bands. The EEG characteristics of the excitatory phase of
general anaesthesia resemble those of REM sleep and may
therefore be modulated by similar neural structures as those
involved in REM sleep [24].

Neuroimaging studies have revealed that the transition
from wakefulness to slow-wave sleep is associated with
widespread deactivation in the upper brainstem, thalamus
and basal forebrain, which is consistent with the earlier
discussion [25]. Anaesthesia studies in human volunteers
also establish a functional disconnection in the ascending
reticular system between the brain stem nuclei and the thal-
amus and the cortex [26, 27]. Our current understanding of
the neuropharmacology of brainstem sleep networks has
focused research themes for treatment strategies in disorders
of consciousness. Pharmacological modulation of neuro-
transmitter pathways described above (dopaminergic-
amantadine, L-DOPA, methylphenidate, apomorphine;
serotonergic-selective reuptake inhibitors; GABA agonists-
zolpidem) can be employed to objectively assess neurologi-
cal outcome following traumatic brain injury [28, 29].

Thalamic Networks, Sleep and Anaesthesia

The role of the thalamus in the conscious state is indisput-
able—it mediates organised behaviour and processes
(through connections with basal ganglia and other subcorti-
cal nuclei) and transmits sensorimotor information (as a
critical relay station in the ascending pathways) to the rest
of the brain. The thalamocortical system plays a central role
in information integration in the brain, and multiple animal



66

and human volunteer studies have enabled the anatomical
and functional delineation of the projection pathways
between the various thalamic nuclei and cortical structures.
In particular, the two major divisions of the thalamus, the
specific relay nuclei and the more diffusely projecting ‘non-
specific’ nuclei, may collaborate to accomplish this task,
with the specific system responsible for the transmission
and encoding of sensory and motor information and the
nonspecific system engaged in the control of cortical arousal
and temporal conjunction of information across distributed
cortical areas.

The location of the thalamus is also fundamentally impor-
tant to the regulation of sleep and wakefulness, permitting
top-down (corticothalamic) and bottom-up (spinothalamic)
processing and integration of neuronal signalling [30]. The
transition between sleep stages may disrupt information flow
through the thalamic nuclei, and in that sense, the thalamus
may serve as a consciousness switch [31]. The interaction
between the thalamus and the cortex during the various
stages of sleep has been studied in detail—for example,
onset of sleep and awakening from sleep are both associated
with changes in thalamic and cortical activity. However,
sleep onset is characterised by thalamic deactivation preced-
ing that of the cortex by several minutes [32]. In contrast,
emergence from sleep is associated with synchronised reac-
tivation of both structures [33]. The presence of a still active
cortex during onset of sleep probably explains both the
production of parasomnia hallucinations and over reported
sleep latency (estimation of time needed to fall asleep). As
will be discussed later, anaesthesia studies have
demonstrated that induction of anaesthesia is associated
with cortical deactivation preceding thalamic deactivation.
Analysis of the activation-deactivation pattern at cortical
and thalamic levels demonstrates that this asynchrony
persists throughout the sleep cycle. Thalamocortical activity
may alternate between periods of coupling and decoupling
during REM sleep and stage 2 NREM sleep [34].

Given its location and critical functions related to arousal,
damage to the thalamus often results in significant and
life-threatening functional deficits and a reduced arousal
state. The converse may be true—electrical stimulation of
central thalamic nuclei in a patient in minimally conscious
state (MCS) has been shown to temporarily reverse some of
the behavioural deficits and improve cognitively mediated
behaviour [35]. It is therefore unsurprising that such a vital
subcortical structure has long been recognised to be
fundamentally important to general anaesthetic mechanisms
in the brain. The two major thalamic divisions, the specific
versus nonspecific (medial and intralaminar nuclei) nuclei,
show differential sensitivity to anaesthetic drugs. In the next
section, recent evidence regarding anaesthetic drug action on
the thalamus will be summarised.
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At doses sufficient to cause unconsciousness, anaesthetic
drugs inhibit thalamic activity. Lighter stages of anaesthesia
also influence thalamic connections with the rest of the brain.
For example, complex interactions between the thalamus, the
basal ganglia and the cerebral cortex that regulate behavioural
arousal via the circuit mechanism (cortico-basal ganglia-
thalamic circuit) are targeted by anaesthetic drugs acting via
the GABA-A receptor. GABA-A activity at the basal ganglia
suppresses the tonic inhibitory input to the thalamus that can
result in paradoxical excitation. Iontophoretic injection of
stimulants (nicotine) or antibodies (blocking a voltage-gated
potassium channel) to anaesthetic agents into specific loci
within the thalamus has demonstrated arousal when
anaesthetised [36]. Early investigations characterising
regional changes in brain metabolism and blood flow under
different anaesthetics reported a decrease in thalamic activity
under anaesthesia. This led to suggestions that unconscious-
ness under anaesthesia results from functional interruption of
thalamocortical circuits at the level of the thalamus. Since
reduced excitatory input to the thalamus from other sites may
lead to the observation of reduced local blood flow and
metabolism, this is perhaps a simplistic view of the
mechanisms of thalamic underactivity under anaesthesia.

Failure of Information Transfer from Periphery

to the Cortex

As a critical relay centre in the sensory pathways, the thala-
mus is an obvious focus for research into mechanisms of
anaesthesia. In a recent human volunteer study, Liu et al.
demonstrated that the specific thalamic nuclei involved in
processing sensory information is unaltered under propofol
anaesthesia, in contrast to the nonspecific thalamic nuclei that
are significantly disrupted during anaesthesia [37]. Electro-
physiological studies have revealed that anaesthetics can
hyperpolarise thalamic neuronal resting membrane potential,
thereby reducing synaptic transmission in response to somato-
sensory stimulation [38]. Ching et al. employed computa-
tional modelling to demonstrate that at a network level,
alpha activity generated in the thalamus results in persistent
and synchronous alpha activity in the cortex. The authors
suggested that this thalamocortical synchrony may impede
responsiveness to external stimuli [39]. Evidence that this
may not be the primary mechanism of unconsciousness is
offered by Boveroux et al. in a human volunteer study,
where unconsciousness did not correlate with a reduction in
thalamocortical connectivity in the sensory cortex [40]. More-
over, ketamine sedation is associated with reduced awareness
despite preserved arousal behaviour, providing further oppo-
sition to the view that anaesthesia results primarily from the
thalamus-mediated perpetual failure.
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Suppression of Ascending Arousal Pathways:
Thalamic Readout

The nonspecific thalamic nuclei serve as the main relay of
information from one neocortical area to another and receive
GABAergic input from other subcortical and pontine nuclei.
Therefore the demonstration of impaired activity in the non-
specific thalamic nuclei under propofol and dexmedetomidine
anaesthesia lends credence to the view that unconsciousness is
mediated by suppressing the activity of the ascending arousal
system [32, 37]. This is especially pronounced during
transitions in level of consciousness—these are associated
with greater changes in connectivity of nonspecific thalamic
nuclei [37]. Electrophysiological studies afford excellent tem-
poral resolution and thereby allow investigation of the tempo-
ral sequence surrounding the alteration in thalamocortical
activity. For example, Baker et al. showed that during transi-
tion into both sleep and anaesthesia with propofol in rats,
altered central medial thalamic activity preceded changes in
the neocortex [32]. Velly et al. analysed data from cortical and
implanted deep brain electrodes in patients with Parkinson’s
disease during induction of anaesthesia with propofol and
sevoflurane. They reported that quantitative parameters
derived from EEG but not from subcortical electrodes were
able to predict consciousness and that those derived from
subcortical electrodes were able to predict movement. The
authors postulated that the cortex was the site mediating
anaesthetic-induced unconsciousness with the subsequent
thalamic depression reflecting a readout of diminished corti-
cal activity [41]. Such inconsistency in findings may in part be
related to the anatomical complexity of the thalamus. In a
recent neuroimaging study by Mhuircheartaigh et al.,
propofol-induced unresponsiveness was associated with pre-
served thalamocortical connectivity while reducing functional
disconnections from the putamen to the cortex [42]. Crucially,
these basal ganglia circuits were impaired before
thalamocortical connectivity was interrupted.

Thalamic Consciousness Switch

Loss of consciousness following administration of most
anaesthetic drugs is associated with reduction in thalamic
blood flow, activity and metabolism [43]. This occurs at
doses that cause heavy sedation or at doses that are just
beyond a loss of consciousness end point. More recent
studies suggested a model of increased and coherent alpha
frequency activity in the frontal cortex co-ordinated and
driven by the thalamus during propofol-induced uncon-
sciousness [39]. In addition, several positron emission
tomography (PET) and functional magnetic resonance imag-
ing (fMRI) studies have identified impaired thalamocortical
connectivity during transition to loss of consciousness with
various anaesthetic agents [40, 44]. This body of evidence
from neuroimaging studies has led to the concept of a unitary
consciousness switch at the level of the thalamus [45]. This
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model provides a convenient final common pathway for the
plethora of effects that anaesthetic agents have at the recep-
tor, neuronal and regional level. Early micro-infusion studies
in animals established a direct anaesthetic effect on thalamic
neurons. GABA agonist infusion in specific thalamic nuclei
caused a loss of consciousness in rats, which was reversed by
nicotine micro-infusions in the same nuclei [46]. This
suggests a localised thalamic effect mediated by acetylcho-
line receptor antagonism. Hyperpolarisation of thalamic
neurons by anaesthesia results in a switch from the tonic
firing state of wakefulness to the burst firing state of uncon-
sciousness. A loss of input from top-down (corticothalamic)
and bottom-up (ascending arousal) circuits enhances this
hyperpolarisation by inhibiting glutamatergic and choliner-
gic receptors, and increasing GABAergic transmission,
respectively. Regardless of the underlying mechanisms, gen-
eral anaesthesia ultimately follows the development of a

hyperpolarisation block in thalamocortical neurons
[45]. Experiments on mouse brain slices indicate that
propofol acts on thalamocortical neurons through

GABAergic pathways
channels [47].

and via cyclic-nucleotide-gated

Thalamocortical and Corticothalamic Loops
Thalamocortical connections exist not just during active
brain states but also during periods of inactivity. These
connections are closely correlated across distant brain
regions, exhibiting strong temporal dynamics. These func-
tional dynamics might constitute a signature of conscious-
ness that is disrupted with the administration of anaesthesia.
The resultant alterations in dominant functional
configurations cause a loss of capacity to integrate informa-
tion. There is now extensive evidence for functional
disconnections in thalamocortical and corticothalamic
pathways with anaesthesia (see above). In an elegant experi-
ment involving multiple methodologies (PET and fMRI),
Akeju et al. demonstrated a disruption of thalamic functional
connectivity ~ with  unconsciousness  induced by
dexmedetomidine [48]. In a recent study, Barttfeld et al.
examined the effect of propofol on functional
thalamocortical networks and identified that the strength of
connectivity within this network closely correlated with
increasing depth of sedation [49]. The authors proposed
that the thalamus acts as a key hub co-ordinating multiple
functional networks into a ‘network of networks’. With
sedation, this hierarchy is disrupted, and the thalamus
disengages from its role as a frontoparietal hub. Such
dynamic reconfiguration results in increased local
processing and decreased efficiency of information transfer,
thus affecting effective information integration across the
brain. Similar dynamic changes in thalamocortical func-
tional connectivity are witnessed during the transition to
sleep leading to a disruption in information transfer [50].
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The role of the thalamus in the generation of uncon-
sciousness remains contentious, with some suggestions that
it may be a necessary but not sufficient component in
maintaining unconsciousness. The mechanisms described
above may all contribute to the thalamic effect. Whether
the thalamus is responsible for unconsciousness by driving
anaesthetic action or by working as part of thalamocortical
and ascending arousal circuitry, it is highly unlikely that
changes in thalamic activity are simply epiphenomenal to
anaesthetic mechanisms [36].

Electrophysiological Correlates of Thalamic
Activity

General anaesthesia is associated with changes in the brain’s
electrical activity. Many of these changes seen in the EEG
are cortical in origin, but a significant proportion is
generated in the thalamus. The pivotal role of higher-order
thalamic nuclei is illustrated in the principal electrical
signatures of sleep and anaesthesia (Table 4.2). For example,
the thalamic reticular nucleus (TRN, a thin sheath of
GABAergic neurons surrounding the thalamus) is key to
the initiation of sleep spindles [51]. The TRN receives cho-
linergic input from the brainstem and has strong inhibitory
input to the specific dorsal thalamic nuclei and thus is also
essential for pain and sensory processing [52]. Optical stim-
ulation of the cholinergic fibres innervating the
TRN-initiated sleep in awake mice and promoted more
NREM sleep in sleeping mice [53]. The GABAergic inner-
vation of the TRN also makes it a potential target for
anaesthetic drugs.

A key electrophysiological feature of NREM sleep and
deep anaesthesia is slow-wave activity. These slow waves
are the largest electrophysiological events of sleep [54] and
are thought to be important for memory consolidation during
natural sleep [55]. It is thought that the thalamic switch from

Table 4.2 Electrophysiological changes during anaesthesia and sleep
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its tonic to its bursting mode (described above) is the source
of this pattern [56]. The bursting mode favours a
synchronised hyperpolarised slow oscillatory state in corti-
cal neurons that are seen on the EEG as slow waves. These
alterations in the firing mode of thalamic neurons are
associated with a reduction in responsiveness to external
stimuli. Evidence for its thalamic origin was recently
published by Lewis et al. where local tonic activation of
TRN rapidly induced slow-wave activity in a spatially
restricted region of cortex [57]. Isoflurane anaesthesia in
mice resulted in TRN activation and modulation of slow-
wave dynamics and prolonged the duration of periodic
suppressions. Given that cortical slow waves and arousal
are often maintained in animals with thalamic lesions
[58, 59], cortical slow waves may require co-ordinated cor-
tical and thalamocortical neuronal activity that may be
regulated at a local level by the TRN. Anaesthesia is
associated with slow waves similar to the slow waves in
NREM sleep [60, 61]. With increasing propofol anaesthesia,
slow-wave activity was demonstrated to persist beyond loss
of behavioural responsiveness with the thalamocortical sys-
tem becoming isolated from sensory stimuli. Slow-wave
saturation could therefore reflect loss of perception with
increasing anaesthetic depth [62].

The second key electrophysiological feature of deep
anaesthesia (but not sleep) is burst suppression. This pattern,
characterised by alternating periods of synchronous high-
voltage activity  (bursts) and electrical  silence
(suppressions), is believed to represent a low-order dynamic
mechanism that persists in the absence of higher-level brain
activity [63]. Although the exact mechanism of this EEG
pattern is uncertain, it is thought that both the cortex and the
thalamus are involved in its generation [64]. The burst phase
is associated with thalamic, brainstem and cortical sources,
while the suppression phase is characterised by a ‘cortical
deafferentation’, with coherent cortical sources and a silent
thalamus. At a cellular level, evidence from rat slice

Electrophysiological changes during sleep and anaesthesia

EEG signatures Sleep Anaesthesia
High-frequency, low-amplitude rthythms | Present Present (stage 1)
(stage 1)
Spindle activity Present Present
(stage 2)
Slow waves Present Present (stage 2)
(NREM)
Burst suppression Absent Present (stage 3)
Isoelectric EEG Absent Present (stage 4)
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preparations indicates that anaesthetic effects at both gluta-
mate and GABA synapses contribute to this pattern
[65]. Since there is a parametric response of the proportion
of time spent in suppression (burst suppression ratio) with
depth of anaesthesia, this EEG signature is an important
component of most ‘depth of anaesthesia’ monitors using
spontaneous EEG.

Finally, Crick et al. proposed that consciousness is
associated with phase-locked synchronous cortical regions
oscillating in the 40 Hz y-band [66]. This pattern is thought
to be co-ordinated in the intralaminar thalamic nuclei,
although thalamocortical circuits set up reverberating loops
at this frequency with other networks thought to be neces-
sary for arousal, perceptual integration and vigilance to
occur [67]. Although there are some human studies
indicating that this frequency band is suppressed under
sleep and anaesthesia [68—70], the evidence for this remains
patchy at best.

Cortical Networks, Sleep and Anaesthesia

The cerebral cortex has long been identified as a major site
of anaesthetic action, and there is now irrefutable evidence
for the role of the cortex in sleep and anaesthesia. Neverthe-
less, there is less unanimity regarding the precise location of
anaesthetic action in the cortex, or indeed whether the corti-
cal changes seen are primary or as a result of influence on
nuclei and networks further down the brain. The following
section will attempt to briefly summarise the current evi-
dence for cortical effects of sleep and anaesthesia.

Regional Changes in Response to Altered
Conscious States

Sleep studies in human volunteer studies using PET have
consistently demonstrated global and regional decreases in
cerebral blood flow (CBF) [25, 71]. Some of the regions
consistently highlighted in the studies include the posterior
cingulate cortex (PCC) and the precuneus during deep sleep
([71]; Anderson et al. 1998). Similar findings have also been
reported using functional MRI (fMRI). Higher-order cortical
association areas are also more significantly affected during
slow-wave sleep than primary sensory cortices [72]—a
finding common to anaesthesia studies (see below). There-
fore, deep sleep permits the processing of external sensory
stimuli through the primary cortex, but higher-level sensory
processing in polymodal association areas is prevented due
to the functional dissociation between primary and higher-
order cortex, thereby preventing arousal and conscious
awareness of these stimuli. REM sleep, by contrast, is
associated with significant activation in the pontine tegmen-
tum and the thalamus and parts of the limbic cortex
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including the amygdala, hippocampus, orbitofrontal cortex
and anterior cingulate cortex [25, 71, 73].

PET studies under anaesthesia have also demonstrated
that whole-brain glucose metabolism is decreased by general
anaesthetic drugs (including propofol, by up to 55 %),
reflecting the reduced synaptic activity across the brain in
the anaesthetised state. The cortex exhibits differential sen-
sitivity to anaesthetic agents; in contrast to isoflurane and
halothane, propofol caused a greater suppression of glucose
metabolism in the temporal and occipital cortices and more
regional changes in reduction of CMRGIlu. These changes
were more pronounced in the cortex (58 %) than in subcor-
tical regions (48 %), and primary sensory cortical changes
were less prominent than the higher sensory cortex. The
largest and most consistent reductions in CBF were
identified in the frontal cortex [74—76] and in the posterior
parietal cortex [43]. This is a large multimodal association
area consisting, in part, of the precuneus, the posterior cin-
gulate cortex and the medial parietal cortex and is repeatedly
mentioned in consciousness literature [77, 78]. These
regions are also deactivated in unconscious states secondary
to the vegetative state and in sleep [71, 79] (Fig. 4.2). They
have also come under greater scrutiny over the past decade
for their role in maintaining consciousness through func-
tional connections with the rest of the cortex. This functional
connectivity forms part of a much wider functional network
(the DMN, see below) arguably representing baseline brain
activity and global monitoring of the internal environment in
conscious humans.

These changes are not restricted to the resting brain; there
is now overwhelming evidence from functional imaging
studies that propofol and other anaesthetic agents preferen-
tially reduce activity in higher-order brain regions, but not in
primary auditory areas in response to auditory stimulation,
indicating a lack of higher-order integration in the cortex
[37, 81-83].

The general assumption with most neuroimaging studies
exploring regional changes to sleep and anaesthesia is that
loss of functional activity reflects the neural correlates of
consciousness. This is problematic on two counts—first,
neuroimaging studies rely on the surrogate measure of
altered CBF patterns to indicate altered neuronal activity,
and second, the changes witnessed during loss of conscious-
ness with anaesthetic drugs could be epiphenomenal and
unrelated to the actual onset of unconsciousness.

Regional Interactions During Altered Conscious
States

Brain regions don’t act in isolation; instead they organise
themselves into networks that display correlated and coher-
ent activity both during rest (resting state networks) and
cognitive activity. Alterations in brain networks with
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Fig. 4.2 Comparison of changes in brain activity and metabolism with
NREM sleep (left panel) and dexmedetomidine-induced unconscious-
ness (right panel). Note the similarity in metabolic reduction in the
thalamus and the precuneus in both conditions (Reproduced from

anaesthesia would indicate correlated changes in
anatomically distinct and distant brain regions that are not
related to regional effects of drugs and may in fact represent
large-scale changes in brain function. Such integrated func-
tional brain networks are indeed altered in disorders of
consciousness (see [84, 85] for some excellent reviews on
this topic with description of typical methodology
employed). Although early studies looking at functional
connectivity between cortical regions identified no differ-
ence at various stages of sleep and anaesthesia, more recent
studies utilising higher-resolution scanners and complex
data analysis strategies have identified changes within and
between cortical networks. The transition from wakefulness
to slow-wave sleep has been studied in the context of altered
functional connectivity; decreased thalamocortical connec-
tivity and increased cortico-cortical connectivity associated
with light sleep are replaced by a breakdown in cortico-
cortical connectivity with slow-wave sleep [50], and also a
decreased contribution of the PCC to the resting networks
[86]. Early neuroimaging studies of anaesthesia studied task-
related networks; connectivity in lower-order sensorimotor
networks persists under deep anaesthesia, while higher-order
association areas are more sensitive [40]. Resting state
networks form part of ‘intrinsic connectivity networks’, a
set of large-scale functionally connected brain networks
identified in either resting state or task-based neuroimaging
studies [87]. These networks include, among others, the
medial frontoparietal default mode network (DMN), the
dorsolateral frontoparietal executive control network
(ECN) and the visual and auditory networks. Modulation
of these brain networks is important, if not crucial, in
processing cognitive stimuli in the conscious state [88—90],
and it is thought that intact DMN connectivity is necessary
for conscious awareness. The strength of the correlations
within this network, and by implication, the integrity of the
DMN, is dynamically modulated by the level of conscious-
ness [40]. Human volunteer studies have revealed
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Nofzinger et al. [80] with permission from Oxford University Press,
and from Akeju et al. [48], with permission from eLife Sciences
Publications, Ltd under a Creative Commons Attribution License)

preferential modulation of higher-order functional
connections with anaesthesia [91], although DMN effects
are more variable, with some studies reporting no change
[92], within network alterations [27], or across network
decrease [40]. Some of these differences could be accounted
for by the variations in the type and dosage of anaesthetic
used and the methodology and analysis employed in the
studies. Similar conflicting evidence is present for changes
in the DMN during sleep stages [93-96] (Fig. 4.3). Many of
the above studies have also demonstrated preserved connec-
tivity between these networks and the thalamus [27, 40],
indicating preservation of the corticothalamic circuits
under anaesthesia. However, as has been described earlier,
Liu et al. employed accurate delineation of the thalamic
nuclei and identified altered cortical connectivity with the
nonspecific thalamic nuclei [37].

Fragmentation of Neuronal Networks with Loss
of Consciousness

Recent advances in signal processing and analyses
techniques based on graph theoretical approaches have
allowed the exploration of human fMRI and EEG datasets
in unprecedented detail and the testing of specific
hypotheses. Boly et al. and Spoormaker et al. showed in
healthy volunteers that NREM sleep induces a
reorganisation of large-scale resting networks into smaller
independent modules [97, 98]. The authors postulate that the
reported increase in modularity could reflect the failure of
integration of information required to maintain conscious-
ness. A similar reduction in whole-brain spatiotemporal
integration associated with frontoparietal segregation and a
pronounced breakdown of within and between network
cortico-cortical connections have also been reported in
anaesthesia studies [40, 60, 99, 100]. The importance of
frontoparietal areas in the generation of conscious
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Fig. 4.3 Changes in spatial a
configuration of the DMN with
transitions in conscious level with
sleep and sedation. (Panel a)
Group statistical maps as
obtained from 5-min epochs of
wakefulness, stage 1 sleep, stage
2 sleep and slow-wave sleep.
(Panel b) Illustrates the effect of
mild and moderate sedation with
propofol on the DMN (modified
from Samann et al. [86], with
permission from Oxford
University Press and Stamatakis
et al. [27] with permission from
PLOS under a Creative Commons
Attribution License)

Awake

Stage 1 sleep

Stage 2 sleep

Slow wave
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perception is illustrated in these studies, and disruption of
their integration is probably a potent mechanism of uncon-
sciousness following sleep and anaesthesia.

Cortical Information Transfer with Loss
of Consciousness

Robust conclusions about the nature of brain connectivity
changes with anaesthesia and sleep can be drawn with the
investigation of strength and directionality of the change.
Directional connectivity analyses have shown that informa-
tion flow is impaired from the posterior (sensory and associ-
ation) cortices to the anterior (executive prefrontal) areas in
sleep [101] and anaesthesia [102—107], a finding that has
also been demonstrated with simultaneous EEG/fMRI
measurements [108] with propofol, sevoflurane and keta-
mine [109]. Change in cortical feedback connectivity in the
presence of preserved feed-forward connectivity has there-
fore been proposed as a neurophysiological correlate of
anaesthetic-induced unconsciousness.

Information Integration with Loss
of Consciousness

Another approach to test the ability of the brain to integrate
information is through transcranial magnetic stimulation
(TMS) pulses applied to the conscious brain. This typically
triggers widespread differentiated patterns of EEG

Light
sedation

Moderate
sedation

activation and is thought to reflect the ability of the brain
to integrate information in the presence of an external stim-
ulus. TMS activation during sleep and anaesthesia produces
a more local and time-limited response [110, 111]. It is
thought that the ability of cortical circuits to interact and to
produce complex, integrated responses are diminished,
resulting in a breakdown in effective connectivity between
different cortical regions. Casali et al. further explored the
complexity and distribution of this EEG response to TMS.
They recorded TMS responses during wakefulness, sleep
and anaesthesia with midazolam, xenon or propofol [112]
and were able to identify a single measure that was
bimodally distributed and separated all conscious from all
unconscious individuals. It has therefore been proposed that
anaesthesia-induced loss of consciousness is marked by
deterioration in the quality and extent of information
exchange.

Emergence from Anaesthesia

It is a common clinical knowledge that induction of anaes-
thesia occurs at higher anaesthetic concentrations than emer-
gence from anaesthesia. Although the mechanisms behind
this are currently unclear, mathematical modelling of
transitions between consciousness states indicates the pres-
ence of a hysteresis loop, i.e. a switch from one state pro-
ceeds along a different concentration-response curve than
led to entry into that state [113]. Contrary to common per-
ception, this phenomenon cannot be fully explained by
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pharmacokinetic parameters. Freidman et al. have proposed
the concept of neural inertia, an inherent tendency of the
brain to resist transition between various conscious states
[114], and one that must dissipate prior to anaesthetic emer-
gence and normalisation of cognitive function. The clinical
observation that sensitivity to induction of anaesthesia does
not reliably predict recovery from anaesthesia may also
result from similar mechanisms. Failure of resolution of
neural inertia has been proposed to be responsible for coma
and other pathological disorders of consciousness. Although
the neural substrates for this phenomenon have not been
elucidated, arousal-regulating pathways have been
implicated [15, 115].

Neuroimaging studies have provided some evidence for
anaesthetic hysteresis. As discussed extensively in the above
sections, induction of anaesthesia results in widespread
regional and global changes in cortical, subcortical and
brainstem reactivity. Emergence from anaesthesia is how-
ever not a mirror image of induction. Evidence from an EEG
study in rats indicates that during recovery from anaesthesia,
the brain passes through several specific discrete activity
states, and state transitions through an ordered sequence of
states mediate recovery of consciousness [116]. A PET study
in human volunteers showed that recovery from propofol
and dexmedetomidine anaesthesia is associated with activa-
tion of the brainstem and thalamus before restoration of
functional frontoparietal connectivity [117]. Common to
many anaesthetic neuroimaging studies is the observation
that regional brain activity and functional connectivity dur-
ing emergence are increased well above the preanaesthetic
baseline, for example [118, 119]. This may reflect the neces-
sity for brain regions to function at supranormal levels to
resolve neural inertia and restore a new behavioural state.

Sleep and Anaesthesia Interactions

The complementarity between sleep and anaesthesia permits
the possibility that one could influence the other. Sleep
deprivation potentiates the hypnotic effect of anaesthetics,
probably mediated through adenosine [120]. Propofol anaes-
thesia also allows recovery from sleep deprivation in
animals [121] with the hallmark features of recovery from
natural sleep deprivation (increases in duration of NREM
and REM). Anaesthesia alters sleep pattern in the postoper-
ative period—the proportion of time spent in early NREM
sleep is increased [122], and REM is initially suppressed
with a subsequent rebound [123]. These findings are not
replicated with opioid administration; opioids are associated
with postoperative sleep impairment [124]. Further research
into the relationship between anaesthesia and sleep homeo-
stasis may contribute to the understanding of neurobiology
of sleep disturbances in the postoperative period and ICU
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and provide strategies to restore normal sleep patterns in a
vulnerable population.

Consciousness: A Summary View

The above discussion has highlighted several recent studies
of anaesthesia and sleep focusing on the mechanisms of
onset of, transitions between and recovery from uncon-
sciousness. The receptor, neuronal and network level effects
of sleep and anaesthesia provide basis for some of the
biological theories proposed for the mechanisms of con-
sciousness. The reader is referred to Boly and Seth [125]
for a concise review of the models of consciousness in the
context of impaired conscious states. These concepts will be
briefly discussed in the following section.

Biological Theories

This set of theories attempts to provide biologically plausi-
ble accounts of how brains generate conscious mental con-
tent posits that consciousness is a biological state of the brain
with empirical correlations between the conscious experi-
ence and the brain. One key criterion underlying conscious-
ness is the presence of specific patterns of activations. For
example, synchronised neuronal electrical activity bringing
together sensory modalities and thalamocortical circuits in
the gamma range (75-100 Hz) [126-128] is said to facilitate
cognitive binding by synchrony and synthesis of information
content. Evidence from sleep and anaesthesia studies
showing better correlation with loss of consciousness has
allowed focus on these faster gamma frequencies than on
Crick’s 40 Hz theory (see above) [129, 130]. These
frequencies may also be implicated in neural loops
mediating recurrent processing; such loops in the visual
system are claimed to be the source of visual experience
[131-133] and are often absent during sleep and anaesthesia
[104-107, 109, 134].

Conscious Access Hypothesis and the Global
Neuronal Workspace Framework

In contrast to the above theories that emphasise
synchronisation across neural circuits, Baars proposed that
consciousness is related to the spread and reverberation of
information across the brain [135]. According to this hypoth-
esis, the brain consists predominantly of two types of
neurons. The first type comprises functionally specialised
neurons that communicate with similarly specialised
neurons in a ‘nonconscious’ bottom-up manner and are
activated even with stimuli that do not reach consciousness.
This is exemplified in data from studies where primary
sensory systems are active even during deep sleep or
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anaesthesia. The second type of neurons is a diffusely
distributed set of neurons (the global workspace) that
exchange information through long-range excitatory axons.
These neurons include the cortical pyramidal cells (they
enjoy long-range cortical connections with other cortical
cells), with the prefrontal cortex as a major node of the
global workspace due to its functional diversity and rich
cortico-cortical connections [136]. This is supported by
anaesthesia and sleep studies on fluctuations on resting
state networks, especially the DMN. The hypothesis
proposes that stimulation inhibits processing of concurrent
stimuli and, with increasing salience, results in a sudden
non-linear transition from a local to a global activity pattern
(ignition). This is associated with several classic signatures
of conscious access to a stimulus in the form of long-range
phase synchrony and high-frequency oscillations [137].

Dynamic Core Hypothesis

In order to accommodate the concept of consciousness as a
highly dynamic process, a highly specialised and
differentiated group of thalamocortical neurons are said to
constitute a ‘dynamic core’, characterised by high
informability and allowing for the constant exchange of
signals within the network [138]. A necessary feature of
this dynamic system is that the composition of the core
transcends traditional anatomical boundaries, varying signif-
icantly across individuals according to conscious states.
Certain brain regions (such as the thalamocortical neurons)
possess anatomical connectivity that is much more effective
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in generating coherent dynamic states than that of other
regions.

The hypothesis also therefore embraces the concept of
dynamic reentrant loops (above) within complex, widely
dispersed, interconnected neural networks constituting a
Global Workspace.

Integration of Information Hypothesis

This is closely related to the dynamic core hypothesis and
proposes that conscious experience depends on rapid and
effective integration of functionally diverse cognitive
systems in the thalamocortical system. The highly integrated
and indivisible nature and high information content of any
conscious experience can be mathematically expressed as
information integration, where the information generated is
greater than the sum of the individual inbound contributions
[133]. For consciousness to be present, the brain must be
capable of selecting from a number of possibilities (highly
differentiated) and presenting these selections as a unity
(highly integrated) (Fig. 4.4). Such integration typically
does not include neural circuits involving the basal ganglia
and the cerebellum (brain regions are not considered critical
for generating/maintaining consciousness; however, see [42]
for an exception to this rule). A mathematical model of the
capacity for information integration, denoted as @, has been
described that is increased in systems maintaining con-
sciousness and decreased in those that do not (e.g. basal
ganglia, sleep and anaesthesia). Several indices have been
calculated in studies to measure complexity of neural
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Fig. 4.4 A schematic of a system that is both functionally specialised
and functionally integrated. Top panel: (Left, a) this network jointly
maximises functional specialisation and functional integration among
its elements, thereby resembling the anatomical organisation of the
thalamocortical system. Note the heterogeneous arrangement of the
incoming and outgoing connections: each element is connected to a
different subset of elements, with different weights. (Middle, ¢) A loss
of integration within the system to form four independent modules
results in a net reduction of information integration. (Right, b) A loss
of specialisation also results in reduction of information integration in
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the system. A homogenous distribution of the same amount of connec-
tivity eliminates functional specialisation (Reproduced from Tononi
[139] with permission from BioMed Central). Bottom panel: possible
neural basis of conscious integration according to information integra-
tion theory. During conscious processing, the mechanisms integrating
information above and beyond the union of their parts define a main
complex (dark orange). This complex generates the subject’s conscious
experience (Reproduced from Mudrik et al. [140], with permission
from Elsevier)
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networks, and sleep and anaesthesia have been shown to
reduce complexity, integration and differentiation
[99, 141-143]. For example, Chennu et al. identified frontal
shifts in alpha power and network topography with decreas-
ing level of consciousness from propofol. Graph-theoretic
network analysis found these frontal alpha networks to be
characteristically compromised in terms of efficiency,
indexing the loss of neural information integration that
characterises consciousness [144].

In the following section, a brief summary of the other
theoretical frameworks and models of consciousness is
presented.

Other Theories

The basic premise of physical theories is that consciousness
results from a change in the physical properties in the brain
(global entropy [145], electromagnetic field changes [146],
quantum effects [147], neural fields [148], to name a few).
However, given the conventional methodology, such
theories remain difficult to prove and do not provide answers
to the fundamental question of why such physical changes
should result in a subjective experience. The worldly dis-
crimination theory relies on verbal report in response to
environmental interactions and states that the ability to dis-
criminate when presented with choice indicates the presence
of conscious awareness, but only tests for the existence of
first-order states or primary consciousness. In contrast,
higher-order thought theories assume that consciousness is
a mental state where one is aware of being aware and where
conscious awareness crucially depends on higher-order rep-
resentation. These theories do not explain the presence of
conscious awareness in situations where objective assess-
ment or behavioural reporting is difficult [149].

Consciousness and Anaesthesia: A Converging
Paradigm?

The foregoing discussion suggests two themes. First, infor-
mation transfer from the external environment does not
follow a simple ascending pathway to the cortex to ensure
conscious awareness, and consciousness is not mediated at
any one brain region or network. It is probably best thought
of as change in dynamic aspects in neuronal network com-
munication. Although this process depends on intact func-
tion of brainstem-thalamocortical arousal circuits, the
common denominator in the neural correlates of conscious-
ness might rather be changes in distributed cortico-cortical
processing. Second, a simple block of information transfer is
inconsistent with unconsciousness under anaesthesia. Gen-
eral anaesthesia is probably a two-stage process targeting
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Fig. 4.5 Venn diagram illustrating the numerous mechanisms of
anaesthetic unconsciousness. Common to all mechanisms is failure of
integration of presented external information

sleep circuits at low doses and mechanisms across the entire
brain at the higher doses required for surgery (Fig. 4.5). The
basis of anaesthetic action is related more to specific changes
in the connectivity patterns between regions, rather than
changes in activity of isolated brain structures.
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Summary

General anesthesia consists of key separable and inde-
pendent neurobiological end points. Each of these
involves distinct but possibly overlapping neuroanatomi-
cal and molecular mechanisms that converge to produce
the characteristic behavioral end points of anesthesia:
amnesia, unconsciousness, and immobility. The potency
of various structurally dissimilar general anesthetics
correlates with their solubilities in oil (lipophilicity),
consistent with critical interactions with hydrophobic
molecular targets. The pharmacologically relevant bind-
ing sites of general anesthetics are lipophilic cavities in
proteins identified by a combination of site-directed
mutagenesis and high-resolution structural analysis of
anesthetic binding. Specific point mutations render puta-
tive target proteins insensitive to certain general
anesthetics. Expression of these mutations in mice
reduces anesthetic potency for specific end points.

The actions of various general anesthetics cannot be
explained by a single molecular mechanism. Rather, multiple
targets contribute to each component in an agent-specific
manner. Major classes of general anesthetics include inhaled
and intravenous anesthetics; the latter are more potent and
possess more selective actions. Anesthetic-induced immobil-
ity involves primarily actions in the spinal cord, whereas
sedation, unconsciousness, and amnesia involve supraspinal
mechanisms, including endogenous memory, sleep, and con-
sciousness networks.

H.C. Hemmings Jr., MD, PhD, FRCA (2<)

Department of Anesthesiology and Pharmacology, Weill Cornell
Medical College, New York, NY, USA

e-mail: hchemmi@med.cornell.edu

K.F. Herold, MD, PhD

Department of Anesthesiology, Weill Cornell Medical College,
New York, NY, USA

e-mail: kah2016@med.cornell.edu

© Springer International Publishing AG 2017

Etomidate and propofol enhance inhibitory synaptic
transmission postsynaptically and tonic inhibition
extrasynaptically by potentiating ligand-gated ion
channels activated by y-aminobutyric acid (GABA).
Ketamine suppresses excitatory synaptic transmission
postsynaptically by inhibiting excitatory ionotropic
NMDA-subtype glutamate receptors. Benzodiazepines
and o, 5 adrenergic receptor agonists (dexmedetomidine,
clonidine) are not complete general anesthetics but are
potent sedative agents that act by specific receptor-
mediated mechanisms to produce sedation and
anxiolysis.

Our understanding of the molecular, cellular, and net-
work mechanisms of general anesthetics has made
remarkable progress in the last 35 years. We now know
that general anesthetics interact with membrane proteins
critical to neuronal signaling in the central nervous sys-
tem to produce the characteristic neurophysiological
features that define general anesthesia: amnesia, seda-
tion/unconsciousness, and immobility [1, 2]. Major prog-
ress in understanding the pharmacology of the
intravenous anesthetics has been made using modern
molecular genetic approaches that have identified critical
actions at the molecular and cellular levels. Despite this
progress, there are still gaps in our understanding of the
sequence of events that leads from anesthetic-target
interactions at the molecular level to the behavioral
effects that characterize the composite state of clinical
anesthesia. The focus of this chapter is on the
mechanisms involved in the various actions of general
anesthetics and sedatives most applicable to total intra-
venous anesthesia (TIVA), i.e., the intravenous
anesthetics and their adjuvants. These agents are a chem-
ically and pharmacologically diverse group (Fig. 5.1) that
includes potent anesthetic/hypnotic agents (etomidate,
propofol, ketamine) and sedatives (benzodiazepines, o
adrenergic receptor agonists).
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Fig. 5.1 Structures and primary
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molecular targets of GABA,-R GABA,-R GABA,-R a,,Adreno-R
representatives of the major Anesthetics Benzodiazepine Glycine-R
classes of general anesthetics and site NMDA-R
anesthetic adjuvants used in total Na./CaJK./Kzpe
intravenous anesthesia.
Individual elements displayed in
the stick figures are represented
by the following colors: M
hydrogen = white; ¢
carbon = gray; nitrogen = dark Isoflurane
blue; oxygen = red,
fluorine = cyan; Dexmedetomidine
chlorine = green NMDA-R
HCN

Etomidate

Overview of Molecular General Anesthetic
Mechanisms

Ever since the first public demonstration of ether anesthesia
in 1846, there has been intense scientific interest in the
mechanisms for general anesthesia. The work of Meyer
and Overton at the end of the nineteenth century produced
the now famous correlation between anesthetic potency and
solubility in olive oil, which indicated the hydrophobic
(lipid-like) nature of the site(s) of action of a variety of
structurally dissimilar anesthetic molecules [3, 4]. This cor-
relation was the basis for early concepts of anesthetic action
based on effects on cellular lipid bilayer membranes and led
to an early focus of research on anesthetic effects on the
physical properties of cell membranes. The appeal of this
model of a single unified mechanism to explain anesthesia
was its simplicity and ability to explain the actions of multi-
ple structurally dissimilar anesthetics, which is difficult to
accommodate using receptor-based pharmacological
mechanisms. But research efforts to define how anesthetic
interactions with lipid membranes might lead to the behav-
ioral changes observed under anesthesia failed to identify
plausible biophysical or neurophysiological mechanisms.

A shift from lipid-based to protein-based mechanisms
occurred in the 1980s owing to the pioneering work of
Franks and Lieb [5, 6]. They elegantly showed that general
anesthetic potencies correlate equally well with both inhibi-
tion of firefly luciferase, a physiologically irrelevant soluble
enzyme that serves as a lipid-free protein model for anes-
thetic binding and solubility in oil. This observation led to
the paradigm-shifting concept that protein targets are also
compatible with the Meyer-Overton correlation, which had a

Flumazenil

™
Clonidine

Ketamine

profound impact on anesthesia research by directing efforts
to identify the critical protein targets that underlie the vari-
ous neurophysiological end points of anesthesia. Additional
evidence against lipid-based theories of anesthetic action
such as the stereoselectivity of several anesthetics has
strengthened the case for specific binding sites on target
proteins, in particular ion channels and neurotransmitter
receptors [7]. Identification of the ion channels and receptors
involved in the various anesthetic end points is a major
aspect of current studies to define the pharmacological
mechanisms of general anesthesia (Fig. 5.2).

The Composite Nature of the Anesthetic State

Progress in identifying the molecular mechanisms of
anesthesia has occurred in parallel with efforts to under-
stand the neurophysiology of the anesthetic state. General
anesthetics induce a drug-induced coma-like state. Gen-
eral anesthesia consists of distinct but to some extent
overlapping component states that involve separable
mechanisms (e.g., amnesia, unconsciousness, immobil-
ity). These distinct neuropharmacological end points are
mediated through effects on different anatomical regions
of the central nervous system (CNS), involve different
receptor mechanisms, and vary in relative potencies
between specific agents [1]. Immobilization, which is
mediated largely at the level of the spinal cord for inhaled
anesthetics [8, 9], is supraspinally mediated for
barbiturates and probably other intravenous anesthetics
[10]. In contrast, amnesia, sedation, and unconsciousness
involve supraspinal anesthetic effects on cerebrocortical
function. Amnesia and sedation produced by intravenous



5 Mechanisms of Intravenous Anesthetic Action

Fig. 5.2 Relationship between
increasing anesthetic
concentration and the observed
pharmacological effects. With
increasing doses and target-site
anesthetic concentrations,
desirable end points such as
amnesia and loss of
consciousness (hypnosis) are
joined by various undesirable and
off-target side effects, including
cardiovascular and respiratory
depression, the major cause of
morbidity and mortality

Effect

81
Lethality
Ftesq-:n'lratt:r\,lI
depression
Cardiovascular
depression \
Immobility ________—’-—’
Hypnosis ) \ __,_../""-'. =g

Sedation

Amnesia

anesthetics can be functionally separated [11]. In
patients, propofol and midazolam, for example, impair
memory to similar extent when equisedative
concentrations were maintained [12]. Yet, they affect
memory differentially from effects on sedation, as
measured by auditory event-related potentials in patients
[11]. This indicates that their effects may be mediated by
specific neuroanatomical areas that are not exclusive for
one particular drug. Unconsciousness is itself heteroge-
neous, with distinct states of responsiveness and uncon-
sciousness [13]. The composite pharmacology of general
anesthesia consists of multiple distinct components that
can be resolved both experimentally and clinically. Con-
siderable evidence supports the notion that each compo-
nent of anesthesia can be selectively induced in a dose-
and agent-specific manner through distinct cellular,
molecular, and network mechanisms in specific regions
of the brain and spinal cord.

The regional specificity has been elegantly demonstrated
for a number of intravenous anesthetics have been
demonstrated  using  anatomically  discrete  brain
microinjections of extremely small volumes of anesthetics
and receptor antagonists. Microinjection of the anesthetic
barbiturate pentobarbital into the mesopontine tegmentum
induces a comatose state in rats very similar to general anes-
thesia, an example of the anatomical specificity of anesthetic
actions that can result in generalized nervous system depres-
sion [14]. Microinjections of GABA, receptor antagonists
into the tuberomammillary nucleus, a hypothalamic nucleus
involved in the regulation of natural sleep, reverse the seda-
tion produced by systemic administration of propofol [15]. In
fact the o, adrenergic receptor agonist dexmedetomidine
causes the two distinct states of sedation and loss of righting
reflex (LORR) via two different brain regions, the preoptic
hypothalamic area and the locus coeruleus (LC), respectively.

T T T T T T T T T 1

Drug concentration —»

The effects of dexmedetomidine on loss of righting reflex
were abolished upon selective o, adrenoreceptor knock-
down in rodents, yet sedative effects were still observed
[16]. These are examples of how intravenous anesthetics can
produce certain substates of general anesthesia through agent-
specific actions at discrete anatomic sites mediated by specific
molecular targets. The implications of this anatomic and
receptor specificity of anesthetic actions provide the scientific
basis for the development of more specific drugs targeting the
anesthetic substates.

The pharmacology of sedation is complex, with multiple
drugs with distinct neuropharmacological profiles able to
produce a state of sedation involving a number of distinct
mechanisms (Chap. 4). In addition to lower doses of general
anesthetics that produce sedation as part of their progressive
dose-dependent effects, other drugs capable of producing
sedation include a, 4 adrenoceptor agonists, antimuscarinics,
antihistamines, benzodiazepines, opioids, and ethanol, each
with distinct pharmacokinetic and side effect profiles includ-
ing respiratory and cardiovascular depression. Like general
anesthesia, there is a continuum of sedation from anxiolysis
to mild sedation, through deep sedation, to anesthesia, and
eventually undesired toxicities, with distinct but overlapping
agent-specific pharmacological mechanisms. In addition to
their desired effects of amnesia, sedation, and hypnosis, all
anesthetics have additional undesired side effects such as
those summarized for the major drugs used for TIVA in
Fig. 5.3. Individual drugs can even show opposing effects,
which are thought to be mediated by distinct mechanisms.
Dexmedetomidine, for example, causes hypotension at
lower doses mainly due to inhibition of the sympathetic
autonomic nervous system mediated by a,, adrenoceptors,
whereas at higher concentrations [17], activation of vascular
oyp adrenoceptors dominates resulting in a hypertensive
response [18].
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Fig. 5.3 Prominent effects and undesirable side effects of propofol, etomidate, ketamine, and the a,, adrenoceptor agonists dexmedetomidine
and clonidine. CMRO; cerebral metabolic rate for oxygen, EEG electroencephalography

Integrated Effects on Central Nervous System
Function

Immobility

Electroencephalography (EEG), a widely used monitor of
brain activity, is used both in the study of anesthetic
mechanisms and as a monitor of the depth of anesthesia
(see Chap. 19). The lack of a correlation between electroen-
cephalographic (cortical) activity and immobility (lack of
movement in response to a noxious stimulus) is the basis for
the current concept that immobility is mediated by anes-
thetic action primarily on the spinal cord rather than the
cerebral cortex [19]. The finding that volatile anesthetics
act on the spinal cord to suppress movement [8, 9] was
important in the contemporary separation of anesthetic

substates, of which immobility generally requires the highest
drug concentrations (Fig. 5.2). Since the identification of the
spinal cord as the principal site of anesthetic-induced immo-
bility, attention has turned to the pharmacologic, genetic,
and complex network mechanisms involved. A pharmaco-
logic approach to investigate the receptors mediating
anesthetic-induced immobility has led to the unanticipated
finding that potentiation of GABA 4 receptors, an important
target for many general anesthetics, is not involved in
isoflurane-mediated immobility [20]. Propofol produces
immobility through actions on the spinal cord as well. But
unlike isoflurane, it does not depress dorsal horn activity
upon noxious stimulation. Both anesthetics depress ventral
horn neurons, though isoflurane to a larger extent than
propofol. Interestingly the GABA 5 receptor inhibitor picro-
toxin reverses the effects of propofol, but not isoflurane, to
depress ventral horn neurons [21]. This apparent effect of
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propofol to produce immobility via GABAergic
mechanisms in the ventral horn is in contrast to volatile
anesthetics like isoflurane. The immobilizing effects of
propofol are likely to be mediated by different regions of
the nervous system than its sedative effects, due to actions in
the tuberomammillary nucleus of the hypothalamus, for
example [15]. However, a role for voltage-gated Na®
channels was supported by the observations that intrathecal
administration of the highly selective Na* channel inhibitor
tetrodotoxin potentiates volatile anesthetic-induced immo-
bility (reduces MAC), while the Na™ channel activator verat-
ridine does the opposite [22]. Transgenic mice engineered to
express anesthetic-resistant GABA, receptor subunits
showed that receptors containing ;- or az-subunits do not
contribute to the immobilizing action of isoflurane
[23, 24]. While mice lacking the K* channels TASK-1,
TASK-3, or TREK-1 K,p channels are less sensitive to
volatile anesthetics, their sensitivities to intravenous
anesthetics is unaltered [25-27]. These findings suggest
important roles for voltage-gated Na* and K™ channels rather
than GABA, receptors in spinally mediated immobility
[28]. Anesthetic inhibition of afferent (noxious sensory)
input to the spinal cord dorsal horn appears to play a subor-
dinate role to the suppression of efferent (motor) output from
the ventral horn, which is coordinated by neuronal networks
organized in central pattern generators that control the activ-
ity of the cholinergic motoneurons [29].

Unconsciousness

Consciousness is easy to recognize but difficult to define
neuroscientifically; it is a qualitative subjective state of
sentience or awareness [30]. Loss of consciousness
(or hypnosis) is a key feature of anesthesia. In addition to
their clinical utility in ablating consciousness, anesthetic
drugs provide essential tools for elucidating the central
problem in neuroscience of scientifically defining conscious-
ness by providing a pharmacological means to reversibly
produce unconsciousness that can be used to facilitate iden-
tification of the neural correlates of consciousness [31]. The
unconsciousness produced by anesthetics can be described
as unresponsiveness to include states of awareness that lack
explicit memory traces [13]. The study of consciousness has
generated intense interest leading to a number of both test-
able and untestable hypotheses. One hypothesis of anesthe-
sia proposes that somatosensory deafferentation in the
thalamus is a mechanism for anesthetic-induced uncon-
sciousness [32], which is supported by evidence that
anesthetics can hyperpolarize and shunt thalamic neurons
[33] and thereby impair thalamic transfer of sensory
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information [34]. Functional brain imaging that shows pref-
erential suppression of thalamic activity by some anesthetics
has led to a thalamic switch hypothesis [32]. However,
anesthetic-induced unconsciousness appears to involve
more than a simple block of information transfer through
the thalamus [35, 36].

Previous views of an anatomically discrete brain structure
as the center of consciousness have given rise to the current
concept that consciousness requires integration of informa-
tion between multiple brain regions across large-scale neural
networks [35, 37]. The rich connectivity of the cerebral
cortex and its hierarchical organization enable extensive
information integration in the brain. Highly connected
nodes are preferentially interconnected, which is optimal
for information integration [38, 39], and these pathways
are promising targets for the hypnotic action of anesthetics.
Recent evidence supports the view that anesthetics interfere
with network synchronicity and coherence, and disruption of
cortical functional and effective connectivity has been
observed during midazolam-induced loss of responsiveness
[40]. Thus breakdown of cortical connectivity rather than
thalamic deafferentation might underlie loss of conscious-
ness [41]. Unconsciousness would then be characterized by
the fragmentation of cortical processing [35, 42]. Cortical
electrical activity in the y-band (40-90 Hz by EEG) has been
proposed as a network-level target of general anesthetics
[43-45].

Learning and Memory

Anterograde amnesia is a desirable anesthetic end point,
particularly in the realm of preoperative and procedural
sedation. It is produced at lower anesthetic
concentrations than those required for unconsciousness
and is a prominent action of benzodiazepines [46]. It can
be measured in rodents using models of hippocampus-
dependent spatial learning such as fear conditioning to
place context or hippocampus-independent models such
as fear conditioning to tone. Isoflurane disrupts
hippocampus-dependent learning at about one-half the
concentration necessary for disrupting hippocampus-
independent learning [41]. Similarly, lower anesthetic
concentrations inhibit explicit memory (memory that
can be explicitly recalled) at lower doses than required
to impair implicit memory (not subject to wilful recollec-
tion) [36]. These findings implicate the medial temporal
lobe, including the hippocampus, as a target for the sup-
pression of explicit memory by anesthetics, while effects
on the amygdala are relevant to anesthetic impairment of
implicit or other types of memory [47].
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Evidence indicates that 8-rhythms (4—12 Hz by EEG) are
important for hippocampus-dependent learning and memory
[48]. Benzodiazepines [49] slow and suppress hippocampal
0-rhythms proportional to their impairment of hippocampus-
dependent learning such that alterations in neuronal syn-
chrony are a common network-level substrate for memory
impairment. Synchronization between O-rhythms in the
amygdala and hippocampus during fear memory retrieval
indicates that this mechanism also applies to impairment of
other forms of memory by anesthetics [S0]. The precise
molecular and cellular mechanisms of memory impairment
by general anesthetics and benzodiazepines, and of memory
itself, remain to be elucidated, as with other components of
anesthesia such as unconsciousness and sedation.

Sedation

Sedation is a decrease in activity, alertness, arousal, and/or
vigilance on a behavioral continuum leading to hypnosis and
can be achieved at anesthetic doses similar to those that
produce amnesia. While there is no clear mechanistic or
clinical separation between sedation and hypnosis, separate
but overlapping substrates appear to separate sedation from
amnesia [11, 51]. Genetic approaches have been particularly
useful in dissecting the targets for benzodiazepine-induced
sedation and amnesia and prove a paradigm for studying
other more promiscuous drugs. A specific amino acid muta-
tion (H101R) in the a; GABA, receptor subunit that
eliminates sensitivity to modulation by benzodiazepines
renders mice resistant to both the sedative and amnesic
effects of benzodiazepines while maintaining other behav-
ioral effects, among them anxiolysis [52]. The a;-subunit is
highly expressed in the CNS including the cerebrocortical
areas and thalamus.

There is more than a superficial similarity between natu-
ral sleep and anesthetic-induced sedation and hypnosis, and
the mechanisms of some anesthetics overlap natural sleep
mechanisms through activation of known sleep-promoting
nuclei in the hypothalamus [15]. The electroencephalo-
graphic patterns of natural slow-wave sleep resemble those
of general anesthesia, consistent with similar effects on
global cortical electrical activity [53]. Interestingly, recov-
ery from sleep deprivation can occur during propofol anes-
thesia [54], providing further support for this concept.
Anesthetic effects on other cortical [55] and subcortical
structures [13] might also contribute to anesthetic-induced
sedation and hypnosis. It is evident that sedative effects of
intravenous anesthetics involve activation of GABAL
receptors which results not necessarily in a general depres-
sion of the whole nervous system but rather actions on
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specific neuronal pathways in the hypothalamus (GABAA
receptors in the tuberomammillary nucleus, TMN) that are
associated with non-REM sleep as it has been shown for
propofol and pentobarbital [15]. The TMN is of particular
interest as animal experiments revealed that local injection
of the GABA 4 receptor agonist muscimol into the TMN lead
to a sedative state, but when injected into other brain regions
such as the locus coeruleus or other sites in close proximity
to the TMN, no such sedation was observed [15]. In addition,
injection of the GABA, receptor antagonist gabazine
attenuated the sedative effects of systemically administered
GABAergic anesthetics.

Anesthetic Neurotoxicity
Early Postnatal Neurotoxicity

Extensive data from animal experiments indicate that multi-
ple general anesthetics can cause persistent neurocognitive
effects in neonatal animals of multiple species in addition to
their desired effect of reversible anesthesia. This correlates
with a discreet developmental sensitivity to both GABA A
receptor potentiating and NMDA receptor-inhibiting
anesthetics resulting in widespread programmed cell death
known as apoptosis, which is probably due to a form of
excitotoxicity (Chap. 45). This has generated significant
concern among clinicians and parents, but its clinical signif-
icance remains unknown [56—63]. The landmark finding that
postnatal exposure of the developing rodent brain to a cock-
tail of commonly used anesthetic drugs, either in combina-
tion or alone, for a period of several hours induced apoptotic
cell death with long-term functional consequences identified
this potentially harmful effect of general anesthesia in
neonates [58]. Similar effects have been reproduced with
all the commonly used general anesthetic drugs including
propofol, ketamine, barbiturates, etomidate, and volatile
anesthetics in species from rodents to nonhuman primates
[64, 65]. Of interest, the a,5 adrenergic receptor agonist
dexmedetomidine is not associated with neurotoxicity but
rather can mitigate the toxic effects of other neurotoxic
drugs such as propofol in animal experiments [66]. Transla-
tion of these findings, both quantitatively and qualitatively,
from short-lived altricial (e.g., rodents) to long-lived preco-
cial (e.g., Homo sapiens) species is difficult, but the con-
vincing evidence for long-term neurocognitive deficits in
nonhuman primates raises considerable concerns [67]. Envi-
ronmental and pharmacological approaches to mitigating
these effects provide strategies for minimizing the potential
clinical impact of developmental neurotoxicity and are a
current topic of active research [68].
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Postoperative Cognitive Effects

Adverse postoperative cognitive effects following general
anesthesia and surgery can result from predictable pharma-
cokinetic factors as well as unanticipated and poorly under-
stood persistent pharmacological and toxic effects. Three
recognized clinical entities occurring after anesthesia and
surgery include delirium, dementia, and postoperative cog-
nitive dysfunction (POCD). Delirium and dementia are
defined clinical diagnoses, while POCD is not a clinical
diagnosis but a phenomenon identified by comparing preop-
erative with postoperative neuropsychological test scores in
surgical patients with matched control populations that did
not undergo surgery. Based on these criteria, the incidence
of POCD increases with age and underlying disease severity
and frailty, but diagnosis is difficult and prone to artifacts. In
contrast, delirium and dementia are more readily diagnosed
by established criteria. Delirium is relatively common after
anesthesia and is associated with a number of risk factors
including age, preoperative cognitive impairment, use of
volatile anesthetics in combination with other CNS-active
drugs, as well as tracheal intubation [69, 70]. Recent clinical
trials comparing the incidence of delirium in sedated ICU
patients found a higher incidence of delirium with sedation
achieved with propofol or benzodiazepines compared with
dexmedetomidine [71].

Durable effects of inhaled anesthetics have been linked to
memory deficits persisting for days in young adult mice
through effects on the as-subunit of the GABA, receptor
[72]. Moreover, immune and inflammation-mediated
changes triggered by surgical trauma and anesthesia are
potential mechanisms that underlie delirium and postopera-
tive cognitive dysfunction [73, 74]. Experimental evidence
from mice genetically susceptible to Alzheimer’s disease-
like neurodegeneration does not support a role of anesthetic
agents in promoting such neurodegeneration [75]. These
findings provide experimental support for clinical
observations that cognitive decline after surgery is likely
mediated by neuroinflammation rather than due to
accelerated neurodegeneration or anesthetic neurotoxicity,
although this is controversial and an active area of investi-
gation [76]. The underlying disease trajectory rather than
anesthesia or surgery is the major contributor to the long-
term cognitive course of most patients [77].

Effects on the Cardiovascular and Respiratory
Systems

Cardiovascular Effects

Cardiovascular function, like that of the CNS, depends on

the integrated function of multiple ion channels, many of
which are expressed in both of these excitable tissues. The

85

cardiovascular effects of the general anesthetics are often
deleterious side effects that limit the safety of these drugs,
particularly in the critically ill, but there are also beneficial
cardioprotective effects [78]. Most anesthetics produce
agent- and dose-dependent reductions in myocardial con-
tractility, systemic vascular resistance, and cardiac preload,
with consequent reduction in mean arterial pressure, with
agent-specific differences in relative potencies between car-
diac and anesthetic effects [79]. Major targets for negative
inotropic effects of anesthetics include blockade of cardiac
Ca* channels (L-type; Ca,1), sarcoplasmic Ca* handling,
and the contractile protein apparatus. The resulting negative
inotropic effect of reduced Ca** availability is enhanced by
reduced Ca”* sensitivity of myofibrils. Most anesthetics also
produce vasodilation at clinical concentrations mediated
both by direct endothelium-independent vasodilating effects
on vascular smooth muscle cells (e.g., inhibition of smooth
muscle Ca®* influx via L-type Ca®* channels, activation of
hyperpolarizing K tp and K¢, channels) and by indirect
effects involving the sympathetic nervous system and the
vascular endothelium (e.g., endothelium-dependent effects
including nitric oxide production) [80].

General anesthetics also have agent-specific effects on
heart rate and induction of arrhythmias due to actions on
cardiac ion channels. Multiple ion channels are sensitive to
anesthetics, many of which are potentially proarrhythmic. It
is difficult to link anesthetic arrhythmogenicity to actions on
specific channels [81]. Cardiac L-type Ca>* channels are
critical to the plateau phase of the cardiac action potential
and electromechanical coupling and are inhibited by many
anesthetics, leading to shortening of the refractory period.
Multiple voltage-gated K* channels are also inhibited and
can predispose to arrhythmias by delaying repolarization
(see review by Thompson and Balser [82]).

Respiratory Effects

General anesthetics can cause significant respiratory depres-
sion at the concentrations used for surgical anesthesia, as well
as potentially clinically significant effects at lower
concentrations. These effects are significantly magnified
when used concomitantly with other respiratory depressants
such as opioids and benzodiazepines. The peripheral
chemoreflexes and upper airway patency are particularly sen-
sitive to subanesthetic concentrations of anesthetics [83—
87]. These potentially serious effects involve depression of
central respiratory networks mediated by depression of excit-
atory and facilitation of inhibitory transmission in the
brainstem. The precise molecular targets responsible for the
exquisite sensitivity of these networks to low concentrations
of anesthetics remain to be elucidated. Ketamine and
dexmedetomidine are unique in their lack of significant respi-
ratory depression at clinically used concentrations [88, 89].
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Molecular Sites of Anesthetic Action

Pharmacological Criteria for Identifying Sites
Relevant to Anesthesia

As aresult of the low potency and consequent promiscuity of
most general anesthetics, specific criteria have been pro-
posed to evaluate the relevance of the many potential molec-
ular targets of anesthetics [90]. These criteria include inter
alia reversibility, sensitivity (effects at clinically relevant
concentrations), plausibility (target expression in relevant
tissue or CNS region), cognate stereoselectivity for in vivo
and in vitro effects of steroisomeric anesthetics (etomidate,
pentobarbital, and neurosteroid anesthetics), appropriate
sensitivity or insensitivity to model anesthetic and
nonanesthetic compounds, and predictable responses to
genetic manipulation of putative molecular targets. Targeted
deletion (knockout mutation) of specific molecules
implicated as anesthetic targets or genetic engineering to
introduce specific mutations that modify anesthetic sensitiv-
ity (knock-in mutation) in experimental models is a powerful
approach to test the involvement in anesthetic action. This
approach has been particularly successful in analyzing the
specific GABA 4 receptor subtypes involved in the effects of
the GABAergic intravenous anesthetics propofol and
etomidate and the sedative and amnesic effects of
benzodiazepines where single amino acid substitutions in
specific receptor subtypes eliminate specific drug actions
both in vitro and in vivo [91] (see below).

From Model Proteins to Receptors

A variety of biophysical data derived from X-ray crystallog-
raphy, molecular modeling, and structure function studies

Fig. 5.4 X-ray crystal structures
of propofol and desflurane bound
to a pentameric ligand-gated ion
channel. Membrane plane view of
the bacterial homologue of
mammalian pentameric ligand-
gated ion channels (Gloeobacter
violaceus or GLIC) with a bound
general anesthetic molecule.
From Nury H, et al., X-ray
structure of general anesthetics
bound to a pentameric ligand-
gated ion channel (Reproduced
from Nury et al. [95] with
permission from Nature
Publishing Group)

Membrane

supports the concept that general anesthetics produce their
cellular effects by binding in hydrophobic cavities formed in
the three-dimensional structure of proteins, in particular
membrane proteins [92, 93]. The lipophilic nature of these
binding sites underlies the Meyer-Overton correlation
between anesthetic potency and lipophilicity. The identifica-
tion of anesthetic binding sites on plausible target proteins
that meet the criteria outlined above is difficult due to the
low affinity of most anesthetic-target protein interactions,
the small number of high-resolution atomic structures of
pharmacologically relevant target proteins, and the absence
of potent and specific antagonists of anesthesia. Anesthetic
binding sites identified in well-characterized model proteins
for which three-dimensional atomic resolution structures are
available but which are not themselves relevant to anesthe-
sia, such as luciferase and albumin [92, 93], indicate that
anesthetics bind in pockets with both nonpolar and polar
noncovalent chemical interactions. Occupation of these
cavities by anesthetics provides a mechanism for alteration
of receptor and ion channel function by selective stabiliza-
tion of particular confirmations. Convincing evidence
supports the existence of anesthetic binding sites in critical
neuronal signaling proteins including glycine, GABA 4, and
NMDA receptors [93]. Amino acid residues critical for
anesthetic actions and, by inference, binding have been
identified in the a-subunit of the GABA 4 receptor [93] and
NMDA receptor [94].

Structural studies using prokaryotic homologues of
eukaryotic ion channels provide powerful models for
identifying anesthetic binding sites in physiologically rele-
vant proteins. Both propofol and desflurane have been
co-crystalized with GLIC, a bacterial homologue of eukary-
otic inhibitory ligand-gated ion channels (glycine and
GABA,4 receptors). Both anesthetics bind in the upper part
of the transmembrane segments of a single subunit (Fig. 5.4)
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[95]. Molecular modeling has also been used to identify
putative anesthetic binding sites in GABA, and glycine
receptors, which suggests that different drugs can bind in
different orientations within a single cavity or occupy dif-
ferent cavities within the protein to produce similar func-
tional effects. Refinement of these molecular models will
continue to provide new insights in the molecular basis for
general anesthetic action that can be experimentally tested.

Molecular Targets of General Anesthetics
Ton channels have emerged as the most promising molecular
targets for general anesthetics. The neurotransmitter-gated
ion channels GABA,, glycine, and NMDA-type glutamate
receptors are leading candidates with appropriate CNS
distributions, essential roles in inhibitory or excitatory syn-
aptic transmission, and appropriate sensitivity to clinically
relevant concentrations [1, 2]. Other ion channels that are
sensitive to inhaled anesthetics include the HCN
(hyperpolarization-activated cyclic nucleotide-gated) family
of channels that give rise to pacemaker currents [2] and
regulate neuronal excitability, two-pore domain (K,p) K*
channels that maintain resting membrane potential in many
cells [96], and voltage-gated Na* and Ca** channels [2, 97].
General anesthetics can be divided into two broad classes
based on their distinct pharmacologic properties. The first
class exhibits positive modulation of GABA, receptors and
includes both the potent inhaled (volatile) anesthetics, which
also produce significant effects on a number of other plausi-
ble receptors/channels and intravenous anesthetics such as
propofol and etomidate that represent more potent and spe-
cific positive modulators of GABA4 receptors. The second
class is inactive at GABA4 receptors, but inhibits NMDA
receptors, and includes the gaseous inhaled anesthetics
cyclopropane, nitrous oxide, and xenon, as well as the intra-
venous anesthetic ketamine. These anesthetics also activate
certain K,p channels.

Ligand-Gated lon Channels

Potentiation of Inhibitory GABA, and Glycine
Receptors

Most intravenous anesthetics (including propofol,
etomidate, barbiturates), all ether anesthetics (including
isoflurane, sevoflurane, and desflurane), the alkane anes-
thetic halothane, and the neurosteroid anesthetics enhance
the function of the inhibitory GABA , (Fig. 5.5) and glycine
receptors (GlyRs). These belong to the Cys-loop ligand-
gated ion channel superfamily that also includes the cation-
permeable nicotinic acetylcholine and SHTj; receptors.
GABA, receptors are the principal transmitter-gated C1™
channels in the brain and GlyRs in the spinal cord, with
overlap in the diencephalon and brainstem. When activated
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by ligand or drug binding, these ligand-gated ion channels
conduct chloride which drives the membrane potential
toward the CI™ equilibrium potential, resulting in inhibition
since the C1™ equilibrium potential is usually more negative
than the normal resting potential. Channel opening also
reduces membrane resistance and ‘“‘shunts” excitatory
responses. Most GABA and GlyRs are heteropentamers;
the specific subunit composition of GABA, receptors
determines their physiologic and pharmacologic properties
and can vary between brain and neuronal compartments
[98], for example, preferential expression of the as-subunit
in the hippocampal CA1 area (a region important for mem-
ory formation) and extrasynaptic sites. The presence of a
y-subunit is required for benzodiazepine modulation of
GABA, receptors. These receptors have been key to our
understanding of anesthetic-receptor interactions. Using chi-
meric receptor constructs between anesthetic-sensitive
GABA,4 and insensitive GlyR subunits, specific amino acid
residues in transmembrane domains 2 and 3 critical to the
action of inhaled anesthetics have been identified [99]. This
laid the groundwork for the construction of anesthetic-
resistant GABA 4 receptors and the generation of transgenic
mice with altered anesthetic sensitivity (see below).

Inhibition of Excitatory Acetylcholine

and Glutamate Receptors

Neuronal nicotinic acetylcholine receptors are cation selec-
tive heteropentameric ligand-gated ion channels that are also
members of the Cys-loop family. Although usually
heteropentamers composed of «- and -subunits, functional
homomeric receptors are formed by certain a-subunits. In
the CNS, these receptors are localized primarily presynapti-
cally [100], and homomeric o;-receptors are highly perme-
able to Ca** [100]. Receptors consisting of asp, subunits are
very sensitive to inhibition by propofol and isoflurane
[101, 102] which might contribute to amnesia.

The NMDA (N-methyl-p-aspartate) subtype of
ionotropic glutamate receptors is a major postsynaptic
receptor for glutamate, the principal excitatory neuro-
transmitter in the mammalian CNS [103]. NMDA
receptors are defined pharmacologically by their selec-
tive activation by the agonist NMDA and exist as
heteromers consisting of GluN1 and GIluN2 subunits.
Channel gating requires the agonist glutamate (or a syn-
thetic agonist like NMDA) along with the endogenous
co-agonist glycine; concomitant membrane depolariza-
tion is required to relieve voltage-dependent block by Mg
2* which is typically provided by glutamate activation of
non-NMDA glutamate receptors, which are subdivided
into AMPA and kainate receptors based again on their
sensitivities to selective exogenous agonists [103]. This
requirement for both presynaptic glutamate release and
postsynaptic depolarization allows NMDA receptors to



88

H.C. Hemmings and K.F. Herold

Neurotransmitter

A

Ca? release
entry  (GABA, glycine)
Action —_—
potential (
—

A / Ly :
Postsynaptic
structure

Presynaptic
bouton

Channel /
pore

Putative
anesthetic sites

C

Bicuculline, Picrotoxin

[

Potentiation of Tonic Current

Fig. 5.5 Effects of intravenous anesthetics on inhibitory transmission.
(a) A synapse in which an incoming action potential leads to Ca>*
influx and subsequent exocytosis of neurotransmitters (GABA, glycine,
blue dots) into the synaptic cleft. Upon binding, pentameric postsynap-
tic GABA—or glycine receptors—are activated, and influx of Cl1™
through the channel pore leads to hyperpolarization of the postsynaptic
neuron. Right: Intravenous anesthetics increase ionic current flowing
through the pore enhancing postsynaptic inhibition. (b) A
heteropentameric GABA 4 receptor complex with channel pore through
which C1™ ions flow into the cell, with putative anesthetic binding sites
in the transmembrane region. Right: Schematic of a single B-subunit

function as coincidence detectors, which is thought to be
critical to cellular mechanisms of synaptic plasticity in
learning and memory. Given this role in synaptic
plasticity, NMDA receptors are also involved in chronic
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with four (1-4) transmembrane segments connected by extracellular
and intracellular linkers. The critical anesthetic binding sites are
thought to be located in transmembrane segment 2 (TM2). (c)
Extrasynaptic GABA, receptors, in contrast to synaptic GABAA
receptors, usually contain a d-subunit and are highly sensitive to
GABA, thus contributing to tonic inhibition from the low levels of
ambient extrasynaptic GABA. They are highly sensitive to general
anesthetics are candidate targets for intravenous anesthetics. Tonic
inhibition is decreased (=depolarisation) by specific GABA  receptor
inhibitors (bicuculline, picrotoxin) and increased (hyperpolarization)
by intravenous anesthetics and benzodiazepines

pain mechanisms. Ketamine, along with the inhaled
anesthetics xenon, nitrous oxide, and cyclopropane,
have minimal effects on GABA, receptors but depress
excitatory glutamatergic synaptic  transmission



5 Mechanisms of Intravenous Anesthetic Action

postsynaptically via NMDA glutamate receptor blockade,
which is central to their neurodepressive effects (Fig. 5.3)
[104, 105].

Voltage-Gated and Other lon Channels

Voltage-gated Na* channels are critical to axonal conduc-
tion, synaptic integration, and neuronal excitability.
Isoflurane and other volatile anesthetics, but not xenon or
most intravenous anesthetics, inhibit the major mammalian
Na* channel isoforms, including neuronal (Na,1.2), skeletal
muscle (Na,1.4), cardiac (Na,1.5), and peripheral (Na,1.8)
isoforms [106—110].

Multiple cellular functions depend on the tightly con-
trolled concentration of intracellular-free Ca** ([Ca2+]i).
This is determined largely by the activities of voltage-
gated Ca®* channels, plasma membrane and endoplasmic
reticulum Ca®"-ATPases (pumps), Na*/Ca®" exchangers,
and mitochondrial Ca®* uptake. Alteration of any of these
mechanisms by anesthetics can affect the multiple processes
regulated by Ca”*, including synaptic transmission, gene
expression, excitotoxicity, and muscle excitation-
contraction coupling. Distinct Ca** channel subtypes are
differentially expressed and are classified both pharmaco-
logically and functionally as low voltage-activated (LVA,;
T-type) and high voltage-activated (HVA; L-, N-, R-, and P/
Q-type) channels. The molecular identity of their pore-
forming o-subunits is now widely used for classification
[111]. Volatile anesthetics as well as higher concentrations
of certain intravenous anesthetics inhibit certain Ca®* chan-
nel isoforms but not others [112].

Ca®* channel inhibition is an important contributor to the
negative inotropic effects of volatile anesthetics and certain
intravenous anesthetics prominent at higher doses. Negative
inotropic effects of volatile anesthetics are mediated by
reductions in Ca”* availability, Ca®* sensitivity of myofibril
proteins, and cytosolic Ca** clearance. Volatile anesthetics
reduce the Ca®* transient and shorten action potential duration
in cardiomyocytes by inhibiting L-type (Ca,1.2) Ca®*
currents, resulting in a negative inotropic effect and
arrhythmogenicity [81, 113, 114], in contrast to xenon which
does not depress myocardial function or inhibit L-type Ca*,
Na*, or K* currents [115, 116]. Inhibition of Ca®" currents in
canine myocardial cells was greater with the intravenous anes-
thetic propofol as compared to etomidate, suggesting agent-
specific effects of intravenous anesthetics on cardiac
function [117].

Potassium (K*) channels belong to a diverse ion channel
family and regulate electrical excitability, muscle contractil-
ity, and neurotransmitter release. Given the large diversity in
K* channel structure, function, and anesthetic sensitivity,
there is considerable diversity in their sensitivity and
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response to anesthetics [118]: from relatively insensitive
(voltage-gated K*) [119] to sensitive (some members of
the two-pore domain K* channels [K,p] family), resulting
in either inhibition, activation, or no effect on K* currents.
Volatile anesthetic activation of certain “leak” K* channels
was first observed in the snail Lymnaea [120], although the
molecular identity of the affected ion channels was
unknown. Activation of K,p channels by volatile and gas-
eous anesthetics, including xenon, nitrous oxide, and cyclo-
propane, was subsequently observed in ~mammals
[121]. Increased K* conductance can hyperpolarize neurons,
reducing responsiveness to excitatory synaptic input and
possibly altering network synchrony. Targeted deletion of
the TASK-1, TASK-3, and TREK-1 K,p channels in mice
reduces sensitivity to immobilization by volatile anesthetics
in an agent-specific manner, implicating these channels as
contributory anesthetic targets in vivo [25-27]. Other
members of this large family of K™ channels are also sensi-
tive volatile anesthetics [122].

Volatile anesthetics also inhibit HCN “pacemaker”
channels, reducing the rate of rise of pacemaker potentials
and the bursting frequency of certain neurons showing
autorhythmicity. They decrease the [, conductance in
neurons [123] and modulate recombinant HCN1 and
HCN2 channel isoforms at clinically relevant concentrations
[124]. Because HCN channels contribute to resting mem-
brane potential, control action potential firing, dendritic
integration, neuronal automaticity, and temporal summation,
and determine periodicity and synchronization of
oscillations in many neuronal networks [125], the anesthetic
modulation of these channels could play an important role in
anesthetic effects on neuronal integrative functions.

Cellular Mechanisms
Neuronal Excitability

Neuronal excitability depends on a number of interrelated
factors such as resting membrane potential, threshold for
action potential initiation, and input resistance. These are
determined by the regional, cellular, and subcellular expres-
sion and activity of various ion channels and receptors and
thus can vary between compartments within a neuron.
Neurons are very diverse, and thus anesthetic effects can
vary not only between neuronal populations but also with the
neurophysiological state of the neuron, such as its resting
membrane potential and the activity of its synaptic inputs.
GABA, receptors located at extrasynaptic sites are par-
ticularly sensitive to the effects of both intravenous and
volatile anesthetics (Fig. 5.5). Extrasynaptic GABA,
receptors mediate tonic inhibition as opposed to phasic
inhibition resulting from synaptic GABA release and
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activation of synaptic GABA, receptors. Extrasynaptic
GABA, receptors have a high affinity for GABA and are
tonically exposed to low ambient GABA concentrations
in the extrasynaptic space [126]. Hippocampal neurons,
which are critically involved in learning and memory,
exhibit a large tonic current with activation of extrasynaptic
as-subunit—containing GABA 4 receptors [127—-130] that is
highly sensitive to etomidate, propofol, midazolam, and
isoflurane. These GABA 4 receptors are highly sensitive to
low concentrations of propofol and isoflurane that produce
amnesia but not unconsciousness. Receptors containing os-
subunits also contribute to slow phasic (synaptic) currents
that have been discovered in many brain regions
[131]. These receptors provide a potential substrate for the
amnesic properties of anesthetics.

Circuits and Networks
Rhythms and Simulations

The brain generates complex electrical rhythms through
oscillations in field potentials with frequencies that range
in from 10" to 10* Hz (cycles per second), as recorded at
the scalp by electroencephalography as the electroencepha-
logram (EEG). These oscillations are state dependent, with
characteristic multiple coexisting oscillations existing
throughout the sleep-wake cycle. Lower frequency rhythms
involve integration over longer time periods and engage
larger areas of the brain, while higher frequency rhythms
allow higher temporal resolution on local scales. Their phys-
iologic roles are unclear, but rhythms of the brain reflect
fundamental higher-order processing, and their modulation
by anesthetics is a useful index of anesthetic action that is
used in various EEG-based monitors of depth of anesthesia.

EEG frequencies from 1.5 to 4 Hz are referred to as
S-rhythms [132]. Slow rhythms are prominent during
non-REM sleep (slow-wave sleep—SWS). 8-thythms are
commonly observed under general anesthesia and appear at
loss of consciousness induced by propofol [133]. During
natural SWS, 8-rhythms and sleep spindles are phase-related
to a slower oscillation suggesting functional interaction
[134]. Paroxysmal spindle-like waxing and waning
oscillations overriding slower rhythms are also present in
the cortical EEG under anesthesia, but the underlying physi-
ology and functional significance are unknown.

O-rhythms are most prominent in the hippocampus and
are associated with sensorimotor and mnemonic functions
during awake behavior [135]. A component of the O-rthythm
(type 1) is affected by amnesic concentrations of isoflurane
[136] and represents a potential network-level signature for
anesthetic-induced amnesia. Type II 6-rhythm is slowed and
potentiated under anesthesia [137].
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y-thythms include an extremely broad and functionally
heterogeneous spectrum of rhythms that can be subdivided
into slow y (30-50 Hz), y (50-90 Hz), fast-y, ultra-y, or
e-rhythms (>90 Hz) [133]. GABAergic synaptic inhibition
plays important roles in y-physiology, which is reflected in
their modulation by anesthetics. For example, isoflurane
slows the frequency of evoked y-oscillations (30-90 Hz,
also known as 40 Hz rhythms) [138, 139].

A refinement of this strategy involves the anatomically
discrete application of drugs to nuclei with known function.
For example, the tuberomammillary nucleus (part of the
endogenous sleep pathway) mediates the sedative compo-
nent of anesthesia for some intravenous anesthetics (e.g.,
propofol) [15]. A discrete site of general anesthetic action
for GABAergic drugs in the mesopontine tegmentum has
also been proposed based on this strategy [14, 140].

Genetic Approaches

Genetic strategies to identifying drug targets usually focus
on a particular gene, for example, one identified as poten-
tially important to anesthesia. Targeted mutations that alter
the sensitivity of specific neurotransmitter receptors or ion
channels to anesthetics have been used to identify potential
anesthetic binding sites [99]. The same mutations can be
introduced into model organisms, usually mice, to create
transgenic animals that are tested for their sensitivity to
specific anesthetic end points to test the behavioral relevance
of the altered gene product for the production of anesthesia.

GABA, Receptors

Results from transgenic animals illustrate both the utility
and the difficulties of the genetic approach with respect to
inhaled agents. The conditional forebrain-restricted
GABA,4 receptor ay-subunit knockout mouse was found
to be less sensitive to isoflurane-induced amnesia than
wild-type mice, and this led to the conclusion that action
at these receptors contributes to its amnesic effects
[141]. By contrast, a mouse harboring a mutation of the
GABA, receptor o;-subunit that renders the receptor
insensitive to isoflurane in vitro did not show reduced
sensitivity to either the amnesic or the immobilizing
effects of isoflurane, leading to the conclusion that this
subunit does not mediate the impairment of learning and
memory by isoflurane [24]. Similar experiments indicate
that action at the GABA, receptor p;-subunit does not
mediate immobility or amnesia by isoflurane [23]. This
“bottom-up” genetic approach is a work intensive but
powerful tool that has yielded clear results with the
receptor-specific intravenous anesthetics [1], but it has
proved more challenging to apply it to the more promis-
cuous inhaled agents (Fig. 5.6).
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Fig. 5.6 Genetically engineered mice with mutations in the GABA 5
receptor serve as a model for identifying the molecular targets of
general anesthetics. In a normal wild-type mouse, administration of
propofol or etomidate leads to increased influx of chloride ions (Cl ™,
green) through the channel pore after activation with the ligand GABA
(orange). This produces the characteristic behavioral end point hypno-
sis and immobility. Mice carrying a knock-in mutation at amino acid
residue 265 in the p3 subunit of the GABA4 receptor (N265M), which
eliminates anesthetic potentiation of the receptor in vitro, markedly

Glycine a;-Containing Receptors Pharmacologic studies
supported the notion that glycinergic neurotransmission
might be the effector for the immobilizing action of inhaled
anesthetics in the spinal cord, where glycine replaces GABA
as the principal inhibitory transmitter. However, mice har-
boring mutations that render a-subunit-containing glycine
receptors largely insensitive to alcohol and inhaled ether
anesthetics do not demonstrate a concordant change in
MAC values. As a,; is the most widely expressed subunit
in adult animals, it is unlikely that action at glycine receptors
plays an important part in the immobilizing action of inhaled
agents [143].

Two-Pore Domain K* Channels

The use of mice harboring knockout mutations of several
two-pore domain K* channel (K,p) family members
(TASK-1, TASK-3, TREK-1) has demonstrated a role
for these channels in volatile anesthesia [25-
27]. TASK-1 and TASK-3 also show sensitivity toward
etomidate (but not propofol), though the mechanisms by
which etomidate impairs channel function seem to be
distinct from volatile anesthetics [144]. Drugs with ago-
nistic effects on GABA, receptors as well as propofol
and benzodiazepines have a stronger effect on TASK-1
knockout mice as compared to wild type as they require a
longer recovery time from anesthesia [26]. This effect
was not observed in TREK-1 knockout mice, which
showed no difference in recovery time after anesthesia

attenuate the effects of propofol and etomidate in vivo by reducing
hypnosis and eliminating immobilization. This provides strong support
for this receptor as the principal anesthetic target for immobilization
and an important contributor to unconsciousness induced by propofol
or etomidate. (Reprinted from Jurd R, Arras M, Lambert S, et al.
General anesthetic actions in vivo strongly attenuated by a point muta-
tion in the GABA(A) receptor beta3 subunit. FASEB J. 2003;17:250-2.
[142]. With permission from Federation of American Societies for
Experimental Biology)

with pentobarbital [25]. One hypothesis for this increase
in sensitivity is the upregulation of GABA 4 receptors in
the knockout group [145].

For example, TREK-1 knockout mice are partially resis-
tant to all volatile anesthetics tested with respect to both loss
of righting reflex (a measure of consciousness) and immobil-
ity, but anesthesia can still be induced, albeit at higher anes-
thetic concentrations. Interestingly, responses to pentobarbital
are unaffected, indicating that the mutation does not cause a
generalized resistance to anesthesia.

Summary

Our understanding of the mechanisms of action of general
anesthetics has advanced significantly over the last 30 years.
The core component states of anesthesia (amnesia, sedation/
unconsciousness, immobility) are separable behavioral
states in vivo, the resolution of which at the molecular and
cellular levels represents a major challenge for contempo-
rary neuroscience. The paradigm has shifted from membrane
lipids to hydrophobic cavities in proteins as the most likely
targets for anesthetics [146]. Despite remarkable progress, a
comprehensive understanding of general anesthetic action
has not been achieved. Compared to inhaled anesthetics, the
intravenous anesthetics exhibit more conventional receptor
pharmacology. Accumulating evidence indicates that no
universal target exists to explain all of the actions of every
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general anesthetic, or even of a single anesthetic agent, but
an important role for GABA 4 receptors has been established
for propofol, etomidate, and benzodiazepines.
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Part I

Principles of Pharmacological Modeling



Johan Raeder

As anaesthesiologists, our drugs and their pharmacology are
among our most important tools. Compared with most other
physicians, we use high doses of very efficient and potent
drugs with strong and actually intoxicating effects, for a very
defined period of time. General anaesthesia may be said to
be a “state of controlled drug intoxication”, and for that
reason the proper and thorough knowledge of pharmacology
of the relatively few drugs we use is crucial.

In this chapter I will limit the discussion to general
anaesthetic drugs (analgesics and hypnotics) given
intravenously.

General Aspects

Basically the relation between a given dose and the observed
effect may be split into two (Fig. 6.1):

1. Relation  between dose and plasma level
(pharmacokinetics)

2. Relation between plasma level and effect(s)
(pharmacodynamics)

While we as clinical anaesthesiologists primarily are
interested in the dose—effect relationship, it is still very useful
to know the laws who dictate the plasma concentration.
Better understanding of plasma concentration will help us
in hitting the desired effect level more precisely.

As the mechanisms and target cells of strong hypnotic,
analgesic and anti-nociceptive drugs are inside the central
nervous system, the anaesthetic drugs have to be lipid solu-
ble in order to penetrate the blood-brain barrier and be
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effective in the central nervous system. Lipid solubility
creates two problems; the drugs are also distributed very
extensively into all other cells and tissues, and they will
not readily be excreted through the kidneys.

Fortunately, the brain and spinal cord is very well per-
fused so they will have access to a large number of drug
molecules initially after a bolus dose or start of high-dose
infusion, before other tissues “steal” a large number of drug
molecules (Fig. 6.2). Then, the infusion has to be adjusted on
an appropriate level to compensate for the ongoing loss of
drug into tissues which are abundant in volume and not
relevant for any anaesthetic effect, but some side effects.
The speed and amount of drug diffusion into different organs
is dependent upon blood flow to the organ, plasma concen-
tration, concentration gradient between blood and tissue and
drug solubility in the tissues.

The infusion has to compensate for both these
mechanisms. The lipid-soluble IV drugs need to be
transformed into water-soluble inactive metabolites, which
subsequently are excreted renally (Fig. 6.3).

Whereas a lot of molecules have been tested and work for
general anaesthesia, the present selection of common drugs
have been through an almost evolutionary process with
selection of the best drugs with some beneficial features in
common: they have low toxicity, low potential of anaphy-
lactic reactions, high speed of metabolism, inactive
metabolites and metabolism by 1.order mechanism which
ensure a constant fraction being metabolized all the time (see
later). In contrast to zero-order metabolisms (a constant
amount per time), the first-order mechanism will protect
somewhat against unlimited accumulation with overdose.
This is because with 1.order metabolism, potential accumu-
lation of drug in plasma will also result in more drug
molecules getting metabolized. By constant continuous dos-
ing, the elimination will eventually (after three to five times
the elimination half-life) increase until being equal to the
supply of drugs per time, and the plasma will reach a stable
ceiling level.
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For most drugs, metabolism takes place in the liver. With
a liver flow of 1.5 I per min in an adult, this will also be the
maximum potential clearance of a liver-metabolized drug.
Clearance is defined as the amount of blood which is fully
cleaned of drug per time unit.

For some drugs, such as propofol, there is an extrahe-
patic metabolism (enzymes in lung, gut, etc.); thus, the
clearance may be somewhat higher than liver blood flow.
The even more efficient way of ensuring a rapid drug
elimination is to construct drugs which are eliminated by
enzymes being widespread in the body, and thus a more
extensive and liver-independent degradation. This is the
case with remifentanil, being degraded by tissue esterases

OVERDOSE

s TARGET
BOREe — e RESPONSE
INADEQUATE

Plasma Effect (CNS)

Fig. 6.1 A mg/kg dose will result in a spread of plasma concentrations
of about +30-50 % around an average, due to kinetic reasons. Even if
we hit a specific plasma target, there will be a further and larger spread
of effect, due to dynamic reasons

Fig. 6.2 Any injected drug will
rapidly be distributed in artery
blood to the central nervous
system (brain in figure).
However, on the way, much will
be lost by uptake into the rest of
the body (tissue) and by ongoing
elimination (metabolism
clearance)

Metabolism- Clearance

very rapidly and extensively. There is also work in
progress of having propofol-like or benzodiazepine drugs
constructed this way in order to ensure an ultra-rapid
metabolism.

With the neuromuscular blocking agents and reversal
agents, there is no need to have lipid soluble drugs, because
the effect site is on surface of the muscular membrane and
accessible to water-soluble drugs. Although some of these
also have a partly degradation in the liver, they do not diffuse
so readily through membranes and into cells, thus their
distribution volumes are lower.

A Good Model

A good model shall help us with describing what has hap-
pened and predict what is going to happen with a planned
dose for a specific patient. Sometimes a model may also give
some understanding as to what is happening and why, but
this is not necessary for a model to be helpful. For instance,
the commonly used three-compartment models may talk
about distribution volumes of 2-300 1 in a 70 kg adult,
which has nothing to do with anatomy or physiology, but
still the model may be very helpful in describing and
predicting what is going on.

For intravenous drugs the plasma concentration will be
determined by the dose given (in weight units of drug), the
distribution to different tissues in the body and the elimina-
tion from the body. This is illustrated in Figs. 6.2 and 6.3,
both being very rough anatomical models.

Such models may be developed further by listing every
relevant organ in the body (including circulating blood) with

Distributionto Other Tissue
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Fig. 6.3 Anatomical model of
anaesthesia pharmacology: an
anaesthetic drug is delivered to
plasma from vaporizer (via lungs)

Brain and
spinal cord

CNS

Drug into CNS:
= Lipid-soluble

or IV as bolus injections or
infusions. From plasma the drug
will diffuse into the CNS where
the effects of sleep and anti-
nociception (analgesia) are
initiated. Simultaneously there
will be a large amount of drug
diffusing into the rest of the body.
Also, a process of metabolism in
the liver is starting by water
soluble, inactive metabolite
which is excreted in the urine

Liver

Kidney

Fig. 6.4 This is a simplified
model where all body are
“pooled” into three compartments

their volumes and weight and blood flow received). Then for
each specific drug, we may add the solubility of the drug in
the different organs and the diffusion speed of drug into or
out of the organ and then construct a very accurate picture on
how and where all drug molecules given IV will distribute at
any given time in the total body.

Such an attempt of modelling is done. However, in order
to construct such a model, we will need a vast amount of

Plasma

-
Metabolite

|

- Large volume of distribution
- Limited kidney elimination

“Rest” of body
i

Three compartment model

V2 V1 V3

Me

olism

measurements in all relevant tissues, and we do not actually
need all this information in order to tell us the two major
issues of interest: what is the concentration of drug in
plasma? What is the anticipated effect in the target organs
of brain and spinal cord?

Thus, we will do well by simplifying this model of ten
organs into a construct of three compartments as we do in
Fig. 6.4.
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This model is more practical for dosing and calculation,
both in terms of measuring what we need for constructing the
model and using mathematical methods in calculating rele-
vant information for our patients. The mathematical con-
struct of V| may be (although very roughly!) regarded as
analogue to plasma + the extracellular fluid and some tissue
very close to blood vessels, whereas V, may be the medium-
perfused parts of the body (such as muscular tissue) and V3
the poorly perfused tissue, including fat and bone tissue.

But in order to use such a model, we need some basic
terms and definitions.

Some pharmacokinetic terms, as defined by an everyday
project:

The everyday project:

¢ The author will fill the sink with herbal salt in water for an
adequate footbath, then empty the sink, then have some
lunch and then (see the TCI model discussion) change to
jeans! (Fig. 6.5).

Building the model for the steady-state situation:

1. How much water do we need to fill in order to have an
adequate effect, that is, a water level of 10 cm with herbal
salt at 1 g/l to cover the feet and ankle?

2. Obviously, if we have the feet in a small sink, we will
need much less water and herbal salt than if we have the
feet in a bathtub, nor to say in a swimming pool (Fig. 6.6).
If we put 10 g of salt into the 10 cm water level bath and
measure the concentration of salt to be 1 g/l, we may
calculate the volume of the container we put the feet into
by the formula: volume = dose given (10 g)/concentra-
tion of salt 1 g/l = 10 L. If we measure a concentration of

Fig. 6.6 The footbath analogy:
how much water (=volume for
distribution) do you need to fill in
to have an adequate level of water
to get your feet wet: not much in
the sink—a huge amount in the
pool. An adequate amount of
water to soak the feet with an
appropriate concentration of salt
(see text)

0.1 g salt per litre, we know that the volume of the
container is 100 1. This is in parallel with IV drugs: if
we measure a level of X in plasma and know the dose
given (Y), we can calculate the distribution volume of the
drug by the formula: Distribution volume = Dose given/
Plasma concentration. This is in direct parallel with IV
drugs: if we measure a level of X in plasma and know the
dose given (Y), we can calculate the distribution volume
of the drug by the formula: Distribution volume = Dose
given/Plasma concentration.

However, in order to do more easy calculations, we
want to have same concentrations in all three

Fig. 6.5 The footbath analogy: an adequate amount of water to soak
the feet with an appropriate concentration of salt (see text)

How much water should be filled for adequate effect?
-> Footbath !! (10cm water)

Distribution volume
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ey
V;Z :VII V3 “Stretching” up-concentrated
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16| 16 38 liters concentration
2>Sum=70

Concentration: 2x X l

Propofol, steady state,

least 12 - 24 hr of anesthesia

V3

202 liters

Cons: X

of total 70 1 (a) in a 70 kg person may look like in term

concentrations (X-2X and 6X at steady state after a 12-24 h period of
infusion). The higher concentration in V2 and V3 are due to the fact

xl X

Fig. 6.7 (a—c) This is how a semi-anatomical model of compartments

s of propofol

that much more drug binds in the tissue than V1 (which is mostly

compartments; thus, we “stretch” the V, to twice the size,
i.e.to 321, and V; to six times the size (Fig. 6.7¢),i.e. 2021,
in order to have concentration of X everywhere (Fig. 6.7a).
Thus, we conclude that the total distribution volume
of propofol at steady state in this model is 250 1 in a
70 kg man, or 3.6 1 per kg. If we extrapolate to a 60 kg
woman, this will be 3.6 x 60 = 216 1.
. Then we need to know how to empty the footbath when
we are finished.

water), although the free fraction for diffusion equlibrium is the same
in all compartments. In part (b) the two compartments, V, and V3, are
“stretched” in order to “dilute” the propofol to the same concentrations
(part (c)) as V has in part (a)

The rate of emptying will have to do with how much
water we need to empty (i.e. the distribution volume, the
higher the volume—the more to empty) and the size of
the outlet (Fig. 6.8). The bigger the outlet, the higher rate
of emptying. The speed of emptying through the outlet is
called the clearance and should be measured in some
amount (e.g. litres) per unit of time (e.g. min).

. But we also need to know if the speed of water (ml/min)

through the outlet is a constant amount irrespectively of
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Fig. 6.8 This illustrates different
clearances when you want to
empty something, in the patient, a
drug—in the figure a volume of
water. The low clearance is from
the sink, and the high clearance
will be from the leaking
swimming pool, whereas the lures
in the bathroom floor have an
intermediate clearance

Fig. 6.9 The clearance of food
by eating from a lunch table may
have two approaches: either you
want to taste a little of everything
(the more food, the more you

eat = l.order process) or you just
want to eat a preset amount,
irrespective of how much you are
offered (0-order process)

how much water there is in the sink or if there is some
association of higher speed with higher amount. For that,
we may look at the lunch table example:

Let’s say there are two ways of eating from a lunch table

(Fig. 6.9):

a. You take the same amount of food or calories,

whether the table is huge with lots of dishes or
small with just two to three dishes to choose from.
This is 0-order way of eating and is the way the liver
eats alcohol, about 0.15 units per hour, whether you
have 4 units or 0.5 units per litre in your blood. It
takes much more time to half empty the blood when
you have 4 units at start.

How to empty the foot-bath?
- Size of outlet

Clearance !

How to empty a lunch table?

* Two ways of “eating” (lunch):

- same amount always - 0.order

- same fraction always - 1.order

b. You feel you like to taste a bite of everything on the

table, that is, ten bites for ten dishes and three bites
for three dishes. You will eat the same fraction of the
table always, but the amount will be very different.
This is the way the liver eats propofol; the liver will eat
the same fraction whether the blood concentration is
high or low (Fig. 6.10). This is the 1l.order way of
eating, which means it will take the same time to
half empty the blood, irrespectively of the starting
concentration.

Actually, the drugs we use in modern anaesthesia have a
l.order elimination, because O.order elimination drugs
are hard to dose, as they may accumulate to very high
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Fig. 6.10 Liver clearance

(i.e. metabolism) of lipid soluble
drugs. The liver receives 1.5 L
blood per min in an average adult.
If every molecule in that delivery
is metabolised to inactive
substances, the clearance is 1.5 L
per min. If only half of molecules
is cleared (50 %), half of the 1.5 L
are fully cleared (i.e. clearance is
0.75 1/min), whereas half is
non-cleared. In the figure (from
top) we see an illustration of

50, 75 and 100 % clearance

concentrations with dosing errors. With an infusion of a
l.order drug, the elimination (i.e. amount) will increase
as the plasma concentration increase, until the amount
eliminated is as high as the dose given per time unit, thus
reaching an upper plateau or safe upper limit for plasma
concentration after about three to five times the half-life
of elimination.

5. But even though we have established our drug as a 1.
order elimination drug, we need to know how big is the
fraction eliminated every time or time unit. For the lunch
example: do we take 1 bite of every dish or 2 bites? For
the liver, which receives an “offer” of 1.5 | of blood every
minute in the adult: how much does the liver eat from this
offer? For propofol it is very simple and fortunate: the
liver eats everything, that is, with a propofol concentra-
tion of 4 mg/l blood, the liver eats 6 mg propofol every
minute (4 mg/l x 1.5 | per min). We may say that the
liver clearance is 100 % of the flow, that is, 1.5 1 is fully
cleared every minute. If the liver instead is offered fenta-
nyl, it only eats about 50 %, that is, for 1.5 I liver flow
during a minute, there is only a 50 % clearance. Instead
of saying “50 % clearance of 1.5 17, we instead divide the
liver flow into volume of blood fully cleared and volume
not cleared at all. For fentanyl: 1.5150 % cleared will be
the same as 0.75 1 not cleared +0.75 1 fully cleared. We
will for simplicity always do this in our model, talk about

How much is "cleared" (max: 1.5 I/min)

75%

100%

|:> Amount "Fully” Cleared!!

amount of blood fully cleared, that is, for fentanyl 0.75 1

per minute.

Now, we have built a model for steady-state situation
with distribution volume at steady state and clearance
(Fig. 6.11). In this model the time to half the concentration
when the dosing (or infusion) stops is given by the relation:
T2 = k x VD/clearance. Also in this situation the dosing is
very simple if we want to keep a steady plasma concentra-
tion; we simply replace the amount cleared every time unit;
in our example of propofol of 4 mg/l blood concentration,
we need to give 6 mg every minute. In this situation we do
not actually need the three-compartment model; it is enough
to know the clearance.

But very few anaesthetics last for 12-24 h, which is what
we need to create a steady state. Thus we need to know more
on two important situations:

a. How much drug do we need in the start?
b. How much drug do we need in the phase after start and
until steady state is reached?

How Much Drug Do We Need in the Start?

In the very start, we do not need to pay much attention to
elimination or distribution to slowly perfused tissues in V,
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Propofol, steady state,
least 12 - 24 hr of anesthesia
V2 V1 V3
32 | |16 202 liters
S Vd
TAB=kX <earance

Cons: X X l X

Fig. 6.11 Steady-state picture of propofol in a three-compartment
model, 70 kg adult patient. Note that the V, and V3 are upgraded in
order to contain propofol at the same concentration as in plasma. In a
pure anatomical model (total volume = 70 1), the V, would be 16 1 and
propofol concentration 2X, whereas the V3 would be 38 1 and propofol
concentration about 6X

and V3, but the focus is the size of V. Basically, we can do a
blood sample just after a rapid bolus dose and calculate the
immediate distribution volume, which is the same as V, by the
formula:

Drug concentration = Dose/volume of V.

Here we may run into discussion about where to take our
blood sample, and what will be the relevant concentration for
the brain. If we, for instance, take a venous sample, as was
done for the Marsh pharmacokinetic model, we may find that
a 2 mg/kg dose in a 70 kg adult gave a venous plasma
concentration of 4.4 mg/l, thus a volume of V; of 32 1.

However, if we do like the Schnider model and take an
arterial sample, we may find a concentration of 25 mg/ml and
calculate a V; of 5.5 1.

This discrepancy is some of the explanations for different
models dosing quite differently in the start, but in a clinical
situation, we also have to include the aspects of speed of
infusion of drug into the CNS and the delay from plasma to
onset of effect (see later).

How Much Drug Do We Need in the Phase After
Start and Until Steady State Is Reached?

In this situation we have to compensate both for
elimination of drug (clearance) and the distribution of

drug into all tissues in the body. If we use the Marsh
model and already have filled the V; with 4.4 mg/l of
propofol, we know that during 12 h we shall fill another
234 1 of body tissue (take 1030 mg/propofol), and we
have to compensate for 6.6 mg eaten by the liver every
minute, that is, 4752 mg propofol during 12 h to compen-
sate for clearance and keep a steady concentration of
4.4 mg/1 blood.

The question is how we adjust our infusion rate for such a
project; we need to know the speed of diffusion into V, and
V3, or the time constants for such diffusion.

These data may be derived from plasma concentration
measurements in volunteers or patients after defined dosing
of drugs. The distribution and elimination of IV drugs after
dosing, thanks to first-order elimination, follows logarithmic
laws (Fig. 6.12) and may be well described in a three-
compartment model, as we have used already.

A bolus dose will result in a very high initial plasma concen-
tration (in V) which subsequently diffuses into V, and V3
(Fig. 6.13). Because both V, and V; receives drug by a
high concentration gradient initially, the decline in
plasma concentration and decline in V| concentration is
rapid, but then slower as V, comes in equilibrium with V.
The third compartment (V3) fills very slowly due to lower
blood perfusion. Also, a constant (in terms of fraction of
plasma drug metabolized per time) metabolism will go
on, responsible for only a small fraction of total decline in
plasma concentration initially.

Then all compartments (V_3) in the body are in diffusion
equilibrium, and the drug amount metabolized is equal to the
amount given per time unit if the concentration is steady.

With a model such as in Fig. 6.3 and data about V, V,, V3
and clearance and speed of equilibration between the
compartments, computerized modelling may be used in
order to predict the relevant plasma concentration in any
patient at any time after a given setup for dosing (bolus
(es) and/or infusion(s)). Examples of such modelling are
presented in the Stanpump® (http://anesthesia.stanford.edu/
pkpd), RUGLOOP® (http://users.skynet.be/fa491447/index.
html) and Tivatrainer® (www.eurosiva.org) simulation
programmes, which are very helpful for understanding intra-
venous dosing and predicting plasma levels.

The modelling of a fixed intravenous drug dose will
surely depend on the patient weight; thus, the weight is
always included in such models; basically quite simple: double
weight means double dose in order to have same plasma
concentration.

Taking other patient features into account may increase
the precision of prediction, but they are often not included
because they are difficult to calculate and interpret into
mathematical models of drug pharmacokinetics. Examples


http://anesthesia.stanford.edu/pkpd
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http://www.eurosiva.org/
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Fig. 6.12 Propofol plasma
concentration (red) after a 2 mg/
kg bolus dose in a 70 kg adult.
The green curve is a qualitative
estimation of strength of hypnotic
effect. The peak effect is about
3—4 min after the start of bolus,
and a result of the delay from
plasma to CNS and the decay of
the plasma curve

Fig. 6.13 Propofol is given for
1 h (left panel) or 6 h (right
panel). Note that in both cases the
V, is in equilibrium with the V,
but the V3 is “filled” less after 1 h
than after 6 h. When the infusion
stops the time to 50 %, drop in
plasma concentration (=V;) will
be shorter after 1 h because the
diffusion gradient to V3 is larger

are age, fat or lean (relation between weight and height),
gender, changes in the liver or kidney function, etc.
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= Context!!

What About Stopping Dosing Before Steady

State Is Reached?

One very important concept for the practical anaesthetist is
to know what happens with the pharmacokinetics when we
stop dosing before reaching steady state.

This concept is

a

Same clearance - different distribution potential and gradient

- Different actual T1/2 related to "context"!

The context-sensitive elimination time.

This is the time taken to achieve a predefined reduction of
plasma concentration from the stop of dosing. The reduction
is a net result of elimination (clearance) + distribution from
plasma to nonequilibrated tissue. The term is usually used in
conjunction with constant dosing (fixed dose per time unit)
and looking for a reduction of 50 %, i.e. the context-sensitive
half-time.

In Fig. 6.13, we have simulated the situation after 1 h of
stable propofol infusion, compared with 6 h infusion. If we
stop the infusion after 1 h, there is a large gradient of diffusion
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into V3, “helping” us to half the concentration fairly quick,
compared with the situation after 6 h, where the gradient is
lower. In both situations the diffusion into V3 adds to the
contribution from the clearance, which is running all the time.

A 50 % reduction is usually the easiest to estimate and
also fairly relevant for intermediate dosing of IV hypnotics
for sleep and analgesics for stress response attenuation. With
50 % reduction in such doses, you may expect the patient to
wake up (50 % reduction in hypnotic agent) and breathe
spontaneously (50 % reduction in opioid).

Still, the context-sensitive concept may be used for any
kind of dosing schedule and endpoints of 20, 80 % or any
other degree of reduction may be applied.

With a carefully titrated and down-adjusted general
anaesthetic combination for closing the wound at end of
surgery, it may sometimes be relevant to check for only
further 20 % reduction of analgesic or hypnotic drugs in
order to have the patient breathing or awake, respectively.

Fig. 6.14 This is a drawing of
context-sensitive half-life of five

J. Raeder

With high dosing for, e.g. coronary surgery, it may be
appropriate to look for 80 % reduction for the concentrations
before breathing and verbal contact are achieved.

Figure 6.14 shows the context elimination half-life for
propofol and some relevant opioids (see later for individual
drug description).

Pharmacodynamics of intravenous drugs:

Pharmacodynamics has to do with both

a. Timing of effect onset/offset
b. Strength of effect

c. Type of effect

Timing

Basically a drug has to pass some steps from being in plasma
into exerting effect (Fig. 6.15):

Context Sensitive Elimination Half-Time

relevant drugs as defined by o
duration of an infusion for § 120
constant plasma level 2 Fentanyl
T
S 90
3
B Alfentanil
@2
2 60
S Propofol
g Sufentanil
0
o
g o
§ e Remifentanil
f=
s 1]
0 120 240 360 480 600
Duration of Constant Infusion (min)
Fig. 6.15 The drug has a way to PLASMA ., flow pr. mg tissue
go from being in plasma until the '
relevant site for effect is reached Egmmgcme
(see text) |
i
|
; out of circulation
; (blood-brain-barrier)
]
i
i
i extracellular fluid Cell Outside
: lon Channel
; Receptor
¥
Intracellular G-prot.

N\ EFFECTS
‘\ Enzyme, DNA,

transm. release
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» Diffusion out of blood vessel (through blood—brain
barrier)

« Diffusion in extracellular fluid

» Surface of effect or cell

» Binding to a receptor or cell surface or structure inside
cell

» Biologic effect

The biologic effect may be fast, such as opening an ion
channel, more slowly such as activating protein synthesis
(e.g. NSAIDS) or even more slowly such as activating DNA
and protein synthesis (e.g. corticosteroids). As the drugs
differ both in their biological effect mechanism and how
fast they get from plasma to the effect site, there is a differ-
ence in time to onset. This difference may be expressed by a
constant, keO, a high constant means a rapid onset, or short
T, keO which is the time taken for 50 % equilibration
from plasma to effect site. Both these terms are theoretical
constructs based on assumption on stable plasma
concentrations. In the three-compartment model, we may
add an effect compartment, embedded in V| (since the
CNS is very well perfused), as shown in Fig. 6.16.

I
v2 V3 v

b

Fig. 6.16 Mathematically based three-compartment model with effect
compartment embedded in V. In the middle is V, which receives drug
and may be analogue to plasma and surrounding fluids. The level of red
corresponds to drug concentration. From V; there is a good diffusion
(large opening) of drug into V, which will get into equilibrium with V,
within 10-30 min. A much slower diffusion takes place into V3 (narrow
opening) which is the larger part of the body, fairly poorly circulated.
We may also note a constant “leakage” of drug from V;, which
represents the clearance, inactivation and/or excretion of drug. The
small green compartment inside V is the CNS or effect compartment.
The level of drug (red; green in the brain) is an example of simulation
10 min after a bolus dose of propofol (from Tivatrainer™)
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The time to peak effect after a bolus dose is the result
of both the effect delay per se and the effects on
plasma-to-brain gradient in dynamic change due to distribu-
tion of drug out of plasma. With infusion only, the time to
peak effect will be prolonged, but this is due to the slow
increase in plasma concentration more than delay from
plasma to effect site (Fig. 6.17).

KeOs and time to peak effect are given for some drugs in
Table 6.1.

Knowing the time to peak effect after bolus is useful in
three important contexts:

1. Go for the maximum effect when the trauma is maximal,
such as during intubation or start of surgery.

2. Titrate a drug until proper level. Titration is to give a dose
and wait for full effect. If the full effect is insufficient, a
new dose is given and then wait for effect and so on. With
a short time to peak effect, the process of titration goes
faster.

3. Anticipate risk of side effects. For instance, with a slow-
acting drug such as morphine, the event of respiratory
depression will evolve slowly, patients being gradually
drowsy and then reduce the respiratory frequency before
eventual apnoea by the time of the peak effect after
15-20 min. With alfentanil the maximal effect comes
much more rapidly may be with a sudden apnoea 2 min
after a bolus. Thus, with a slow-acting drug you have to
watch longer in order to feel safe, and titration is slower.
A positive aspect will be that you have more time to
observe problems emerging and have some more time to
call for help and find appropriate drugs and equipment
needed. The negative effect of slow action is that
you have to wait and observe the patient for longer in
order to be sure to not miss the time of maximum side
effect.

Strength of Effect

The computer programmes will usually simulate the time
course and relative strength of effect changes, but not the
actual level of clinical effect. For instance, with remifentanil
the young and the elderly will have a fairly similar effect-site
curve, but in the elderly the actual clinical effect may be
twice as strong [1]. This is probably due to increased CNS
sensitivity for opioids in the elderly and should be taken into
account when choosing a dosing level or target of plasma or
effect site in the elderly. It also seems that females need a
little more hypnotic agent in order to be asleep than males;
again the plasma or effect-site levels of drug may be similar,
but the brain sensitivity may differ [2].
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Fig. 6.17 Infusion is like rapidly
repeated, with same interval,

J. Raeder

Infusion ( = repeated small bolus doses)

small, identical bolus doses over 8- 1000
time. Time to peak effect is X .
determined more by the slow rise 7 Propofol 6 mg/kg/t in 20 min 900
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Table 6.1 Delay (min) from drug being in plasma until effect

Time to maximal
effect between plasma
T for and effect site (T'2keQO)
equilibration | after a bolus dose
Barbiturates (thiopenthone) | 1.2 1.0-2.0
Propofol 2.6 1.5-3.5
Midazolam 5.6 5-7
Diazepam 2 1-3
Opioids
Remifentanil 1.2 1-2
Alfentanil 1.1 1.5-3
Fentanyl 5.8 4-5
Morphine ? 10-20
NSAID ? 15-30
Corticosteroid ? 60-120

The table shows in the middle column the half-life of equilibration from
plasma to effect site for some relevant drugs (means that good data are
not available), whereas the right column shows the time to maximal
effect after a single bolus dose. The figures in both columns are average
estimates from different sources and may vary considerably, whereas
the ranking of speed between different drugs are better established

The strength of effect may be expressed in an intravenous
analogue of MAC, the ED50 or EC50. Effective dose,
EDS50, is the dose needed in order to have the effect
(e.g. sleep, no movement on incision) in 50 % of patients;
the effective concentration, EC50, is the plasma concentra-
tion needed.

The variability in ED will always be larger than
variability in EC, because a dose may result in a variety of
plasma concentrations. With EC we anticipate a given

plasma concentration and only compensate for variability
in sensitivity.

In order to go from EC50 to EC95 (effective concentra-
tion for effect in 95 % of patients), the dose needs to be
increased by 40-50 %; from ED50 to ED95 increase by
60—-80 %. The interindividual variability in EC (and thus
ED) is generally larger for opioids than for hypnotic agents,
and we must be prepared for quite some variability in clini-
cal need of opioids compared to other drugs, even in an
otherwise normal patient. The range may be up to fivefold,
i.e. the patient with minimal opioid need will require
one-fifth of the dose in a patient with maximal need for the
same standardized stimulus.

Type of Effect: Side Effect

The intravenous anaesthetic drugs also have side effects; the
most important and frequent are circulatory and respiratory
effects. These different effects come from different organs
and effector cells, and each effect has a specific time-effect
profile and delay (keO), which is different to the basic
effects of general anaesthesia: hypnosis and anti-
nociception.

Respiratory Effects
The opioids cause a dose-dependent reduction in respiration

frequency, ending in apnoea. When the patients get drowsy
and the respiratory rate is below 8—10 per minute, it may be a
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warning of apnoea potentially emerging. Inability to main-
tain free airway may be absent or present.

The ventilatory depression, being CNS driven, usually
follows the analgesic and sedative effect fairly closely.
Respiratory depression may be counteracted by stimulation,
verbal or (more efficient) tactile and even painful. In a worst
case, these effects may always be reversed by naloxone,
which will also reverse the analgesia abruptly if not titrated
very carefully.

The respiratory depression with hypnotics is usually
regarded as less than with opioids, but it is difficult to sort
out equipotency of these two drug classes, as the anaesthetic
effects are quite different. Respiratory depression with
hypnotics is clinically evident as inability to maintain free
airway and shallow tidal volumes, whereas the ventilator
frequency may be normal or low. Propofol will always result
in apnoea with high doses, whereas the benzodiazepines are
safer in terms of very high dose needed for respiratory arrest.
Also, with the benzodiazepines, full reversal is possible with
flumazenil.

Circulatory Effects

The circulatory effects will be a mixture of drug effects in
the CNS and peripheral effects directly in the heart and
vessel walls (vasodilatation), as well as the physiological
effect of going to sleep with subsequent reduction in sym-
pathetic nerve tone. A drop in blood pressure and heart rate
during general anaesthetic induction is almost always seen
(except with ketamine), unless the surgery or other stimu-
lation starts concomitantly. Although elective patients also
are slightly hypovolaemic (from fasting), they usually tol-
erate well a short-lasting drop in syst BP down to the 70-90
range, as organ flow is well maintained, and oxygen con-
sumption low when being asleep. Kazama and co-workers
have shown that the maximal drop in blood pressure is
delayed for 2-3 min when compared to maximal hypnotic
effect of propofol in the average adult. In the elderly, the
delay after sleep is 5—6 min, and the drop is larger, probably
due to stiffer myocardium and vessel walls in the
elderly [2].

Intravenous Drug Interactions: Opioids
and Hypnotics

Basically, general anaesthesia may be achieved with a very
high dose of hypnotic drug alone. As a parallel, a patient
with a severe benzodiazepine intoxication is unconscious
and may not react to pain stimuli; thus surgery is possible.
Propofol at a dose fivefold of being asleep will provide the
same feature, but this is not very practical in terms of drug
economy, cardiovascular depression and speed of recovery.
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Opioids, on the other hand, may provide excellent abolish-
ment of pain reaction when the dose is high enough but is not
reliable as hypnotics. Although most patients will be asleep
most of the time on a high-dose opioid, some may be fully
awake in an unpredictable manner for periods. Thus, general
anaesthesia with intravenous drugs only, total intravenous
anaesthesia (TIVA), is usually achieved with a combination
of opioid and hypnotic, most often propofol.

Opioids will reduce the dose need of propofol for sleep by
20-50 % at fairly low doses, such as alfentanil 1-2 mg in an
adult, or remifentanil plasma level of 2.5-5.0 ng/ml. Increas-
ing the opioid dose does not add much to further dose
reduction of propofol for being asleep.

Thus a minimum dose of propofol at 3—4 mg/kg/h for
maintenance or target of 1.5-1.8 pg/ml (Marsh model, see
below) should be used for sleep, irrespectively if the opioid
dose is high or low.

Propofol will reduce the need of opioids for anti-
nociception in a dose-related manner, anything from 10 to
20 % reduction with a low sleeping dose (6 mg/kg/h or
target 3 pg/ml) to almost 90—100 % if the dose is five to
six times higher (target of 15-20 pg/ml).

The practical approach will depend on the type of opioid
in use as demonstrated by Vuyk and colleagues in
their important work on EC50 and EC95 values for propofol
+ opioid combination in open abdominal surgery
(Table 6.2 [3]).

The major point with opioid + propofol combination is
to use a high dose of the drug with shorter context-sensitive
elimination half-life. With alfentanil or remifentanil that
means to have a low and stable concentration of propofol
to ensure sleep and then “play” with opioid adjustments in
medium to high dose according to strength of nociceptive
stimulation. This is also logical, because the variable stimu-
lus during surgery is pain and nociception, whereas the need
of being asleep is stable.

With short-lasting use of fentanyl (or low doses;
i.e. 0.1-0.2 mg for a less than 30 min procedure, or less
than 0.1 mg/h) the same strategy, i.e. low-dose propofol for
sleep, may be used. However, if the use of fentanyl is more
extensive, then a more rapid recovery will result by increas-
ing the propofol dose with up to 100 % and subsequently
reducing the dose of fentanyl.

As to respiratory depression, opioids are more potent than
propofol, but the combination is synergistic.

Target Control Infusion (TCI) (See Chap. 8)

Target control infusion is no magic, but merely a device to
help in dosing intravenous drugs more precisely and with
less effort. As to the central nervous system and the clinical
effector cells, they do not care for whether the drug is
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Table 6.2 Recommended combinations of propofol + opioid

Sufentanil EC5—ECos
(0.14-0.20 ng/ml)

0.15-0.25 pg/kg in 30 s
0.15-0.22 pg kg~ ' h~!

Propofol ECs5o—ECoys
(3.3-4.5 pg/ml)

2.0-2.8 mg/kg in 30 s
9-12 mg kg~ h™! for 40 min

7-10 mg kf{1 h™! for 150 min

6.5-8 mg kg~ h™! thereafter

J. Raeder

Remifentanil EC5y—ECys
(4.7-8.0 ng/ml)

1.5-2 pg/kg in 30 s
13-22 pg kg~' h™! for 20 min

11.5-19 pg kg~ ' h™' thereafter

Propofol ECs5p—ECys
(2.5-2.8 pg/ml)

1.5 mg/kg in 30 s
7-8 mg kg~' h™! for 40 min

6-6.5 mg kg~' h™! for 150 min

5-6 mg kg™' h™! thereafter

Alfentanil EC507EC95 Fentanyl EC507EC95
(90-130 ng/ml) (1.1-1.6 ng/ml)
Opioid
Bolus 25-35 pg/kgin 30 s 3 pg/kgin30s
Infusion 1 |50-75 pgkg™"'h~' for 30 min |1.5-2.5 pgkg™' h™' for
30 min
Infusion 2 | 30-42.5 pgkg ' h™! 132 pgkg ' h ' upto
thereafter 150 min
Infusion 3 0.7-1.4 pg kg~ 'h~!
thereafter
Propofol ECs5y—ECos Propofol ECs5o—ECos
(3.2-4.4 pg/ml) (3.4-5.4 pg/ml)
Propofol
Bolus 2.0-2.8 mg/kg in 30 s 2.0-3.0 mg/kg in 30 s
Infusion 1 |[9-12 mgkg™' h™! for 40 min |9-15 mg kg~ h~"' for
40 min
Infusion 2 | 7-10 mg kg~ h™! for 7-12mg kg~ ' h™" for
150 min 150 min
Infusion 3 |6.5-8 mg kg™ ' h™" thereafter |6.5-11 mgkg ' h™!
thereafter

From Vuyk, Jaap; Mertens, Martijn J. Propofol Anesthesia and Rational Opioid Selection Determination of Optimal ECS0EC95 Propofol Opioid
Concentrations that Assure Adequate Anesthesia and a Rapid Return of Consciousness. Anesthesiology. Dec 1, 1997. Vo. 87. No 6. Reprinted with

permission from Wolters Kluwer Health, Inc.

In the brackets are shown the appropriate target concentrations required, whereas the bolus + infusion figure show the relevant manual dosing for

that target

The figures are based on measurements of plasma concentrations of different combinations of alfentanil and propofol during open abdominal
surgery, and the optimal combination for most rapid emergence after 3 h anaesthesia. EC50 and EC95 are the dose combination needed to keep
50 % and 95 % of the patients nonmoving all the time, respectively. The figures for the other opioids are extrapolated from the alfentanil

clinical tests

Generally in ambulatory patients, we will go even lower in propofol (1.8-2.2 pg/ml) unless the patient is paralyzed, then target of 2.5-2.8 may be

appropriate during phases of deep relaxation (i.e. unable to move)

given by syringe, infusion or computer; the cells react upon
the number of drug molecules present at the effect sites.

Still, with a TCI system, you may ensure a rapid onset, a
stable effect when needed, a rapid offset or reduction in
effect and less work with dosing and calculations.

The Logic of TCI

With a manual scheme for giving propofol, you may get to a
good result in ensuring rapid and stable sleep in an adult by
the following recipe: start with bolus 1.5 mg/kg together
with an infusion of 10 mg/kg/h for 10 min, then adjust
infusion to 8 mg/kg/h for another 10 min; then adjust to
6 mg/kg/h which is maintained for the rest of the case. If
this seems to be too much, then adjust the infusion down by
2 mg/kg/min or if this seems to be too low dose, give another
bolus of 0.5 mg/kg and adjust the infusion up with 2 mg/kg/
h. Stop infusion by the end of the case (Fig. 6.18a).

This recipe is based on the weight of the patient and then
simple calculations on bolus dose and pump rates. If we call
this recipe for “Recipe X”, we may programme a
computerized pump to do this automatically. We programme
the computer with patient weight and push the start button:

the computer will give the bolus dose and the infusion and
automatically adjust rate after 10 and 20 min without any
more actions from the anaesthetists. If the anaesthetist tells
the computer to go “up”, the computer will deliver the small
bolus and adjust the infusion rate. If the anaesthetist tells the
computer to go “down”, the computer pump will stop for
some minutes and then start the infusion at the lower level.

By programming this “Recipe X” into the computerized
pump, we have made a simple TCI plasma system. If we run
this programme in a series of patients and do measurements
on stable propofol plasma concentrations 15 min after start
of the programme, we may find that the average plasma
concentration is about 3 pg/ml (Fig. 6.18b). Thus, we have
programmed our pump to deliver a plasma target concen-
tration of 3 pg/ml. If we test the plasma levels 15 min after
doing the “up” and “down” adjustments, we may find a
concentration of 4 and 2 pg/ml, respectively. Thus, we
have made a programme for how the pump should work
when we want to increase the target to four or reduce the
target to two. By testing different ways of dosing, measuring
plasma concentrations (in patients or volunteers) and fit into
mathematical algorithms, we can make a programme for
how to dose for any given target in any patient; the only
thing we need to tell the computer in the OR is the weight of
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Fig. 6.18 (a) Plasma concentration (red) and relative strength of
hypnotic effect (green) for a manual propofol regime of start bolus,
then infusion adjusted at 10 and 20 min. Also shown is an increase in
dosing at 30 min and decrease at 75 min (Marsh kinetic/dynamic
model, Tivatrainer®). (b) Plasma target control infusion, TCI (pump
rate are black columns) for target 3, then 5, then back to 3 again. Note
that the pump gives a short-lasting bolus infusion at start and increasing
the dose and stops temporarily by decreasing. Also note that the pump
adjust far more frequently (=more accurately) than a manual regimen
(as in Fig. 6.9). Also note the delay in effect, patient probably not being
asleep until 5-7 min. (¢) Same as in Fig. 4.11b, except for “cheating”

the patient and the target we will like to have. This is the
concept of the original Marsh plasma target control infusion
algorithm, which was widely used with propofol-prefilled
syringes for pumps programmed with the Diprifusor® soft-
ware (www.eurosiva.org). When testing with blood samples,
the Marsh algorithm gave quite different plasma levels in
different patients (4/+30-50 % around target) and also
tended to give somewhat higher plasma levels than the
preset target [4]. Still it was still very useful and gained
high popularity in clinical everyday practice. It provided a
stable level, and the clinicians soon learnt what a relevant
proper starting target in their patients should be and how to
easily adjust up or down according to clinical needs.
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with a plasma target of 5.5 pg/min during induction, in order to get a
more rapid effect (green curve); now patient will probably be asleep at
2-3 min. (d) Effect-site TCI for propofol. The pump is programmed to
deliver an effect level corresponding to 3, then 5, then 3 again. Note the
differences from Fig. 4.11 and plasma TCI: by start and increasing
dose, there will be a plasma “overshoot” created by a more vigorous
bolus infusion, then stopping for proper equilibration with the effect
site. By decreasing effect level, the pump will stop and allow the
plasma concentration to go below the new target, then giving a small
bolus to “catch up” with the effect curve and keep stable at new level

A limitation with the Marsh algorithm was that only
weight was adjusted; there was no adjustment for the age
of the patient and no adjustment for obese or slim body
composition, only total weight. These limitations have
been addressed in some of the other models, such as
Schnider, Schuttler, Paedfusor, etc., where some of these
covariates has been added to the weight for adjustment of
dosing.

A major limitation with all models of plasma target and
the plasma target concept is that they do not take into
account the delay in drug equilibration between plasma
and CNS. As the anaesthetic drug effect is not in plasma,
but in the brain, we should rather like to have a computer


http://www.eurosiva.org/
http://dx.doi.org/10.1007/978-3-319-47609-4_4
http://dx.doi.org/10.1007/978-3-319-47609-4_4
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pump who could deliver a preset concentration into effect
sites in the CNS. We then have to expand our plasma TCI
system into an effect-site TCI system.

The logic by such an expansion may be:

We observe that with a plasma target of three, most of our
patients will go to sleep, but due to delay in propofol diffu-
sion from plasma to CNS, this will take about 5-10 min,
even though the plasma concentration is stable at 3 after 30 's.
In order to speed up, we may “cheat” with the plasma target
and tell the pump to start at target of 6 (Fig. 6.18b). It will
still take 5—-10 min to reach this target in the brain, but after
30 s the plasma concentration is 6 and we have a much
higher speed (gradient) of diffusion of drug into CNS than
with a target of 3. By 2-3 min with a plasma target of 6, we
have a CNS concentration of about 3 and then the patient
goes to sleep. At this point we do not need to “cheat”
anymore; actually we will overdose the CNS continuously;
thus, we reduce the plasma target (pump stopping, then
starting lower) to 3. By doing this up-down “cheating”
with the plasma target, we have actually created an effective
algorithm of giving an effect-site (CNS) concentration of
3. Next time we can programme the computer to do this
automatically by one button push, asking for an effect-site
target of 3 to be delivered. The algorithms for effect-site TCI
are basically doing plasma overshoot at start or by increasing
targets and prolonged stop and plasma underscore when we
want to reduce the target (Fig. 6.18c).

A problem with the effect-site modelling is that the delay
of effect is quite variable between individuals, and also
somewhat dependent upon rate of bolus/dosing, high versus
low dose, state of circulation, etc. Also, the delay is hard to
measure exactly and the relation may be both to arterial and
venous drug concentration, which will differ during change
in dosing. Still, the effect-site modelling gets closer to the
clinical needs and is proven to be very useful in clinical work.

Exactly the same ways of making plasma TCI and effect-
site TCI have been used with remifentanil, and also for other
opioids, such as alfentanil, fentanil and sufentanil.

Different TCl Models

The TCI models are made from measurements of doses,
plasma concentrations (venous or arterial) and effects in
real patients or in volunteers. Even in a very standardized
situation, volunteers or patients will differ in the values
obtained; thus, ideally everyone should have their own
Taylor-made model. However, as we use the models to
make estimates on the average future patient, we need to
use some average of the results from our test group and
eventually adjust our dosing when starting our case and
observe whether the patient seems to behave like average or

J. Raeder

whether we need to adjust the dosing. This is in parallel with
buying jeans; they are made from testing in a group of test
people in order to fit. Thus, even though we know our mea-
sure of waist and length, the jeans may still not fit perfectly.
Also, it may be that in two persons with the same waist and
length, one jean model may be best in one whereas another
model may work best in the other. Thus, it may not be realistic
to hope for one model to fit all, either with jeans or TCI, as
they are models made from an average of test persons. Still,
some models may work better in most situations than others,
and this do not have to do with the number of persons tested,
but rather if they are representative. For instance, most of the
common TCI modes have not been tested for the extreme
obese or the extreme elderly or young; thus, we cannot expect
them to work well in these situations.

Plasma Models Versus Effect-Site Models

The first question is whether to use a plasma TCI or an effect
-siteTCI. The general logical rule will be to use the effect-
site mode, as this is more close to drug physiology including
the clinical effect. Still, one may do quite well with plasma
TCI, and it should be kept in mind that the difference in
dosing between plasma TCI and effect-site TCI is only
present during 10-15 min after each change (or start) in
dosing; during stable conditions they deliver the same.

Using plasma TCI one should remember to do some
target overshoot by the start and eventually when a rapid
increase in effect is wanted. Using effect-site TCI one should
remember that a higher bolus dose is given every time the
dose is increased, and this may exert a stronger effect on
respiration and haemodynamics. This stronger effect could
be compensated by titrating the effect target in increments
when needed for the fragile patient.

Remifentanil

For remifentanil there is only one model in major clinical
use, the Minto model for both plasma and effect-site modus
[1]. The Minto model hits on average well at the target, but a
+/+30-50 % deviation may be observed in the individual
patient [4]. The model takes into consideration patient
weight versus height ratio and also age for the plasma
modelling. When used in the effect-site modus, it will only
deliver a drug “concentration” in the CNS and not adjust as
to how sensitive the patient will be for that concentration
(dynamics). For instance, with no stimulation and effect-site
infusion of 2 ng/ml, a 20-year-old patient may be breathing
and awake, whereas an 80-year-old patient probably will be
asleep and have apnoea. This is because the opioid
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sensitivity in the elderly is about twice that seen in the
younger. The drug sensitivity is not built into the models,
only the drug concentrations.

Propofol

With propofol there have been a number of groups who have
made TCI models based on their measurements of plasma
and effect delay in their series of patients or volunteers. Such
measurements are not exact, and the results will also differ
between individuals. For this reason, it is no surprise that
different authors have come to different models. The basic
differences between models are in their estimation of the size
of V| and the delay of effect. Basically, if a model conclude
that V is large, then the initial dosing (in mg/kg) should be
large, and if the delay is long (low keO, long T keO), the
initial dose (overshoot) in effect-site modus should be large.
Still, these differences are basically evident in the first 15 min
of a case, after that the models will behave fairly similarly.
Also, it should be noted that some models compensate for
weight/height ratio and/or age, whereas others only compen-
sate for total weight. The common models do not compen-
sate for differences in propofol sensitivity as may be
decreased in children and slightly in females. For more
detailed discussion on models, one is referred to
Chap. XX, but some rough statements could be made.

e Marsh plasma TCI [S5]: Generally delivers somewhat
more than predicted, especially in the start (high V).

e Marsh effect—old: This model has a long delay in effect
and will tend to overdose initially, compared with
measurements in patients.

» Marsh effect—new [6]: This model has a short delay in
effect, which will compensate somewhat for the
overdosing done for the plasma part of the algorithm.
Still it is a clinical impression that the delay is too short
in this model, and a 25-50% overshoot in target for
1-2 min during the start of a case will work better in
terms of getting asleep within 2-3 min.

* Schnider plasma: The Schnider model [7] is actually not
developed for plasma modus and will (low V) underdose
the patients initially. If used, the start target should be
50-100 % higher than with the Marsh model in order to
have the same dose (mg/kg) delivered.

» Schnider effect: This has an intermediate delay in effect,
which will compensate somewhat for the underdosing in
plasma. It also compensate somewhat for thin/fat patients
and elderly. Still, the target levels need to be a little higher
than those for Marsh models. In the very obese, the for-
mula for weight correction will be very wrong, and the
model should not be used above 100-120 kg total weight.
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 Kataria/Paedfusor: All models above do not compensate if
the patient being is a child. Children have a higher V; and a
higher clearance in relation to weight than adults. Both
these children models will compensate for these features,
resulting in a higher and more appropriate dose for a given
target, both for start and maintenance in children.
Paedfusor has an age dynamic change in clearance which
is more precise for all children, whereas the kataria has a
fixed rate for clearance which may result in overdose in
children above 5-10 years of age.

Addendum

Interactions with inhalational agents

Dynamic interactions with intravenous agents:

Whereas the clinical effect and dose level in a population
of intravenous drugs often is measured in plasma
concentrations, e.g. ECso which is the concentration
needed to get 50 % of patients asleep, the corresponding
effect of inhalational agents are usually measured with
stable end-tidal concentrations. The minimum alveolar
concentration (MAC) is defined as the concentration
(i.e. dose level) needed to get 50 % of unconscious
patients not moving when subjected to strong nociceptive
or painful stimuli. Typically this will be 6 % for
desflurane and 2 % for sevoflurane in an average adult.
However, the inhalational agents are also potent sleeping
agents, and the hypnotic effect is evident at doses about
one-third of those needed to lay still upon pain. Thus, a
term called MAC;., is defined as the stable end-tidal
concentration needed to get 50 % of non-stimulated
patients to sleep. Typically MACqjeep is 2 % and 0.7 %
for desflurane and sevoflurane, respectively.

The intravenous opioids and hypnotics will interact
with inhalational agents, but somewhat differently
according to class of IV drug and type of effect. The
clinical interactions are logical; if you combine inhala-
tional agent with a hypnotic, the combination is additive
or supra-additive in terms of hypnotic effect. Still, the
adding of an IV hypnotic does not add much to the anti-
nociceptive or analgesic effect of the gas. On the other
hand, if you add an opioid analgesic on top of the inhala-
tional agent, the combination is additive or supra-additive
in anti-nociceptive effect, whereas the opioid do not add
much to the pure hypnotic effect [8—10]. However, for
induction general anesthesia and deep unconsciousness
for intubation or surgery, we need a combined anti-
nociceptive and hypnotic effect for which the opioid-
hypnotic combination is supra-additive.

The hypnotic potency measure, MAC;e.p,, may be linearly
and additively reduced by adding the hypnotic propofol or
midazolam. With midazolam 0.1 mg/kg IV, MACgj., for a
potent inhalational agent will be reduced by about 50 %,
similarly with a propofol plasma level of 1.5 pg/ml.
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1. The hypnotic potency measure, MACqjecp, is reduced only

by 10-20 % after a dose of fentanyl of 0.2 mg in the adult
corresponding to a target of 7-8 ng/ml remifentanil or
infusion of 0.3 pg/kg/min. Whereas some patients may be
fully asleep on a high opioid dose alone, the individual
variation is huge; thus, an average reduction in MAC;jee,,
of 50 % by adding opioid demands a very high dose of
opioid (fentanyl 0.6 mg or other opioid in equipotent
dose), and the effect is unpredictable.

. The anaesthetic potency parameter, MAC, will be
reduced by 60 % from a dose of fentanyl 0.2 mg and by
75 % by doubling this dose.

. The anaesthetic potency parameter, MAC, will be
reduced by hypnotics, by 30—40 % of adding midazolam
0.1 mg/kg bolus or propofol plasma level of 1.5 ng/ml.
Still, the effect of further increased hypnotics IV is infra-
additive. Still, very high (intoxicating) doses of hypnotics
are actually also anti-nociceptive in clinical action.
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Johannes Hans Proost

Introduction

In a nutshell, the aim of pharmacokinetic—pharmacodynamic
(PKPD) modelling is to be able to predict the time course of
clinical effect resulting from different drug administration
regimens and to predict the influence of various factors such
as body weight, age, gender, underlying pathology and
co-medication, on the clinical effect.

To enable this, the relationship between the administra-
tion of one or more drugs and the resulting time course of
drug action is described quantitatively by mathematical
models. Such PKPD models range from simple, purely
empirical models to complex, mechanism-based, physiolog-
ical models, which may include various related processes,
such as drug interactions, disease progression, placebo
effect, compliance and drop-out.

PKPD models are composite models consisting of a
pharmacokinetic (PK) model and a pharmacodynamic
(PD) model (Fig. 7.1). The PK model describes the relation-
ship between drug administration and the resulting time
course of drug concentration(s) in the body, usually the
plasma concentration. The PD model describes the relation-
ship between the drug concentration at the site of action (also
denoted effect compartment, effect site or biophase) and the
drug effect. Often a PKPD link model is required to describe
the relationship between the plasma concentration and the
concentration at the site of action, i.e. to account for time
delays between both concentrations as a result of drug trans-
port from plasma to the site of action.

The combination of a PK, PKPD link and PD model
allows relating the drug dosing regimen to the time course
of drug action. This relationship may be used to predict the
time course of drug effect after a particular dose or dosing
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regimen or to predict the dose or dosing regimen required to
obtain a desired level of drug effect.

PKPD modelling can be performed using data from one
individual subject (individual analysis) or from a group of
individuals. Individual analysis is a valuable tool in therapeu-
tic drug monitoring, allowing accurate individual dosing of,
for example, immunosuppressive drug and antibiotics. How-
ever, population analysis has become the dominant approach
over the last three decades, since it provides information
about the PKPD behaviour of the ‘typical subject’ as well as
about interindividual variability and the influence of
covariates such as body weight, age, gender, underlying
pathology and co-medication. The contribution of PKPD
modelling to anaesthetic practice has been nicely illustrated
in two review papers [1, 2] and two book chapters on interac-
tion modelling in anaesthesia [3, 4]. A recommended general
textbook on pharmacokinetics and pharmacodynamics is that
by Rowland and Tozer [5], and for PKPD modelling and
simulation, the book of Bonate [6] is recommended.

The aim of this chapter on PKPD modelling of
anaesthetic drugs is to describe the general principles of
PKPD modelling; to explain the principles of PKPD analy-
sis; to provide an overview of PKPD modelling of drugs
used in anaesthesia, including interactions of anaesthetic
drugs; and to give some examples of the application of
PKPD modelling in clinical anaesthetic practice. The focus
of this chapter is on describing principles and methods,
rather than a full review of literature on PKPD modelling
of anaesthetic drugs.

Principles of Modelling
Pharmacokinetic Models
The pharmacokinetics of drugs are usually described by
compartmental models (Fig. 7.2). Compartmental models

are still considered as the basic PK models, despite their
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major limitations: they cannot describe the full complexity
of pharmacokinetic process throughout the body, and they
cannot be used for prediction of the pharmacokinetic
behaviour of a drug based on in vitro data. The latter can
be used in physiologically based pharmacokinetic (PBPK)
models, which are mainly used in drug development for the
prediction of PK based on physiological data (size and blood
flow of various organs), physico-chemical data (partition
coefficient, plasma protein binding) and data on enzymatic
biotransformation. In anaesthesiology, PBPK models have
been published for volatile anaesthetics (see below) and for
propofol [7, 8]. More information on PBPK models can be
found in the literature [9-11].

The usual approach in compartmental modelling is to
start with the most simple, one-compartment model, with
two model parameters: volume of distribution, which relates
the amount of drug in the body to the plasma concentration,
and clearance, which is defined as the rate of drug elimina-
tion divided by the plasma concentration. For many drugs
used chronically in ambulant patients, the one-compartment
model provides an adequate and robust description of the
pharmacokinetic behaviour and can be used to guide dosing,
e.g. in therapeutic drug monitoring.

In anaesthetic practice, the time frame of drug adminis-
tration and drug action is often so short that the

one-compartment model is insufficient to describe the phar-
macokinetics adequately: drug mixing within the vascular
space and drug distribution into tissues play a major role,
and more complex models should be used. For the majority
of drugs used in anaesthesia, a two-compartment or three-
compartment model is able to describe the pharmacokinetics
adequately (Fig. 7.2).

The principle of compartmental modelling is simple. The
amount of drug in each compartment is assumed to be evenly
distributed throughout the volume of the compartment, and
the rates of drug elimination and drug transport to other
compartments are assumed to be proportional to the drug
concentration in the compartment (first-order Kkinetics,
e.g. for enzymatic biotransformation, renal excretion and
transport by blood flow and diffusion), where the apparent
volume of the compartment is the amount in the compart-
ment divided by the concentration in the compartment.
Based on these principles, the model can be described in
differential equations. As an example, consider a model with
two compartments as depicted in Fig. 7.2. The change of the
amount of drug in a compartment is the net result of the rate
of entry of drug, that is, the sum of the amount drug
administered to the compartment (e.g. an intravenous infu-
sion or absorption rate after extravascular dosing) and the
rate of transport from other compartments, diminished by
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the rate of exit, that is, the sum of the rates of removal from
the compartment by elimination or by transport to other
compartments. This leads to the following set of differential
equations:

dA,

7=R+CL21-Cz—CL12'C1—CL10-C1 (7.1)
dA
7[2 =CLyy-Ci — CLy; - G, (7.2)

where A, and C, are the amount and concentration of drug
in compartment x, respectively, CL,, is the intercom-
partmental clearance from compartment x to y, CL,q is
the elimination clearance from compartment x and R is
the rate of drug entry in the system (if appropriate, as
in the case of cisatracurium, elimination from the
peripheral compartment can be added). A, and C, are
related by

(7.3)

where V, is the apparent volume of compartment x.
For practical (as well as historical) reasons, Eq. (7.1) are
often used in the following equivalent format:

dA,

W:R+k21'A2_k12'Al_k10'Al (74)

dA,
—==kpn-Al —ky -A 7.5
ar 12 - Al 21 - Az (7.5)

where
CL,,

ke = —2 7.6
= (1.6)

Since only concentrations in the central compartment can be
measured, it is not possible to estimate all five parameters
V1, Va, CLyg, CLy5, CL;); only four parameters can be
obtained from the bi-exponential plasma concentration
decay profile (two slopes and two intercepts), implying that
the model is over-parameterized. Usually this is solved by
assuming that there is no net transport between two
compartments if the concentrations in both compartments
are equal; in this specific case CL,; = CL5.

The same principles can be applied to any compartmental
model, irrespective of its complexity. The differential
equations can be solved mathematically in the case of a
one-, two- or three-compartment model; in more complex
cases, the differential equations can be solved numerically,
irrespective of the complexity of the model.
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However, it should be realized that the plasma
concentration—time profile over the first few minutes after
bolus injection cannot be described adequately using com-
partmental models and more advanced models for ‘front-end
kinetics’ are required for a more accurate description of the
plasma concentration [8, 12—14]. A shortcoming of compart-
mental models is the inherent assumption that the concen-
tration within a compartment is homogeneous; mixing of a
bolus administration over the entire vascular space takes a
few minutes, and therefore the concentration in the various
parts of the vascular bed is different and does not follow the
time profile as described by a compartmental model, requir-
ing a non-compartmental approach in PKPD modelling
[15, 16].

Even after mixing within the vascular space is
completed, there is still a concentration difference between
the arterial and venous blood, which may persist for a
prolonged period of time, due to a net transport to the
perfused tissues. Theoretically, the concentration in venous
blood is higher during the elimination phase. Several studies
have shown that the choice between arterial and venous
samples influences the results of PKPD modelling [17-
21]. For PKPD modelling, the use of arterial concentrations
is generally preferred, since this is the concentration enter-
ing the tissue where the effect site is located. On the other
hand, it is likely that the concentration in venous blood is in
equilibrium with the tissue concentration. More research on
this topic seems necessary.

Pharmacokinetics is generally described in terms of
plasma concentration, or serum concentration, which is
equivalent for most drugs. However, for some drugs, blood
concentrations may be measured, e.g. for propofol, both
plasma concentration and blood concentrations are used in
PKPD analysis. The blood-to-plasma concentration ratio of
propofol was reported to be 1.1-1.3 [7, 22], and therefore
blood concentrations and plasma concentration should not
be assumed the same, but this topic does not get much
attention in literature; in some papers the matrix blood or
plasma is not even mentioned. As a result, propofol concen-
tration data and PKPD models should be interpreted
with care.

Finally, it should be realized that most drugs are partly
bound to plasma proteins (albumin, alpha-1-acid glycopro-
tein, lipoproteins) and that the unbound concentration is the
driving force for drug transport, including transport to the
effect site, drug elimination and drug effect. However, since
usually only the total drug concentration is measured, the
term ‘concentration’ always refers to the total concentration,
and as a result, PK analysis and parameters refer to the total
concentration. However, the degree of plasma protein bind-
ing may change, either by displacement by other drugs or by
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changing protein concentrations. Fortunately, in most
situations, such changes in free fraction do not have a clini-
cal relevance, since the unbound drug concentration does not
change significantly [23-25]. However, the exceptions to
this rule are systemically administered drugs with high
hepatic extraction and drugs with high active renal excre-
tion. Propofol falls in the first category, and Hiraoka and
co-workers [26] demonstrated that during cardiopulmonary
bypass the unbound propofol concentration increased two-
fold, in accordance with the expected change [5]. In addi-
tion, the protein binding of propofol is still a matter of
debate, e.g. with respect to the binding sites as well as
methodological issues in the assay [27, 28]. More research
on the binding of propofol and the clinical relevance of a
change of the protein binding of propofol is still needed.

PKPD Link Models

Often a PKPD link model is required to describe the rela-
tionship between the plasma concentration and the concen-
tration at the site of action, i.e. to account for time delays
between both concentrations as a result of drug transport
from plasma to the site of action. The concept of an effect
compartment or effect site was introduced by Sheiner and
colleagues to allow for the time delay between the plasma
concentration of D-tubocurarine and the resulting muscle
relaxation [29]. In a later paper, Holford and Sheiner [30]
presented the PKPD link model in a more efficient
description:

dc,
dt

= keo - (Cis — C) (7.7)

where C and C, are the drug concentrations in the central and
effect compartments, respectively, and k.o is a first-order
equilibration rate constant, which may also be expressed as
an equilibration half-life (In(2)/k.).

It should be noted that it is not possible to determine
the effect-site concentration, since only plasma concen-
tration is available for measurement. At equilibrium, the
effect-site concentration may be different from the
plasma concentration, due to various processes, including
plasma protein binding, drug transporters (e.g.
P-glycoprotein at the blood-brain barrier), convection
and binding at the effect site. Therefore, the ‘effect-site
concentration’ is actually a hypothetical concentration,
defined as the concentration in plasma that is in equilib-
rium with the concentration at the effect site. Although
this definition may sound complicated and hypothetical,
it perfectly fits the need for a concentration at the effect
site in terms of the plasma concentration.
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Equation (7.7) should be considered as an approximation
of the drug transport between plasma and effect site, which
may be affected by the processes mentioned above. In some
publications alternative models for linking plasma and effect
compartment have been shown to be better suited, e.g., for
mivacurium [31], where an interstitial compartment between
plasma and effect compartment improved the fit signifi-
cantly. However, the concept of effect-site concentration
defined by Eq. (7.7) has been successfully applied for more
than three decades, and still no generally applicable
alternatives are available.

Pharmacodynamic Models

Continuous Responses
Many drug effects can be adequately described by the sig-
moid E,,,x model or Hill equation:

CV
E = EmaX : (Csoy n C}/)

where E is the drug effect; E,.. is the maximal drug
effect, i.e. the drug effect at very high concentration; C is
the drug concentration at the site of action; C50 is the drug
concentration at the site of action if E is 50 % of E,,.; and
y is an exponent representing the steepness of the
concentration—effect relationship. An example is shown in
Fig. 7.3.

Equation (7.8) is also denoted as a logistic function, since
it may be rewritten to the logistic function:

(7.8)

et
E=Enx | —— .
o (1) (19
where
t = —y-1n(C50) 4y - In(C) (7.10)

Note that Egs. (7.9) and (7.10) are identical to Eq. (7.8).
However, the traditional logistic function uses Eq. (7.11)
instead of Eq. (7.10):
t=py+p-C (7.11)

This logistic approach is flexible and can be extended to
drug interactions [32]. However, this approach is not
recommended, amongst others, because it does not describe
the drug effect in the absence of the drug.

If the drug effect has a baseline value in the absence of
drug, Eq. (7.8) may be expanded to
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Fig. 7.3 Relationship between

drug concentration and drug

effect following the sigmoid E,.x

model (Eq. 7.8), for three 1
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Sigmoid Emax model

hypothetical drugs (i) C50 = 1,
y = 5;(ii)) C50 = 0.5,y =5,
resulting in a shift to the left; (iii)
C50 = 1,y = 10, resulting in a
steeper profile

0.5

Drug effect

—C50=1,y=5
— C50=0.5y=5
---C50=1,y=10

E = E+ (Emax— Eo) - < (7.12)

cr
C507 4+ C ")
where E is the baseline value of the effect variable.
Equation (7.12) can be rewritten to

ur

E = Eo + (Emax— Eo) - <—) (7.13)

14+ U

where U represents the normalized drug concentration,
i.e. the drug concentration divided by C50

C

U=:g5 (7.14)

U is a dimensionless measure of potency, expressed in
multiples of C50. The use of U instead of C is particularly
useful in modelling of drug interactions (see below).

In spite of their widespread use in pharmacology and
PKPD modelling, Egs. (7.8) and (7.12) have a limited phys-
iological and mechanistic basis. They reflect the relationship
between drug concentration and effect in the case that the
drug effect is proportional to the receptor occupancy, i.e. the
fraction of receptors that is occupied by the drug. In this
special case, C50 equals the equilibrium dissociation con-
stant Kd and the slope of the concentration—effect relation-
ship y equals 1. In other cases, the sigmoid E,,,x model
should be considered an empirical equation that often
describes the concentration—effect relationship sufficiently
accurately, as has been shown in numerous papers [33].

15 2

Drug concentration

It should be noted that pharmacodynamic models such as
those described by Eqgs. (7.8) and (7.12) are expressed in
terms of effect-site concentration (see above) or, in the case
of a rapid equilibrium with plasma, in terms of plasma
concentration. Including the dose in these equations, as has
been done frequently in the past, is not logical in the concept
of PKPD, where the dose determines the (effect-site) con-
centration via the PK model, and the concentration
determines the drug effect via the PD model (Fig. 7.1).

Quantal Responses

Equations (7.8) and (7.12) describe the relationship between
the drug concentration and the drug effect in the case that the
drug effect is a continuous variable or graded response,
e.g. mean arterial blood pressure. In the case of a binary
response, also called all-or-none or quantal response or
dichotomous variable, there are only two values for the
response, 0 or 1, no or yes, responsive or nonresponsive
(tolerant), etc. Modelling of this type of data is usually
performed by logistic regression analysis. In the case of a
single regressor, i.e. a single drug, logistic regression analy-
sis is identical to Eq. (7.8), after rearrangement to

cr 5
P=—0——r: 7.1
C50" + 7 (7.15)
where P is the probability of tolerance or
non-responsiveness (within the range of 0-1).
C50 is the drug concentration associated with a probabil-
ity of non-responsiveness of 0.5 (50 %).
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Equation (7.15) can be rewritten, analogous to Eq. (7.13):

(7.16)

The concentration needed to reach a probability P can be
obtained upon rearrangement of Eq. (7.15):

_P_
C = C50 - exp (y)

(7.17)

Interaction Modelling

In the case of two or more drugs, several approaches can be
used to describe the combined effect of the drug. Three types
of drug interaction can be distinguished: (1) additivity,
(2) supra-additivity (or synergism) and (3) infra-additivity
(or antagonism).

For additive interaction of two drugs with equal potency,
the sum of the effects evoked by concentrations (a) and (b)
for drug A and drug B, respectively, is equal to the effect
obtained with the administration of either drug A or B alone
given in a concentration (a) + (b). If the potency of drug A
and B is different (as is usually the case), the concentrations
can be replaced by the values U, by dividing the
concentrations by the corresponding C50.

For supra-additive interactions, the combination of drugs
A and B will result in a more pronounced effect compared to
additivity. For infra-additive interactions, the combination
of drugs will result in a less pronounced effect compared to
additivity conditions.

In general, additive interactions will occur in cases where
the effect is elicited via a single pathway (e.g. an identical
receptor), or a similar mechanism of action, as for inhalation
anaesthetics and propofol, whereas supra-additive interac-
tion may occur in the case of multiple pathways (e.g. N-
methyl-p-aspartic acid and gamma-aminobutyric acid
receptors), or a different action, as for general anaesthetics
and opioids.

From a clinical point of view, supra-additive drug
interactions have a clear advantage, because lower
concentrations of the drugs are required, resulting in a
lower drug exposure. On the other hand, additive drug
interactions are easier to predict for the clinician in the
absence of sophisticated tools (see below). In general, the
occurrence of an infra-additive interaction is a disadvantage
and should be avoided.

Interaction Models

In the case of two or more drugs, Egs. (7.13) and (7.16) can
be used if U represents the combined potency of the drugs.
There are several options to relate U to the drug
concentrations. For the easy of survey, only the case of two
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drugs A and B is shown, but the equations may be extended
to three or more drugs [34]. More information about
models, equations and mechanisms can be found in literature
[35-39].

Additive Interaction Model
Additive interaction assumes that the effect of two drugs is
equal to the sum of the effect of the two drugs taken sepa-
rately. This is usually due to drugs acting via the same or
similar mechanism. This is described by
U=Up+Usp (7.18)
where U, and Uy are the normalized concentrations of drugs
A and B, normalized to C50, and C50g, respectively.
This model, as well as the other models described in this

chapter, implies that both drugs A and B are assumed to be
able to evoke the maximal clinical effect.

Greco Model
The Greco model is a simplification of the original Greco
model [36]:

U=Ux+Ug+a-Ux-Ug (7.19)
where a is a dimensionless interaction parameter (a = 0,
additive; a < 0, infra-additive; @ > 0, supra-additive).

The Greco model is the most simple and logical model
that can be used for additive, supra-additive and infra-
additive interactions. Although originally derived for contin-
uous responses [36], it has also been applied successfully for
binary responses [3, 40].

The single interaction parameter a is considered to be
applicable for the total response surface and does not allow
for adapting the shape of the interaction curve at different
levels of drug effect. A limitation of the Greco model is the
assumption that the steepness of the concentration—effect
relationship is the same for both drugs. However, the
Greco model has proven its suitability in many research
papers.

Reduced Greco Model
In the case of the interaction, where drug B does not have a
drug effect when given alone, or the effect is too small to
accurately assess the C50 of that drug, the Greco model can
be modified by leaving out the first term Ug from Eq. (7.19)
and fixing a to 1, resulting in
U=Ux-(14+Us) (7.20)
C50p may now be interpreted as the concentration of drug

B that decreases C505 by 50 %. Since Ug = Cg/C50g,
when Cg = C50g, Ug =1 and U =2 x U,, ie. the
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concentration of the hypnotic required to achieve a certain
potency U, and thus a certain drug effect, is reduced by a
factor 2, compared to the concentration in the absence of
drug B.

The reduced Greco model may be considered as a partic-
ular form of supra-additive interaction, i.e. where drug B
does not elicit any effect when given alone.

Hierarchical Model

The original hierarchical model [41, 42], also denoted sequen-
tial model, was developed for the interaction of propofol
(hypnotic, H) and remifentanil (opioid, O) and was based on
observations that remifentanil potentiates the effect of
propofol but does not affect the response when given alone.
The model is defined by the following equations:

Cy’

P = 7.21
(C50y - postopioid_intensity)" + Cy” (7.:21)

postopioid_intensity = preopioid_intensity-

{ CO}’O
(C500 - prepioid_intensity )’ + Co'
(7.22)

where postopioid_intensity is the stimulus intensity after
attenuation by the opioid, and preopioid_intensity is the
intensity of the stimulus in the absence of opioid.

It has been shown [37] that Eqgs. (7.21) and (7.22) can be
simplified to

U=Uy-(1+Ug™) (7.23)
Comparing Egs. (7.20) and (7.23), it follows that the hierar-
chical model is an extension of the reduced Greco model,
i.e. by adding an exponent yg to Uy in Eq. (7.20), yielding
Eq. (7.23), allowing more flexibility.

In the case of simultaneous analysis of two or more
quantal responses, several constraints with respect to C50g
can be applied, as described elsewhere in detail [37].

As for the reduced Greco model, the hierarchical model
may be considered as a particular form of supra-additive
interaction, i.e. where drug B does not elicit any effect
when given alone.

Minto Model
The Minto model [34] may be described by the following
equations:

Ua

o= A
Upr+Us

(7.24)

where 6 is the relative contribution of drug A to the total
potency of both drugs, and its value is between 0 and 1
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Uso=1—Pyso-0-(1—0) (7.25)
where Us is the potency of two drugs in the combination 6
yielding half-maximal effect and fyso is a dimensionless
interaction coefficient relating 6 (fraction of drug A) and
1 — 0 (fraction of drug B) to Usq (higher-order functions of
6 may be used to accommodate more complex shapes of
interaction)

_Ua+Us

U
Uso

(7.26)

where U is the potency of the two drugs normalized
to U 50-

The steepness parameter y is a model parameter (similar
as in other interaction models) or a function of the ratio of
the drug concentrations (¢) and model parameters (ya, VB,
B,). It may be written as a linear interpolation between y
and yg and an interaction term analogous to Eq. (7.25)
(higher-order functions of # may be used to accommodate
more complex shapes of interaction):

v=raO+rg-(1-0)—p,-0-(1-0)  (727)
Note that Eqgs. (7.25) and (7.27) have been rearranged from
the corresponding equations in the original paper of the
Minto model [34] to clarify the interaction.

A particular property of the Minto model is its
flexibility: any model parameter can be modelled as a
function of its values for both compounds separately
(e.g. C5054 and C50 ) and one or more interaction
parameters (e.g. Pyso). This flexibility may be an
advantage, but it increases the risk of overparametrization
(see below).

Two more approaches to response surface modelling with
more than one interaction term have been presented in the
literature. Fidler and Kern [43] called their approach the
flexible interaction model, claiming a similar or slightly
better fit for clinical interaction data. Kong and Lee [44]
published a generalized interaction model for triple
anaesthetic interactions [43]. These two approaches, as
well as the Minto model, were reviewed [45] but were hardly
used in anaesthetic literature. The logistic approach
(Eq. 7.11) can be extended to drug interactions [32]. As
was stated above, this approach is not recommended.

An extensive evaluation of the advantages and
disadvantages of all available interaction models has not
yet been performed.

Isoboles

Isoboles are used for a graphical representation of the inter-
action of two drugs. An isobole is a line in a graph of the
concentration of drug A (X-axis) and drug B (Y-axis)
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Fig. 7.4 Isoboles of 50 % effect
for the interaction of
two hypothetical drugs A 1
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connecting all points where the effect is equal to a predefined
value, e.g. 50 %.

An example of a 50 % isobole is shown in Fig. 7.4. For
additive interaction, the isobole is a straight line, connecting
the concentration of drug A producing 50 % effect and the
concentration of drug B producing 50 % effect.

For a supra-additive interaction, the isobole is concave,
i.e. the concentrations of drug A and/or drug B are lower
than in the case of additive interaction. Similarly, in the case
of an infra-additive interaction, the isobole is convex, i.e. the
concentrations of drug A and/or drug B are higher than in the
case of additive interaction.

So, an isobole provides a complete picture of the interac-
tion of the two drugs, but only at the predefined drug
effect level. For clinical practice, a wider range of
response level should be available, for example, the 95 %
isobole, representing the drug levels with a high probability
of effect.

To obtain such an isobole requires a clinical study in
many patients, in particular for binary responses, with at
least three drug levels (drug A alone, drug B alone and a
combination of A and B, e.g. in a ratio that U, = Up),
aiming at the desired level of drug effect. If sufficient data
are obtained at the desired level of drug effect, the isobole
can be constructed. Data deviating from the desired level of
drug effect cannot be used in this analysis.

Response Surface Modelling

A more rational approach is to perform a population
pharmacokinetic—-pharmacodynamic analysis (see below),
using all available data. Each of the above-mentioned
equations for drug interactions describes the combined
drug response, either a continuous or a binary response, as
a function of two (or more) drug concentrations and one or

concentration drug A

more interaction parameters. These equations can be
presented in the form of a three-dimensional graph, with
typically the drug concentrations on the horizontal X- and
Y-axes and the drug effect plotted on the vertical Z-axis.
Therefore, this approach is denoted ‘response surface
modelling’ and was introduced in anaesthesia by Minto
and colleagues [34].

An example is shown in Fig. 7.5. Each horizontal cross-
section of the response surface at a certain drug level
represents an isobole, with two axes representing the drug
concentrations.

Such pharmacodynamic response surface models have
several distinct advantages over the °‘classical’ isobole
approach:

— It integrates the information at any level of drug effect.

— It uses all data from (one or more) clinical studies.

— It can be applied to interactions of more than two drugs
[34], although this has been applied rarely in literature
until now.

— It allows predictions at any level of drug effect for any
combination of drug concentrations.

Data Analysis

Nonlinear Regression Analysis

Once a clinical study has been performed and measurements
of plasma concentration (PK) and/or drug effect (PD) are
available, the question arises how these data can be analysed
to obtain an appropriate model with reliable model parame-
ter values. It is not the aim of this chapter to deal with data
analysis extensively. For further reference, excellent papers
and books are available [6].
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Fig. 7.5 Response surface of the
tolerance to laryngoscopy for the
interaction between sevoflurane
and remifentanil. The contour
lines show the response surface
calculated from the hierarchical 1
interaction model (Eq. 7.23), the
open circles represent the
observations in patients
responding to laryngoscopy and
the filled circles represent the
observations in patients tolerant

to laryngoscopy
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In short, this process is performed in the following
steps:

1. Choose a model, in general, starting with the simplest
model that may be appropriate to describe the available
data. Often, this choice is based on the existing knowl-
edge, e.g. a compartmental model for PK data or a sig-
moid E,,,x model for PD data.

. Assume ‘reasonable’ values for each of the model
parameters. In general, the choice of these values is not
critical, since all parameter values are estimated during
the next steps.

. Based on this model and parameter values, calculate the
plasma concentration and drug effect at each time point
where an observation is available. These calculated PK
and/or PD values are usually denoted as ‘predicted’
values.

. Define a measure for the difference between the observed
and predicted PK and/or PD values. Usually, this mea-
sure is based on the likelihood principle, i.e. the likeli-
hood that the actual observations have been obtained,
given the model and its model parameter values. For
practical reasons, —2 times the logarithm (base e) of
the likelihood is calculated (minus 2 log likelihood or
—2LL). This measure is often called ‘objective function
value’ (OFV).

. In the next step, all model parameters are adjusted until
the ‘best fit’ is obtained, i.e. until the likelihood is maxi-
mal, corresponding to the minimum of —2LL. Now, we
have obtained the parameter set describing the data ‘best’.

. The goodness-of-fit is tested by various diagnostic plots
(see below).

. Finally, various alternative models are analysed using the
same procedure, and the results are statistically compared
for selection of the most appropriate model.

of tolerance

Sevoflurane
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To illustrate this process, we present here a simple, well-
known example of a linear model:

where a and b are model parameters, X is the independent
variable (e.g. time or drug concentration) and Y is the
dependent variable (e.g. plasma concentration or drug
effect).

Suppose we have a set of observations Y; (i = 1,2,...,n)
for the independent variable value X;. These observations are
expected to follow the trend of the linear model Eq. (7.28),
with a certain deviation ¢;:

Yi=a+b-X;+¢ (729)
The predicted values, also called expected values, are calcu-
lated from the linear function:

Y,=a+b-X; (7.30)
The maximum likelihood, or the minimum of —2LL,
corresponds to the following objective function value (omit-
ting constant values):

n __A_2
OFV:Z<Y’ Yi)

i=1

7.31
- (731)

n
+ Zln(aiz)
=1

where o> is the variance of &. For linear models, the
parameters @ and b can be calculated exactly, if the variance
of the deviations ¢; is the same for each i and independent of
the value of X or Y (67 = 6°). This method is known as
linear regression analysis; details can be found in any text-
book of statistics, and these are available in pocket
calculators and spreadsheets.
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However, in PKPD the relationship between Y and X is
rarely linear, and often the variance of the deviations ¢; is
dependent on the value of X or Y. In such cases, these
equations are not valid, and the parameters cannot be calcu-
lated exactly (generally, even approximate solutions are not
available). This implies that step 5 becomes much more
complicated, and iterative procedures are required to adjust
all parameters in such a way that the parameters
corresponding to the minimum of the objective function
value (OFV) are found in an efficient way. To this purpose
of nonlinear regression analysis, several algorithms have
been developed, e.g. the simplex, Gauss—Newton and
Levenberg—Marquardt methods. These algorithms may be
different in their most relevant properties:

1. Efficiency: how efficient the algorithm can find the best
fitting parameter values is mainly relevant for the speed
of execution. Although becoming less important with
increasing computing power, the speed of execution
may remain a relevant issue in the analysis of very large
data sets with complex model structures.

2. Robustness: in some cases, the algorithm does not find
the real, global minimum of the objective function
values but converges to a local minimum, i.e. the lowest
value around the parameter values, but not the lowest
possible value (compare with the bottom of a lake in
the mountains: it is the lowest point in the surrounding
area of the lake, but not the lowest point of the country).

Both the speed of execution and risk of convergence to a
local minimum are dependent on the set of starting values in
the analysis (see item 1 above). To lower the risk of conver-
gence to a local minimum, the analysis may be performed
several times with different sets of starting values.

In general, commercially available software contains ade-
quate implementations of suitable algorithms, and the user
of these programmes does not need to know the details of
such procedures.

Goodness-of-Fit

After fitting the parameters of a model to a set of
observations, one needs criteria for the goodness-of-fit. The
observations do not follow the model function exactly, for
several reasons:

1. Measurement errors. For example, inevitable analytical
errors implicit in plasma concentration or effect
measurements. In general, such measurement errors are
random errors, and their order of magnitude may be
known from the precision of the assay, as assessed during
the validation of the assay. If the magnitude of the resid-
ual errors is comparable to the precision of the assay,
the goodness-of-fit is acceptable. In the case of
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measurements close to the lower limit of quantification,
the relative errors in the analysis may be significantly
larger than over the usual range.

2. Stochastic errors. Even if observations could be made
without measurement error, and observations are made
in the same subject, the plasma concentration or drug
effect profiles will not be exactly reproducible, e.g. due
to changes in heart rate and blood pressure, administra-
tion of other drugs, etc. These errors may be random or
non-random.

3. Model misspecification. If an inappropriate model is
chosen (e.g. a model with too few compartments or
an incorrect model structure), the model will not be
able to describe the observations adequately, resulting
in systematic deviations between the observations
and the model predicted values. Such systematic
deviations can be detected by the visual methods
described below.

4. Other errors in the procedure, such as dosing errors,
deviations in the time of measurement, incorrect sam-
pling procedure, etc. This type of error is most problem-
atic, and no general solution can be given.

There are several methods for the assessment of the
goodness-of-fit. However, exact and objective criteria for
the evaluation of the goodness-of-fit do not exist. This is
due to the following: (1) goodness-of-fit is not a single
property and cannot be expressed in a single value, and
(2) numerical measures of goodness-of-fit do not have an
absolute meaning. Therefore, one must rely on somewhat
subjective criteria. To ensure maximal objectivity, the
criteria for accepting a set of model parameters obtained
by the fitting procedure as a valid result should be defined
explicitly before the analysis is started.

The following criteria could be used to ensure an accept-
able goodness-of-fit:

— Visual inspection of the observed and calculated data
should not reveal any significant lack of fit.

— Residuals (difference between observed and calculated
data) or normalized residuals (residuals divided by the
corresponding standard deviation) should be scattered
randomly around zero, by visual inspection.

— Normalized residuals should be neither diverging nor
converging when plotted against time or plotted against
(logarithm of) observed values, by visual inspection.

— Residuals should not be serially correlated, as identified
by visual inspection or by an appropriate statistical test
(e.g. a Runs Test).

— Standard error of each relevant parameter should be
lower than a predefined value (e.g. 50 % of the parameter
value). High standard errors may reflect problems in the
identifiability (see below).
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— If any of the estimated parameter values is physiologi-
cally unfeasible or otherwise unlikely.

— Outlying data points should be dealt with explicitly and
should not be discarded unless felt to be physiologically
impossible. The impact of eliminating the outlier on the
parameter estimates should be investigated.

Non-compliance with one or more of these criteria may
indicate that an inappropriate structural model or an inap-
propriate residual error model (also called weighting
scheme) was chosen.

Identifiability of Model Parameters

The procedure to obtain the best fitting set of model
parameters can be performed only if each model parameter
is uniquely identifiable from the observations [46, 47]. This
implies that the same set of model parameters is obtained,
irrespective of the initial set. In some cases one or more
model parameters cannot be identified uniquely, because the
measurement data do not contain enough ‘information’ on
that particular parameter.

The problem of identifiability grows rapidly with increas-
ing complexity of the model. In some cases the problem of
identifiability can be solved by a proper experimental
design. In most cases, problems of identifiability can be
detected by inspection of the standard errors of the model
parameters (the standard error of a model parameter is a
measure of the credibility of the parameter value, which is
provided by most fitting programmes). A high standard error
(e.g. more than 50 % of the parameter value) indicates that
the parameter value cannot be assessed from the data, most
likely due to an identifiability problem. To solve this, the
model should be simplified or modified.

Model Selection

Often the data may be described by more than one plausible
model structure. In that case, each plausible model is
analysed in a similar way. If the goodness-of-fit of more
than one model is acceptable, we need a procedure for
selecting the ‘best’ model.

It is a common practice to compare the results of different
models, each yielding an acceptable goodness-of-fit,
according to the following procedure. First, the models are
classified hierarchically in a tree structure. The more com-
plex models are considered as extensions of the simpler
models, by adding extra parameters, for example, an extra
compartment. One also may say that the simpler model is a
special case of the more complex model, for example,
because one or more parameters have a fixed value
(in general a zero value). Then, starting with the simplest
model, the models are compared in pairs according to their
hierarchical relationship. Such a comparison can be based on
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statistical criteria, such as the Akaike information criterion
(AIC) [48]. For each model the AIC is calculated according
to the following equation:

AIC = -2 - loglikelihood +2-P = OFV +2-P (7.32)
where P is the number of estimated parameters and OFV is
the objective function value which equals —2 times the
logarithm of the likelihood (Eq. 7.31).

The model with the lowest AIC value is accepted as the
‘best’ model. The addition of the term 2 - P imposes a
penalty on the addition of parameters, implying that adding
a parameter must increase the likelihood sufficiently to be
statistically justified.

A good model fits the data in a well-balanced manner.
This can be difficult to achieve with unbalanced, real-world
data sets when one relies solely on AIC for model develop-
ment. Therefore, it seems logical to support decisions in
model selection and evaluation on prediction performance
metrics.

An interesting approach was used by Eleveld et al. in the
development of a general purpose PK model for propofol
[49]. Since the goal was good performance for all subgroups,
they derived a predictive performance metric that is bal-
anced between subgroups to guide model development.
The predictive performance metric was defined as the per-
centage of observations with ‘good’ performance (absolute
prediction error (APE) corresponding to APE < 20 %)
minus the percentage of observations with ‘poor’ perfor-
mance (corresponding to APE > 60 %). The predictions
used for this metric were obtained from twofold cross-
validation as a guard against overfitting. With this method,
the data set is split into two parts, D1 and D2. To evaluate a
given model structure, its parameters are estimated using
D1; the parameters are fixed and then used to predict D2.
The process is repeated, exchanging D1 and D2. Predictions
for D1 and D2 are combined to obtain a complete set of
independent predictions. The predictive performance metric
was calculated separately for five subgroups: young children
(age <3 years), children (3 < age < 18 years), adults
(18 < age < 70years, BMI < 30), elderly (age > 70 years)
and high BMI individuals (BMI > 30). For model develop-
ment, the overall predictive performance metric was aver-
aged over these five subgroups.

For quantal data, several metrics for prediction perfor-
mance were proposed by Vereecke and colleagues
[50]. From the prediction errors, i.e. the difference between
the predicted probability of tolerance to a stimulus and the
observed response (0 for responsive, 1 for tolerant), the
mean prediction error (MPE) was calculated as a measure
of bias, and mean absolute prediction error (MAPE) and root
mean squared error (RMSE) were calculated as measures for
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precision. In addition, the prediction error score was calcu-
lated as the percentage of mispredicted responses, i.e. if
tolerant, the probability of tolerance was less than 0.5, or if
responsive, the probability of tolerance was more than 0.5.

An attractive feature of the above-mentioned metrics is
that their value can be evaluated using ‘common sense’,
e.g. by indicating the percentage of ‘good predictions’ or
the typical percentage error in the predicted value. These
values can then be evaluated with respect to the clinical
acceptability.

Mechanistic vs. Empirical Models

In essence, all PK and PD models are empirical models,
since they result mainly from experimental data, and are
based on mechanistic information only to a very limited
extend. For example, although the concept of clearance
and volume of distribution has a mechanistic basis, e.g. the
relationship between renal clearance and glomerular filtra-
tion rate, this only partly applies to the concept of peripheral
compartments, since these are used without any mechanistic
information about the anatomical and physiological
structures associated with them. Also, as described above,
the often used sigmoid E,,x model (Eqgs. 7.8 and 7.12) has
some mechanistic basis for the case y = 1, but not for other
cases.

In practice, these (mainly) empirical models have been
shown to be useful for the purpose of description and pre-
diction. However, it may be expected that the use of more
mechanistically based models (also denoted as semi-
mechanistic models) may improve the predictive power of
the model, and for that reason, the development of (more)
mechanistic models should be encouraged.

Although anaesthesia is a complex situation, it should be
realized that the PKPD of drugs used in anaesthesiology is
not more complex than that in other areas of medicine, and
perhaps even more simple, as a result of several factors that
are usually more complex in other areas, as illustrated by the
following examples, using the treatment of osteoporosis as
an example of contrast [51, 52]:

1. In anaesthesiology the drug is given as a single dose or
during a short period of time; in other areas drug dosing
and drug effects are measured usually for a much longer
period, with extreme cases over years, as in the case of
0Steoporosis.

2. As aresult of the relative short time period, the influence
of interindividual variability in hepatic and renal clear-
ance is only moderate, where it may be a major cause of
variability in treatment effects, in particular for genetic
variability in the phenotypes of several cytochrome P450
enzymes (e.g. CYP2D6).
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3. Drug effect is usually easily and often frequently or
continuously measured.

4. Drug effect is usually a direct effect, whereas treatment
effects are often indirect effects, with complicated
relationships between effects on biomarkers and long-
term effects, such as bone mineral density (BMD) and
incidence of hip fractures in osteoporosis.

5. There is no underlying disease that may change during
long-term treatment. For several diseases, disease pro-
gression models have been developed to separate the
treatment effect from the disease progression [51, 52].

6. Placebo effect is unlikely to be interfering with the quan-
tification of drug effect. For many drugs, in particular
drugs used in psychiatry, placebo effect is large and
quantification of drug effect requires special models [53].

7. Patient compliance is not an issue, in contrast to studies
evaluating the effect of long-term treatment.

The change of the focus of PKPD models from purely
descriptive to (more) mechanism-based models has attracted
much interest over the past 10 years [54-58] and has resulted
in the development of systems pharmacology, as an analogy
to systems biology [59].

Population vs. Individual Approach
In ‘classical’ PK and PKPD analysis, the data from each
individual subject is analysed separately. If a sufficient num-
ber of plasma concentration data and/or drug effect data are
available for one individual (also called ‘rich data’), model
parameters for that individual can be estimated. This process
can be applied to all subjects participating in a study. In a
next step, the mean values and standard deviations of each
parameter are calculated and presented and may be used in
simulations for predictions. This approach is known as the
standard two-stage (STS) approach.

Although the STS approach has been used in numerous
papers on PK and PKPD modelling, it has some obvious
limitations and disadvantages:

1. If the number of observations in each individual is small
compared to the number of parameters to be estimated
(‘sparse data’), the parameters of that individual cannot
be estimated with reasonable precision or cannot be
estimated at all, e.g. if the number of observations is
less than the number of parameters.

2. In some cases, the parameters of each individual cannot
be estimated reliably, for example, in a PK analysis
without data during the elimination phase or with increas-
ing concentrations during the elimination phase, or in the
case of binary data, if all observations are identical,
i.e. either responsive or tolerant. This does not allow an
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estimation of C50 for that individual. As a result, STS
cannot be applied in these cases.

3. STS overestimates the interindividual variability of
model parameters.

4. STS is sensitive to outlier data. Outlier data may result in
estimated parameters that are far from the mean value or
expected value. As a result, mean and standard deviation
may be biased.

For these reasons, the STS approach has been largely
abandoned in favour of various methods for population
analysis, where all data are analysed simultaneously. The
population approach has become the dominant approach
over the last decades, since it has distinct advantages over
the individual approach:

1. Population analysis is more efficient and more accurate
than individual analysis with respect to the PKPD
behaviour of the ‘typical subject’.

2. Population analysis is more accurate and more precise
with respect to the estimation of interindividual
variability. It has been shown that interindividual
variability is overestimated in individual analysis [60].

3. Population analysis is more flexible in model
assumptions with respect to interindividual and residual
variability. For example, in PD analysis, it is likely that
there is interindividual variability in C50, but not (neces-
sarily) in the steepness of the concentration—effect rela-
tionship (y). Interindividual variability in clearance and
C50 is usually assumed to be log-normally distributed,
whereas other parameters may be assumed to be normally
distributed. Also, residual variability is usually assumed
to be the same in all subjects. Such choices can be made
in population modelling.

4. Population analysis is more efficient in the estimation
of the influence of covariates like body weight, age,
gender, underlying pathology and co-medication.
Covariates can be included in the structural PK or
PKPD model and are essential in population analysis
since they allow a more precise prediction of PK or
PKPD in individuals.

The number of methods for population analysis has
grown over the last decades. Each method has its own
advantages, disadvantages and limitations, both with respect
to the underlying statistical basis and to the flexibility of the
available software.

The oldest and still by far the most used software package
for population analysis is NONMEM (Icon Development
Solutions, Hanover, MD), an acronym for nonlinear mixed
effects modelling. NONMEM was developed in the late
1970s of the previous century by Lewis B. Sheiner and
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Stuart L. Beal of the NONMEM Project Group, University
of California at San Francisco.

For NONMEM, several ‘front-end’ packages are avail-
able to create an environment to create the control file (a list
of instructions for the NONMEM programme), to display
the results in tables and graphics and to perform additional
analysis, such as bootstrap analysis and log-likelihood
profiling for the assessment of confidence intervals, for
visual predictive checks (VPC) and for archiving. Such
packages include PsN (http://psn.sourceforge.net), PLT
Tools (www.pltsoft.com) and Pirana (www.pirana-soft
ware.com).

Since the introduction of NONMEM in 1979, other
methods and software for population analysis have been
developed, e.g. nonparametric methods, parametric
expectation-maximum methods and iterative two-stage
Bayesian methods, WinBugs and Monolix. A description
of software for PK and PKPD falls outside the scope of
this chapter. A regularly updated list of PKPD software
can be found at www.boomer.org/pkin/soft.html.

Basic Aspects of NONMEM

In short, the procedure in NONMEM is as follows. The
assumed model structure is described in a so-called control
file, including information of PK models (most common
models are provided in a built-in library) and specific
commands.

The observed values are collected in a data file, together
with the time of observation, dosing information and covari-
ate information (e.g. weight, age, gender, study group).

After running the results are provided in an output file and
user-defined tables. The original NONMEM output is rather
user-unfriendly: limited information is provided, presented
in an inconveniently arranged text file, without any graphics.
Therefore, the above-mentioned front-end packages are very
useful for a clear and well-organized presentation of the
results.

In general, the following parameter values are estimated:

1. Structural model parameters, also called ‘typical values’,
denoted € (THETA, numbered 1, 2, etc.). These ’s are
the same for each subject.

2. Interindividual variability in the structural model
parameters denoted @ (OMEGA). Each individual
deviates from the typical value 6 with a deviation 7
(ETA, one value for each subject). The mean values of
all n’s are assumed to be zero, and their variance is .

3. Residual variability, also called residual error or intra-
individual variability. Each individual observation
deviated from the model-predicted value with a deviation
e (EPS). The mean values of all ¢’s are assumed to be
zero, and their variance is ¢ (SIGMA).
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The user must provide initial values for each of the values
0, w and o. As for individual analysis, the choice of these
initial values is, generally speaking, not critical, although
values far from the ‘optimal’ value may increase the risk of
convergence to a local minimum (see above) and thus not the
optimal solution and may increase the computation time.

During the NONMEM run, all values 6, @ and o are
estimated; alternatively, these values can be kept constant
by adding the word FIX to the initial value. From a statistical
point of view, 0 is a fixed effect (with a fixed, albeit yet
unknown value), and w and ¢ are random effects (each
subject is assumed to be randomly assigned to the study,
and each observation is assumed to be statistically indepen-
dent); this type of analysis is called mixed effects modelling.
For nonlinear functions, the process can be described by
nonlinear mixed effects modelling.

Simultaneous vs. Sequential PKPD Analysis

In a PKPD analysis, there are usually two sets of observed
data, i.e. plasma concentrations (also called PK data) and
drug effect observations (PD data), and two models, the PK
and the PD model (which may include the PKPD link
model). All the data can be analysed by different procedures,
which will be described here shortly. A more detailed
description of these procedures and comparison of them
can be found in the literature [61, 62]. For convenience, we
adopted the acronym from those papers:

1. SIM: simultaneous analysis of PK and PD models in a
single run. From a statistical point, this is the best and
most logical way to perform the analysis, provided that
the data are ‘ideal’, i.e. that the data are equally informa-
tive with respect to the PK and PD model. If this is not the
case, the simultaneous analysis may result in biased
estimates of the PK and/or PD parameters, as has been
demonstrated in literature [62—64]. Other limitations of
this approach are the increased risk of convergence to
local minima and long execution times.

For these reasons, one of the following sequential
procedures may be used. First, the PK analysis is
performed, estimating only the PK parameters (6, w, o),
using only the PK model and PK data. In the next step, the
PD analysis is performed, estimating the PD parameters
0, w, o).

2. IPP (individual PK parameters): After the PK step,
Bayesian (also called ‘post hoc’) parameter estimates
are provided by NONMEM, and these parameters are
used as fixed values in the PD analysis, estimating only
the PD parameters (0, , o), using only the PD data.
Although two different runs have to be performed, the
total execution time is usually much shorter than for the
simultaneous analysis [61-64]. However, this method
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suffers from a statistical ‘sin’: the PK parameters are
considered as exactly known values without any error,
since only the point estimates are used. Actually, the PK
parameters are not exactly known; only point estimates
and their standard error (and/or confidence interval) are
known. Therefore, the results are ‘too optimistic’, and the
standard errors and confidence intervals of the PD
parameters are underestimated significantly and popula-
tion values may be biased [61-64].

. IPPSE (individual PK parameters with standard errors):

To avoid the above-mentioned problem of the sequential
analysis, the standard error of the individual PK
parameters may be included in the analysis to account
for the uncertainty of the individual PK parameters, as
was proposed by Lacroix et al. [61]. This method
combines good accuracy and precision with reasonable
execution times.

. PPP&D (population PK parameters and dynamics):

Alternatively, the individual PK parameters may be
estimated in the PD run, but with fixed values of the
typical PK parameter values and their variances as
obtained from the PK analysis; this procedure is similar
to the simultaneous approach, except for the fixed values
of the typical PK parameter values and their variances,
thus avoiding the limitations of the simultaneous analy-
sis. In general, this approach may be considered the
‘ideal’ solution for the earlier mentioned problems with
the other methods, at the cost of a limited increase of the
execution time.

. Nonparametric PK model: Unadkat and colleagues

described an alternative to the IPP method, by replacing
the compartmental PK model by a nonparametric PK
model, i.e. assuming that the plasma concentration can
be described by connecting the observed concentrations
with straight line, either on a linear scale or a logarith-
mic scale [65]. This method requires some adaptations
of the usual software. The advantage of this approach is
that the PD analysis is completely independent of the PK
analysis and that bias in the PK model is not transferred
to the PD model; for this reason this approach was
applied in several studies [31, 63, 66, 67]. In addition,
this approach can be applied also in cases where a
compartmental PK model does not seem to be appropri-
ate, e.g. in the case of secondary plasma concentration
peaks as a result of enterohepatic circulation. However,
the method has the same disadvantages as approach IPP
and requires sufficiently frequent sampling in each indi-
vidual for an accurate description of the plasma concen-
tration profile. Proost and colleagues compared the
nonparametric PK, SIM and IPP methods and concluded
that the nonparametric PK approach performed similarly
to IPP [63].
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Optimal Study Design
The study design is a key factor to obtain accurate and precise
parameter estimates. Although this is quite obvious, it may be
questioned whether the design of the study is evaluated
thoroughly in the typical clinical study. Data to support this
are lacking, but it seems likely that more accurate and precise
results can be obtained in well-designed studies.

A problem inherent to ‘optimal study design’ is that such
a design can be assessed only if the results of the study are
known. For example, the well-known power analysis to
determine the number of subjects in a study requires infor-
mation on the expected variability, which must be estimated
based on earlier information or pilot studies.

In general, the following factors determine the optimal
design of PKPD studies:

— The primary and secondary objectives of the study

— The required accuracy and precision of the PKPD
parameters and/or the required prediction performance

— The underlying PKPD model, its parameters and their
interindividual and residual variability

The procedure for the assessment of the optimal study
design should provide optimal values for, amongst others,
the number of subjects, the number of observations per
subject and the time points of observations.

The importance of time points of observations in PK
studies was demonstrated by D’Argenio in 1981 [68],
introducing various methods to assess the optimal time
points of sampling for individual pharmacokinetic analysis,
known as p-optimality and several more. More recently, this
work was extended by several authors [69-71].

The optimal design of ‘classical’ clinical studies is nowa-
days performed by clinical trial simulation (CTS), allowing
selection of the optimal design parameters for a study. The
principle of CTS is to generate a large number of study
results, based on the assumed clinical parameters, using a
process called Monte Carlo simulations, where study
parameters are simulated from the assumed mean, standard
deviation and statistical distribution. Similar procedures can
be used in PKPD studies. A major limitation of these Monte
Carlo-based methods is the enormous computational burden;
even in the present time with very fast computers, this still is
an issue.

A critical point in optimal study design of PKPD studies
is the fact that the optimal conditions are often in conflict
with the ‘classical’ design of clinical studies. Two examples
to clarify this point will be given here.

The first example refers to the optimal time point of the
observations. In particular in cases where the number of

observations per subject is small (‘sparse data’), it is
important that the time points are well spread over the
relevant time period of the study, implying that the times
of observations, for PK and/or PD, are not the same for
each subject; the optimal sampling strategy may even have
different time points for each subject. Such a study design
will not be acceptable from a ‘classical’ clinical study point
of view, since one cannot summarize the data in a table,
such as ‘drug effect was an increase of 5.0 (SD 0.7) units
after 1 hour and 2.5 (SD 0.5) units after 4 hours’, and a
statistical analysis of these data is not possible. Actually, a
population PKPD analysis is the only way to analyse this
type of data.

The second example is the dose (or concentration, in
the case of inhaled anaesthetics or TCI infusion) in rela-
tion to the (expected) drug effect. If the observed effects
are well spread over the entire range, parameter estimation
is likely to be precise and accurate, as shown in Fig. 7.6a.
However, in a ‘classical’ clinical study, all patients would
receive the same dose or a few different doses. In general,
these doses are chosen to be effective, in order to avoid
insufficient drug effect. As a result, at most time points,
the observed drug effect is large, and small drug effects
are lacking. So, the data are not well spread over the range
from zero to full drug effect (Fig. 7.6b). As a result, the
estimates of C50, y and E, will be imprecise, even in cases
where the total number of observations is large. For other
drugs, where doses are relatively low to avoid adverse
effects at higher concentrations, the drug concentrations
are too low to estimate C50, y and E.,x precisely
(Fig. 7.6¢).

These examples show that the optimal design of PKPD
studies may be hampered by the requirements posed by the
‘classical’ clinical study design or by ethical reasons that do
not allow choice of the optimal doses.

The optimal design for interaction studies may be much
more complex than that for a single drug, and, in spite of its
importance, this topic seems to be largely neglected in
literature. Short and colleagues [72] compared several
designs for interaction studies based on response surface
methodology in a simulation study, to select the most
satisfactory study design and to estimate the number of
patients needed to adequately describe the entire response
surface. They concluded that the ‘crisscross’ design was
most appropriate: in half of the patients, drug A is kept
constant at one of a series of predefined levels and drug B is
tested at various levels, and in the other half of the patients,
drug B is kept constant at one of a series of predefined level
and drug A is tested at various levels. For details we refer to
the original publication [72].
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Fig. 7.6 Fitting drug effect data to the sigmoid E,,. model. The
dashed line shows the relationship according to the sigmoid Ej,x
model with the true values of the parameters, the open squares show
20 simulated data points with added random error in the drug effect
(‘observed’) and the solid line shows the best fitting sigmoid E,.x
model with baseline E, (Eq. 7.12). (a) Observations are well spread

Reporting PKPD Studies

A clear and consistent presentation of the results of PKPD
studies is essential for a good understanding and in
subsequent use of these results in patient care, drug develop-
ment or research. Unfortunately, a survey of publications of
PKPD studies shows that much can be improved, since many
publications lack relevant information (e.g. with respect to
calculations, units, residual error, model assumptions, model
selection, diagnostic plots) or use uncommon or confusing
symbols; it is recommended to use the generally accepted
symbols as published [73, 74], and the use of software- or
model-specific symbols should be avoided (e.g. denoting the
volume of the central compartment as V, instead of V.
(or V), since it is used in the NONMEM code reflecting
the volume of compartment 2, in cases where compartment
1 is used for the absorption compartment).
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over the relevant range, resulting in accurate parameter estimates. (b)
Observations are located in the upper range of effect, resulting in poor
parameter estimates for C50, y and E,. (c¢) Observations are located in
the lower range of effect, resulting in poor parameter estimates for C50,
14 and Emax

The statistical and technical aspects of PKPD modelling
may be difficult to explain to readers not or less familiar with
PKPD and pharmacometric concepts. However, this should
be a challenge to clarify the aims, methods, results and
discussion of PKPD studies for a wide audience, rather
than hiding the message by unnecessarily technical writing,
and still provide all essential details in the report or article.
The possibility to provide part of such information as sup-
plementary data on a website linked to the journal allows
keeping the main article clear and succinct without lack of
essential information.

Both the FDA and EMA published guidelines for popula-
tion pharmacokinetic studies [75, 76].

Recently, a paper entitled ‘Reporting a population
pharmacokinetic-pharmacodynamic study: a journal’s per-
spective’ was published [77], followed by ‘Reporting
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Guidelines for Clinical Pharmacokinetic Studies: The
ClinPK Statement’ [78].

Earlier, Viby-Mogensen and colleagues published a
paper on good clinical research practice (GCRP) of pharma-
cokinetic studies of neuromuscular blocking agents, includ-
ing design, analysis and reporting of such studies [79], as a
companion to papers on GCRP of pharmacodynamic studies
of neuromuscular blocking agents [80]. Both papers were the
result of consensus conferences of a large group of experts in
the field.

PKPD Modelling of Drugs Used in Anaesthesia
Neuromuscular Blocking Agents

In 1979, Sheiner and colleagues published their classical
paper on PKPD modelling of neuromuscular blocking agents
(NMBA), introducing the concept of the ‘effect compartment’
to describe the relationship between the plasma concentration
and the concentration at the site of action, i.e. to account for
time delays between both concentrations as a result of drug
transport from plasma to the site of action [29]. This idea,
described above, solved the problem of the observed time
delay between the plasma concentration of the NMBA and
the resulting muscle relaxation, without the need of an extra
pharmacokinetic compartment describing the plasma concen-
tration profile, as was used in the model of Hull et al. [81].

The concept of the effect compartment has given an
enormous impetus to PKPD modelling of almost all classes
of drugs, within and outside anaesthesiology, and even
today, Sheiner’s PKPD link model is still by far the most
commonly used approach in describing time delays of effect
due to pharmacokinetics. It is obvious that the proof of
principle of the effect compartment concept could be
demonstrated only with a data set with sufficient PK and
PD data and well-defined PK and PD models. To this pur-
pose, NMBAs are most appropriate: the effect, i.e. the
degree of muscle relaxation, can be quantified accurately
by measuring muscle contraction force upon electrical stim-
ulation, and the PD model can be used in its most simple
form, since in Eq. (7.12) Eq (pre-dose muscle contraction
force, usually expressed as 100 % of control) and E,, are
zero (complete relaxation or complete neuromuscular block-
ade), thus leaving only three parameters to be estimated (k,,
C50 and y).

This simple model has been described successfully for
almost all NMBAs used in clinical practice. As described
above, Viby-Mogensen and colleagues published a paper on
good clinical research practice (GCRP) of pharmacokinetic
studies of neuromuscular blocking agents, including design,
analysis and reporting of such studies [79].
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In most published studies, and for most compounds, the
value of y was in the range of 3-8, and the question arises
whether this range reflects real differences between
compounds or is due to methodological issues or inter-
study variability. From a pharmacological point of view, it
seems likely that the relationship between receptor occu-
pancy of a nondepolarizing NMBA and the degree of neuro-
muscular block is independent of the chemical structure of
the NMBA, and thus y is a property of the neuromuscular
system, and the same for all nondepolarizing NMBAs [82],
but different for different muscles. Unfortunately, this
hypothesis has never been tested thoroughly.

Donati and Meistelman [83] proposed a PKPD model for
NMBAs, taking into account the binding of the NMBA to the
acetylcholine receptors in the synaptic cleft, instead of the
‘inert’ effect compartment of the Sheiner model. This binding
to receptors, also called the ‘buffering hypothesis’ as observed
in in vitro experiments [84], has profound effects on the
potency and time course of NMBAs, since binding to receptor
lowers the unbound concentration in the effect compartment,
thus increasing the onset time and increasing the dose needed
to reach a certain degree of block [83, 85]. This model may
explain the observed relationship between onset time and
potency [86—88], but it is still unclear whether this ‘buffering
hypothesis’ plays a dominant role in the observed relationship
between onset time and potency, since conflicting
observations have been reported [89, 90].

Beaufort and co-workers [91] showed that inhibition of
the enzymatic degradation of suxamethonium and
mivacurium increases the onset time of submaximal neuro-
muscular block, as predicted by PKPD modelling [85, 92].

The models described above have a common feature that
they assume that the drug effect (neuromuscular block) is
dependent on the (unbound) NMBA concentration in the
effect compartment. From a mechanistic point of view, this
is cumbersome, since the drug effect is the result of interac-
tion of the drug molecules with the acetylcholine receptors,
and thus it seems logical to relate the drug effect to the
receptor occupancy. This concept has been used by
D’Hollander and Delcroix [93], but this approach has not
been explored further. Actually, as a result of the very fast
binding and release of the NMBA and acetylcholine recep-
tor, there is a fixed relationship between unbound drug
concentration and receptor occupancy, and therefore both
approaches are essentially identical.

A modification of this approach was applied to explain
the increased sensitivity to NMBAs and the prolonged time
course in myasthenic patients [67]. Using the classical
approach (Sheiner model, using Eqgs. (7.7) and (7.12)), C50
and y were significantly decreased in myasthenic patients
compared to controls. Using the unbound receptor model
(URM), which relates the drug effect to the number of
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unbound acetylcholine receptors (i.e. the number of
receptors available for neurotransmission by acetylcho-
line), explained the increased sensitivity to NMBAs and
the prolonged time course in myasthenic patients as a
result of a decreased number of acetylcholine receptors,
in accordance with the known mechanism of myasthenia
gravis, illustrating the advantage of a (more) mechanistic
model over a merely empirical model. The results of this
clinical PKPD study were confirmed in a study with pigs
[66] and in an experimental setting with an antegrade
perfused rat peroneal nerve anterior tibialis muscle model
[94], in which experimental autoimmune myasthenia
gravis was evoked by injection of alpha-bungarotoxin or
by injecting monoclonal antibodies against rat acetylcho-
line receptors.

Several studies have been performed describing the
different effects of NMBAs on different muscles
[95, 96]. Vecuronium and rocuronium showed an earlier,
but less deep, neuromuscular block at the adductor laryngeal
muscle compared to the adductor pollicis, resulting in a larger
value of ko (shorter equilibrium time) and a larger C50 (lower
potency) as shown by PKPD modelling [96].

In the case of (cis)atracurium, the PK model should take
into account both central and peripheral Hofmann elimina-
tion, a chemical degradation process independent of enzyme
activity [97]. For mivacurium the classical PKPD link model
did not result in acceptable model fitting, and an additional
interstitial compartment was postulated to describe the PKPD
of mivacurium adequately [31].

As described earlier, the plasma concentration—time profile
cannot be accurately described by a compartmental model
during the first minutes after administration due to the pro-
cesses of mixing over the vascular space, and consequently, a
PKPD model cannot describe the drug effect accurately over
this time period. Beaufort and colleagues [15] and Ducharme
and colleagues [16] investigated the influence of the compart-
mental approach in experiments with frequent arterial blood
sampling, with intervals of 10 s and 1.2 s, respectively, and
using a non-compartmental PK model. Their results showed
that model parameters with frequent sampling were signifi-
cantly different from that obtained from conventional com-
partmental modelling.

Only a few PKPD studies on the depolarizing NMBA
suxamethonium (succinylcholine) have been published,
partly as a result of the methodological issue of the rapid
breakdown by plasma cholinesterase [98—100].

An alternative approach was introduced by Verotta and
Sheiner [101-103] by performing PKPD modelling without
plasma concentration measurements. In this approach, a one-
or two-compartment PK model is assumed, and the
parameters of this PK model together with the PD
parameters are estimated from the PD measurements. Since
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no concentrations are measured, C50 cannot be estimated,
but instead of C50 the drug potency is modelled as an
infusion rate associated with 50 % effect. For compounds
following one-compartment kinetics, and for comparisons
between compounds or between muscles, this approach may
be attractive, but in other cases the value of this approach
seems limited.

Nigrovic and colleagues published some extended PKPD
models, e.g. to explain the competition of NMBAs and
acetylcholine [104] and the phenomenon of twitch fade
[105]. Such models may be helpful in a quantitative under-
standing of the processes involved, but their clinical rele-
vance seems limited.

Interaction of Neuromuscular Blocking Agents

Several studies on the interaction of different NMBAs have
been published in literature [106—108]. These studies were
analysed using isobolographic analysis. Nigrovic and
Amann [109] published a theoretical model describing the
additive or supra-additive interaction of NMBAs. However,
no PKPD models supported by full PKPD analysis describ-
ing the interaction of different NMBAs could be found in
literature.

The overall pattern of these studies is that interactions of
NMBAS of the same chemical group (aminosteroids such as
rocuronium, vecuronium, pipecuronium and pancuronium or
benzylisoquinolinium compounds such as cisatracurium,
atracurium, mivacurium, metocurine and D-tubocurarine)
are additive or mildly synergistic and that interactions of
NMBAs of a different chemical group are synergistic. The
clinical relevance of these findings remains to be
demonstrated.

Reversal of Neuromuscular Block

The reversal of neuromuscular block by acetylcholinesterase
inhibitors such as neostigmine and edrophonium has been
modelled as an extension of the PKPD model of NMBAs
[110-113].

The development of sugammadex introduced a novel
concept to reverse neuromuscular block by forming a stable
complex with rocuronium [114—118]. Due to the very high
affinity of sugammadex for rocuronium, and to a lesser
extend for vecuronium, unbound plasma concentrations of
these NMBAs are rapidly reduced after injection of
sugammadex.

The pharmacokinetics of sugammadex was investigated
by non-compartmental analysis [116]. The PKPD of
rocuronium and vecuronium, sugammadex and their
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interaction was successfully modelled, allowing investiga-
tion of the characteristics of the reversal of neuromuscular
block of rocuronium and vecuronium by sugammadex in a
quantitative manner [57].

In a case report in which a temporary decrease in train-of-
four response was observed after reversal of muscle relaxa-
tion with a small dose (0.5 mg/kg) of sugammadex
administered 42 min after 0.9 mg/kg of rocuronium, it was
hypothesized that this muscle relaxation rebound occurs
when the dose of sugammadex is sufficient for complex
formation with rocuronium in the central compartment,
but insufficient for redistribution of rocuronium from
peripheral to central compartments, rather than dissociation
of the sugammadex—rocuronium complex [119]. This
hypothesis was supported by a PKPD modelling approach,
and simulations indicated that muscle relaxation rebound
can occur for doses of sugammadex in a limited critical
range.

Volatile Anaesthetics

The classical measure of potency of volatile anaesthetics is
the minimum alveolar concentration (MAC), defined as
the concentration in the alveoli at which 50 % of the
patients do not react to a standardized skin incision. Com-
paring this definition with Eq. (7.15), it follows that the
MAC equals C50 for the stimulus skin incision. In this
approach, the steepness y is not explicitly determined;
instead, anaesthesiologists use practical rules, e.g. that a
concentration of 1.3 times the MAC results in adequate
suppression of response after skin incision. Assuming that
this coincides with a level of P = 0.9, it follows from
Eq. (7.15) that y of volatile anaesthetics is about 8. In
addition, in the case of two or more anaesthetics, their
MAC values may be added, implying that the assumed
interaction is additive.

The concept of MAC as well as full PKPD models
assumes equilibrium conditions of the concentrations in the
alveoli, blood and brain. The time course of the
concentrations in these areas can be described by pharmaco-
kinetic models [120].

Several  pharmacokinetic models for volatile
anaesthetics were published [121-129]. Such models may
be helpful for a better understanding of the time course of
action of volatile anaesthetics as well as the influence
of physico-chemical properties of the anaesthetic drug
(e.g. blood—gas partition coefficient) and patient
characteristics (e.g. cardiac output); their practical benefit
remains to be demonstrated.

An overview of the clinical pharmacokinetics of
sevoflurane can be found in the literature [130].
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Intravenous Anaesthetics

Numerous PK models for intravenous anaesthetics have
been published, in particular for propofol. The models for
propofol derived by Marsh [131] and by Schnider [132, 133]
are widely used and have been evaluated in TCI settings
[8, 134—137]. In addition, PK and PKPD models have been
developed for special patient groups, in particular in obesity
[138, 139], children [140-142], infants [143] and obese
children [144].

Eleveld and colleagues [49] developed a ‘general purpose
pharmacokinetic model’ for propofol, using data from 21 pre-
viously published propofol data sets containing data from
young children, children, adults, elderly and obese
individuals, including data sets available from the Open TCI
Initiative website (www.opentci.org). In total, 10,927 drug
concentration observations from 660 individuals (age range
0.25-88 years, weight range 5.2—-160 kg) were analysed. The
goal was to determine a PK model with robust predictive
performance for a wide range of patient groups and clinical
conditions. A three-compartment allometric model was
estimated with NONMEM using weight, age, sex and patient
status as covariates. A predictive performance metric focused
on intraoperative conditions was devised and used along with
the AIC to guide model development. The predictive perfor-
mance of the final model was better than or similar to that of
specialized models, even for the subpopulations on which
those models were derived. This general purpose model
seems promising for the application of TCI in a wide range
of patient groups and clinical conditions, although further
prospective evaluation of the model is needed.

For several other intravenous anaesthetics, population PK
models have been published, e.g. for midazolam in adults
[145], infants [146] and obesity [147] and for
dexmedetomidine in children [148] and adults [149].

Interaction of Anaesthetics

Harris and co-workers [150] found an additive interaction of
sevoflurane and propofol for loss of consciousness and
response to skin incision, using the Dixon up-and-down
method and isobolographic techniques.

This interaction was also investigated by Schumacher
et al. [151]. Using the response surface modelling approach,
they showed that the interaction was additive for all
investigated end points: BIS suppression, state and response
entropy, tolerance of shake and shout, tetanic stimulation,
laryngeal mask airway insertion and laryngoscopy. This
implies that, for these end points, sevoflurane and propofol
can be interchanged, with 1 mg/l propofol corresponding to
0.42 vol.% sevoflurane.


http://www.opentci.org/
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A similar study by Diz et al., using midazolam
premedication and low doses of opioids, confirmed the addi-
tive interaction between propofol and sevoflurane on BIS
[152]. The findings of these three studies are in line with the
above-mentioned assumption of additivity of volatile
anaesthetics.

The interaction of sevoflurane and nitrous oxide was
modelled by Vereecke and colleagues [50]. Since this
study also included the interaction with opioids, it is
described below.

The interaction between midazolam and propofol has
been studied by several researchers, with varying results.
It has been shown that midazolam and propofol influence
each others’ kinetics [153—-155], complicating the analysis
of the interaction, although the observed PD interaction
appeared not to be attributed to PK changes of the unbound
concentrations of the drugs [156]. Some publications
reported a synergistic interaction for sedation and loss of
responsiveness [157—159], but others reported an additive
interaction [43, 160]. A synergistic interaction was also
found in a triple interaction study on midazolam, propofol
and alfentanil by Minto and co-workers, as described
below.

Opioids

The PK of the opioids used in anaesthesia has been
investigated in several studies, which were reviewed about
20 years ago [161, 162]. More recent pharmacokinetic stud-
ies with opioids commonly used in anaesthesia seem to be
absent in literature, except for remifentanil.

The PK of remifentanil was investigated by Egan and
co-workers [163-165], by Minto and co-workers
[166, 167] and by Drover and Lemmens [168]. The PK
model of Minto et al. has been and is still widely used for
TCI application. The performance of this model was
validated in obese patients [169]. However, Mertens and
colleagues [170] compared the predictive performance of
remifentanil TCI using the above-mentioned five models
and concluded that the three models by Egan and
co-workers performed better than the Minto and Drover
models.

The PD of opioids has been studied in many publications,
using different end points of opioid effect. The oldest papers
studied the MAC reduction of isoflurane by fentanyl
[171, 172], alfentanil [172], sufentanil [173] and
remifentanil [174]. Katoh and co-workers investigated the
MAC reduction of sevoflurane by fentanyl [175]. It should
be noted that MAC reduction studies are actually interaction
studies (see below); they are mentioned here because these
studies were aiming at measurement of the potency of the
opioids.
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Bouillon performed two studies comparing the respira-
tory depressant potency of remifentanil, alfentanil and
piritramide [176, 177].

Gambus and co-workers [178] investigated the
EEG-derived canonical univariate parameter (CUP) and
the spectral edge (SEgs¢,) as effect parameters of fentanyl,
alfentanil, sufentanil, trefentanil and remifentanil. The
potency of these compounds was expressed in their C50
(denoted IC50 in that paper). These C50 values are 5- to
20-fold the C50 values obtained in the MAC reduction
studies, questioning whether these values can be used to
compare the potency of opioids to provide the anti-
nociceptive component of a balanced anaesthesia technique.

An overview of (C50 values of alfentanil, fentanyl,
sufentanil and remifentanil for the above-mentioned end
points, as well as for the minimum effective plasma concen-
tration providing postoperative analgesia (MEAC), can be
found in Miller’s Anesthesia [179].

Interaction of Opioids

The opioids most commonly used in anaesthesia (fentanyl,
alfentanil, sufentanil and remifentanil) are pure u-receptor
opioid agonists [180]. Therefore, it may be assumed that
their interaction is additive, implying that they can be
interchanged, provided that (1) their different pharmacokinet-
ics are considered; these differences may be exploited by
changing the opioids towards the end of the surgical procedure
to maintain the optimal analgesic treatment, and (2) the
equipotent doses, or in TCI, equipotent concentrations are
known. Unfortunately, as mentioned above, the equipotent
doses and concentrations are dependent on the observed end
point of opioid effect. Therefore, there is still a need for
comparative  studies  determining the  equipotent
concentrations of the opioids used in anaesthesia on the clini-
cally relevant end points such as reduction of C50 of propofol
and analgesic effect. The latter would be measured as experi-
mental pain, either attenuation of a standard stimulus or
increasing pain tolerance.

Interaction of Volatile Anaesthetics and Opioids

The interaction studies on the MAC reduction of volatile
anaesthetics by opioids have been described above, because
these studies were aiming at measurement of the potency of
the opioids.

The interaction between sevoflurane and remifentanil was
studied by Manyam et al. [32], measuring sedation and
responsiveness using the Observer’s Assessment of Alert-
ness and Sedation Scale (OAAS) and several painful stimuli:
electrical titanic stimulus, pressure algometry (reproducible
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pressure on the anterior tibia) and 50 °C hot temperature
sensation in volunteers. In this study, end-tidal vapour pres-
sure was used as input for the PD model, although there was
no equilibrium with effect-site concentrations. Therefore,
the results of this study are of limited validity. The same
group published a reanalysis of these data [181].

The interaction between sevoflurane and remifentanil was
also investigated by Heyse and colleagues [37], measuring
responsiveness using the OAAS scale and several
painful stimuli: electrical tetanic stimulus, laryngeal mask
airway insertion and laryngoscopy. They applied several
available mathematical approaches in modelling the
concentration—effect data to identify which approach works
best. The hierarchical model was found to fit best to the
data, the same model that was developed by Bouillon et al.
[41] to describe the interaction between propofol and
remifentanil.

In the study of Heyse and colleagues, also several contin-
uous measures of hypnotic and analgesic effect were
obtained before and after the above-mentioned series of
noxious and non-noxious stimulations [182]. Using a
response surface methodology, an additive interaction
between sevoflurane and remifentanil was found for the
EEG-derived measures bispectral index (BIS), state entropy
(SE) and response entropy (RE).

For the composite variability index (CVI), a moderate
synergism was found. The comparison of pre- and poststim-
ulation data revealed a shift of C50 of sevoflurane for BIS,
SE and RE, with a consistent increase of 0.3 vol.%
sevoflurane. The surgical pleth index (SPI) data did not
result in plausible parameter estimates, neither before nor
after stimulation.

These modelling results confirm the reduction of the
MAC of volatile anaesthetics as a result of a synergistic
interaction, as has been shown in several MAC reduction
studies Once the interaction between sevoflurane and
remifentanil is established using response surface
modelling, it is tempting to predict the interactions of
other volatile anaesthetics using MAC equivalencies
and/or other opioids, using remifentanil equivalents,
i.e. remifentanil concentrations equipotent to the other opi-
oid. Although it is likely that such predictions are valid,
their clinical validity and safety need to be established in
prospective studies.

Vereecke and colleagues [50] expanded the hierarchical
model for sevoflurane and opioids for the combined admin-
istration of sevoflurane, opioids and nitrous oxide (N,O),
using historical data on the somatic (motor) and autonomic
(hemodynamic) responsiveness to incision, the MAC and
MAC-BAR, respectively [175]. Four potential actions of
N,O were postulated: (1) N,O is equivalent to A ng/ml of
fentanyl (additive); (2) N,O reduces C50 of fentanyl by a
factor B; (3) N,O is equivalent to X vol.% of sevoflurane

137

(additive); and (4) N,O reduces C50 of sevoflurane by a
factor Y. They found that 66 vol.% N,O combines an addi-
tive effect corresponding to 0.27 ng/ml fentanyl (A) with an
additive effect corresponding to 0.54 vol.% sevoflurane (X).
This allows incorporation of the effect of N,O into the
hierarchical interaction model.

Interaction of Intravenous Anaesthetics
and Opioids

The interaction of propofol with opioids has been
investigated in many papers, for a variety of PD end points
and for various opioids, e.g. for fentanyl [183, 184],
alfentanil [154, 185, 186] and remifentanil. The latter have
been extensively studied for a variety of effects, including
EEG-derived indices [41, 187—-189], cardiorespiratory end
points [190-193] and sedation and responsiveness using
OAAS [41].

Response surface modelling of the propofol—
remifentanil interaction was performed in several studies
using the Greco interaction model [194-196]. This resulted
in very high C50 values for remifentanil as a result of the low
sensitivity of the end points (amongst others, OAAS and
laryngoscopy). Bouillon and co-workers [41] performed a
study in volunteers using the same end points. They
introduced the hierarchical model and found that the hierar-
chical model performed better than the Minto model. For the
EEG-derived measures BIS and approximate entropy (AE),
the interaction between propofol and remifentanil was addi-
tive. The results of Bouillon et al. for propofol are in excel-
lent agreement with that for sevoflurane of Heyse et al.
[37, 182] for all reported end points, confirming the similar-
ity of the PKPD properties of sevoflurane and propofol.

Vereecke and co-workers [197] reanalysed the pooled
data of three studies on the interaction of propofol—
remifentanil  [41], sevoflurane—propofol [151] and
sevoflurane-remifentanil [37] to develop a triple interaction
model for the probability to tolerate laryngoscopy (Pror),
combining Egs. (7.18) and (7.23) to
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The pooled analysis resulted in unique C50 values for each
compound and a common value for y, whereas y, was not
significantly different from 1. Based on Prgp, a given com-
bination of propofol and remifentanil can be converted to an
equipotent combination of sevoflurane and remifentanil and
vice versa.

This model was used to extend the noxious stimulation
response index (NSRI), an anaesthetic depth indicator
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related to Prtop, presented for propofol and remifentanil
[42]. The NSRI was extended for sevoflurane by modifica-
tion of the original definition of NSRI [197]. NSRI is scaled
between 100 (when no anaesthetic drugs are administered)
and O (indicating very profound anaesthesia), in addition, for
ProL = 0.5, NSRI is 50, and for ProL = 0.9, NSRI is
20, leading to the following equation:

100
P N
ED

where S = slope factor = 0.63093. Ptop was estimated
from the end-tidal concentration of sevoflurane and effect-
site concentrations of propofol and remifentanil [197].

NSRI was found to be a better predictor of Pror com-
pared to bispectral index (BIS), state and response entropy
(SE, RE), composite variability index (CVI) and surgical
pleth index (SPI), as well as end-tidal concentration of
sevoflurane and effect-site concentrations of propofol and
remifentanil [197]. These data suggest that NSRI may be of
interest as a universal pharmacology-based anaesthesia indi-
cator reflecting the total potency of any combination of
sevoflurane, propofol and remifentanil.

Zanderigo and colleagues [198] modelled the relationship
between desired and undesired effects simultaneously by
defining a new parameter called ‘well-being’, defined as a
superposition of desired and undesired effects. The synergis-
tic response for both desired and adverse effects was used to
identify a preferred range of propofol and remifentanil
concentrations that provide adequate anaesthesia, associated
with the lowest risk of side effects. This approach has not
resulted in more publications, in spite of its attractive
characteristics.

In a triple interaction study on midazolam, propofol
and alfentanil, Vinik and co-workers [160] used
isobolographic  techniques to  determine  whether
combinations of midazolam—propofol, propofol-alfentanil,
midazolam—alfentanil and midazolam—propofol-alfentanil
interacted in a synergistic or additive way. Only the
midazolam—propofol interaction was not significantly differ-
ent from additivity.

Using data from an earlier study [159] with midazolam,
propofol and alfentanil, Minto and co-workers found signifi-
cant synergistic interactions of each pair of these compounds,
but no additional triple interaction when three drugs were
combined [34]. A weak point of this study is that observations
were made at fixed time points after administration of known
doses, but the actual concentrations were not known. This
implies that this study does not provide a full surface response
model allowing estimating the effect of any combination of
midazolam, propofol and alfentanil. Therefore, a well-

NSRI = (7.34)
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designed study of the midazolam—propofol—opioid interaction
assessed at near steady state, using standardized end points of
hypnotic drug effect, is still missing.

Applications of PKPD Models

PKPD models offer a wide range of applications in anaes-
thesiology, for example:

1. Drug administration by TCI, as is nowadays routinely
applied for propofol and opioids such as remifentanil,
throughout Europe and Asia. The clinical value of TCI
has been demonstrated in validation studies [8, 134, 135,
137]. Due to regulatory differences, TCI pumps are not
yet allowed in the United States [136].

2. Drug advisory displays, such as SmartPilot View (Dréger,
Liibeck, Germany) and Navigator Suite (GE Healthcare,
Madison, WI), have a large potential to help the anaes-
thesiologist. ~ Such  displays provide real-time
individualized predictions of anaesthetic drug effects,
accounting for administered doses, drug interactions and
patient characteristics, allowing rational, timely and
reproducible drug titration. These predictions are
presented either as isoboles (SmartPilot View) or
coloured zones of desired effect on the effect-site concen-
tration graphs (Navigator Suite). In order to guarantee
optimal performance, adequate PKPD models must be
available and prospectively validated.

The application of drug advisory displays in clinical
practice has several potential advantages. They allow a
titration of the drug dose to, for example, the 95 %
isobole, i.e. a near-maximal effect while minimizing
overdose, a process called ‘surfing the waves’ [136].
Also in cases where the individual patient behaves differ-
ently from the expected typical patient, the isoboles can
still be used to guide dosing, taking into account the
clinical observations in that patient.

The anaesthesiologist should be aware of the
limitations to these drug displays. The predictions of
drug concentration and effects are based on population
models. This means that the concentrations and effects
individual patients may deviate from the predictions
shown on the display. From a clinical point of view, it
may diminish the user’s confidence in the system, but
from a statistical point of view, the prediction is
not ‘wrong’. In addition, even for the typical patient,
PKPD predictions are not perfect and are based on
models obtained from studies in a limited number
of patients with possibly a suboptimal study
design, e.g. with respect to co-medication affecting
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drug effect or insufficient time to reach steady-state
conditions.

3. Prediction of the time course of drug action, e.g. to con-
firm the anaesthesiologist’s knowledge and expertise, in
particular in complex or unusual circumstances, but also
in daily practice, e.g. to determine the optimal dosing of
anaesthetics and opioids during anaesthesia. Quantitative
PKPD knowledge of their combined effects (either ‘at
hand’ or in a drug advisory displays) allows exploitation
of the synergistic interaction, aiming at drug
concentrations close to the 95 % isobole (‘surfing the
waves’), i.e. sufficient to elicit the desired level of anaes-
thesia in a large majority of patients, but avoid prolonged
drug effect and increased risk of adverse effects, while
keeping the optimal balance between depth of anaesthesia
and cardiovascular stability and, at the same time, ensur-
ing a rapid recovery.

Conclusions

The development of PKPD modelling techniques and
models over the last decades has undoubtedly increased
our knowledge and understanding of the relationship
between dose administration profile and clinical effect,
enabling prediction of time course of the clinical effects of
drugs routinely used in clinical anaesthetic practice. Great
progress has been made in understanding pharmacodynamic
interactions. This knowledge has recently been implemented
in drug advisory displays, allowing the anaesthesiologists to
better understand interactions between different drugs and to
better predict the future time courses of clinical effects of
combinations of drugs, thus contributing to more adequate
and safer anaesthesia.
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