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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.

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�1. 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�1 suitable for induction of anaes-

thesia and a continuous infusion rate up to 200 ml h�1.

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 Nimmo,

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�1 h�1. 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, Jürgen Schüttler 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

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’ TCI 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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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

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,

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)

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 Jürgen Schüttler, from Belgium Elisabeth Gepts,

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 þ 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)
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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

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 k12 of 0.114 min�1

as described by Gepts rather than the value of 0.112 min�1

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,

Fig. 2.3 Diprifusor™ TCI

module (8 � 5 � 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)
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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 μg ml�1, 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:

Infusion error%¼ Balance volume� Ideal volumeð Þ
Ideal volume

�100

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:

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 mg ml�1,

reduced to 4 mg ml�1 at 10 min and increased to 6 mg ml�1 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
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In adult patients under 55 years of age anaesthesia

can usually be induced with target propofol

concentrations in the region of 4 to 8 μg/ml. An initial
target of 4 μg/ml is recommended in premedicated

patients and in unpremedicated patients an initial

target of 6 μg/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 μg/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 μg/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

systems display predicted effect-site propofol concentration

using a blood–brain equilibration rate constant (ke0) of

0.26 min�1. 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 ke0 value of 0.2/min [24]. Subsequently, a

modified ke0 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 ke0 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 ke0 of

0.6 min�1, 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 ke0 of 0.6 min�1 achieved induction of

anaesthesia more rapidly than the Marsh model in blood

concentration control or the Schnider model [27, 28] with a

ke0 of 0.46 min�1 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 μg/ml, which should be increased in steps of 1.0

to 2.0 μg/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 μg/ml within the range of 1 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 μg/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 (ke0) of propofol of

0.456 min�1 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® μVP 7000 and

Syramed® μSP600 devices (Arcomed AG, Switzerland)

and the Pion® TCI pump (Bionet, Korea) have incorporated

the Marsh and Schnider models for propofol, the Minto

2 The Development and Regulation of Commercial Devices for Target-Controlled Drug Infusion 15



model for remifentanil and in some cases models for admin-

istration of sufentanil, alfentanil, fentanyl, midazolam, keta-

mine and dexmedetomidine by TCI.

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-approvedTCI 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 Jürgen Schüttler 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 20–85 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 ke0 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

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/ml. 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/IV 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.

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

Fig. 2.5 Cumulative dose

(μg kg�1) of remifentanil (a)
and sufentanil (b) delivered by

blood concentration (CbT)

or effect site TCI (CeT).

Remifentanil CbT filled
square, CeT open square
targets 3 ng ml�1, increased

to 6 ng ml�1 at 10 min,

and decreased to 3 ng ml�1

at 20 min. Sufentanil CbT filled
triangle, CeT open triangle, targets
0.5 ngml�1 increased to 1 ngml�1

at 10 min, and decreased to

0.5 ng ml�1 at 20 min
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opportunity to control effect-site concentrations of

sufentanil using the Gepts model combined with a blood–

brain equilibration constant (ke0) of 0.112 min�1 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 TCI 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

mg kg�1 or mg kg�1 h�1 or μg kg�1 min�1 is the same for all

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�1

for volumes and ml kg�1 min�1 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, V1 is constant at 4.27 l, age is a covari-

ate for the volume of the second compartment (V2) and rapid

peripheral clearance (Cl2); and weight, height and lean body

mass are all covariates for metabolic clearance (Cl1).

Although gender is not a covariate, it has an influence on

Cl1 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

Marsh

Schnider

30 year, M

Schnider

50 year, M

Schnider

80 year, M

Schnider

30 year, F

Schnider

50 year, F

Schnider

80 year, F

V1 (ml kg�1) 228 61 61 61 61 61 61

V2 (ml kg�1) 473 398 287 119 398 287 119

V3 (ml kg�1) 2895 3400 3400 3400 3400 3400 3400

Cl1 (ml kg�1 min�1) 27.1 23.4 23.4 23.4 28.7 28.7 28.7

Cl2 (ml kg�1 min�1) 26 26.3 19.5 9.2 26.3 19.5 9.2

Cl3 (ml kg�1 min�1) 9.6 11.9 11.9 11.9 11.9 11.9 11.9

All subjects 70 kg, 170 cm
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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 μg ml�1. 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�1, 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 (Cl2) (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 V1 is constant in this model, the weight related reduction

in V1 in terms of ml kg�1 (Table 2.3) leads to weight related

changes in initial dose delivered in terms of mg kg�1 with a

larger initial dose in lighter patients. Weight related changes

in clearance in terms of ml kg�1 min�1 (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 (ke0 0.46 min�1) in 50 year, 170 cm male patients

of 50, 70 and 110 kg at targets of 4 μg ml�1. 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 (CeT) in 50 year, 170 cm male patients of 50 and 100 kg

when propofol target concentrations of 3 μg ml�1 have been

Table 2.3 Influence of body weight and gender on volumes of distribution and clearance with the Marsh and Schnider pharmacokinetic models

for propofol

Marsh

Schnider

50 kg, M

Schnider

70 kg, M

Schnider

110 kg, M

Schnider

50 kg, F

Schnider

70 kg, F

Schnider

110 kg, F

V1 (ml kg�1) 228 85 61 39 85 61 39

V2 (ml kg�1) 473 401 287 182 401 287 182

V3 (ml kg�1) 2895 4760 3400 2164 4760 3400 2164

Cl1 (ml kg�1 min�1) 27.1 30 23.4 24 34.4 28.7 31.2

Cl2 (ml kg�1 min�1) 26 27.2 19.5 12.4 27.2 19.5 12.4

Cl3 (ml kg�1 min�1) 9.6 16.7 11.9 7.6 16.7 11.9 7.6

All subjects 50 year, 170 cm

Fig. 2.6 The influence of patient

age on the cumulative dose

(mg kg�1) of propofol delivered

with the Marsh and Schnider

models at a target blood

concentration (CbT) of 4 μg ml�1

in 70 kg, 170 cm male subjects.

Filled diamond Marsh CbT all

ages, open square Schnider CbT
30 year, filled triangle Schnider
CbT 50 year, open triangle
Schnider CbT 80 year
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Fig. 2.8 The influence of patient

weight on the cumulative dose

(mg kg�1) of propofol delivered

with Marsh model in blood

concentration control (CbT
4 μg ml�1) and the Schnider

model in effect control (CeT
4 μg ml�1) in 50 year, 170 cm

male subjects. Filled square
Schnider CeT 50 kg, filled
diamond Marsh CbT all weights,

open square Schnider CeT 70 kg,

filled triangle Schnider CeT
110 kg

Fig. 2.7 The influence of patient

weight on the cumulative dose

(mg kg�1) of propofol delivered

with the Marsh and Schnider

models at a target blood

concentration (CbT) of 4 μg ml�1

in 50 year, 170 cm male subjects.

Filled diamond Marsh CbT all

weights, filled square Schnider
CbT 50 kg, open square Schnider
CbT 70 kg, filled triangle
Schnider CbT 110 kg

Fig. 2.9 Propofol infusion rates

(mg kg�1 h�1) delivered with

Marsh model in blood

concentration control (CbT
3 μg ml�1) and the Schnider

model in blood concentration

(CbT 3 μg ml�1) and effect

control (CeT 3 μg ml�1) 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 CbT
all weights, filled square 110 kg,

Schnider CbT, open square
110 kg, Schnider CeT
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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 (V2

and Cl2) 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�1 h�1, 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

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

and body weight on propofol

infusion rates (mg kg�1 h�1) in

50 year, 170 cm subjects with

the Schnider model in blood

concentration control (CbT
3 μg ml�1). Filled diamond 50 kg

female, open square 50 kg male,

filled triangle 110 kg female,

open triangle 110 kg male

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 MDPE % MDAPE % Reference

Marsh Major elective surgery patients 46 16.2 (�21–84) 20.7 (6.3–84) [19]

Marsh Orthopaedic or gynaecological surgery 10 �7 (�43–43)a 18.2 (8–53)a [13]

Schnider Healthy adult volunteers 18 1.8 (�34–74) 20.7 (11–74) [46]

Marsh Healthy control patients 9 2.3 (�32–33) 24.6 (11–37) [47]

Schnider Healthy control patients 9 �0.1 (�22–34) 23.6 (13–43) [47]

Marsh Major elective surgery patients 41 16 (�27–84) 26 (11–84) [48]

Schnider Major elective surgery patients 41 15 (�23–73) 23 (7–73) [48]
a10–90 percentiles
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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 (V1) 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 kgð Þ¼ 1:1�weight�128� weight=heightð Þ2

Females : LBM kgð Þ
¼ 1:07�weight�148� weight=heightð Þ2

Body mass index (BMI)¼ weight (kg)/height (m2) 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�2 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 kgð Þ
¼ 0:33929� height cmð Þ þ 0:32810� weight kgð Þ

� 29:533

Females : LBM kgð Þ
¼ 0:41813� height cmð Þ þ 0:29569

� weight kgð Þ � 43:2933

Janmahasatian and colleagues : Males : FFM

¼ 9:27� 103 � Body wt kgð Þ
6:68� 103 þ 216� BMI

Females : FFM ¼ 9:27� 103 � Body wt kgð Þ
8:78� 103 þ 244� BMI

Both of thesemethods 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

Fig. 2.11 Influence of body

mass index (BMI kg m�2) on lean

body mass (LBM kg) in filled
square male and open diamond
female subjects, 160 cm height

and bodyweight 30–180 kg as

calculated with the James

equation [38]
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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): Cl1 l min�1
� � ¼ 1:89þ TBW � 77ð Þ � 0:0456ð Þþ

LBM� 59ð Þ � �0:0681ð Þþ Height� 177ð Þ � 0:0264ð Þ.
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: Cl1 l min�1
� � ¼ 2:6�

0:0162� Age� 40ð Þ þ 0:0191� LBM� 55ð Þ. Thus, in

patients with high BMI, clearance in terms of l kg�1

decreases such that there is a potential risk of underdosage.

However, in terms of ml kg�1 min�1, 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

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

Fig. 2.12 Influence of method

of calculation of lean body mass

on propofol clearance (ml kg�1

min�1) in a 160 cm, 40 year

female subject. Filled diamond
James [38], open triangle
Janmahasatian [53] and filled
square Hume [52] equations

Fig. 2.13 Influence of method of

calculation of lean body mass on

remifentanil clearance (ml kg�1

min�1) in a 160 cm, 40 year

female subject. Filled square
Hume [52], open triangle
Janmahasatian [53] and filled
diamond James [38] equations
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model. However the implementation of the effect control

facility in the Asena PK device calculated a ke0 for each

patient based on a fixed time to peak effect of 1.6 min while

the Base Primea pump used a fixed ke0 of 0.456 min�1, 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 μg ml�1, the initial dose delivered with a

fixed ke0 of 0.46 min�1 (predicted time to peak effect

1.36 min) is 1.11 mg kg�1. In the same patient with time to

peak effect fixed at 1.6 min (ke0 ¼ 0.32 min�1), the initial

dose delivered is 1.43 mg kg�1, 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 ke0 decreases. Thus with the fixed

time to peak effect method, a greater reduction in ke0 is

required to achieve a time to peak of 1.6 min and this slower

ke0 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 μg ml�1 with a fixed ke0 of

1.2 min�1 or a fixed time to peak effect of 1.6 min delivers

an initial dose of 1.4 mg kg�1, independent of patient age or

body weight.

Models for TCI 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 Jürgen Schüttler and Martin White at

the time of the ASAmeeting 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 (V1) at 458 ml kg�1 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, V1

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 μg ml�1 and was supplemented with a

TCI infusion of alfentanil. Median performance error

(MDPE) and median absolute performance error (MDAPE)

Fig. 2.14 Influence of method of

implementation of effect control

TCI on initial propofol dose

delivered in a 20 year, 170 cm

female subject with the Schnider

model at a target effect site

concentration (CeT) of 4 μg ml�1.

Open square fixed T peak

1.6 min, filled diamond fixed ke0
0.456 min�1
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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 (ke0) of 0.26 min�1, 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 ke0
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 ke0s of 0.456 min�1

for the Schnider model and 1.2 min�1 for the Marsh model in

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 ke0 of 0.6 min�1 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 ke0 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 ke0, 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 ke0 values, further prospective studies with

this ke0 were requested. The only exception was Germany

where the variation was approved.

The consequences of a range of ke0 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 ke0 or shorter time to peak effect

predicting faster equilibrium between blood and effect

site concentrations and vice versa for a slower ke0 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 ke0.

Fig. 2.15 Influence of

pharmacokinetic model on

propofol infusion rates delivered

in a 20 kg child at a target blood

concentration (CbT) of 4 μg ml�1

with filled triangle Kataria, open
square Paedfusor and filled
diamond Marsh adult models
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2. With effect control administration, different ke0s 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

(CbCALC) achieved. With the Marsh model and a propofol

effect site target of 4 μg ml�1 as used in Fig. 2.16, peak

CbCALC ranges from 5.5 μg ml�1 with a ke0 of 1.2 min�1

to 9.4 μg ml�1 with a ke0 of 0.26 min�1. With the

Schnider model and a ke0 of 0.456 min�1, despite the

administration of a smaller initial dose, peak CbCALC
reaches 13.3 μg ml�1, 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 ke0 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 ke0 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.

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

Fig. 2.16 Influence of

pharmacokinetic model and

equilibration rate constant (ke0)
on cumulative dose of propofol

delivered in a 50 year, 70 kg,

170 cm male subject at a target

effect site concentration (CeT) of

4 μg ml�1. Open diamond Marsh

ke0 0.26 min�1, filled diamond
Marsh ke0 0.6 min�1, open
triangle Marsh ke0 1.2 min�1,

filled square Schnider ke0
0.456 min�1
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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�1) and

subsequent infusion rate profiles (mg kg�1 h�1) 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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