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L'analyse 

Résumé 

pharmacocinétique/pharmacod ynami que (PKlPD) 

- III -

est maintenant 

universellement reconnue comme un atout en développement du médicament, même si "

son application majeure demeure en pratique clinique. Les médicaments anesthésiques 

sont le plus souvent administrés sous forme de bolus intraveineux et par conséquent, 

sont susceptibles de présenter un début d'action très rapide et une faible marge de 

sécurité. La concentration dans le compartiment effet correspondant à 50 % de l'effet 

maximal (EC50) et la constante d'équilibre avec le compartiment effet (keO) sont deux 

paramètres-clés qui permettent d'ajuster de manière précise la dose requise pour obtenir 

l'effet ciblé chez un patient donné. Cependant, leur estimation exacte dépend 

grandement d'une caractérisation adéquate de la phase de mélange intravasculaire 

(IVM) lorsque l'effet du médicament survient durant les deux premières minutes suivant 

l'injection. 

Notre laboratoire a déjà rapporté une différence dose-dépendante dans les paramètres 

PKlPD du cisatracurium, un bloqueur neuromusculaire non dépolarisant, au cours 

d'études à doses croissantes qui comportaient l'administration d'une dose 

communément utilisée pour l'intubation (0.075 mglkg) et des doses plus élevées 

(jusqu'àO.3 mglkg) chez des patients anesthésiés. Des changements significatifs au 

niveau des EC50 et keO ont été observés. Cependant, l'interprétation de ces résultats 

demeurait incertaine parce que la phase IVM n'avait pas été caractérisée de manière 

adéquate durant l'installation de l'effet. 
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Le premier objectif de cette thèse était de conduire un protocole rigoureusement contrôlé 

chez le chien anesthésié afin de vérifier si la relation concentration-effet était dose-. 

dépendante. Dans cette étude expérimentale, les changements observés au niveau des 

paramètres PKlPD après une dose très élevée étaient comparables à ceux rapportés au 

cours de l'étude clinique et pourraient être attribués à des facteurs physiologiques tels 

qu'une diffusion restreinte au niveau de la jonction neuromusculaire ou à un artefact de 

modélisation. Nos résultats indiquent que les paramètres PKlPD obtenus après une dose 

d'intubation seraient plus fiables lorsqu'on utilise un modèle classique. 

Le deuxième objectif était de vérifier si les corrélations in vitro/in vivo observées chez 

l'humain pour le cisatracurium s'appliquaient également chez le chien. L'élimination 

Hofmann, une voie d'élimination indépendante des capacités intrinsèques des organes 

d'élimination qui survient au niveau du plasma et des tissus, est en grande partie 

responsable de l'élimination globale du cisatracurium chez l 'humain. Par conséquent, un 

modèle PK classique qui assumerait une élimination à partir du compartiment central 

uniquement n'est pas approprié. Chez l'humain, la vitesse d'élimination du 

cisatracurium à partir du compartiment périphérique est généralement tenue en compte 

au niveau des modèles PK en substituant sa valeur par la vitesse de dégradation in vitro 

mesurée dans le plasma. Chez le chien, la vitesse d'élimination in vivo s'est révélée être 

de deux fois plus rapide que celle mesurée in vitro alors que ces deux vitesses sont 

semblables chez l 'humain. Ces résultats font ressortir les risques inhérents à toute 

extrapolation entre espèces. Une excrétion biliaire accrue et/ou la présence d'une 

sécrétion rénale chez le chien sont parmi les mécanismes potentiels qui doivent être 

explorés. 
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Notre dernier objectif était de développer un modèle PK qUI permettrait une 

caractérisation précise de la phase IVM pour la plupart des bloqueurs neuromusculaires. 

Il est bien reconnu que le fait de supposer une entrée instantanée dans le compartiment 

central après un bolus intraveineux résultera en une caractérisation inadéquate des deux 

premières minutes. Selon la demi-vie d'élimination du médicament, il pourra en 

découler un biais négligeable ou important dans l'estimation des paramètres PK 

importants. Pour cette étude, nous avons utilisé les données recueillies pendant la phase 

IVM lors d'études cliniques antérieures qui comportaient l'administration d'une dose 

d'intubation d'atracurium, doxacurium, vécuronium et succinylcholine, sous forme d'un 

bolus intraveineux. Une fonction d'entrée à distribution de Gauss inversée combinée à 

un modèle compartimentaI s'est avérée capable de permettre un lissage adéquat des 

concentrations plasmatiques obtenues durant la phase IVM et toute la durée de la 

collecte. Pour tous les bloqueurs neuromusculaires, les estimés moyens du volume 

apparent de distribution central ont approximé le volume intravasculaire alors que le 

volume apparent de distribution total ne dépassait pas l'espace extracellulaire. Chez les 

patients anesthésiés en santé, le temps requis pour atteindre les concentrations 

maximales ne variait pas de manière significative selon le bloqueur neuromusculaire. 

Par conséquent, le profil pharmacocinétique immédiat suivant l'injection du bloqueur 

neuromusculaire ne dépendrait pas du médicament administré mais plutôt de facteurs 

circulatoires tels que le débit cardiaque. 

Mots-clés: Bloqueurs neuromusculaires, cisatracurium, dose-dépendance, phase de 

mélange intravasculaire, élimination périphérique, pharmacométrie, anesthésie, 

patients, chiens. 
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Abstract 

Phannacokinetic/phannacodynamic (PKlPD) analysis is now widely recognized as an 

asset in drug development, although its main application remains in clinical practice. 

Anesthetic drugs are mostly given as intravenous bolus and thus are prone to exhibit a 

very rapid onset of effect and a low margin of safety. The effect compartment 

concentration corresponding to 50 % of maximum effect (ECso) ànd the effect 

compartment equilibration rate constant (keü) are key PKlPD parameters that will enable 

to precisely adjust the dose required to obtain the targeted effect in a given patient. 

However, its accurate estimation will highly depend on the adequate characterization of 

the intravascular mixing phase (lVM) when onset of effect occurs during the two first 

minutes after injection. 

Our laboratory has previously reported a dose-dependent change in the PKlPD 

parameters of cisatracurium, a nondepolarising neuromuscular blocking agent, in a dose

ranging study where a dose commonly used for intubation (0.075 mglkg) and higher· 

doses (0.3 mglkg) were administered in anesthetized patients. Significant changes in the 

ECso (increase) and keü (decrease) were observed. However, the interpretation of this 

finding remained unclear because the IVM phase was not adequately characterized 

during onset of effect. 

The first objective of this thesis was to conduct a rigorously controlled protocol in 

anesthetized dogs to verify if the concentration-effect relationship of cisatracurium is 

dose-dependent. In this experimental study, changes in PKlPD parameters at very high 

bolus doses were in agreement with those reported in the clinical study and could be 
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attributed either to physiological factors such as hindered diffusion at the neuromuscular 

junction or to modeling artefact. Our results indicate that, when using classic PKlPD 

models, parameters obtained after an intubating dose of cisatracurium would be more 

reliable. 

The second objective was to verify if the in vitro / in vivo correlations observed for 

cisatracurium in humans also applied for dogs. Hofmann elimination, an organ and 

enzyme-independent elimination pathway occurring in plasma as weIl as tissues, is 

mostly responsible for the overall elimination of cisatracurium in humans. Thus, a 

classic two compartment PK model that assumes elimination only from the central 

compartment is not appropriate. In humans, peripheral elimination is usually accounted 

for in the PK models by fixing its value to the in vitro degradation rate measured in 

plasma. In dogs, cisatracurium in vivo elimination rate constant was almost twofold 

faster than its corresponding in vitro rate while both rates are similar in humans. This 

finding re-emphasizes the risk of interspecies extrapolation. Increased biliary excretion 

and/or presence of renal secretion in dogs are potential mechanisms that need to be 

further explored. 

Our final objective was to develop a PK model that would enable a precIse 

characterization of the IVM phase for most neuromuscular blocking agents. It is weIl 

recognized assuming an instantaneous input in the central compartment after an 

intravenous bolus will result in model misspecification. Depending on the drug terminal 

half-life, it will result in subtle too large errors in the estimation of major PK parameters. 

For this study, data collected during the IVM phase in four clinical studies after 
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administration of an intubating bolus dose of atracurium, doxacurium, vecuronium and 

succiny1choline were used. The Inverse Gaussian density input function combined with 

compartmental models proved to provide adequate adjustment to data points collected 

during both the IVM phase and overall plasma concentration-time profiles. For aIl 

neuromuscular blocking agents, mean estimates of apparent central volume of 

distribution dosely approximated the intravascular volume while apparent total body 

distribution did not exceed the extracellular space. In otherwise healthy anesthetized 

patients, time to peak concentrations did not differ significantly between neuromuscular 

blocking agents. Thus, the early pharmacokinetic profile after NMBA injection does not 

depend on which specifie drug is given, but most probably varies in function of 

circulatory factors such as cardiac output. 

Keywords: Non depolarizing neuromuscular blocking agent, cisatracurium, dose

dependency, intravasculàr mixing phase, peripheral elimination, pharmacometrics, 

anesthesia, patients, dogs. 
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Preface 

The delay in equilibration between drug concentration in plasma and biophase is, for 

anesthetics, c1inically significant and worth characterizing.(Beaufort et al. 1999; Shafer 

et al. 1989; Swerdlow and Holley 1987) Pharmacokinetic/pharmacodynamic (PKlPD) 

modeling is the mathematical description of the relationship between the 

pharmacokinetics (plasma concentration vs time profile) and pharmacodynamies 

(observed effect vs time profile) of a drug. It allows characterization of the time

dependent aspects of the equilibrium between plasma concentration and effect under 

non-steady-conditions. (Sheiner etaI. 1979) 

Intravenous anesthesia is concemed with proper use of drugs to achieve the desired 

effects during the induction of anesthesia, during surgery, and in the early postoperative 

period. The main dnig classes used during induction of general anesthesia are the 

hypnotics, the analgesics, and the neuromuscular blocking agents (NMBAs). 

In the past two decades, the continuing emergence of PKlPD modeling gave sorne 

insight on the concentration-effect relationship of NMBAs and thereby helped the 

c1inician in understanding the underlying mechanism of the physiological processes. 

The application of quantitative modeling in PK and PD enables the c1inician to use 

rationally the anesthetics and, hence, to provide more benefit to patients undergoing 

anesthesia. (Gambus and Troconiz 2001) 
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The objectives of this thesis were to enchance knowledge and understanding of the 

impact of methodological factors during the establishment of the concentration-effect 

relationship of the neuromuscular blocking agents in anesthetized patients and animaIs. 

Chapter 1 of this thesis gives an overview of neuromuscular pharmacology and 

physiology, including neuromuscular junction, monitoring of the neuromuscular 

function and classified neuromuscular blocking drugs. In Chapter 2, chemical structure, 

pharmacokinetics-pharmacodynamics previous reported studies of NMBAs are reviewed. 

Chapter 3 overviews the PKlPD model building strategies applied to neuromuscular 

blocking agents such as individual approach and population approach. In Chapter 4, 

different interspecies scaling approaches are described. Chapter 5 reviewed model drug 

(cisatracurium) chemical structure, pharmacokinetics/pharmacodynamics and reported 

studies. Chapter 6 described research objectives. The experimental work carried out is 

presented in the form of publications and manuscripts in Chapters 7 to 9 followed by an 

overall discussion in Chapter 10. 
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1. Neuromuscular pharmacology and physiology 

1.1 Neuromuscular junction 

Skeletal muscle contraction is a complex process, originating at the neuromuscular 

junction (NMJ). The NMJ is the chemical synapse that lies between the terminal ends of 

motor neuron and skeletal muscle fibers. The unique structure and functional 

organization of this synapse allows for the process of transmitting an electrical impulse 

from a motor axon to the muscle fiber it innervates. The NMJ consists of three basic 

components (Fig. 1): (a) the presynaptic region, consisting of a terminal branch of a 

motor axon (the nerve terminal) in which the neurotransmitter is synthesized, stored, and 

released; (b) the synaptic basal lamina that occupies the synaptic cleft; and (c) the 

postsynaptic membrane which contains the receptor for the neurotransmitter. (Meriggioli 

et al. 2004) 

Figure 1. Anatomical structure of the neuromuscular junction 

http://abdellab.sunderland.ac.ukILecturesIPharmacology/ANSdodcholinergiclO.html 
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1.1.1 Anatomy of neuromuscular junction 

1.1.1.1 The presynaptic region 

The hallmark ultra structural features of the nerve terminal are the synaptic veside, about 

50 nm in diameter, and aIl proteins of the nerve terminal function directly or indirectly 

supporting synaptic vesicle function. (Hughes et al. 2006; Vincent 1992)The vesicles 

filled with acetylcholine (ACh) are dustered particularly within electron-dense regions 

of the cytoplasm adjacent to the presynaptic membrane. These "active zones", opposite 

to the postsynaptic folds, are thought to be the sites of ACh release. There are about a 

thousand such active zones at each nerve ending. (Ceccarelli and Hurlbut 1980) 

ACh is synthesized in the cytoplasm of the nerve terminal from acetyl CoA and choline 

in a reaction catalysed by the soluble enzyme choline acetyltransferase. (Tucek 1984) It 

is packaged in the vesides and released into the synaptic deft upon arrivaI of a nerve 

impulse. Each veside con tains from nearly 8 000 to 13 000 ACh molecules, termed' the 

"quanta". Release of ACh into the synaptic deft by a nerve stimulus requires calcium; 

the process is called stimulus-secretion coupling. Calcium influx occurs through voltage

gated calcium channels that are located near the release sites. The entry of calcium 

triggers the fusion of the veside with the presynaptic nerve cell membrane. (Protti et al. 

1996) Subsequently, the contents of the vesides are released into the synaptic deft by 

exocytosis. Sorne of the ACh molecules bind to the ACh receptors (AChRs) on the 

postsynaptic membrane while the rest is rapidly hydrolysed by the acetylcholinesterase 

(AChE) present in the synaptic deft. The choline thus formed is taken back up into the 
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terminal by a high-affinity uptake system, making it available for resynthesis of ACh. 

(Jahn and Sudhof 1994; Vincent and Wray 1992). 

1.1.1.2 The synaptic space 

The s ynaptic space is located between the pres ynaptic nerve terminal membrane and the 

postsynaptic muscle membrane. It consists of a primary cleft and a number of secondary 

clefts. The primary cleft is the space that separates presynaptic nerve membrane from 

the postsynaptic junctional folds. It is approximately 50 nm wide and its length is equal 

to the presynaptic basal membrane. It has no lateral boundaries and, therefore, it 

communicates with the extracellular space. ACh is released into this space before it acts 

on the AChR. The short expanse of the primary synaptic cleft allows AChRs to reside 

very near the ACh release sites so that diffusion time across the cleft is short. The 

secondary cleft is the space between the junctional folds on the postsynaptic membrane 

and cornrnunicates with the primary cleft. Acetylcholinesterase is most highly 

concentrated in the secondary cleft. It hydrolyses ACh to terminate neuromuscular 

transmission. (Meriggioli et al. 2004) 

1.1.1.3 The postsynaptic region 

The postsynaptic region is a specialized area of the muscle fiber membrane that is also 

known as the endplate. The motor endplate membrane is thrown into folds (secondary 

cleft), with the AChRs organiied in discrete clusters located on the shoulders of those 

folds. (Daniel 1975) These postsynaptic junctional folds increase its surface area by up 

to eight times. (Vincent and Wray 1992) Because the junction folds are separated by the 
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secondary synaptic defts, this organization also increases the volume of the synaptic 

space. The density of the folding is much more extensive at the endplate compared to the 

extra junctional membrane. The vast majority of AChRs are concentrated on the crests 

of the junction folds at a density of approximately 10,000 sites/um2
, each of them is 

inserted through the phospholipids bilayer of the motor endplate membrane. (Meriggioli 

et al. 2004) 

On doser examination of motor endplate, nicotinic membranes of AChRs are 

cylindrical, membrane-spanning glycoproteins with a central cation channel. (Fig. 2) 

Each functional molecule contains five homologous subunits in the mammalian adult: 

two a subunits (MW = 40,000 Da) which have the same amino acid sequence, one ~ 

subunit, one ô subunit, and one s subunit. The receptor found early in fetal development 

and after denervation has a y subunit replacing the s subunit. (Mishina M 1986) Each of 

the a subunits carries a single acetycholine binding region on its extracellular surface. 

They also bind other agonists, toxins, (Lee 1972) and reversible antagonists, such as 

nondepolarizing neuromuscular blocking drugs (Kistler 1982). Although the two a 

subunits have the same amino acid sequence, they reside in different environments. One 

a subunit has the ~ and the s adjacent to it, whereas the other is surrounded by the 0 and 

the s subunits. This results in the properties of the two sites being different. (Evers and 

Mervyn 2004) 
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Figure 2. Structure of the motor end plate nicotinic acetylcholine receptor in 

side view (left) and plan view (right) 

(Rang 2003) 

When two ACh (or other agonist) molecules simultaneously attach to ACh binding sites 

on the a subunits, one on each, which produces conformational changes, the channel 

between the receptors is opened for a very short period, about l ms. (Guy 1984) This 

allows movement of cations such as Na+, K+, Ca+ and Mg+ along their concentration 

gradients. The main change is influx of Na+ ions, the endplate cUITent, followed by 

efflux of K+ ions. (Aitkenhead 2007) 

1.1.2 Physiology of neuromuscular transmission 

ACh is released from the presynaptic membrane either spontaneously or as a result of a 

nerve impulse. Released ACh diffuses across the synaptic cleft and binds to the two ex. 
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subunits of the nicotinic cholinergie receptor on the postsynaptic membrane of the 

skeletal muscle fiber. The remaining three subunits (~, () and E) of the nicotinic receptor 

influence the conformational changes induced by ACh binding to the two Cl subunits. As 

explained above, a change in the membrane permeability to ions causes a decline in the 

membrane resting potential, producing skeletal muscle contraction. This change in the 

membrane resting potential occurs due to sufficient movement of Na + to reduce 

intracellular negativity (depolarization). As the action potential is propagated, Ca2
+ is 

released from the sarcoplasmic reticulum that, in return, results in activation of myosin

adenosine triphosphate and excitation contraction coupling of the myofilaments (i.e., 

muscle contraction). (Ev ers and Mervyn 2004) 

Spontaneous release of ACh involves contents from a single vesicle, giving rise to a low 

amplitude depolarisation of the muscle membrane miniature endplate potentials. 

Following a nerve impulse, a large number of vesicles release ACh in "quanta". This 

produces a larg'e depolarisation, "endplate potential" (EPP) of the muscle membrane, 

leading to a propagated action potential and muscle contraction. During repeated nerve 

stimulations, the amount of ACh released progressively decreases after the initial few 

stimuli, the so-called "synaptic rundown". Under normal conditions, the amplitude of 

the EPP is more than necessary to trigger an action potential. Several factors may 

influence its amplitude including the amount of ACh released, and the number and 

integrity of the AChRs, among others.(Vincent et al. 2000) 
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1.1.3 Margin of safety of neuromuscular transmission 

The existence of a safety margin of neuromuscular transmission was firstly pointed out 

by Paton and Waud in 1967, (Paton and Waud 1967) who reported the existence of high 

density of receptors at the neuromuscular junction. Under nonnal conditions the amount 

of ACh released is abundant, and the number of AChRs activated is much larger than the 

number needed to initiate a muscle action potential. (Paton and Waud 1967) 

Approximately 75% of the AChRs must be blocked by an antagonist (neuromuscular 

blocker) before any effect (fade) can be seen during the administration of neuromuscular 

blockers. At least 95% receptor occupancy is necessary for complete suppression of 

twitch. (Booij 1997) There is thus a large margin of safety both in the prejunctional 

(AChR activation) and postjunctional components of neuromuscular blocking agents. 

(Paton and Waud 1967) 
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Figure 3. Margin of safety of neuromuscular transmission 

(Evers and Mervyn 2004) 

1. 2 Monitoring of neuromuscular function 

The "therapeutic window" of NMBAs is narrow because of the high margin of safety of 

the neuromuscular junction. Moreover, the response to the same dose of relaxant is quite 

variable and unpredictable in the population at large. Therefore, the degree of 

neuromuscular blockade must be assessed frequently and carefully. (Bevan 1988) 
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1.2.1 Methods of evaluating neuromuscular transmission 

Compared to tactile or visual appreciation of the response of the muscle, quantitative 

monitoring is the most reliable one. It can be done with electromyography (EMG), 

mechanomyography (MMG) and accelerography. There is a difference in the response 

obtained with these different methods of quantitation of the response. (Engbaek and 

Roed 1992; Kopman 1985) With nondepolarizers the MMG is more depressed than the 

EMG; with succinylcholine the opposite is seen. (Harper et al. 1986; Katz 1973) With 

'accelerography there is, in comparison to MMG, an underestimation during onset of 

block and an overestimation during recovery. (Harper et al. 1994) Both EMG and MMG 

are influenced by temperature. (Smith and Booth 1994) 

1.2.2 Site of stimulation 

The choice of the site of neurostimulation depends on several factors. In a practical 

sense, however, accessibility to a superficial nerve intraoperatively is most important. In 

the evaluation of a neuromuscular blockade, stimulation of the ulnar or median nerve 

near the wrist is especially appropriate. Not only are these nerves most of the time easily 

accessible for stimulation, but also a good correlation exists between the response of the 

muscle innervated by them, and the ability of the patient to breath spontaneously. Aiso 

different muscle groups have different sensitivities to neuromuscular blocking agents, 

therefore; results obtained for one muscle cannot be extrapolated automatically to other 

muscles. (Donati et al. 1990) 
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1.2.3 Stimulation patterns 

There are many available patterns of neurostimulation, such as single twitch, train-of~ 

four, tetanus, and double burst. The selection of patterns of nerve stimulation depends on 

the particular clinical setting. The most often used stimulation patterns will be 

described. 

1.2.3.1 Single twitch stimulation 

An electrical pulse is delivered at 0.1-0.15 Hz and the ratio of the evoked twitch 

compared with that before muscle relaxation gives a crude indication of neuromuscular 

blockade (Fig. 3). When 75% of the AChRs on the postsynaptic membrane of the 

neuromuscular junction are occupied by a NMBA, twitch magnitude starts to decrease. 

When there is 100% drug occupation, no twitch is elicited. 

1.2.3.2 Train-of-four stimulation 

The train-of-four stimulation (TOF) is the most frequently used stimulation pattern. Four 

stimuli are given at a frequency of 2 Hz, potentially eliciting 4 twitches (T1-T4). The 

ratio T4:T1 indicates the degree of neuromuscular block. Non-depolarizing NMBAs 

produce a decrease in magnitude of the first twitch compared with a pre-relaxant 

stimulus, and a progressive reduction in magnitude of T1-T4. The number of elicited 

twitches indicates the degree of receptor occupancy. Disappearance of T4, T3, T2, Tl 

corresponds to 75%, 80%, 90% and 100% occupancy. With recovery of neuromuscular 

function the twitches appear in the reverse order. Depolarizing NMBAs react differently 

to the peripheral nerve stimulation. They produce equal but reduced twitches in response 
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to single twitch and TOF stimulation (the T4:T1 is 1), reduced but sustained contraction 

with titanic stimulation, but do not demonstrate either titanic fade or post-tetanic 

facilitation. 
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Figure 4. Effects of neuromuscular blocking agents on the single-twitch and train

of-four response. 

The top tracing depicts the effect of a nondepolarizing neuromuscular blocking agent on 

the single-twitch response. A depolarizing agent (succinylcholine) would have the same 

effect on single-twitch response. The middletracing depicts the effect of succinylcholine 

on train-of four response characterized by a similar decrease (no fade) in the magnitude 

of the four-twitch response. The 10wer traciQg depicts the contrasting effects of a 

nondepolarizing agent on train-of-four responses characterized by a decrease in the 

magnitude of the four-twitch response. (Stoelting and Hillier 2006) 



- 14-

1.3 Classification of neuromuscular blocking agènts 

Analogous to ACh, aIl NMBAs have at least one quatemary nitrogen group (N\CH3)3) 

that binds to the (l subunit of the nicotinic receptor. Many NMBAs (e.g. succinylcholine) 

contain two quatemary ammonium cations. These bisquatemary amines are more potent 

than monoquatemary amines (e.g. rocuronium), which have only one pennanent 

quatemary cation and one tertiary amine. However, at physiological pH, and especially 

in acidic conditions, the tertiary amine can become protonated and therefore positively 

charged, increasing the potency of monoquatemary NMBAs. The two quatemary 

ammonium groups are separated by a bridging structure that is lipophilic and varies in 

size. The bridging structure varies with different series of NMBAs and is a major 

detenninant of their potency. 

According to the different mechanism of action, the neuromuscular blockers are 

classified as depolarizing or nondepolarizing. 

1.3.1 Depolarizing neuromuscular blocking agents 

1.3.1.1 Mechanism of action 

Depolarizing drugs, such as succinylcholine, are agonists at AChRs. Succinylcholine 

consists of two ACh molecules joined through the acetate methyl groups. The two 

quatemary ammonium radicals, N\CH3h have the capacity to bind to each of the (l 

units of the postsynaptic ACh receptor, altering its structural collfonnation and opening 

the ion channel, and act like ACh to depolarize the junction. (Aitkenhead 2007) Unlike 

ACh, which is instantly destroyed by AChE, the depolarizing agents are not susceptible 
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to hydrolysis by the AChE. They persist at high concentrations in the synaptic cleft. 

They remain attached to the receptor for a relatively longer time, providing a constant 

stimulation of the receptor. The depolarizing agents first cause the sodium channel 

associated with the nicotinic receptors to open, which results in depolarization of the 

receptors (phase 1). This causes a transient twitching of the muscle, termed fasciculation. 

The continued binding of the depolarizing agent renders the receptor incapable of 

transmitting further impulses. With time, prolonged exposure of the neuromuscular 

junction to succinylcholine can result in (i) desensitization block or (ii) Phase II block. 

1.3.1.1.1 Desensitization block 

The desensitized state is one in which ACh can bind to the receptor but cannot activate 

(open) the channel. ReceptQrs are in a constant state of transition between resting and 

desensitized states, whether or not agonists a~e present. Agonists do promote the 

transition to a desensitized state or trap receptors in that stat~, as desensitized receptors 

have a high affinity for them. (Appiah-Ankam 2004) 

Normally, ACh is hydrolysed so rapidly that it has no potential for causing 

desensitization. Desensitization block may be a safety mechanism that prevents an 

excessive muscle response to extreme neural stimulation. 

1.3.1.1.2 Phase II block 

Phase II block is a complex phenomenon and differs from desensitization block. It 

occurs not only after high single or cumulative doses of a depolarizing muscle relaxant, 

but also after normal doses of succinylcholine during lack or functional inefficiency of 
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pseudocholinesterases. (Ev ers and Mervyn 2004) After the initial depolarization, the 

membrane potential gradually returns towards the resting state, even though the 

neuromuscular junction is still exposed to the drug. Neurotransmission remains blocked 

throughout. The exact mechanism underlying a phase II block remains unclear. It is 

probably due to interference with presynaptic AChRs. (Bowman 1980) Clinically, the 

block is characterized by fade of the train-of-four twitch response, titanic fade and post

tetanic potentiation. 

1.3.1.2 Pharmacokinetics 

Succiny1choline is poorly absorbed from the gastrointestinal tract. After IV 

administration, succiny1choline is distributed in the extracellular fluid and rapidly 

reaches its site of action at the motor endplate of the neuromuscular junction. Up to 10% 

of a succiny1choline dose is excreted unchanged in the urine. The remainder is rapidly 

hydrolyzed by plasma pseudocholinesterases to succinylmonocholine and choline. 

Because pseudocholinesterases exist in plasma but not at the neuromuscular junction 

(unlike acety1cholinesterase, the enzyme that degrades ACh), succiny1choline is not 

metabolized at the neuromuscular junction. Thus the action of succiny1choline 

terminates as its plasma éoncentration decreases and it diffuses from the neuromuscular 

junction into plasma. 

Following an IV dose of 1 or 2 mglkg, succiny1choline, the mean values for clearance 

for both doses (700 and 250 ml . min- I 
. kg-l, respectively), (Hoshi 1993) were 7-20 

times as large as those observed in the Roy et al stùdy (Roy et al 2002) (37 ml . min- I 
. 

kg- I
). Consequently, the elimination half-life of succiny1choline (16.6 and 11.7 s, 
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respectively) was only 30% of that observed in Roy et al study. The discrepancy is 

potentially the result of a lack of sensitivity of the analytical method in the fonner study. 

1.3.1.3 Pharmacodynamies 

The ED95 of succiny1choline at the adductor muscle function varies with the types of 

anesthesia. During opiate-thiopental-nitrous oxide (N20) anesthesia, the ED95 of 

succinylcholine is approximately 0.3 mglkg; (Smith et a11988) whereas il is increased to 

0.5 mg 1 kg without N20. (Szalados et al 1990) 

Perlect intubating conditions are achieved with Imglkg I.V. succiny1choline by about 60 

to 90 seconds, (Cullen. 1971; Blitt et al 1981) although this may be delayed by a slow 

circulation time. (Harrison and Junius 1972) The clinical duration is about 5 - 10 min. 

(Roy et al, 2002; Scott and Goat 1982) The extremely brief duration of action of 

succiny1choline is primarily due to its rapid hydrolysis by pseudocholinesterases, 

enzymes mostly found in the liver and plasma. Pseudocholinesterases have an enonnous 

capacity to hydrolyze succiny1choline at a very rapid rate such that only a small fraction 

of the original intravenous dose actually reaches the neuromuscular junction. The 

neuromuscular block of succiny1choline is tenninated by its diffusion away from the 

neuromuscular junction back into the circulation. Pseudocholinesterases, therefore, 

influence the onset and duration of action of succiny1choline by controlling the rate at 

which the drug is hydrolyzed before and after il reaches the neuromuscular junction. 

Factors that have been described as lowing pseudocholinesterases concentration are 

either decreased availability, inhibition or genetic polymorphism of 

pseudocholinesterases. Low levels of nonnal pseudocholinesterase generally do not 
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prolong succinylcholine block to a c1inically significant degree; this occurs only when 

nonnal pseudocholinesterase activity is reduced by at least 75% (normal, 4.9 to 12 

lU/ml). The difference among normal, atypical, and abnonnal pseudocholinesterase 

variants is shown in the laboratory with compounds (e.g., dibucaine, fluoride) that 

inhibit benzoylcholine hydrolysis pseudocholinesterase. The most common forms of 

abnonnal pseudocholinesterase are the dibucaine-resistant and atypical variants (Eu Ea 

and Ea Ea, respectively). Other fonns of pseudocholinesterase inc1ude fluoride-resistant 

variants and a "sHent" variant that shows neither dibucaine not fluoride induced 

inhibition. (Evers and Mervyn 2004) 

1.3.2 Nondepolarizing rieuromuscular blocking agents 

Nondepolarizing NMBAs are either aminosteroidal compounds (pancuronium, 

vecuronium, rocuronium) or benzylisoquinolinium compounds (atracurium, 

cisatracurium, mivacurium, doxacurium). According to the duration of action, 

nondepolarizing neuromuscular blocking drugs are c1assified as: short-acting agents, 

inc1uding mivacurium; intennediate-duration drugs, inc1uding rocuronium, vecuronium, 

atracurium; and long-acting agents, inc1uding pancuronium and doxacurium. 

1.3.2.1 Mechanism of aètion 

1.3.2.1.1 Competitive mechanisms of neuromuscular block 

Nondepolarizing NMBAs function as competitive antagonists. The principal action of 

nondepolarizing agents is to prevent depolarization of endplate. Nondepolarizin'g agents 
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bind to the a subunit of the ACh and prevent the binding of ACh, but they are incapable 

of inducing the conformation al change necessary for ion channel opening. (Ev ers and 

Mervyn 2004) Therefore, the membrane will not be depolarized because no CUITent will 

flow through it. As a result, no endplate potential is produced to open neighboring 

sodium channel to elicit a muscle action potential. A dynamic equilibrium exists 

between the interaction of ACh and nondepolarizing agent, which favors either ACh or 

non-depolarizing agents, depending on concentrations within the active biophase. The 

probability of binding is solely dependent on the concentration of each ligand present at 

the neuromuscular junction and their affinity for the receptor. (Ev ers and Mervyn 2004) 

1.3.2.1.2 Noncompetitive mechanisms of neuromuscular block 

Nondepolarizing NMBAs, like the depolarizing drugs, also exhibit desensitization block. 

. They bind tightly to desensitized receptors and can trap them in these states. This is a 

noncompetitive block. When more receptors are in the desensitized state, the margin of 

safety of transmission is reduced. (Appiah-Ankam 2004) 

Beside desensitization block, ion-channel block occurs, in which sorne drugs block the 

flow of ions through the AChRs. There are two types of ion-channel block: open or 

closed. During closed-channel block, the drug molecules occupy the mouth of the 

receptors. During open-channel block, the molecules enter and obstruct the ACh 

receptor channel only after it is opened by ACh binding. NMBAs cause open-channel 

block when present in high concentration. It is not likely that open-channel block is of 

greater importance in clinical practice, but it may explain why it is difficult to 

antagonize profound neuromuscular block. It may also play a role in interactions of 
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NMBAs and steroids, local anesthetics, antibiotics, calcium-channel blockers or 

inhalation anesthetics. (Appiah-Ankam 2004) 

1.3.2.2 Pharmacokinetics 

The pharmacokinetic parameters of nondepolarizing muscle relaxants are listed in Table 

1. Because nondepolarizing muscle relaxants are highly ionized, water-soluble drugs, 

their volume of distribution is mostly limited to the extracellular fluid volume (about 

200 mllkg). Accordingly, nondepolarizing muscle relaxants cannot easily cross lipid 

membrane such as the blood-brain barrier or gastrointestinal epithelium. Therefore, they 

do not produce central nervous system (eNS) effects and are ineffective after oral 

administration. (Stoelting and Hillier 2006) 

Many nondepolarizing relaxants are mostly eliminated unchanged by the kidney or the 

liver, such as vecuronium and rocuronium, doxacurium, pancuronium, and D

tubocurarine. Atracurium and cisatracurium were synthesized specifically to undergo 

Hofmann elimination (spontaneous hydrolysis at physiological pH and temperature); 

they also undergo ester hydrolysis and to a lesser degree, hepatic and renal eliminations. 

Given that elimination of these two drugs does not depend exclusively on organ 

function, they are indicated for patients with renal and hepatic failures. (Stoelting and 

Hillier 2006) 

Mivacurium differs from the other nondepolarizing relaxants in that its major 

elimination pathway lS the hydrolysis by pseudocholinesterases, the same enzymes 
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responsihle for the elimination of succiny1choline. Although the clearance of 

mivacurium varies as a function of plasma cholinesterases activity, the range of enzymes 

activities in normal patients is sufficiently small and the rate of recovery sufficiently 

rapid that infusion requirements do not need to he adjusted for most patients. 

(Longnecker 1997) 
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Table 1. Nondepolarizing muscle relaxants pharmacokinetic parameters 

Short Acting 

Mivacurium 

. trans 0.05 29 2 
NA 

trans 0.05 46 2 

cis 0.2 7 30 

Intermediate Acting 

Cisatracurium 0.2 3-4 22-30 25-34 

Atracurium 0.2 5.5 21 18-25 

Vecuronium 0.27 5.2 50-110 80-150 

Rocuronium 0.3 4.0 87 97 

Long Acting 

Pancuronium 0.35 1.8 132 240-1050 

Doxacurium 0.22 2.7 95 NA 

(Ev ers and Mervyn 2004) 

95-99%(Plasma 

NA cholinesterases) 
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Biliary 

10-30 % 

Renal 
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Renal:Biliary 

30-40%:60% 

Renal:Biliary 
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Renal:Biliary 

(90%:10%) 

Renal:Biliary 
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1.3~2.3 Pharmacodynamies 

Equipotent doses (ED95) for nondepolarizing NMBAs are shown in Table 2. Unless 

siated otherwise, the ED95 is assumed to represent the potency of the NMBAs under 

nitrous oxide-barbiturate-opioid anesthesia. In the presence of a volatile anesthetic, the 

ED95 is greatly decreased compared with the value in the absence of these anesthetic 

drugs. (Stoelting and Hillier 2006) 

Ideally, the onset of neuromuscular blockade in the non fasted anesthetized patients 

should oecur within 1 minute after the injection of a muscle relaxant to minimize the risk 

of aspiration of gastric contents. (Wierda 1993) Although significant improvements have 

been made with the introduction of recent nondepolarizing NMBAs such as rocurohium, 

for most of them, there is a delay in onset of action, and complete muscle relaxation is 

observed only after 5 to 7 minutes. Therefore, it is important to determine the factors 

which modify the onset of action of neuromuscular blocking drugs in order to achieve 

the shortest time possible in clinical practice. 
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Table 2. Neuromuscular blocking agents pharmacodynamie parameters 

Short Acting (12 - 20 min) 

Mivacurium 0.08 2-3 7 12-20 

Intermediate Acting (30 - 60 min) 

Atracurium 0.25 3-5 10-15 30-45 

Cis-atracurium 0.05 3-5 10-15 40-75 

Vecuronium 0.05-0.06 3-5 10-15 45-90 

Rocuronium 0.3 1-2 10-15 45-75 

Long Acting (80 -120 min) 

Pancuronium 0.06-0.07 3-5 25 60-120 

Doxacurium 0.03 4-6 30-50 90-120 

(Ev ers and Mervyn 2004) 



- 25-

1.3.2.2.1 Factors affecting the onset of neuromuscular blockade 

Speed of onset is affected mainly by: dose (initial plasma concentrations), 

distribution/redistribution kinetics (intercompartmental clearances), equilibration rate 

constant between plasma and effect compartment concentrations (keo), and 

pharmacodynamie factors such as potency (ECso). (Hennis 1985; Swerdlow and Holley 

1987) 

In the clinically setting, the dose of NMBAs administered is about two to three times the 

ED9S. Larger doses cause higher peak blood concentrations which result in more drug 

being delivered to the neuromuscular junction in the first few circulation times. (Healy 

et al 1986) Increasing the dose also shortens the delay between injection and the time at 

which the concentration of drug at the neuromuscular junction exceeds that necessary to 

produce 100% blockade. Therefore, time to maximum blockade (T max) decreases 

markedly with dose in the one to three times ED9S range. However, at doses greater than 

three times the ED9S, the time to 100% blockade does not decrease markedly with 

increasing dose. Thus, at high doses, the limiting factor appears to be the time required 

for the drug to reach the neuromuscular junction, which in tum, depends on circulatory 

factors, such as cardiac output, distance of the muscle from central circulation, and 

muscle blood flow. The ons et of NMBAs was found to be shorter in infants, who have a 

relatively large cardiac output, compared to oIder children. (Bevan et al 1985; Smith et 

al 1987) By contrast, a longer onset time for doxacurium in the elderly was attributed to 

an age-related reduction in muscle blood flow. (Gariepy et al 1993) 
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Onset of action does not occur immediately after administration of NMBAs. This 

discrepancy between drug plasma concentration and effect has been accounted for by a 

hypothetized effect compartment representing the biophase.(Sheiner et al. 1979) An 

index of drug equilibrium time delay to its effect site is expressed and indicated as a 

transfer rate from central compartment (blood) to effect compartment. Therefore, a fast 

equilibrium is expected to be associated with a rapid onset. Altematively, keO is thought 

to be govemed by several factors such as: perfusion or drug delivery to the biophase 

(blood flow), diffusion of drug from the capillary lumen to the biophase and 

bloodlbiophase drug partition coefficient (molecular weight, pK a, lipid solubility), 

prote in binding (in plasma and tissues) and time required to occupy receptors and elicit 

drug effect (potency). (Hennis P 1985; Stanski et al. 1979) Thus, keo and onset time of 

action of NMBAs are intrinsically related. It is noteworthy that a shorter onset is not 

always associated with a faster keo as this proved to be the case for succiny1choline. (Roy 

et al. 2002) Since the rate limiting factors for keo and onset times are different, the net 

effect may differ. 

An inverse relationship between onset and potency has been demonstrated for various 

aminosteroidal compounds.(Bowman et al. 1988) On theoretical ground, Donati and 

Meistelman(Donati and Meistelman 1991) presented a PKlPD model characterized by a 

finite concentration of receptors in the effect compartment to explain the relationship 

between a high potency and a slow onset of action for NMBAs. The principle of this 

model is that neuromuscular junction can be regarded as a dense cluster of receptors and 

no matter the potency of the neuromuscular blocking drug, a large proportion al of 

receptors (more than 90%) must be occupied befoie neuromuscular blockade is 
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manifested.(Paton and Waud 1967) Since effect depends on the presence of a critical 

number of drug molecules at the site of action, no effect can be observed until a certain 

number of molecules have reached the receptors area. It follows that if the drug is 

potent, i.e., if a small dose has been given, fewer molecules are delivered to the 

neuromuscular junction per unit of time. Thus, this critical number will be reached after 

a longer period. 

In contrast to dose-related onset time (TEmax), (Minto et al. 2003) time to peak effect 

compartment concentration (TECmax) coincides with onset time only when the 

pharmacologic effect is submaximal and has to be derived mathematically for higher 

doses. While TECmax is generally assumed to be dose-independent (Schnider and 

Minto 2001), this may not be the case when supramaximal dose is given. Thus, it cannot 

be excluded that, after a very high bolus dose of NMBA, anatomical constraints may 

limit the diffusion of NMBAs in the biophase and result in a nonlinear concentration

effect relationship. 

1.3.2.2.2 Factors affecting the duration of neuromuscular blockade 

The duration of action of NMBAs is also affected by several factors. Nondepolarizing 

agents which depend on organ metabolism and excretion may be expected to have a 

prolonged effect in old age, as organ function deteriorates. Because of the altered 

pharmacokinetics of NMBAs in hepatic and renal diseases, prolongation of action may 

be found in the se conditions too. 
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Prior administration of succinylcholine also potentiates the effect and prolongs the 

duration of action of these NMBAs. Concomitant administration of a potent inhalational 

agent increases the duration of block. This is most marked with ester anesthetic agents 

such as isoflurane, enflurane and sevoflurane, but occurs to a lesser extent with 

halothane. (Aitkenhead 2007) 

Metabolic and, to a lesser extent, respiratory acidosis extend the duration of block. With 

monoquatemary amines such as D-tubocurarine and vecuronium, this effect is produced 

probably by the ionization, under acidic conditions, of a second nitrogen atom in the 

molecule, making the drug more potent. (Aitkenhead 2007) 

Hypothermia potentiates block as impairment of organ function delays metabolism and 

excretion of these drugs. Enzymes activity is also reduced. This may occur in patients 

undergoing cardiac surgery; reduced doses of muscle relaxants are required during 

cardiopulmonary bypass: (Aitkenhead 2007) 

A low serum potassium concentration potentiates neuromuscular block by changing the 

value of the resting membrane potential of the postsynaptic membrane. A reduced 

ionized calcium concentration also potentiates block by impairing presynaptic ACh 

release. (Aitkenhead 2007) 
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2. Design NMBAs pharmacokinetidpharmacodynamic stndy 

Proper design of PKlPD studies is essential for optimal extraction of information from 

the data. NMBAs have often served for the development of PKlPD models because their 

effect can be measured repetitively and quantitatively. Methodological factors such as 

sampling site,(Donati et al. 1991) sampling schedule(Ducharme et al. 1993) and 

anesthetic procedure(Swen et al. 1989) are important sources of variation and often 

impede generalization of PK data shortly after a bolus dose of NMBA, a period which 

also corresponds to the induction of neuromuscular blockade. 

Depending on blood sampling site, drug concentrations can be markedly different 

because of the high efficiency of drug uptake by sampling tissue (e.g. arm) during the 

very short transit through capillaries (1-3 sec ).(Chiou 1989) In the first two minutes 

following the intravenous injection of a bolus in humans, the arterio-venous (A-V) 

gradient of sorne anesthetic agents such as D-tubocurarine(Cohen et al. 1957), 

atracurium(Donati et al. 1991), and midazolam(Mastey et al. 1995) may reach values as 

high as 50%. Drug concentration in arterial blood, and not in venous blood, is the 

driving force for drug distribution,(Chiou 1989) and will provide a more accurate 

representation of the amount of drug actually delivered to the neuromuscular junction. In 

the case of atracurium, keû and ECso were decreased by almost 50% when using arterial 

data compared to venous data.(Donati et al. 1991) In addition, for drugs undergoing 

pulmonary or muscle tissue extraction, venous blood sampling may lead to a 

proportional overestimation of systemic clearance, the resultant error being more 

significant for highly extracted drugs.(Weiss 1997) A 34 and 42% A-V gradient of trans 

trans and cis trans isomers of mivacurium was observed in patients, 
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respectively.(Beaufort et al. 1999) Accordingly, the choice of the sampling site (arterial 

vs venous) has an important influence on the determination of pharmacokinetic 

parameters. 

It is weIl recognized that the blood sampling schedule during the first minute after a 

bolus of a NMBA may have a significant impact on the estimation of its PK and, in tum, 

PKlPD parameters. Processes such as mixing, flow (circulatory factors) and diffusion 

(physico-chemical properties) win. govem initial drug distribution.(Chiou 1989) In our 

laboratory, most of clinical PKlPD studies were designed to characterize the IVM (i.e. 

the first two minutes after injection) after bolus administration. These studies required 

intensive blood sampling and were meant to verify if the kinetics during the IVM phase 

(now sometimes referred to "front-end kinetics") were the same for a series of NMBAs 

which, being hydrosoluble drugs, are expected to be distributed to a similar extent in the 

extracellular fluid. Vecuronium, atracurium, doxacurium, and succinylcholine peak 

arterial concentrations were not reached until approximately 30 sec after bolus injection. 

(Ducharme et al. 1993; Ducharme. et al. 1995; Roy et al. 2002; Zhu et al. 1997) For a 

drug having a very rapid elimination, such as mivacurium, intensive arterial sampling is 

crucial.(Lacroix et al. 1997) Indeed, for the trans trans and cis trans isomers the area 

under the curves (AUCs) obtained in the first 2 min represent 75 and 86% of total AUC, 

respectively; while that of the cis-cis isomer, which is more slowly eliminated, 

represents only 22% of total AUe. Using limited blood sampling (first samples drawn at 

1 and 2 min only), the total AUC will be underestimated and will lead to an important 

overestimation of the V dss. The sampling schedule during the frrst 2 min after bolus 

injection is also cri tic al for adequate PKlPD modeling. For the same patient, vecuronium 
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tl/2 keo was prolonged by 50% (12 vs 8 min) when using intensive blood sampling during 

the first 2 min compared to limited bloodsampling.(Donati et al. 1991) This proved also 

to be the case for atracurium, using retrospective comparisons (Ducharme. et al. 1995) 

This pattern was further accentuated when studying the PKlPD relationship of 

succiny1choline (Roy et al. 2002) and rocuronium (Dragne et al. 2002). Because of the 

rapid onset of action of these two drugs, frequent arterial sampling immediately after 

injection is essential. 

Finally, the type of anesthetics used during the PKlPD study of a NMBA has to be 

considered. Our previous clinical studies were carried out under isoflurane anesthesia, 

but with the introduction of propofol as an intravenous anesthetic, changes needed to be 

made to the anesthetic procedure. This was verified in a PKlPD study where the PK of 

rocuronium was compared in patients anesthetized with either propofol or isoflurane. 

(Dragne et al. 2002) Our clinical PKlPD studies are now conducted under propofol 

anesthesia. 

In most of the clinical studies conducted in our laboratory, NMBAs were given as a 

rapid bolus in order to mimic the input rate mostly used in clinical practice. The effect 

compartment proposed by Sheiner et al (Sheiner et al. 1979) for D-tubocurarine that 

became a standard in compartmental PKlPD studies uses a short infusion instead of a 

bolus administration because the onset of action is more graduaI, allowing more data 

points during onset. Hence, a basic principle in PKlPD modeling is that parameters are 

unchanged by input rate. This assumption was tested in patients with doxacurium(Zhu et 

al. 1997) and PKlPD parameters derived after administration of a 1.5 ED95 dose either 
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as a bolus (followed by extensive arterialsampling) or an infusion regimen were found 

to be similar and equally reliable. 

3. Pharmacokinetic and pharmacodynamie modeling of NMBAs 

3.1 Individually based pharmacokinetic/pharmacodynamic analysis 

3.1.1 Individually based pharmacokinetic models 

3.1.1.1 Noncompartmental pharmacokinetic models 

The noncompartmental approach depends upon the following assumptions: 1) aIl 

dispositional procedure may be described by first order kinetics; 2) aIl drug molecules 

will be completely eliminated from the organ~sm; and 3) the elimination process occurs 

from the sampling compartment, usually the circulatory system. This approach is based 

largely on the AUC of the observed drug concentrations versus time. The most 

significant advantage of noncompartmental models is that they do not assume specific 

compartments for chemicals or metabolites. Because noncompartmental model does not 

involve fitting a particular model to data, the model assumptions are minimized, and the 

moments are completely model-independent measures. 

3.1.1.2 Classic compartmental pharmacokinetic models 

Classic compartmental modeling is based on the assumption that organisms are 

composed of a system of interconnected "well-stirred" compartments from which a 

finite number can be kinetically described in a model. Often one assumes that each drug 

molecule has the same probability of transferring to or from a compartment, and that this 



- 33 -

transfer is govemed by first-order conditions where the transfer rate of a drug molecule 

from one compartment to another is proportion al to its concentration within the original 

compartment. As an example, a typical two-compartment model is depicted in Fig. 5. 

The advantage of this modeling approach is that there is no limitation for fitting the 

model to the experimental data. If a particular model is unable to describe the behavior 

of a particular data set, additional compartments can be added until a successful fit is 

obtained. Since the model parameters do not possess any intrinsic meaning, they can be 

freely varied to obtain the best possible fit, and different parameters values can be used 

for each data set in a related series of experiments. Once developed, these models are 

useful for interpolation and limited extrapolation of the concentration-time profiles 

which can be expected as ex periment al conditions are varied. They are also useful for 

statistical evaluation of a chemical's apparent kinetic complexity. However, since the 

compartmental model does not possess a physiological structure, it is often not possible 

to incorporate a description of these nonlinear biochemical processes in a biologically 

appropriate context. Without a physiological structure it is not possible to correctly 

describe the interaction between blood-transport of the chemical to the metabolizing 

organ and the intrinsic clearance of the chemical by the organ. 
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Central Peripheral 

Figure 5. Example of an empirical2-compartment pharmacokinetic model 

Both traditional compartmental and noncompartmental modeling assume that 

elimination occurs solely from the central compartment. For sorne NMBAs (e.g., 

cisatracurium and atracurium), elimination occurs from both the central (k IO) and the 

peripheral compartments (k20). Two specifie applications will be discussed here. In the 

first one, k20 is fixed to a predetermined kin vitro value obtained from the in vitro rate of 

degradation of the drug in plasma. In the second one, the primary assumption is that k20 

= P when empirical evidence has confirmed that the in vivo rate of elimination (P) is 

similar to the kin vitro measured in the same subject. Nakashima and Benet (Nakashima 

and Benet 1988) and Laurin et al (Laurin et al. 1999) described the consequences of 

these assumptions on PK parameter estimation and how to derive exit-site dependent 

and exit-site independent parameters for various PK models. Total body clearance is an 

exit-site independent parameter; therefore, values of clearance obtained from either 

model (e.g., traditional, with elimination from the central compartment only or non 

traditional models) must be equivalent. However, the steady-state volume of distribution 

depends on the exit-site(s) defined within the model. Therefore, the consequences of 

non-central elimination should be recognized and stated. 



Table 3. Changes in estimated apparent volume of distribution of model drugs according to basic assumptions made du ring 

PK modeling. 

Studies Basic assumptions Model 

Central Central + 

elimination peripheral 

Human 
Vdss Vdss 

(l/kg) (Vkg) 

Atracurium K20= Kinvitro plasma 0.146 0.195 

K20= ~ 0.202 

Cisatracurium K20= Kinvitro plasma(Welch et al. 1995) 0.089 0.118 

K20= Kinvitro plasma(Welch et al. 1995) 0.075 0.098. 

K20= Kinvitro plasma(Welch et al. 1995) 0.171 0.207 
Mivacurium 

Cis transa KIO = Kinvitro plasma 0.032 0.064 

Trans transa 
0.043 0.058 

Succinylcholine K20 = Kinvitro plasma= ~ 0.019 0.039 

a A-V gradient of approximately 40% demonstrated in anesthetized patients (Laurin et al. 1999) 

Reference 

Unpublished 

(Bergeron et al. 2001) 

(TV Tran 1998) 

(Imbeault et al. 2006) 

(Laurin et al. 1999) 

(Roy et al. 2002) 



- 36-

In pharmacokinetic studies where the first plasma sample (arterial or venous) is obtained 

one minute after intravenous bolus administration of a drug, the traditional mammillary 

compartment model is weIl accepted and sufficient for fitting the concentration-lime 

data. However, it is weil recognized that a poor characterization of the IVM phase will 

ensue if an instantaneous input in the central compartment is assumed in the modeL 

(Ducharme et aL 1993; Ducharme. et aL 1995) lndeed, plasma samples obtained 

frequently during the first minute would reveal that, after a brief delay, drug levels 

rapidly rise to a peak, followed by oscillations that will eventually be followed by the 

expected monotonie decrease.(Bissinger and Nigrovic 1997) Depending on the terminal 

half-life of the drug, assuming an instantaneous input may resuIt in subtle (Ducharme et 

al. 1993; Zhu et al. 1997) or large (Lacroix et aL 1997; Roy et aL 2002) errors in the 

estimation of major PK parameters. This limitation of the compartmental approach is 

almost impossible to overcome when one attempts to fit the concentration-effect data of 

anesthetic drugs having an onset of action within the very first two minutes.(Bergeron et 

al. 2001) One can overcome the structural limitations of conventional pharmacokinetics 

by using recirculatory (Krejcie et al. 1997) or other types of models. (Lafrance et al. 

2002) 

3.1.1.3 Recirculatory pharmacokinetic models 

Recirculatory pharmacokinetic models were developed over 20 years ago.(Cutler 1979) 

They retain the relative simplicity of mammillary models, but incorporate descriptions 

of key physiological processes that have emerged as important determinants of 

intravenous anesthetic disposition. These include the role that cardiac output, lung 
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kinetics, and injection rate play in dictating initial drug concentrations after i.v. bolus 

administration.(Upton 2004) In contrast with physiologically-based pharmacokinetic 

models, aIl of the parameters are, in principle, estimable by administering not only the 

drug under study but also physiological markers of the intravascular compartment such 

as the indocyanine green (lCG) dye.(Avram et al. 1997; Henthom et al. 1992; Krejcie et 

al. 1996) 

3.1.2 Individually-based pharmacokinetidpharmacodynamic models 

3.1.2.1 Parametric PKlPD models 

This approach of PKlPD modeling was first successfully applied to D-tubocurarine, 

(Sheiner et al. 1979) and is now often referred to as a full parametric model. This type of 

modeling requires prior knowledge of the pharmacokinetic model to de scribe the 

concentration-effect relationship, and the link model that characterizes the equilibrium 

kinetics between blood and the hypothetical effect compartment. The procedure for the 

parametric PKlPD modeling is as follows: PK parameters are estimated first by fitting an 

appropriate PK model to the plasma drug concentration (Cp) vs time data. If the PK 

model is, in fact correctly specified, then, PK parameters are fixed to these estimates. 

The second stage is the link model that derives the temporal profile of drug 

concentration in the effect compartment (Ce); then an appropriate PD model is fitted to 

the observed effect vs effect compartment concentration data. 

Using the PKlPD model proposed by Sheiner et al, an increased sensitivity to and a 

longer recovery time of NMBAs· was predicted in myasthenic patients (Buzello et al. 
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1986) on the basis of a smaller effect compartment concentration of drug at 50% effect 

(ECso) and the steepness of the concentration-effect relationship (1). Sheiner's model 

g~es, however, no insight as to why these variables are changed in this group of 
,,/ 

patients. Therefore, Haes et al developed a novel PKJPD model, the unbound receptor 

model (URM), which takes into account the number of unbound AChRs and which may 

thus explain the altered ECso and time course of NMBAs in myasthenic patients. (De 

Haes et al. 2002) 

Parametric models are in common use for several reasons: the data are described with 

brevity by quoting the parameter estimates. The influence of different factors on the data 

can easily be compared in terms of parameter estimates; then the estimates can be used 

for interpolation/extrapolation or simulation. In the absence of model misspecification, 

the parametric method usually gives a better estimation of the PD model than the non 

parametric method. Indeed, the parametric method has valid assumptions about the true 

PK model, the true PD model and the true link model while the nonparametric method 

"knows" only the link model. However, in the presence of PK model misspecification, 

the nonparametric method can be of considerable benefit. 

3.1.2.2 Nonparametric PKlPD models 

Similarly to full parametric methods, nonparametric approaches have been proposed to 

link PK and PD data. These approaches differ mainly with respect to the prior 

knowledge required. The semi-parametric approach involves a nonparametric link 

submodel, but retains the parametric approach for PK data. (Fuseau and Sheiner 1984) 
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The value of keü is estimated as the value that causes the hysteresis curve (effect 

intensity vs concentration connected in time order) to collapse to a single curve that 

represents the steady-state c<;mcentration-effect relationship. Thus the value of ken is 

estimated without postulation of a particular parametric model for the concentration

effect relationship. The method has the important advantage that it allows inspection of 

the concentration-effect relationship, before selecting a particular pharmacodynamic 

model. In this way the risk of model misspecification is minimized. 

On the basis of Fuseau's model, Unadkat et al (Unadkat et al. 1986) took one step 

further: the PK model is also approximated nonparametrically. This approach may be of 

value in exploratory data analysis and in situations where the pharmacokinetics can not 

be easily characterized on basis of a compartment PK model (e.g., sustained release 

preparations ). 

When the underlying PK and presumably PD models can be validated a priori, the 

parametric method is preferred because it produces precise estimation of the PD model. 

In reality, however, the true model is never known, and one can rarely be certain that 

model misspecification is absent. Therefore, the non-parametric approach may offer a 

distinct advantage for routine analysis of PKlPD data. 

Based on a nonparametric PKlPD model with a modified effect compartment, the Rtot 

PKlPD model,(Donati and Meistelman, 1991) which included a finite concentration of 

receptors, was developed. Since neuromuscular blockade occurs only when a large 

proportion of receptors are occupied,(Paton and Waud 1967) it is assumed that the effect 
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compartment contains a finite concentration of receptors. The NMBA is either free or 

bound in a 1: 1 molar ratio to the receptor. The transfer of drug from the central to the 

effect compartment is assumed to be proportional to the concentration gradient of the 

free drug. Total concentration of drug in the effect compartment is equal to free plus 

bound drug concentration. In this approach, keo and Rtot were estimated according to 

nonparametric PKJPD model. (Unadkat et al. 1986) Based on the optimal keo and Rtot, 

effect compartment concentrations, which correspond to free drug levels, were then ' 

derived. The validity of this approach has been proven with vecuronium (high potency 

drug) and showed that .inclusion of a finite concentration of receptors in the effect 

compartment improves the goodness of fit between predicted and experimental data. 

(Ducharme. et al. 1994) 

3.2 Population-based pharmacokinetic/pharmacodynamic analysis 

Population PKJPD model describes the typical relationships between physiology and 

PKJPD parameters, the interindividual variability in these relationships, and their 

residual intraindividual variability.(Sheiner and Wakefield 1999) To construct a model, 

the data are pooled from more than one individual and then used to predict the mean 

PKJPD parameters and measurement errors in other individuals. Thus, the model can be 

carried out with data gathered from different subjects such as different groups of age, 

weight, gender etc. Again, there are basically two approaches: parametric and 

nonparametric. In the parametric approach, the shape of the population distribution is 

assumed to be known except for the unknown population parameter values (e.g., normal 

distribution with unknown means and covariances). In the nonparametric approach, no 
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such parametric assumptions about the form of the population parameter distributions 

are made. The entire distribution is estimated from the population data. It allows for 

nonnormal and multimodal distributions.(Mallet 1986) In the section below, we are 

focusing on the standard two-stage approach and parametric mixed effect modeling 

(MEM) approach. 

3.2.1 Standard two-stage approacb 

In the first stage, the individual PKJPD parameters are calculated separately from a 

dense data set, using standard fitting procedures (e.g., Weighted Least Squares) as 

shown below: 

Equation 1 

Where Pi is the PK-PD parameters for ith individual, Wij is the weight of j'h observation 

in ith individual. The weighted least squares assume a heteroscedastic error structure, 

where the random error is assumed to be sorne function of the observed concentrations, 

such as Wij=lICobsj which assumes that variance is inversely proportional to 

concentrations. 

In the second stage, the population mean and variability of the PKJPD parameters are 

calculated for the study population. The relationship between the covariates and the PK 

parameters across subjects can be evaluated using a regression method. The population 

parameters (mean and variance) across the subjects can be calculated as below: (Sheiner 

and Wakefield 1999) 
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Arithmetic mean and variance: 

N 

Mean = LPi/N Equation 2 
i=l 

N 2 

Variance = L(Pi -mean) / N Equation 3 
i=l 

When the number of subjects is large, estimated individual parameters and mean values 

of the parameter have little or no bias. Covariates can be included in the model. 

However, the random inter-individual variability from two-stage approach can be 

overestimated, which is associated with both true biological variability and the 

uncertainty of the individual parameter estimate. The traditional two-stage method 

requires intensive sampling measurements at appropriate times to obtain an accurate 

parameter estimate in stage 1. It is generally not applicable in the highly sparse data 

sampling situation (e.g., 1-2 samples per subject), since estimating the individual 

parameters is out of the question. (Sheiner and Wakefield 1999) 

3.2.2 The mixed effect modeling approach 

The MEM approach is a one-stage analysis approach, which considers the population 

study sample, rather than the individual, as a unit of analysis for the estimation of the 

distribution of parameters and their relationship with covariates within the population. 

The terrn "mixed" denotes the combination of fixed and random effects. 

In the population analysis, it is natural to fit the data into a hierarchical modeling 

structure, which allows the variability to be separated into inter- and intra- individual 
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variability. The hierachicai structure in the two stages has been developed by BeaI (BeaI 

1992) as described beIow: 

1st Hierarchy: 

Each subject has a set of drug concentrations and the predicted concentration is defined 

as beIow: 

Yij = HI(Si, tij, di) + Eij Equation 4 

Where Eij is independent and identically distributed as E - N (0, ( 2
); Yij is the t observed 

concentration in the ith individuaI; HI, the functional form of PK model, HI (Si, tij, di), is 

the fh predicted concentration in ith individual; di is the dosing history, inc1uding amount 

of dose and the time of administration for ith individual; Si is the value of the ith 

individual' s PK parame ter. 

2nd Hierarchy: 

The model used in the second stage is defined as below: 

Equation 5 

With 11i independent and identically distributed as 11 - N (0, c(
2
); COVi represents 

contribution of the covariates for the ith individual and J.l is the population parameter. 

The predicted values of PK parameters for the ith individual at time tij are defined by HI 

in equation 4. H2 is a function which describes the relationship between ith individual' s 

covariates and ith individuals' PK parameters. (BeaI 1992) 

Stage 1 and 2 of the hierarchy explicitly partition the variability in the observed data Ïnto 

two variance components. These are called intra- (sometimes also called residuai 
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unknown variability) and inter-individual variability. 

3.2.2.1 Model deflnition 

Thus, the population PKlPD model is a combination of three basic components: 

(1) The structural mode) component, which defines the PK-PD process behind the data 

much in the same way as do the traditional models for the individual approach. The 

structural (PKlPD) sub-model describes the overall trend in the data (e.g., one

compartment model or Emax model), using fixed effects parameters (e.g., clearance or 

Emax). 

(2) The statistical model component, which comprises both intra- and inter-individual 

variabiIity. The residual error model component describes the underlying distribution of 

the error in the measured PKlPD variable and the inter-individual error model 

component describes the inter-individual variation (UV) in PK/PD parameters after 

correction for fixed effects. 

(3) The covariate model component, which expresses relationships between covariates 

and model parameters. 

3.2.2.1.1 Base model development 

3.2.2.1.1.1. Structure of the PKlPD model 
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The structural part of a mixed-effects model in pharmacometric data analysis describes 

the pharmacokinetic and/or pharmacodynamic properties of a drug, which are shared 

among aIl individuals in a population. This could for example be a one-compartment 

model (PK) and an E-max model (PKJPD). The structure of the PK model represents the 

best description of the data without considering the effect of subject's specific 

covariates. It is usually expressed in terms of 'primary pharmacokinetic parameters', i.e. 

clearances and volumes, rather than rate constants because it is then easier to set up 

hypotheses about the influence of covariates like weight, sex, age or concomitant 

diseases which, for example, alter hepatic or renal function, or plasma protein 

concentration.(Rowland N 1995) 

3.2.2.1.1.2. Inter-individual variability 

In this model component, the individual parameter estimates are modeled as fun ct ions of 

a typical value for the population and individua~ random deviations. The inter-individual 

variability (UV) of the PK parameters can be described as below: 

Homoscedastic (additive or constant variance) 

Pi= TVPi + T/pi Equation 6 

Heteroscedastic (proportional or constant coefficient of variation (CV)) 

Equation 7 

Exponential (approximates constant CV) 

P - TV 1]pi i- Pi exp Equation 8 

Where the fixed effects parameter TVPi represents the mean (typical) value in the 

population and llpi is a random effect accounting for the individual difference from the 
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typical value. These 11i values are assumed to be nonnally distributed in the population, 

with a mean of zero and standard deviation ffip. 

3.2.2.1.1.3. Intra-individual variability 

The difference between the predicted concentrationJeffect and the observed 

concentrationJeffect is defined as residual variability, which represents assay 

measurement errors, errors in the recorded time and dose, as weIl as model 

mis specification. It can be modeled usmg additive, proportion al or combined error 

structure as described below: 

/\ 

Additive error: Yij = Yij+êij 

/\ 

Proportional error y .. = y .. x (1 + ê .. ) 
Ij Ij Ij 

/\ 

Combined additive and proportional error: y ij = y ijx (1 + êij) + êij' 

m m /\ 

Equation 9 

Equation 10 

Equation Il 

Where Yij is the j observation in the i individual, Yij is the corresponding model 

prediction, and êij (or êij') is the individually weighted residual error that has a 

- normal distribution centered around zero and a standard deviation, cr .. 

Correlation between individual parameters or between residual errors can be included in 

the model. Individual parameter correlations not associated with covariates in the model 

are included as covariance between different random effects (11). Correlations between 

the intra-individual errors (€) may either be included as a function of time within the 



- 47-

same dependent variable and individual (auto-correlation), or as a covariance of E 

between different dependent variables measured at the same time (e.g., observations of 

drug and metabolite or repeated assays of the same sample).(Karlsson et al. 1995) 

Unless otherwise noted, the random effects are assumed to be independently and 

identically distributed, i.e. without any correlation. 

3.2.2.1.1.4. Inter-occasion variability 

The pharmacokinetics of a drug may change over time within an individual. 

Concomitant medication of inducers/inhibitors of metabolic enzymes, progression of 

liverlkidney disease and the development of organ function in neonates are sorne 

possible causes for time-varying pharmacokinetics. The underlying processes that 

control the variation are often poorly understood and difficult to measure. Consequently, 

a large magnitude of this variability is usually not possible to explain. If the 

pharmacokinetics changes relatively fast, a time-dependence on the magnitude of the 

variability may be needed in the model. If the changes occur over a longer period of 

time, for example between different treatment periods or occasions, the variability 

between .these periods (rOV) may also have to be quantified in the population PK-PD 

model. (Karlsson and Sheiner 1993) The model for rov is described as follows: 

Equation 12 

Where the parameter of the drug in individual i at occation k (Pik) differs from the mean 

PIT by an additional (zero mean, variance ~) random effect, kik, which accounts for the 

intraindividual, between-occasion variability. 



- 48-

The three sub-models are interrelated and the choice of structural (and statistical) model 

may affect the choice of covariate model and vice versa.(Wade et al. 1994) 

3.2.2.1.2 Covariate model development 

An important objective of a population PK analysis is to identify the sources of 

variability from observable covariates and their correlation with the individual PKJPD 

parameters, which can explain part of the inter-individual variability besides the part 

which has been explained by random effect in the base model. Covariates may also 

influence the random effects distribution, e.g., the magnitude of the UV or residual error 

(Karlsson et al. 1995) or the probability of belonging to a certain mixture.(Davidian and 

Gallant 1992; Park et aL 1998) A mixture could, for example,consist of poor and 

extensive drug metabolizers. Many factors in the biological system can potentially 

contribute to variability such as age, sex, weight, renal function, polymorphic enzymes 

and concomitant medication. Quantitative assessment of the relationship between 

covariates and PKJPD parameters is important for drug development because it provides 

information on whether the special dosage is necessary for a subgroup of patients. 

Covariates can be incorporated into a model in various ways depending on their type, 

shape and range. Usually covariates can be classified as: continuous covariate (e.g., age, 

weight, height), or discrete covariates (e.g.: sex, race, and enzyme genotypes). These 

two types of covariates can be incorporated into the model as described below: 

For continuous covariate 

Linear function 
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Equation 13 

Where Pi is the individual estimate incorporating the covariate; TVpi is the typical value 

at coy ij = 0; 8pcov is the covariate coefficient. 

Eq 13 can be reparameterized so that the relationship is centered on a value in the 

covariate distribution, e.g., the (baseline or overall) median covariate value, denoted 

ascov: 

Pi=TVPiX[1+8pcovX(COVij-C~V)]' E . 14 quatlon 

In many cases, and especially if the covariates coyer a large range of values, the data 

may not be satisfactorily described by linear models. Nonlinear relationships are 

obtained using a power model: 

P. = TV . x [cov../ c~v](}p"w 
1 pl 1) 

Equation 15 

Where Pi is the individual estimate incorporating the covariate; TVpi is the typical value 

at covij=cov; COy is the median value ofCovij. 

For a discrete covariate 

The incorporation of a dis crete covariate involves assigning a numeric value to the 

covariate (e.g., sex, male 0, female 1). The equations below show multiple 

categorical covariates. 
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0 if cov at 0 

epcovl if cov at 1 

epcovl x (l+epcovl) if cov at 2 Equation 16 
Pi= 

epcov 1 x (1 +epcov2) x (1 +epcov3) if cov at 3 

Where epcovl is a coefficient describing the effect relative to the prevIOUS level. 

Restricting epcov2, epcov3, etc. to positive values confines the effects to be either increasing 

or decreasing as the level of the covariates increases. (Bonate 2005) Missing covariate 

values cannot be ignored in an analysis. One way to handle missing covariate 

information is to delete the observation from the analysis, the so-called "complete case" 

approach. This approach tends to be most useful when the sample size is large and a 

small fraction of the covariate is missing. (Bonate 2005) Complete case analysis does 

not result in biased parameter estimates but simply acts to decrease the precision of the 

estimates by decreasing the sample size. More often, it is better to impute the missing 

covariate values for these subjects than to exclude them from analysis which will 

decrease the sample size and lose information. The "simple imputation" approach 

includes mean estimation and predicting missing values from regression. (Bonate 2005) 

The mean estimation method replaces missing data with the median or mean covariate 

value ca1culated from non-missing subjects in the population dataset. To predict missing 

values from regression one has to impute each independent variable on the basis of other 

independent variables in model using regression analysis. Simple imputation does not 

take into account the estimate of the imputed value, a criticism which may be alleviated 

by using the "multiple imputation" technique of Rubin. (Rubin, 1996) Multiple 
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imputation requires the assumption of independency and missing at random. The first 

assumption means the probability that sorne data are missing does not depend on the 

actual values of the missing data, while the second one means the probability of an 

observation being missing does not depend on observed or unobserved measurements. 

The advantage of multiple imputation is that they introduce random error into the 

imputation process which reduces the probability of introducing biased estimate of aIl 

parameters .. It also allows one to obtain good estimates of the standard errors. However, 

there are often strong reasons to suspect that the data are not missing at random; where 

ev en accounting for aIl the available observed information, the reason for observations 

being missing still depends on the unseen observations themselves. 

Covariates are often selected in a stepwise manner, e.g. a forward inclusion / backward 

elimination using the likelihood ratio test.(Jonsson and Karlsson 1998) In general, 

covariates that are significant at the 0.05 level are retained in the model (X2
, ~OFV = -

3.84, df = 1). Once aIl the covariates that are significant at the 0.05 level have been 

included in the model, a backward elimination process is conducted. A significant level 

of 0.01 is used for the backward elimination (~OFV (objective function value) = -6.63, d 

f= 1). The backward elimination process is repeated until aIl remaining covariates are 

significant (p<O.Ol). Covariate factors should also have clinical or physiological 

relevance. Thus, if the magnitude of covariate effects is less than 20% of the parameter 

estimates for the typical subjects, the covariates may not be considered clinically 

relevant and may not be included into final model despite reductions in the OFV. 

Several covariates are investigated, possibly on a number of structural model parameters 

and in sever al different functional forms. Therefore, the overall type-I error rate (i.e. the 
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probability of inc1uding one or more false covariate coefficients into the model) is higher 

than indicated by the required p-value. This is a problem arising from multiple 

comparisons.(O'Neill R 1971) To correct for this, a stricter p-value is often used in the 

selection; although this can in tum result in omitting relations that are actually 

important. Futher, correction of the p-value is only approximate or even arbitrary. 

Because of correlations, findingthe value that corresponds to the overall type-I error rate 

is very computer intensive. Thus, although the p-value is used as a criterion for selection 

based on the ideas of hypothesis testing, the actual strength by which the null hypothesis 

has been rejected is remains unknown in the case of multiple comparisons. (Jons son and 

Karlsson 1998) 

3.2.2.1.3 Estimation method 

Fitting the model me ans estimating the model parameter values resulting in the best fit 

to the available information (e.g. data). These 'best' parameter estimates in the model 

are typically obtained by minimizing or maximizing objective function (OBJ), such as 

ordinary least squares, weighted least squares and extended least squares. (Bonate, 2005) 

The objective function quantifies the difference between observed and predicted data for 

a given parameter set. The objective functions are shown below: 

n 

Ordinary Least Squares (OLS): OBl = l (YObji - Ypredi / Equation 17 
;=1 

n 

Weighted Least Squares (WLS): OBl = I[ (YObji - Ypredi)2 XlV; ] Equation 18 
;=1 
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. ~ [(YObi - Ypred )2 ] 
Extended Least Squares (ELS): OBl = ~ 'var;' + Ln var; Equation 19 

Where var; models the variance of the observation; YObj is the observed concentrations 

and Ypred, represents the predicted concentrations. w: is the weight which reflects the 

relative uncertainty attached to the individual estimate. The extended least square is 

designated as a maximum likelihood (ML) if the random effects are assumed to be 

normally distributed. 

The estimation method commonly used in nonlinear mixed effect modeling is the ML 

approach, which is an alternative of the ELS. The likelihood for the population 

parameters are shown below: 

Equation 20 

~ [ 2 (YObI - Ypred. )2 ] 
-:-2Iog(L) = nlog(2Jr) + f:t Ln(var) + 'VaIj 1 Equation 21 

Where L is likelihood, var; models the variance of the observation, YObj are the observed 

concentrations and Ypredi represent the predicted concentrations. 
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The likelihood is the product of probabilities for each individual observation (i) to occur, 

given the respective model and parameters. Since the parameters are selected to 

maximize the probability, the greater the likelihood of the model means the larger the 

probability of the dependent variable to occur, therefore, the better the model describes 

the data. 

3.2.2.1.4 Model building criteria 

The adequacy of the developed structural models is evaluated using both statistical and 

graphical methods. The likelihood ratio test is used, to discriminate between alternative 

(nested) models. The likelihood ratio test is based on the property that the ratio of the 

NONMEM objective function values (approximately -2 log likelihood) is asymptotically 

X2 distributed. 

As already mentioned, a reduction of the objective function by 3.84 units is considered 

significant (X2
, P<O.05 df = 1). For comparison between non-nested models, the Akaike 

Information Criterion (AIC) can be applied,(Yamaoka K 1978) where AIC is equal to 

the OFV plus 2 times the number of parameters. 

3.2.2.1.5 Model Validation 

Model validation aims to determine whether the model is a good description of the 

validation data set. Depending on the objective of the analysis, the need for model 

validation may vary. Model validation can be classified as: internaI (e.g., bootstrap, 

posterior predictive check, data splitting and cross validation); or external (e.g., data 

from new studies) based on the sources of the data. External validation is the most 
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stringent type of validation. However, it needs external data from a new study, which is 

usually not available in most situations. InternaI validation methods are commonly used, 

which rely on the analysis of the subsets from the total data with the majority of data 

used in model building. 

Data splitting method (Bonate, 2005) involves randomly dividing data into an 'index' 

part and a 'test' part, where the index part (e.g. 2/3 of the original data set) is used to 

develop the model and the test part (e.g. 1/3 of the original data set) is used to evaluate 

the model performance. 

Cross validation (Bonate, 2005) is a repeated data splitting method. Data are divided into 

n subsets. Fit the models from n-l data set and each of the n-l estimation subsets is used 

to predict the unused subset. The mean predictive error (Ypred - Y obs) calculated for 

each of these n models is used as measure of accuracy and mean absolute predictive 

error is used for precision measurement. 

Bootstrap analysis (Parke et al. 1999) is a widely used internaI validation approach. The 

nonparametric bootstrap is used to generate a series of data sets of size equal to the 

original data set by resampling with replacement from the observed data set, and the 

final model is fitted to each data set. The results provide a good measure of model 

stability, confidence intervals, variances and parameter distributions. 

Another model evaluation method is the predictive performance check.(Yano et al. 

2001) It is based on comparing meaningful statistics from observed' data with 



- 56-

corresponding statistics calculated from data simulated under a model. Briefly, fixing the 

values of the model parameters to the final values obtained using maximum likehood, 

data are then simulated. Sorne statistics of calculated data (e.g., half-life or AUe) are 

then compared to the observed statistic obtained with real data. More typically a 

histogram of the simulated statistics of interest is plotted and the location of the 

observed statistic is noted. Unusually small or large values are indicative of poor model 

validity. 

4. Interspecies extrapolation 

Despite exist a wide variety of body mass in animaIs, there is a regular pattern in 

physiological processes. Interspecies allometric scaling is based on the assumption (a 

correct assumption) that there are anatomical, physiological, and biochemical 

similarities among animaIs, which can be described by mathematical models. (Mahmood 

2005) It is now a well-established fact that many physiological processes and organ sizes 

exhibit a power-Iaw relationship with the body weight of the species. There are two 

approaches for interspecies kinetic modeling: physiological models and allometry. 

4.1 Physiological models 

The physiological models offer a mechanistic approach which accounts for transport 

mechanisms and metabolism within the body. For conducting interspecies extrapolation 

using physiologically-based pharmacokinetic models (PBPK), quantitative estimates of 

test and scaled species differences in the models' parameters (i.e., partition coefficients, 

physiological parameters, and metabolic rate constants) should be obtained. For 
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ex ample, the tissue:air partition coefficients of chemicals appear to be relatively constant 

across species, whereas blood:air partition coefficients show sorne species-dependent 

variability. (Hayes 2001) Therefore, the tissue:blood partition coefficients for human 

PBPKJPD models have been calculated by dividing the rodent tissue:air partition 

coefficients by the human blood:air partition values. The tissue:air and blood:air 

partition coefficients for volatile organic chemicals may also be predicted using 

appropriate data on the content of Iipids and water in human tissues and blood. Whereas 

the physiological parameters vary across species, the kinetic constants for metabolizing 

enzymes do not necessarily follow any type of readily predictable pattern, making the 

interspecies extrapolation of xenobiotic metabolism difficult. Therefore, the metabolic 

rate constants for xenobiotics should be obtained in the species of interest. (Hayes 2001) 

Once the PBPK model has been scaled to the target species after assuming that both the 

whole body and tissue models have an identical structure in the test and scaled species, 

blood and tissue concentration-time profiles or response can be predicted. 

The PBPK approach should be used when a detaiIed distribution of the chemical is the 

major focus, when the central compartment is not the site of action, wh en protein 

binding is strong or nonlinear (Mordenti 1986) Using this approach, the models would 

be anatomically, physiologically, thermodynamically, and biochemically realistic. 

4.2 Allometry 

In contrast to the mechanistic approach of physiological models, allometry is purely 

empirical, examining relationships between size, time and its consequences 
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(pharmacokinetic/pharmacodynamic in our case) without necessarily understanding the 

underlying mechanisms.(lngs 1990) A linear regression of a log-log plot of the kinetic 

parameters vs the body weight of the animal species produces an allometric relationship 

from which a particular kinetic/dynamic pararneter in human can be calculated. 

Equation 22 

Where, Y is the biological parameter, and A and b are constants relating Y to body 

weight (W) 

4.1.1 Interspecies scaling of clearance 

Clearance (CL) is the most important pharmacokinetic parameter, therefore a lot of 

emphasis has been given to prediction of clearance from animaIs to man. Allometric 

scaling has been one of the most widely used approaches for predicting human drug 

clearance (CL) based upon measured values of CL in animal species.(Boxenbaum 1982) 

Because of its empirical nature and the numerous observed failures in predicting human 

CL, various modified allometrically based scaling methods have been proposed with the 

intent of improving predictability in humans. These methods primarily include 

corrections for maximum life-span potential (MLP),(Boxenbaum 1982) corrections for 

brain weight (BrW), {I., 1996b #107} corrections for unbound fraction of drug in plasma 

(fu), (Feng 2000) the "rule of exponents" (ROE),(Mahmood and Balian 1996) liverblood 

flow (LBF) methods, (Rakesh. and Keith. 2004) corrections for in vitro metabolic 

CL,(Lave 1996) and empirical models correcting for plasma binding differences between 

animaIs and humans.(Tang and Mayersohn 2005) 
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To predict clearance in humans, allometric scaling is generally performed on data 

obtained from at least three animal species. In a recent paper, a general allometric 

equation (GAE) has been derived to illustrate the role of species selection in allometric 

scaling. Most interestingly, the GAE revealed that sorne species made little or no 

contribution to the predicted value in humans when a combination of animal species was 

used in allometric scaling. (Tang. and Mayersohn. 2005a) Using the published 

intravenous CL data sets (n = 102) in rats, dogs, monkeys, and humans, a data-driven 

approach (Rakesh. and Keith. 2005) was adopted to derive new one- and two-species

based methods for predicting human drug clearance (CL). The new one-species methods 

were developed as CLhumanlkg = 0.152 . CLratlkg, CLhumanlkg = 0.410 . CLdoglkg, and 

CLhumanlkg = 0.407 . CLmonkeylkg, referred to as the rat, dog, and monkey methods, 

respectively. (Tang. et al. 2007) 

Drugs and their metabolites are usually eliminated from the body via urine or bile or, 

sometimes, both. The relative contribution of biliary and urinary excretion to the overall 

elimination of drugs depends on the nature of the drugs and the animal species. (Smith 

1971) . 

4.1.1.1 Prediction of human renal clearance based on GFR values 

Many drugs are excreted mainly as unchanged drugs by the kidneys. The rate of renal 

excretion (renal clearance) is dependent on renal blood flow, glomerular filtration rate 

(GFR), and tubular secretion and reabsorption. The GFR values vary considerably 

among species ranging from 1.8 mllminlkg for humans to 10 ml/minlkg for mice 
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because of species differences in the number of nephrons.(Renkin 1973.; Lin 1995) 

Both the GFR and number of nephrons show a good allometric relationship. 

Although the renal clearance of a drug in humans can be predicted reasonably weIl by 

use of the allometric approach, this approach requires at least three animal species in 

order to obtain a proper allometric relationship, thus limiting its practical value in drug 

deveJopment. A more simplistic yet useful alternative to predict human renal clearance is 

to use the ratio of GFR between animaIs (rats or dogs) and humans, because it is 

generally believed that the GFR accurately reflects the renal function. (Lin 1995) 

Renal clearances can also be predicted by incorporating a 'correction factor' as shown in 

equation :(Mahmood 2005) 

(Glomerular filtration rate*Kidney blood flow)/(Body weight*Kidney weight) 

Equation 23 

The concept of a 'correction factor' is based on the fact that renal secretion of drugs is 

influenced by blood flow. It has been advocated in the literature that drugs which are 

mainly eliminated by the renal route, can generally be scaled across species reasonably 

weIl. (Mahmood 2005) This is not necessary true. There are many drugs renally secreted 

and, for a given drug, the nature of renal excretion may vary from species to species. 

The renal excretion of drugs may follow filtration, reabsorption, or secretion or different 

combinations of these processes. Is is also possible that a particular drug may exhibit 

secretory mechanism in animaIs, whereas in humans this drug may be only filtered or 

reabsorbed.(Mahmood 2005) 
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4.1.1.2 Prediction of human clearance for biliary excretion of drugs 

Besides being eliminated from the body by metabolism, by the renal route or by both 

mechanisms, dmg eliminated into bile may undergo enterohepatic recycling. The 

amount of an organic chemical that is excreted in bile varies widely among species. In 

general, mice, rats and dogs are good biliary excreters, while rabbits, guinea pigs, 

monkeys and hum ans are relatively poor biliary excreters. Species differences in hepatic 

blood flow and bile flow do not seem to correlate with the biliary excretion of 

compounds.(Smith 1971; Smith 1973.) Thus, it is difficult to predict the biliary excretion 

of dmgs in humans from animal data. Mahmood et al.(Mahmood 2005) compared ten 

approaches such as the simple allometric approach; the mIe of exponents; the mIe of 

exponents with a correction factor; the ratio of human and monkey liver blood flow 

(MLBF) clearance; product of clearance and bile flow; product of clearance and uridine 

diphosphate glucuronyltransferase (UDGPT); product of clearance, bile flow, and 

UDGPT; and a modified version of the last three approaches in association with the mIe 

of exponents. The results indicate the mIe of exponents with the correction factor is the 

best approach for the prediction of hum an clearance for dmgs which are excreted in the 

bile. The worst approach is the product of clearance, bile flow, and UDGPT. The simple 

allometry and the monkey liver blood flow (MLBF) approaches gave almost similar 

results. For sorne dmgs the simple allometry predicted clearance was better than the 

MLBF approach and vice versa.(Mahmood 2005) Again, it is very difficult to generalize 

and empirical data are always needed to confirm the approach. 
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5. Cisatracurium 
Cisatracurium was chosen as the model drug for two of our studies and its 

physicochemical, PK and PD characteristics will be detailed below. 

5.1 Chemical Structure 

Cisatracurium besylate, one of the 10 stereoisomers that constitute atracurium besylate, 

is a NMBA with an intermediate duration of action (fig. 6). This R-R' optical isomer in 

the cis-cis configuration, accounts for 14% of the atracurium besylate mixture.(We1ch et 

al. 1995) 

cf 

1 
0=8=0 

CHp 

OCH s 

Figure 6. Structural formula of cisatracurium besylate 

5.2 Pharmacokinetics 

Organ-independent Hofmann elimination is the predominant pathway for the elimination 

of cisatracurium. In vitro work in S~rensen buffer (pH 7.4, 37°C) and plasma (pH 7.39 

to 7.42, 37°C) from nine healthy volunteers suggests that cisatracurium besylate 

undergoes temperature and pH-dependent Hofmann elimination to form laudanosine and 

a monoquatemary acrylate metabolite (fig.7).(We1ch et al. 1995) The monoquatemary 



- 63-

acrylate then undergoes ester hydrolysis, via nonspecific plasma esterases, to form the 

monoquatemary alcohol metabolite and acrylic acid. In tum, the monoquatemary 

alcohol undergoes Hofmannelimination, at a much slower rate than cisatracurium 

besylate, to form a second molecule of laudanosine. The degradation rate of 

cisatracurium besylate in Sf{1rensen buffer and plasma was similar in the presence or 

absence of a nonspecific plasma esterase.(Welch et al. 1995) However, the formation 

rate of the monoquatemary alcohol from the monoquatemary acrylate was significantly· 

reduced by the addition of the nonspecific esterase,(Welch et al. 1995) suggesting that 

ester hydrolysis was not a metabolic pathway for the direct metabolism of cisatracurium 

besylate. 
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Figure 7. Proposed metabolic elimination pathways for cisatracurium 

, besylate in human plasma. 

Using pharrnacokinetic models that assume drug elimination from the central 

compartment only, the Vdss of cisatracurium in healthy adults ranges from 0.11 to 0.16 

lIkg Table 3. However, as Hofmann elimination is the predominant elimination pathway 

of cisatracurium, the values obtained from these studies may therefore underestimate 

V dss• (Bergeron et al. 2001; Kisor et al. 1996; Lien et al. 1996) Recentl y, we have shown 

in our laboratory, that when peripheral elimination of a drug is suspected, k20 can either 
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be assumed to be equal to k in vitro ideally obtained from each patient's or animal's 

pla<;ma or equal to the terminal elimination rate constant, p. If it has already been 

demonstrated that if ~ = kin vitro for a given patient or animal, then k20 could be fixed to ~ 

without the necessity of performing further in vitro studies. 



Table 4. Cisatracurium pharmacokinetic parameters 

(Boyd et al. 1996) Intensive care 

unit patients 

(Sorooshian et al. Adults 

1996) Elderly 

Adults 

(De Wolf et al. 1996) End-stage liver 

disease 

Adults 
(Eastwood et al. 1995) 

Renal disease 

(Schmith et al. 1997) Adults 

NA 

Venous 

Venous 

Arterial 

Arterial 

Venous 

Venous 

Venous 

Arterial 

0.18 infusion 

(l hr) 

0.1 IV bolus 

0.1 IV bolus 

0.1 IV bolus 
0.1 IV bolus 

0.1 IV bolus 

0.1 IV bolus 

0.015-0.8 IV 

bolus 

6 

31 

33 

11 

14 

15 

17 

241 

27.6 ± 3.6 

28.4 

36.3 

23.5 ± 3.5 

24.4 ± 2.9 

30.0 ±1.2 

34.2 ± 1.2 

NA 

0.317 ± 0.006 

0.133 ± 0.045 

0.190 ± 0.065 

0.136 ± 0.007 

0.136 ± 0.007 

0.161 ± 0.023 

0.195± 0.038 

0.145 ± 0.016 

8.0 ± 1.1 

4.5 ± 0.8 

4.5 ± 1.8 

5.7 ± 0.8 

6.6 ± 1.8 

4.2 ± 0.14 

3.85 ± 0.18 

4.57 ± 2.8 



Eldly 0.1 IV bolus 12 25.5 ± 3.7 0.126±0.016 5.0 ±0.9 
(Ornstein et al. 1996) Arterial 

Young 0.1 IV bolus 12 21.5 ± 2.4 0.108 ±0.013 4.6 ± 0.8 

0.075 IV bolus 15 NA 0.192 ± 0.033 5.77 ± 0.96 

(Bergeron et al. 2001) Adults Arterial 0.15 IV bolus 16 NA 0.173 ± 0.031 5.24:!; 1.05 

0.3 IV bolus 17 NA 0.189 ± 0.039 5.27:j:. 1.08 

0.1 infusion 
(Tran et al. 1998) Adults Arterial 

(5 min) 
14 23.9:j:. 3.3 0.118 ± 0.027 3.7 ±O.8 

(Imbeault et al. 2006) Children Venous 0.1 IV bolus 9 22.9 :j:.4.5 0.207 ± 0.031 6.7 ±O.7 
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Total body clearance of cisatracurium is 0.27 llhlkg and is independent of dose 

(Bergeron et al. 2001; Lien et al. 1996) It correlates positively with Vss , which is not 

surprising, since Hofmann degradation occurring within whole body is organ 

independent and responsible for 77% of the elimination of cisatracurium. The tI/2~ of 

cisatracurium in healthy adults ranges from 22 to 35 minutes, which is longer than that 

of atracurium (21 minutes).(Fahey et al. 1984; Parker and Hunter 1989) Population 

pharmacokinetic analyses performed on data from healthy adult patients undergoing 

surgery showed that certain covariate such as age, anesthesia type, obesity were 

associated with statistically significant effects on clearance or volume of the central 

compartment of cisatracurium besylate. These covariates were not associated with 

clinically significant changes in the predicted recovery profile of cisatracurium 

besylate.(Schmith et al. 1997) 

Compared with children, steady-state volume of distribution and total body clearance 

were significant larger than those published for adults.(lmbeault et al. 2006) Compared 

with young adults, the V dss of cisatracurium was increased by 17 to 38 % and the t J/2J3 by 

19 to 28% in the eld,erly.(Omstein et al. 1996; Sorooshian et al. 1996) No difference 

between elderly and young adult patients in CL was shown. However, the values for 

V dss reported for these patients were most likely underestimated, as the models applied 

did not account for elimination from the peripheral compartment. Aiso interestingly, the 

relationships between the pharmacokinetic variables (e.g., CL and Vdss), were not seen 

in these studies. The reason for this is not clear. 
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Renal dysfunction has no effect on the V dss of cisatracurium. Clearance was reduced by 

13% and t1l2~ increased by 14% in renal dysfunctional patient group. These changes are 

probably explained by a reduction in renal elimination.(Eastwood et al. 1995) In patients 

with liver disease given cisatracurium, the Vdss was increased by 21 % and CL by 16%; 

this resulted in no change in tIl2~.(De Wolf et al. 1996) 

Following a 38-hour infusion of cisatracurium in critically ill patients, the CL, V dss and 

tll2~ were 33 Uh, 22 L and 28 minutes, respectively. These results suggest that 

cisatracurium is noncumulative in this patient group. CL and V dss are both increased in 

these patients with oedema. (Boyd et al. 1996) 

The binding of cisatracurium to plasma proteins has not been successfully studied due to 

its rapid degradation at physiologic pH. Inhibition of degradation requires 

nonphysiological conditions of temperature and pH which are associated with changes in 

prote in binding. 

5.3 Pharmacodynamies 

In healthy adults receiving nitrous oxide/opioid/ barbiturate anesthesia, on a molar basis, 

cisatracurium besylate is 3.5 times more potent than atracurium besylate, with an ED95 

of 0.05 mglkg.(Belmont et al. 1995; Lepage 1994) With bolus doses of 3 and 4 times 

the ED95 (0.15 and 0.2 mglkg, respectively), the mean time to 90% suppression ( 90% 

neuromuscular block) was 3.4 and 2.8 minutes, respectively.(Bluestein et al. 1996) As 

ex pected , the time of ons et of neuromuscular block decreased as the dose of 
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cisatracurium besylate increased.(Belmont et al. 1995; Bluestein et al. 1996; Lepage 

1994) Also as it would be expected, the clinically effective duration of neuromuscular 

block (the time from injection to 25% recovery of neuromuscular function) increased 

with increasing cisatracurium besylate dose in a predictable fashion. (Belmont et al. 

1995; Lepage 1994) 

The ons et of block was delayed by 1 minute in the elderly, which could be explained by 

a reduction in cardiac output. There was no difference in the recovery profile between 

the young and elderly groups.(Omstein et al. 1996; Sorooshian et al. 1996) 

In the healthy and renal failure patients who received cisatracurium, there were no 

significant differences in any of the onset or recovery variables. In patients with liver 

diseases given cisatracurium, ons et of block was delayed by 1 minute but there was no 

alteration in the recovery profile.(De Wolf et al. 1996) 



Table 5. Cisatracurium pharmacodynamie parameters 

(De Wolf et al. 

1996) 

(Ornstein et al. 

1996) 

(Bergeron et al. 

2001) 

(Tran et al. 1998) 

(lmbeault et al. 

2006) 

Adults 

End-stage liver 

disease 

Elderly 

Young 

Adults 

Adults 

Children 

Nitrous oxide-oxygen, 

thiopentone, fentanyl, 

midazolam,isollurane 

nitrous oxide-oxygen, 

isollurane, fentanyl 

nitrous oxide-oxygen, 

propofol, fentanyl 

Nitrous oxide 

Sufentanil, propofol 

Nitrous oxide 

Fentanil. propofol 

0.1 IV bolus 

0.1 IV bolus 

0.1 IV bolus 

0.1 IV bolus 

0.075 IV bolus 

0.15 IV bolus 

0.3 IV bolus 

0.1 infusion 

(5 min) 

0.1 IV bolus 

II 

12 

12 

12 

15 

16 

17 

14 

9 

TOF 

TOF 

TOF 

TOF 

TOF 

TOF 

TOF 

TOF 

TOF 

99.8 ± 0.6 

99.5 ± 1.4 

99.0 ± 1.8 

99.5 ± 1.0 

99.2 ± 2.4 

99.3 ± 2.6 

100.0±0.0 

99.0 ± 2.0 

99.0 ±O.O 

3.3 ± 1.0 

2.4 ± 0.8 

3.4 ±1.0 

2.5 ±O.6 

4.8 ± 2.3 

2.4 ± 0.6 

1.8 ± 0.5 

6.7 ± 2.2 

2.5 ± 0.8 

46.9 ± 6.9 

53.5 ± 11.9 

61.1±13.8 

55.6 ± 9.3 

35.3 ± 5.8 

58.9 ± 10.4 

81.5±15.4 

53 ± 9 

37.6 ± 10.2 
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5.4 Pharmacokinetic-Pharmacodynamie Relationship 

The keo value ranged from 0.1 to 0.179 min- I and the ECso for cisatracurium besylate 

ranged from 89 to 168 mgIL in healthy adult surgical patients receiving a single bolus 

dose of cisatracurium besylate during opioid or inhalation anesthesia respectively. (De 

Wolf et al. 1996; Schmith 1996) 

Slower equilibration delays between the plasma and effect compartment (decreased keO), 

corresponding to longer onset times, were observed in elderly vs young patients for 

cisatracurium(Sorooshian et al. 1996) whereas the effect compartment concentration at 

50% block was similar in both patient groups. 

PKlPD analysis revealed faster keo in pediatric patients for cisatracurium.This 

.observation is compatible with the shorter onset observed in children when compared 

with adults. ECso of cisatracurium besylate in healthy children undergoing surgery were 

similar to the values reported for healthy adults undergoing surgery.(lmbeault et al. 2006) 

Using population pharmacokinetic approach in healthy aduIt patients revealed that 

patients with mild to moderate renal dysfunction [creatinine clearance 1.68 to 4.2 Uh 

(28 to 70 rnVmin)] had a 16% slower keO than patients with normal renal 

function.(Schmith et al. 1997) In the presence of inhalational anesthesia, an increased keO 

is physiological based (i.e. altered distribution due to changes in regional blood fIow 

associated with the use of inhalation anesthesia). Gender and the presence of obesity 

produced small changes in keo. Adult fernaIe patients undergoing surgery had a 14% 
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mcrease in keo compared with nonobese patients. However, these effects were not 

associated with any clinically significant alterations in the predicted ooset or recovery 

profile for cisatracurium besylate. (Schmith et al. 1997) 

In a recent dose-ranging study comparing the pharmacokinetic and pharmacodynamic 

(PKlPD) parameters of three different doses of cisatracurium besylate in patients, a 

dose-dependent effect on PKlPD parameters was observed.(Bergeron et al. 2001) These 

findings have important clinical implication as the ECso is the index of potency for 

NMBAs drugs and potency has a direct impact on the onset of action of these drugs. 

However, collection of data did not allow characterization of the initial mixing phase of 

cisatracurium (front-end kinetics). Hence, it was postulated that the dose-dependency 

observed resulted from methodological factors. The mean estimates for keO and ECso 

values in Bergeron et al study are almost identical to those reported in Schmith et al's 

study using a parametric population approach.(Schmith et al. 1997) However, the 

interpatient coefficients of variability in the population analysis were quite higher (61 

and 52%, respectively) than those reported by Bergeron et al (Bergeron et al. 2001) for 

each dose group (both less than 20%). As dose impact was not tested (considered as a 

covariate) in NONMEM population analysis, the possibility of a dose-related change in 

the PKlPD parameters was not examined. 



Table 6. Cisatracurium pharmacokinetidpharmacodynamic parameters 

(Sorooshian et al. 1996) 31 0.075 nitrous oxide. Venous Limit 0.071 98 4.1 
Elderly 

33 IV bolus isoflurane. fentanyl Venous Limit 0.060 90 3.7 

Adults nitrous oxide-oxygen. 
II 0.1 IV bolus 0.179 ± 0.079 98 ± 34 4.0 ± 1.6 

(De Wolf et al. 1996) End-stage liver thiopentone. fentanyl. Arterial Limit 
12 0.1 IV bolus 0.145 ± 0.029 79 ± 33 4.7 ± 1.9 

disease midazolam.isoflurane 

0.015-0.8 Inhalation Venous 
(Schmith et al. 1997) Adults 241 Limit 0.058 ± 0.116 141.0±5.9 4.01±3.6 

IV bolus opioid Arterial 

0.ü75 IV 
15 0.087 ± 0.024 126 ±21 5.10 ± 1.30 

bolus nitrous oxide-oxygen. 
(Bergeron et al. 2001) Adults 16 Arterial Limit 0.081 ± 0.024 131 ± 30 4.98 ± 1.24 

0.15 IV bolus propofol. and fentanyl 
17 0.ü70 ± 0.016 158 ± 27 5.39 ±0.94 

0.3 IV bolus 

0.1 infusion Nitrous oxide 

(Tran et al. 1998) Adults 14 (5 min) . Fentanil propofol Arterial Intensive 0.054±O.013 153±33 6.9 ± 1.3 

Nitrous oxide 
6.5 ± 1.3 (lmbeault et al. 2006) Children 9 0.1 IV bolus Venous Li mit 0.115 ±0.025 127 ± 27 

Fentanil propofol 



- 75-

6. Research objectives 

During anesthesia induction, NMBAS are administered to provide good intubating 

conditions and thus, their maximum effect should be induced rapidly. For agents with an 

ultra-rapid onset of action (succinylcholine) or when administered at high doses 

(cisatracurium), the relaxant effect occurs during the intravascular mixing phase, which 

complicates the analysis and interpretation of data. 

The general aim of this thesis was to enchance knowledge and understanding of the 

impact of dose in the early concentration-effect relationship of neuromuscular agents in 

anesthetized patients and animais. 

In particular, the three major objectives were: 

1. To verify whether the relation concentration-effect of cisatracurium is dose-dependent 

in an animal model. 

2. To compare the in vitro in vivo correlation of cisatracurium in the anesthetized dog 

to that reported in anesthetized patients. 

3. To develop and validate a pharrnacokinetic model taking into account the 

intravascular mixing phase. 



- 76-

7. Manuscrit No. 1: Dose-dependency ofPKlPD parameters after 

Intravenous bolus doses of cisatracurium 

(British Journal of Anaesthesia 2008 101(6):788-797) 

ChunLin Chen l
, Nobuharu Yamaguchi l and France Varin)' 2 

1. Faculté de pharmacie 

Université de Montréal 

2. Author to whom correspondence should be addressed : 

France Varin 

Université de Montréal 

Faculté de pharmacie 

c.P. 6128, Succursale Centre-ville 

Montréal (Québec) 

H3C 3J7 

Canada 

Tel: (514) 343-7016 

RUNNING TITLE 

Dose-dependency of PKlPD parameters 



-77 -

BACKGROUND: Pharmacokinetic/pharmacodynamic (PKlPD) parameters of 

neuromuscular blocking agents (NMBA) are generally assumed to be dose-independent. 

To our knowledge, there are very few c1inical reports where the PKlPD parameters of a 

NMBA were derived separately for each dose group during a formaI dose-ranging study. 

The primary objective of this study was to challenge a potential dose-dependency of 

cisatracurium PKlPD parameters by conducting a weIl controlled experimental study. 

METHODS: Eight dogs were anaesthetized with pentobarbital and mechanically 

ventilated. Two doses of cisatracurium (1.5 x ED9S and 6 x ED9S) were administered in a 

randomized cross-over design after an appropriate wash-out period. Neuromuscular 

function was monitored using train-of-four (TOF) stimulation. Arterial blood was 

sampled continuously for the first min after cisatracurium injection and at frequent 

intervals thereafter. Cisatracurium plasma concentrations were determined by HPLC 

analysis. Pharmacokinetic-pharmacodynamic (PK~PD) modeling of individual data sets 

was performed with NONMEM using a non parametric approach and a descriptive 

sigmoid Ernax model. 

RESULTS: Cisatracurium PKs were linear over the dose range studied. Using non 

parametric PK-PD analysis, mean values for plasma - effect compartment equilibration 

delay (keo) were 0.0600 vs 0.1278 min- I (p<0.05) and sensitivity (ECso) were 323 vs 235 

ng ml -1 (p<0.05) for the high and low doses, respectively. 

CONCLUSIONS: A dose-dependent effect on the PKlPD parameters of cisatracurium 

bears important c1inical implication as an accurate estimate of the ECso is desirable. 

PKlPD parameters derived after intubating bolus doses of cisatracurium would be more 

reliable. 
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Introduction 

Over the range of doses used in clinical practice, the equilibration rate constant between 

plasma and effect compartment concentrations (keo) is believed to be concentration 

independent for most drugs. 1 However, this may not be the case after high bolus doses of 

drugs that reach maximum effect within the first two minutes after intravenous 

administration. There are very few reports where the PKJPD parameters of 

neuromuscular blocking agents (NMBAs) were derived separately for each dose group 

during a formaI dose-ranging study. In a study 2 comparing the PK parameters of three 

different Ï.v. bolus doses of cisatracurium besylate (0.075, 0.15 and 0.3 mg kg- I 

corresponding to 1.5, 3 and 6 x ED9S) in anaesthetized patients, we previously observed 

a dose-dependent effect on pharmacokinetic/pharmacodynamic (PKlPD) parameters. 

These changes were observed without affecting the dose proportionality of PK 

parameters. This dose-dependency rnay have resulted from methodological factors 

because the plasma concentration profile was not characterized properly during the first 

2 minutes.3 Similar changes in the dose-effect relationships had previously been reported 

for vecuronium in patients wh en using pharmacodynamie modeling. 4 Changes that were 

later confirmed using a traditional PKJPD approach. S Finally, clinical evidence has also 

been provided that the dose-response relationship of a NMBA may depend on the 

administration rate when high bolus doses are given. Dose requirements of cisatracurium 

were found significantly greater when given by high bolus (8 x ED9S) than with 

continuous infusion during cardiac surgery.6 The question whether PKlPD data obtained 

after very high bolus doses of NMBA should be included in a classical Sigmoid Emax 

model remained to be investigated. The primary objective of this study was to challenge 
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a potential dose-dependency of cisatracurium PKJPD parameters by conducting a weil 

controlled experimental study. 
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Materials and Methods 

Study design. The study was conducted as a two-period, randomized cross-over design 

inc1uding a washout period. Purpose-bred dogs were naïve animaIs kindly donated by a 

pharmaceutical company. Dogs were randomly alIocated to two groups. Group A first 

received the low dose (1.5 x ED9S ) while Group B first received the high dose (6 x 

ED9S). To provide a maximum control on experimental conditions, four persons were 

responsible for drug administration, arterial blood sampling, pharmacodynamic 

monitoring or sample processing. Their respective role remained unchanged throughout 

the study. 

Chemicals. A commercial preparation of cisatracurium besylate (Nimbex®, Abbott 

Canada Ltd. Montréal, Québec, Canada) was used. The internaI standard (n-methyl 

laudanosine) was provided by Glaxo-Wellcome (Stevenage, UK). AlI solvents were of 

HPLC grade and purchased from Anachemia (Montréal, Québec, Canada). 

Experimental conditions. The experimental protocol was approved by our institutional 

Animal Care Committee and was in accordance with the Canadian Council on Animal 

Care. Veterinary care and housing facilities. met Good Animal Practice standards. For 

the study, eight adult male beagles (7.5 - 10.5 kg) were singly housed and maintained 

un der a 12-h lightJdark cycle at 21 ± 0.9 Oc and 50 ± 10 % relative humidity. Food was 

freely available up to 18 h before experiment. There was no restriction for water. 
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General Anaesthesia. Dogs were anaesthetized with an initial injection of 30 mg kg -1 

i.v. sodium pentobarbital (Somnotol®; Abbott Laboratories, Montréal, QC, Canada) 

administered in the cephalic vein of the left leg. Monitoring of the level of anaesthesia 

was based on haemodynamic parameters as weU as neurosensory reflexes (hind feet 

retraction to pinching and comea response to light touch). Measures were taken every 15 

min as weIl as at blood sampling times. An adequate level of anaesthesia was maintained 

with supplemental i. v. doses of pentobarbital (3 - 5 mg kg -1). Respiration was controlled 

mechanically (Model 607, Harvard Apparatus, South Natick, MA) with room air 

delivered through an endotracheal tube. 

Animal preparation. After satisfactory level of anaesthesia and stability of physiological 

parameters were achieved, the left femoral vein was cannulated for cisatracurium and 

pentobarbital administration. The right femoral artery was cannulated for blood 

sampling. A three-way stopcock was installed on the arterial line for arterial blood 

pressure monitoring. Haematocrit was measured after administration of each dose and at 

the end of the experiment. Heart rate was monitored via the arterial pulse. An 

electromagnetic flow probe (3mm i.d., model FR-030T, Nihon Kohden, Tokyo, Japan) 

was installed on the left femoral artery and connected to a polygraph system (model 

RM-6000, Nihon Kohden) for muscle blood flow measurement. The animal was kept 

warm using a heated surgical table and an insulated sheet. Central body temperature was 

monitored by means of a rectal probe and kept constant throughout the experiment with 

a controller. At the end of the experiment, animaIs were euthanized using an overdose of 

pentobarbital and saturated KCL before incineration. 
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Neuromuscular monitoring. The medial antebrachial cutaneous nerve was stimulated 

supramaximally (40 to 70 mA) at the right forelimb through surface electrode with a 

train-of-four (TOF) stimulation. Impulses of 0.2 msec duration were delivered at a 

frequency of 2 Hz for 2 sec. TOF stimulation was repeated every 12 seconds. The 

resulting force of contraction was measured using a force transducer (Grass F-lO). A 

stabilization period where the tension of the first twitch (TI) in the TOF did not change 

(baseline value) was allowed before injection of cisatracurium. Time zero for PD 

measures corresponded to 6 sec before drug injection to ensure that PK samples (drawn 

every 6 sec during the first min) were synchronized with the beginning and middle of 

each 12 sec TOF interval. Muscle relaxation was monitored continuously until full 

recovery. During the washout period, neurostimulation was stopped. A new baseline 

value was obtained before the second dose. 

Blood sampling. After stabilization of anaesthesia and TOF response, a blank sample 

was drawn before the first bolus dose of cisatracurium besylate was administered. Drug 

administration was similar for both doses. Intravenous tubing was prefiIled with the 

injectable drug solution and flushed completely over 2 sec (approximately 1/4 volume 

per 0.5 second). For the first minute, arterial blood was let to flow freely from a cannula 

into 2 ml Eppendorf tubes that were çhanged every six seconds. The diameter of this 

cannula was selected during preliminaries so that approximately 1 ml of blood could be 

collected in a 6 sec interval, yielding approximately 0.5 ml plasma. Thereafter, arterial 

blood samples (2 ml) were drawn directly from the stopcock and transferred into 

heparinized tubes at 1.5, 3, 5, 7, 15, 30, 45, 60 and 80 min. Additional samples were 

taken for the higher dose when full recovery was not reached. After a washout period, a 
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blood sample was drawn immediately before the injection of the second bolus (to 

document the residual plasma concentration, if any) and thereafter, as described above. 

The volume of blood taken was replaced by saline. To minimize the in vitro degradation 

of cisatracurium, samples were kept on ice water bath and centrifuged within 2 minutes 

at 4°C. Plasma, was then transferred into pre-acidified tubes (30111 of 2M H2S04) to 

obtain a final pH between 3 and 4 and frozen immediately on dry ice. Samples were 

stored at -70°C unti! analysis. 

HPLC analysis. Plasma concentrations of cisatracurium were determined using a high 

performance liquid chromatograph coupled to a fluorescence detector set at 280 nm 

(excitation) and 320 nm (emission). Bond-Elut® phenylsolid-phase extraction 

cartridges (Varian, Harbor City, CA) were used for extraction of cisatracurium from 

plasma. The method published by Bryant et aC for urine samples was slightly modified 

and validated for plasma in our laboratory. Cisatracurium was separated from its major 

metabolites on a Spherisorb SCX column (150 X 4.6 nm i.d., 5 I1m; Phenomenex®, 

Torrance, CA, USA), using a stepwise gradient (Thermo Separation Products, Riviera 

Beach, FL, USA). The mobile phase changed from a first phase (14 mM Na2S04 in 0.5 

mM H2S04: ACN: H20 40:60:6) during 5 min to a second phase (70 mM Na2S04 in 0.5 

mM H2S04: ACN 40:60) during 6 min. The solvent flow rate was 2 ml min -1 and the 

column maintained at 50°C. This assay proved to be sensitive (lower limit of 

quantification, 6.5 ng ml -1), precise (mean coefficient of variation, Il %), and linear up 

to 2500 ng ml -1 (r2: 0.995). Samples obtained during the first minute were diluted with 

blank plasma prior to extraction. Dilution algorithms were estab!ished during 
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preliminaries. When samples still exceeded the upper limit (generally between 30 and 90 

sec), samples were further diluted and re-assayed. This procedure had been previously 

validated. When running diluted samples, a diluted quality control sample (QC) was 

extracted at the same time. The mean coefficient of variation for precision was 3.3 % 

with an overall bias of 5.4 %. 

Pharmacodynamie analysis. Only the first twitch response (TI) to the TOF was 

considered. The degree of neuromuscular block was expressed as percentage of twitch 

height depression relative to the TI baseline value. The first times where recovery 

reached final TI value and full recovery (T 1=T4) were recorded. Ons et time was defined 

as the time required for reaching maximum block after drug injection. Clinical duration 

was the time comprised between injection and recovery of twitch height to 25% of its 

baseline value. Recovery index, or the time elapsed between 25% and 75% twitch height 

recovery, was also measured. 

Dose linearity of pharmacokinetics. Linearity in pharmacokinetics of the complete data 

sets was first verified using standard noncompartmental methods (WinNonLin Pro, 

Pharsight Corp, version 5.2). During the first minute, the time assigned to each sample 

was the midpoint of the 6 sec sampling interval. The terminal elimination rate constant, 

kel, was determined by log linear regression. Dose-normalized AUCs of the plasma 

concentration vs time curve for the first minute (AUCo _1) and for time zero to infinity 

(AUCo_oo) were calculated using trapezoidal integration. The maximum plasma 

concentration (Cmax) and time to reach Cmax (T max) occurring during the first minute 

were read directly from the experimental data. 
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Nonparametric PK/PD analysis. AU individual PKlPD analyses were performed using 

NONMEM VI (GloboMax LLC, Hanover, MD). We used a nonparametric approach s, 8 

where concentrations between the preceding and subsequent measured values are 

interpolated as a straight line when the concentrations are increasing and as a simple log

linear function when the concentrations are decreasing. The convolution of this with 

keo·e-keO 
t ca1culates the effect site concentration-time profile. The effect site was th en 

assumed to be linked to the plasma by a compartment of trivial volume with a first-order 

equilibrium constant (keo). The sigmoid Ernax model was used to correlate the effect with 

the effect compartment concentration, thus computing the effect compartment 

concentration at 50% of maximal effect (ECso) and the slope factor (gamma). Ernax 

values fixed to 100% or estimated were tested. Values for dose-normalized ECrnax 

(ECrnax ID) and T ECrnax were also estimated. 

For the initial analysis, we used a two-stage approach in which the PKlPD values for 

each animal and each dose are determined independently. To determine whether the 

PKlPD parameters of cisatracurium varied as a function of dose, data from both doses 

were analyzed simultaneously. Two types of analyses were performed for each 

individual: (1) values for keo, ECso and gamma were assumed to be identical for both 

doses; and (2) values for keo, ECso and gamma were permitted to vary between doses. 

Goodness of fit was indicated by an improvement in the NONMEM objective function 

and by visual inspection of the fit of predicted versus observed values. 
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Statistical analysis. Based on our previous study2, a sample size of 8 was estimated to 

provide 80% power to detect a 25 % difference in the EC50 for the low and high dose 

with the expected standard deviation of ± 27 ng/ml at an alpha significance level of 0.05 

(SigmaStat, version 3.1; Systat Software, Inc., Point Richmond, CA). 

Physiological values, pharmacodynamic, pharmacokinetic and PKJPD parameters 

obtained in each animal after the high and low doses were compared using Paired t test 

with resampling technique9 using Insightful software version 8 (Seattle, W A, USA). 

NONMEM objective function (approximately - 2 log likelihood values) from the 

analyses in which keO, EC50, and gamma were permitted to vary between doses were also 

analyzed using a paired-sample t test with resampling technique to determine wh ether 

this dose-related effect was systematic. 

An analysis of variance (ANOV A) test was also carried out to exc1ude the presence of 

sequence or period effect for pharmacodynamic and PKJPD parameters (R 2.6.2 

Software, the R Foundation for Statistical Computing). The factors inc1uded in the 

ANOVA were sequence, period (first vs second administration), treatment (high or low 

dose) and subjects nested within sequence. Therefore, results are presented as individual 

data (n=8) and expressed as me an values ± standard deviation (SD) in the summary 

tables. The threshold for statistical significance (a )was set at 0.05. 
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Results 

Physiological parameters are reported in Table 1. Arterial blood pressure, heart rate and 

hind limb vascular resistance were stable throughout the experiment (baseline and onset 

time data presented only). Haematocrit was similar during the first and second period 

(38% ± 4% vs 38% ± 4%, respectively). 

The experimental time flow for each randomization sequence is summarized in Table 2. 

For the baseline value, a stabilization period of approximately 5 min was allowed before 

injection of cisatracurium. Times to recovery to final TI value and T1=T4 did not differ 

markedly. Recovery was assumed complete after a stable period of T1=T4 of 

approximately 5 min. 

Retum to 100% of baseline value was observed in 4 (low dose) and 3 dogs (high dose). 

When the final TI response did not retum to the baseline value, aIl recovery parameters 

based on the twitch height were adjusted to the final TI value (normalization). After the 

low dose, normalization ranged from 95 to 107 % (n = 4) while it ranged from 89 to 111 

% (n = 5) for the high dose. A systematic bias was ruled out statisticaIly. 

AlI 8 dogs reached 100% neuromuscular block after both doses (Table 3). After the high 

dose, 100% block lasted for 44 to 59 min (mean: 52). Onset time after the higher dose 

was decreased by approximately twofold compared with the lower dose. After the high 

dose, 4 to 8 measures of muscle twitch (mean: 6.6) that were not the 0 and 100% values 

were observed during onset of block. Clinical duration and recovery times were 
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increased by more than twofold after the high dose. No statistical difference was 

observed for the recovery index. 

For illustration purposes, mean dose-normalized cisatracurium plasma concentrations 

versus time observed for each dose group were adjusted to a 0.1 mg kg -1 dose and found 

to be superimposable (Figure 1). Individual dose-nomialized plasma concentrations 

observed during the first minute after the low and high dose are presented in Figure 2A 

and 2B, respectively. Prior to dose administration, cisatracurium plasma concentrations 

were al ways below the lower limit of quantification, thus confirming an adequate 

washout period. Cisatracurium peak concentrations occurred between 12 and 30 sec 

dosing in dogs. 

Non compartmental PK parameters are listed in Table 4. Mean terminal elimination half

lives (Tl/2~) for the 0.15 and 0.6 mg kg -1 dose were 17.6 min and 17.8 min, respectively. 

No dose-dependency in any PK parameters was observed. 

Mean dose-normalized cisatracurium effect compartment concentrations at each dose 

level are shown in Figure 3. At the time of the second dose, predicted effect 

compartment concentrations of cisatracurium were negligible. The hysteresis curves 

observed between plasma concentration and effect after a high and low dose in a 

representative dog are presented in Figure 4A. Using nonparametric PKlPD analysis, the 

corresponding sigmoid Emax curves derived from the observed effect and predicted effect 

compartment concentration are presented in Figure 4B. 
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Table 5 shows the stepwise decrease in NONMEM objective function values (-2 log 

likelihood) for the investigated models. The largest decrease was observed with keo (step 

1). Then, addition of ECso further decreased the objective function value (step 2). 

However, there was no significant benefit to adding distinct values of gamma for the two 

dose groups (step 3). 

With the final model, keo values were typically twofold lower after the high dose 

compared to the low dose values. A typical example of the collapsed hysteresis curve is 

presented in Figure 5. Sigmoid Emax curves were shifted to the right resulting in a 38 % 

higher predicted ECso for the high dose (Table 6 and Figure 4B). Predicted Emax was 

used because the objective function was slightly better than when Emax was fixed to 

100% . Only minor differences (less than 1 %) were observed for the PKlPD parameters 

between the two approaches. Individual data for keo and ECso at each dose level are 

represented in Figure 6. The results of the ANOV A showed no evidence of a statistically 

significant sequence or period effects for PKlPD parameters keü, ECso, T ECmax and 

ECmaxlD (power greater than 80%). 
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Discussion 

Using a nonparametric PKlPD approach and a descriptive sigmoid Emax model, a dose-

dependent effect on the PKlPD parameters of cisatracurium was observed In 

anaesthetized dogs. Mean ECso values increased and mean kea values decreased by 

almost 50% after the high bolus dose. Several factors have to be considered in the 

interpretation of this dose-dependency. 

When conducting the animal study, experimental conditions were rigorously controlled 

to avoid any systematic bias. As both low and high bolus doses were given in each dog, 

any period and/or sequence effect in the cross-over design was statistically ruled out 

before pooling data. At each dose level, there were no significant changes in muscle 

blood flow or hind limb vascular resistance during bnset time when compared to 

baseline values, excluding changes in regional haemodynamics as a potential bias. 

Instead of giving a continuous infusion, small doses of pentobarbital were given when 

indicated by come al reflex. This approach was preferred because, once catheters were 

instaIled, there were no manipulations of the animal. These small doses did not produce 

any noticeable effect on physiological parameters. 

It is weIl recognized that the blood sampling schedule during the first minute after a 

bolus of a neuromuscular blocking agent may have a significant impact on the 

. . f· PK d· PKlPD 10-12 Pl . estImatIOn 0 ItS an , In tum, parameters. as ma concentratIOns were 

therefore measured frequently during the first minute after each administration of 

cisatracurium to our dogs. We have first confirmed that the pharmacokinetic parameters 
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of cisatracurium obtained for the complete and first minute data sets were both linear 

before proceeding to the PKlPD analysis. Therefore, the dose-dependent effects are not 

likely to result from differences in the central pharmacokinetics. 

Given the fourfold difference in dose, a higher span of plasma concentrations were 

observed at a given degree of block during onset of action (ascending limb) while the 

concentrations associated to a given effect did not vary greatly during recovery 

(descending limb) of the hysteresis curves (Figure 4A). This difference did not have a 

major impact on the efficiency of the link mode! since plasma concentrations from both 

the onset and recovery limbs were adequately collapsed, and that, independently of the 

dose given (Figure 5). Many data points were either 0 or 100 % after the higher dose, 

rendering the collapsing of the hysteresis loop mostly dependent on the ascending and 

descending limbs. This potential modeling artifact cannot be exc1uded, however it is 

unc1ear to what extent it may contribute to the rightward shift of the effect vs effect 

compartment concentration curve after the higher bolus dose. 

Onset time (TEmax) is dose-related wh en neuromuscular blocking agents (NMBAs) are 

given at doses producing complete block. J3 Conversely, time to peak effect 

compartment concentration (T ECmax) coincides with onset time only when the 

pharmacologic effect is submaximal and had therefore to be derived mathematically for 

the present study. While T ECmax is generally assumed to be dose-independent l, it was 

significantly delayed after the higher dose in our dogs. Thus, a shorter onset time was 

associated with a longer T ECmax. This apparent discrepancy can be explained by the fact 

that, for a given drug, calculated T ECmax depends solely on the plasma-effect 
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compartment equilibration rate (keo). It is noteworthy that a shorter onset is not always 

associated with a faster keü as this proved to be the case for succinylcholine. 14 Since the 

rate limiting factors for keo and onset times are different, the net effect may differ. 

The equilibration rate keo lumps together access to the receptor and any other post

receptor event that might contribute to time delays in response. As previously 

mentioned, the equilibration rate keü is believed to be concentration independent for 

most drugs at doses generally used in clinical practice, and is thus presented as a 

constant value. 1 However, this appeared not to be the case in our study where a 

significant decrease in keo was observed in the higher bolus dose group. According to our 

stepwise exploration, there was a statistically significant improvement in the objective 

function when keo values were allowed to change in the two dose groups. The first 

determinant single parameter for adequate fitting of the PKlPD model was keo, while 

changes in both the ECso and keü came second. At high input rates, plasma 

concentrations rise more rapidly than do effect-site concentrations. As a result, 

circulation delays and effect site/plasma equilibration times become determinant. ls 

In Vlew of its high molecular weight, low lipid solubility and ionic nature, the 

transcapillary transfer of cisatracurium is expected to be mostly restricted to pores. 14 In 

the human forearm, the intercellular pore radius is approximately 16 nm l6
. In addition, 

muscle capillaries present numerous membranous vesicles l7 that, after transient fusion, 

would create transendothelial channels or "small pores".18 It is unknown whether these 

pore sizes are different in canines but capillary permeability in the muscle tissue was 

fOUfld similar across mammalian species. 19 In addition, microperoxidase (molecular 
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weight of 1, 900 and molecular span of 2 nm) was found to diffuse readily through the 

smalI pore of muscle capilIary in rats.20 Since the molecular span of many NMBAs is 

approximately 2 nm between both quatemary amines 21, transcapillary exchange should 

not be a rate limiting step for cisatracurium. Muscle interstitial concentrations of 

rocuronium measured by microdialysis under steady-state conditions, were found 

equivalent to those predicted for the effect compartment 22. Although cisatracurium is a 

larger molecule, it appears unlikely that restricted access to muscle interstitial space is 

responsible for the dose-dependency. 

In our opinion, the mechanisms underlying the nonlinearity of the predicted effect 

compartment concentration of cisatracurium after a high bolus dose would most 

probably occur within the synaptic cleft itself. Although no anatomical barrie:t;s prevents 

diffusion of drugs from muscle interstitial space into the synaptic cleft,23 there is a 

limited space (30-50 nm) available for diffusion of NMBAs within the synaptic cleft 

,itself.24 After a high bolus dose, a transient increase in the unbound concentration of 

cisatracurium may occur as nicotinic receptors and nonspecific sites become suddenly 

occupied, thus reducing the concentration gradient of unbound cisatracurium between 

the inters titi al fluid and synaptic cleft. Due to the very high density of nicotinic 

receptors, a slower diffusion of NMBAs into this restricted space may ensue. The nerve 

tenninal would also represent a physical barrier to the diffusion of NMBAs out of the 

cleft, thus enhancing the repetitive binding to acetylcholine receptors. 25 This concept of 

"buffered diffusion" was recently tested 26 and simulations predicted that time to peak 

effect would decrease wh en submaximal bolus doses of NMBAs are increased. 

However, our findings suggest that this may not apply for high bolus doses. AlI these 
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mechanisms related to "steric hindrance" may explain why the effect compartment 

concentration associated with a given effect is larger after the higher dose of 

cisatracurium (Figure 4B). 

If steric hindrance is an issue, this effect should disappear during the recovery phase 

when the rapid changes in concentrations have stopped. Recovery is more akin to a 

steady-state situation. It would be have been interesting to compare these results with 

post-tetanic count (PTC). It is a weIl established method of evaluating neuromuscular 

recovery during intense block27 and constitutes an excellent mean to distinguish between 

intense and deep blocks, that may have allowed sorne better quantification.28 

Experimental confirmation of these hypotheses was beyond the scope of this study but 

deserve further studies. 

Dose-dependent changes in the sensitivity of the neuromuscular junction were also 

observed in our dogs after the higher bolus dose of cisatracurium. Molecular span but 

also factors such as the flexibility of the molecule and its conformation in the biophase 

at the moment of interaction with the acetylcholine receptors would impact on the ons et 

time and duration of action of NMBAs.29 The size of the active cation has once been 

suggested as a limiting factor influencing the rate of onset of NMBAs.30 Thus, 

physicochemical interactions as a potential mechanism should not be .overlooked. 

Indeed, a good correlation was shown between EC50 values obtained in anaesthetized 

patients and molecular weight for a series of NMBAs. 14 This fmding is agreement with 

the hypothesis that a restricted diffusion within the synaptic deft may alter the potency 

ofNMBAs. 



- 96-

As mentioned previously, there are very few reports where the PKJPD parameters of a 

NMBA were derived separately for each dose group during a formaI dose-ranging study. 

A parametric population approach was applied to data gathered from 241 patients having 

received up to a 8 x ED9S bolus dose of cisatracurium during eight prospectively 

designed Phase 1-111 studies.31 Their me an estimates for keo and ECso values are almost 

identical to those reported in Bergeron et al' s study2 when compared to the mean value 

of the three doses. However, the interpatient coefficients of variability in the population 

analysis were quite higher (61 and 52%, respectively) than those reported by Bergeron et 

aP for each dose group (both less than 20%). As dose impact was not tested 

(considered as a covariate) in NONMEM population analysis, the possibility of a dose

related change in the PK-PD parameters was not examined. 

Our findings c1early indicate that PKJPD data obtained after i.v. bolus doses that are 

beyond those used in c1inical practice should be tested for linearity of PKJPD estimates 

before inc1uding them in the general model. For illustration purposes, using PKJPD 

parameters obtained after an intubating dose of cisatracurium to predict the effect after a 

high bolus dose would yield faster onset and recovery times than were actually observed 

(Figure 7). Altemately, if PKJPD parameters obtained for the high dose of cisatracurium 

were used to simulate the effect after an intubating dose, the predicted peak effect would 

be highly underestimated (Figure 8) and this would eventually lead to overdosing. These 

results bear important c1inical implication as an accurate estimate of the ECso is desirable 

for target-controlled infusion systems. In our opinion, PKJPD parameters derived after 

an intubating dose of cisatracurium would be more reliable. 



- 97-

In conclusion, after 1.5 and 6 x ED95 bolus doses of cisatracurium, the effect 

compartment concentration at 50% block (EC50) increased and the effect compartment 

equilibration rate constant (keo) decreased at the higher dose when using a descriptive 

sigmoid Emax model. As this study was not meant to be mechanistic but descriptive, it is 

not possible to delineate whether the PKlPD dose dependency is a real phenomenon or a 

modeling artifact. Only hypotheses regarding the factors responsible of the dose-related 

changes in PKlPD parameters can be formulated and further confirmatory studies are 

required. In the meanwhile, these results indicate that dose impact should be 

tested wh en data gathered during dose-ranging studies are pooled to derive population 

PKlPD parameters. This is particularly the case after i.v. bolus doses of drugs having a 

rapid onset of action. 
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Table 1. Physiological parameters during baseline and at onset time in pentobarbital anaesthetized dogs after sequential 

administration of two doses of cÏsatracurium. Dogs were randomized for sequence (n=8). Values represent mean ± SD. 

0.15mg kg,l 0.6 mg kg,l 0.15 mg kg,l 0.6 mg kg,l 

Baseline Baseline P value Onset lime Onset lime P value 

Heart rate (bpm) 129 ± 45 138 ± 39 0.494 134 ± 45 144 ± 35 0.388 

Systolic arterial pressure (mm Hg) 129 ± 22 131± 32 0.872 127 ± 24 143 ± 31 0.164 

Diastolic arterial pressure (mm Hg) 89 ± 18 98 ±24 0.262 93 ± 21 94±27 0.880 

Muscle blood flow 7.4 ± 3.4 6.8 ± 3.9 0.690 8.0 ± 3.6 7.1 ±4.4 0.564 

Hind limb vascular resistance (mmHg min kg m!,l) 17.7 ± 11.0 21.8 ± 12.9 0.332 16.7 ± 10.4 23.0 ± 14.8 0.092 

Body tempe rature 37.5 ± 0.6 37.2 ± 0.6 0.690 37.5 ± 0.6 37.2 ± 0.6 0.440 

-o 
N 



Table 2. Study time Dow. Dogs were randomized for sequence (n=8). Values represent mean ± SD. 

During the washout period, neurostimulation was stopped. 

Duration (min) Sequence 1 Sequence 2 

Dose 1 Dose 2 Dose 1 Dose 2 

0.15 mg kg" 0.6 mg kg ·1 0.6 mg kg -1 0.15 mg kg·1 

Baseline stabilization 10.3 ± 4.4 7.3 ± 2.3 8.5 ± 2.5 4.8 ±0.6 

Bolus administration 0.033 0.033 0.033 0.033 

Recovery time to final TI 

value 28.0 ± 5.3 63.5 ± 10.9 77.0 ± 12.2 35.7 ± 6.7 

Recovery time to Tl=T4 33.2 ± 5.2 70.6 ± 10.8 90.1 ± 18.7 40.6 ± 4.9 

Stable period ofTl=T4 7.7 ±4.0 5.5 ± 0.9 5.5 ± 3.5 4.3 ± 2.3 

Wash-out period 124.5 ± 5.8 92.1 ± 6. t -0 
\,;.) 



Table 3. Pharmacodynamie parameters in pentobarbital anaesthetized dogs after sequential administration of two 

doses of cisatracurium. Onset: time to maximum neuromuscular block; Max block: magnitude of maximum 

neuromuscular block. Duration: time to 25% recovery of twitch height; Recovery index: time from 25% to 75% 

recovery of twitch height. Dogs were randomized for sequence (n=8). Values represent mean ± SD. *p < 0.05. 

0.15 mg kg,l 0.6 mg kg,l P value 

Onset (min) 2.14 ± 0.48 0.98 ± 0.17 0.012* 

Max block (%) 100±0 100±0 1.000 

Duration (min) 21.1 ± 3.0 58.0 ± 8.9 0.002* 

Recovery times (min) 

25% 21.1 ± 3.0 58.0 ± 8.9 0.012* 

50% 24.0 ±4.0 60.7 ± 9.3 0.012* 

75% 27.0 ± 4.8 64.5 ±1O.0 0.012* 

Recovery index (min) 5.9 ± 2.0 6.5 ± 2.0 0.436 



Table 4. Pharmacokinetic parameters in pentobarbital anaesthetized dogs after sequential administration of two doses of 

cisatracurium. CmaxlD: dose-normalized maximum plasma concentration; T max: time to reach Cmax; AUCo_.,./J): dose

normalized area under the curve from 0 to infinite; AUCO_llD: dose-normalized area under the curve from 0 to Imin; kel : 

elimination rate constant. Parameters were normalized for a 0.1 mg kg- l dose. Dogs were randomized for sequence (n=8). 

Values represent mean ± SD. 

0.15 mg kg- I 0.6 mg kg- I P value 

CmaxiD (ng ml- I
) 4678 ± 1806 4485 ± 767 0.766 

Tmax (min) 0.26 ± 0.06 0.25 ± 0.11 0.406 

AUCo_JD (ng min ml- I
) 9593 ± 1258 10383 ± 1655 0.294 

AUCo_11D (ng min ml- I
) 1448 ± 296 1483 ± 249 0.772 

kel (min- I
) 0.0402 ± 0.0042 0.0409 ± 0.0096 1.000 

-o 
VI 



Table 5. NONMEM Objective Function Values (-2 log Likelihood) obtained during stepwise exploration of dose impact on 

PKlPD parameters. keo: effect compartment equilibration rate constant; ECso: effect compartment concentration at 50% 

of maximal observed effect; Gamma: slope factor. Obj: NONMEM Objective function value. Symbols (=): One estimation 

for both doses. Symbols (~): Separate estimations for both doses. Values represent mean ± SD. (n=8) * P< 0.05 for model 

discrimination. 

Gamma Obj P value 

Step 1 286 ± 30 

Step 2 - - 239 ± 33 0.006* 

- Ll - 272 ± 24 0.310 

- - 279 ± 26 0.612 

Step 3 - 178 ± 17 0.006* 

- 237 ± 32 0.907 

Step 4 173 ± 19 0.567 

-0 
0\ 

1 



Table 6. PKlPD parameters in pentobarbital anaesthetized dogs after sequential administration of two doses of cisatracurium. 

ECso: effect compartment concentration at 50% of maximal observed effect; TEcmax: time required to reach ECmax; ECmaxlD: 

dose-normalized maximum concentration in effect compartment; Emax: maximum block; keo: effect compartment equilibration 

rate constant; Gamma: slope factor. Parameters were normalized for a 0.1 mg kg "} dose. Dogs were randomized for sequence 

(n=8). Va]ues represent mean ± SD. * P< 0.05 

0.15 mg kg·! 0.6 mg kg·! P value 

ECso (ng mr!) 235 ± 35 323 ± 57 0.006* 

TECmax ( min) 6.13 ± 0.79 10.69 ± 1.39 0.006* 

ECmaxlD (ng ml"!) 323 ± 30 226 ± 43 0.016* 

Emax (% ) 102±1 102 ± 1 1.000 

keo ( min"l) 0.1278 ± 0.0224 0.0600 ± 0.0072 0.002* 

Gamma 7.70 ± 5.44 7.70 ± 5.44 1.000 

.... 
8 
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LIST OF FIGURES 

Figure 1. Mean dose-normalized cisatracurium concentrations versus time for pentobarbital 

anaesthetized dogs after a dose of 0.15 mg kg -1 (black triangles) and 0.6 mg kg -I(white circles). 

For illustration purpose, concentrations were normalized for a 0.1 mg kg -1 dose. 

Figure 2. Individual mean dose-normalized cisatracurium plasma concentrations for the first 

minute after administration of 0.15 mg kg -1 (panel A) and 0.6 mg kg -1 (panel B) to,pentobarbital 

anaesthetized dogs. For illustration purpose, concentrations were normalized for a 0.1 mg kg -1 

dose. 

Figure 3. Mean dose-normalized cisatracurium effect compartment concentrations versus time 

after a dose of 0.15 mg kg -1 (black triangles) and 0.6 mg k -1 (white circles). For illustration 

purpose, concentrations were normalized for a 0.1 mg kg -1 dose. 

Figure 4. Hysteresis curves (panel A) and Sigmoid Emax curves (panel B) derived for dog #1. 

0.15 mg kg -1 dose (dashed line) and 0.6mg kg -1 dose (solid line) 

Figure 5. Collapsed hysteresis curves for a low dose (panel A) and high dose (panel B) for dog 

#1. 

Figure 6. Intraindividual comparison of PK/PD parameters obtained for each dose of 

cisatracurium. 

Figure 7. Temporal profiling of observed (black circles) vs simulated effect (solid line) after an 

i.v. bolus dose of 6 x ED95 of cisatracurium. The dotted line represents the simulated effect 

obtained using the keo, ECso and gamma values from the 1.5 x ED9S dose with the same 

concentration-time profile; Faster onset and recovery times are predicted (dotted line). 

Figure 8. Temporal profiling of observed (black circles) vs predicted effect (solid line) after an 

Ï.v. bolus dose of 1.5 x ED9S of cisatracurium. The dotted line represents the simulated effect 

obtained using the keü, ECso and gamma values from the 6 x ED9S dose with the same 

concentration-time profile. Predicted peak effect (dotted line) is highly underestimated. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 8 
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Background: Cisatracurium undergoes primarily temperature and pH dependent 

Hofmann elimination in humans. This study was conducted to describe the 

pharmacokinetics of cisatracurium in anesthetized dogs and determine whether its in 

vitro degradation rate in plasma is predictive of its in vivo elimination rate, as this is the 

case in humans. 

Methods: Nine dogs were anesthetized with pentobarbital and administered different 

bolus doses of cisatracurium in a randomized cross-over design. Arterial blood was 

drawn at frequent intervals after each bolus injection. In vitro degradation rate (kin vitro) 

of cisatracurium was determined in each' s dog blank plasma. Plasma concentrations 

were determined by HPLC. Pharmacokinetic analyses were performed using two 

compartmental models assuming central or both central and peripheral elimination. 

Results: Mean in vivo terminal elimination rate of cisatracurium (16.4 ± 2.7 min) was 

two-fold faster than mean in vitro degradation rate (32.9 ± 3.7 min) in our dogs. Organ 

clearance was 6.12 ± 1.69 mUmin·kg and accounted for 56 ± 12 % of the total body 

clearance.' Apparent volume of distribution, an exit site dependent parameter, averaged 

212 mUkg or 184 mUkg whether or not peripheral elimination was accounted for in the 

model. 

Conclusion: The in vitro rate of degradation in plasma is not of predictive value for the 

in vivo elimination rate of cisatracurium in anesthetized dogs. Organ clearance plays a 

more important role in the elimination of cisatracurium in dogs than in humans. 

Increased biliary excretion and/or presence of renal secretion are potential mechanisms 

that need to be explored. 
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Introduction 

Cisatracurium besylate is a nondepolarising neuromuscular blocking agent (NMBA) of 

intermediate duration of action. As for its parent compound atracurium, a chemical 

process that depends solely on pH and temperature (Hofmann elimination) is an 

important elimination pathway for cisatracurium in humans. Fisher et al (Fisher, Canfell 

et al., 1986) proposed a specifie two compartment pharmacokinetic model to estimate 

the clearance of atracurium due to either organ or non-organ elimination; the relative 

contribution of Hofmann elimination to total body clearance was estimated as 39% in 

anesthetized patients. When this model was applied to data pooled from three 

pharmacokinetic studies on cisatracurium (Kisor, Schmith et al., 1996), a relative 

contribution of 77 % was obtained while as much as 88 % was reported in Bergeron et 

al's dose-ranging study (Bergeron, Bevan et al., 2001). Thus, organ clearance (e.g., renal 

or hepatic) plays only a minor role in the elimination of cisatracurium in humans. 

The purpose of the present study was to characterize the pharmacokinetics (PK) of 

cisatracurium in pentobarbital anesthetized dogs and investigate the impact of peripheral 

elimination on the estimation of its PK parameters. The specifie objective was to 

determine whether the in vitro rate of degradation in plasma is of predictive value for the 

in vivo elimination rate of cisatracurium, as this proved to be the case in humans. 



Materials and Methods 

Chemicals and Animais 
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A commercial preparation of cisatracurium besylate (Nimbex®, Abbott Canada Ltd. 

Montréal, Québec, Canada) was used. The internaI standard (n-methyllaudanosine) was 

provided by Glaxo-WeIlcome (Stevenage, UK). AlI solvents were of HPLC grade and 

purchased from Anachemia (Montréal, Québec, Canada). 

The experimental protocol was approved by our institutional Animal Care Committee 

and was in accordance with the Canadian Council on Animal Care. Veterinary care and 

housing facilities met Good Animal Practice standards. For the study, nine adult male 

purpose-bred beagles (7.5 - 10.5 kg) were singly housed and maintained under a 12-h 

lightldark cycle at 21 ± 0.9 Oc and 50 ± 10 % relative humidity. Food was freely 

available up to 18 h before ex periment. There was no restriction for water. 

In Vivo Studies 

Dogs were anesthetized with an initial injection of 30 mg kg -1 sodium pentobarbital 

(Somnotol®; Abbott Laboratories, Montréal, QC, Canada) administered in the cephalic 

vein of the left leg. Monitoring of the level of anesthesia was based on hemodynamic 

parameters as weIl as neurosensory r~flexes (hind feet retraction to pinching and cornea 

response to light touch). Measures were taken every 15 min as weIl as at predetermined 

blood sampling times. An adequate level of anesthesia was maintained with 

supplemental i.v. doses of pentobarbital (3 - 5 mglkg). Respiration was controIled 
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mechanically (Model 607, Harvard Apparatus, South Natick, MA) with room air 

delivered through an endotracheal tube. 

When satisfactory level of anesthesia and stability of physiologie al parameters were 

. achieved, the left femoral vein was cannulated for cisatracurium and pentobarbital 

administration. The right femoral artery was cannulated for blood sampling. A three-way 

stopcock was installed on the arterial line for arterial blood pressure monitoring. 

Hematocrit was measured after administration of each dose and at the end of the 

ex periment. Heart rate was monitored via the arterial pulse. An electromagnetic flow 

probe (3mm i.d., model FR-030T, Nihon Kohden, Tokyo, Japan) was installed on the 

left femoral artery and connected to a polygraph system (model RM-6000, Nihon 

Kohden) for muscle blood flow measurement. The animal was kept warm using a heated 

surgical table and an insulated sheet. Central body temperature was monitored by means 

of a rectal probe and kept constant throughout the ex periment with a controller. At the 

end of the experiment, animaIs were euthanized using an overdose of pentobarbital and 

saturated KCL. 

After stable anesthesia was attained, a blank sample was drawn (10 mL) before the first 

bolus dose of cisatracurium besylate for in vitro studies. Dogs were randomly assigned 

to receive either a low or high dose as the first bolus dose. Drug administration was 

similar for both doses: intravenous tubing was prefilled with the injectable drug solution 

and flushed completely over 2 sec (approximately 1/4 volume per 0.5 second). Arterial 

blood samples (2 mL) were drawn directly from the stopcock and transferred into 

heparinized tubes at 0.5, 1, 1.5, 3, 5, 7, 15, 30, 45, 60 and 80 min. After a washout 



- 123 -

period, a blood sample was drawn immediately before the injection of the second bolus 

(to document any residual plasma concentration) and thereafter, as described above. The 

volume of blood taken was replaced by saline. To minimize the in vitro de gradation of 

cisatracurium, samples were kept on ice water bath and centrifuged within 2 minutes at 

4°C. Plasma was then transferred into pre-acidified tubes (30 !lI of 2M HZS04) to obtain 

a final pH between 3 and 4 and frozen irnrnediately on dry ice. Samples were stored at -

70°C until analysis. 

Plasma concentrations of cisatracurium were determined using a high performance. 

liquid chromatograph coupled to a fluorescence detector set at 280 nm (excitation) and 

320 nm (emission). Bond-Elut® phenyl solid-phase extraction cartridges (Varian, 

Harbor City, CA) were used for extraction of cisatracurium from plasma. The method 

published by Bryant et al (Bryant BJ, 1997) for urine samples was slightly modified and 

validated for plasma in our laboratory. Cisatracurium was separated from its major 

metabolites on a Spherisorb SCX column (150 X 4.6 nm i.d., 5 !lm; Phenomenex®, 

Torrance, CA, USA), using a stepwise gradient (Thermo Separation Products, Riviera 

Beach, FL, USA). The mobile phase changed from a first phase (14 mM NaZS04 in 0.5 

mM HZS04: Acetonitrile: HzO 40:60:6) during 5 min to a second phase (70 mM NaZS04 

in 0.5 mM HZS04: Acetonitrile 40:60) during 6 min. The solvent flow rate was 2 

mUmin and the column maintained at 50°e. This assay proved to be sensitive (lower 

limit of quantification, 6.5 nglmL) , precise (me an coefficient of variation, Il %), and 

linear up to 2500 ngimL ( r
2 

: 0.995). 
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In Vitro Studies 

Dog plasma (6 mL) was transferred into polypropylene tubes and placed uncapped into a 

water bath incubator. A pH meter electrode (Orion Research Inc, Beverly, MA) was put 

into plasma and· an automatic feedback thermometer in the water bath. This system 

provided accurate pH and temperature recordings during the incubation period. The pH 

of plasma was maintained between 7.39 and 7.42 by the periodic addition of small 

volumes (1 to 8 ul) of HEPES buffer. Water bath temperature was adjusted to each dog's 

mean in vivo temperature recorded during the in vivo study. Zero time for incubation 

corresponded to the addition of cisatracurium to plasma. Aliquots were drawn at 20, 40, 

60, 80, 100, 120 minutes. Plasma samples were processed and analyzed as for in vivo 

studies. 

The rate of in vitro disappearance of cisatracurium from dog plasma was estimated by 

fitting the data to a non-compartmental model with bolus input that applied linear 

regression to aIl data points (WinNonlin 5.2 software, Scientific Consulting Inc, Cary, 

NC). The in vitro elimination half-life (T 1/2 in vitro) was ca1culated using 0.693 X kin vitro-'. 

Pharmacokinetic Analysis of In Vivo Data 

The pharmacokinetics of a bolus dose of cisatracurium was best described by a two-

compartment model. A weighting function of 11 y(predicted)2 was applied. Parameters 

were estimated using a standard minimization method (Gauss-Newton, Levenberg, and 

Hartley). Goodness of fit was verified by the precision of the parameter estimates (CV 

%), the Akaike's Information Criterion (Yamaoka, Nakagawa et al., 1978), and visual 
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inspection of the plots of observed and model-predicted concentrations vs time as weIl 

as those of residuals (%) vs time. 

Descriptive curve parameters (distribution (a) and elimination (~) rate constants and 

their corresponding dose-normalized A and B coefficients) as weIl as exit-site 

independent PK parameters such as the volume of the central compartment (V 1), total 

body clearance (CLT) and dose-normalized area under the curve (AUC/D) were 

obtained. The following exit-site dependent PK parameters were also derived: first-order 

rate constant of elimination from the central compartment (k lO), first-order rate constants 

associated with drug transfer from compartment 1 to compartment 2 (klz) and from 

compartment 2 to compartment 1 (k2l), volume of distribution at steady state (Vss,) and 

intercompartmental clearance (CL1z). 

Each dog's plasma concentration-time profile was analyzed using two approaches: when 

assuming central elimination only and when assuming elimination from both the central 

(k lO) and peripheral (kzo) compartments as previously described by Nakashima and 

Benet.(Nakashima & Benet, 1988) Since the rate of elimination from the peripheral 

compartment (kzo) cannot be independently estimated, its value was fixed to the mean in 

vitro degradation rate (k in vitro) determined in each dog' s plasma. A similar approach was 

carried out for human studies (Ki sor, Schmith et al., 1996; Bergeron, Bevan et al., 2001) 

using the in vitro degradation rate of cisatracurium in human plasma reported by We1ch 

et al.(We1ch, Brown et al., 1995). 

The following parameters were derived: 
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(1) (Nakashima & Benet, 1988) 

Organ (CLoRG) and Hofmann (CLHOF) clearances were calculated as: 

CLoRG = VI· k ORG = VI" (k lO - k20) (2) (Fisher, Canfell et al., 1986) 

CLHOF = CLT - CL ORG (3) (Fisher, Canfell et al., 1986) 

Metabolic clearance associated with the central and peripheral compartments were also 

calculated as follows. 

CL20 = kin vitro X V 2 

Statistical Analysis 

(4) 

(5) 

(Fisher, Canfell et al., 1986) 

(Fisher, Canfell et al., 1986) 

Results were expressed as mean values ± standard deviation (SD). Before pooling data, 

an analysis of variance (ANOV A) test was carried out to exclude the presence of 

sequence effect or period effect for PK parameters (R 2.6.2 Software, the R Foundation 

for Statistical Computing). The factors included in the ANOVA were sequence, period 

(first vs second administration), treatment (high or low dose) and subjects nested within 

sequence. Student' s paired t test was used to compare, for each dog, the pharmacokinetic 

parameters obtained with/without peripheral elimination. When the normality test failed, 

Wilcoxon signed rank test was applied. The threshold for statistical significance (a) 

was set at p < 0.05. 
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Results 

Arterial blood pressure and heart rate were stable throughout the experiment. Femoral 

artery blood flow during installation of neuromuscular block (7.48 ± 3.67 vs 6.88 ± 4.20 

mlJmin·kg) and hematocrit (38.2% ± 4.4% vs 37.9% ± 4.3%) were similar during the 

first and second period. Throughout the study, each dog's body temperature was 

maintained to its baseline value which averaged 37.3 ± 0.6 oc (range: 36.3 - 38.2). 

Individual body temperatures did not vary by more than 1 oC for the two consecutive 

doses. During in vitro studies, water bath temperature was adjusted to be similar to the in 

vivo dog's temperature (mean: 37.3 ± 0.05 oC; range: 36.7 - 38.1) and pH (mean: 7.40 ± 

0.01; range: 7.39 -7.41). The stability of pH was weIl documented throughout in vitro 

studies (pH never deviated more than 0.05 pH units from the initial measurement). 

The results of the ANOV A showed no evidence of a statistically significant treatment, 

sequence or period effects on the total clearance, the dose-normalized area under the 

curve, the terniinal half-life and the apparent volume of distribution at steady-state. 

Therefore, results from the high and low dose were pooled in the summary table. No 

dose dependency in any PK parameters was observed. 

Individual dose-normalized cisatracurium plasma concentration-time curves are 

displayed in Figure 1. Exit-site-independent and exit-site dependent pharmacokinetic 

parameters of cisatracurium are shown in Tables 1 and 2, respectively. The apparent 

volume of distribution at steady state was underestimated by approximateIy 15% when 

central elimination only was assumed (Table 2). The mean half-lives for kin vitro and kin 

vivo value in dogs were 32,5 and 16.4 min, respectively (Table 3). Mean CLHOF was 4.68 
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mUmin·kg and accounted for 44% of mean CLT. Mean CLoRG was 6.12 mUmin·kg and 

accounted for 56% of mean CLT• 

Simple linear regression analysis of the relationship between temperature (set at in vivo 

temperature) and kin vitro revealed a positive correlation with an R2 value of 0.54 (Fig.2). 

The slope of the regression hne was significantly different from zero (P<0.05). 
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Discussion 

To our best knowledge, this is the first report on the pharmacokinetics of cisatracurium 

in pentobarbital anesthetized dogs. An almost twofold higher total body clearance and 

shorter terminal elimination half-life was observed in dogs when compared to humans. 

This apparent discrepancy between human and canine data would result mostly from a 

difference in the relative contribution of organ clearance. This finding was unexpected 

given the acknowledged organ-independent elimination of cisatracurium. 

The pharmacokinetics of cisatracurium has been well characterized in healthy adults 

(Lien, Schmith et al., 1996) (Schmith, Fiedlèr-Kelly et al., 1997; Bergeron, Bevan et al., 

2001). The structure of the PK model usually accounts for peripheral elimination by 

substituting the value of kin viTro for k20. This is why we performed in vitro studies where 

each dog's plasma was incubated under pH and temperature controlled conditions. The 

mean half-life for the in vitro degradation of cisatracurium in dog plasma (32.9 min) 

was found similar to that reported (Welch, Brown et al., 1995) in Sorensen phosphate 

buffer (34.1 min) and in human plasma (29.2 min) maintained at the same range of pH 

and temperature. Despite the small range of temperatures that were studied during our in 

vitro studies, we observed a positive correlation between temperature and k in viTro, a 

finding consistent with previous in vitro studies on at~acurium (Merrett, Thompson et 

al., 1983). 

In the current study, cisatracurium in vivo elimination rate constant was almost twofold 

faster than its corresponding in vitro rate of degradation in plasma. In contrast to 
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humans, the in vitro rate of degradation in plasma is therefore not of predictive value for 

the in vivo elimination rate of cisatracurium in dogs. Consequently, the mean in vivo 

elimination half-life (17 minutes) of cisatracurium in dogs was significantly lower than 

that observed in healthy adult surgical patients, which ranged from 22 to 30 minutes 

(Omstein, Lien et al., 1996; Sorooshian, Stafford et al., 1996; Schmith, Fiedler-Kelly et 

al., 1997) (Bergeron, Bevan et al., 2001). 

Exit-site dependent parameters are expected to differ when both central and peripheral 

elimination are accounted for in a PK model. Indeed, the transfer of drug into the 

peripheral compartment (CL I2) becomes greater than the transfer back into the central 

compartment (CL21); a finding consistent with the increased amount of drug drained into 

the peripheral compartment (Laurin, Nekka et al., 1999). For cisatracurium, the impact 

of peripheral elimination on distributive equilibrium was significant, as it resulted in a 

25% increase in CLl2 and a 15 % increase in Vss. 

The contribution of the metabolic clearance associated with the peripheral compartment 

was 2.95 mL/min·kg, which amounts to approximately 30 % of the total body clearance 

of cisatracurium in our dogs. This value is relatively low when compared to that 

observed in humans (55 %) (Bergeron, Bevan et al., 2001). Accordingly, the percentage 

of total clearance attributable to Hofmann elimination in dogs (44%) is approximately 

half those reported in two clinical studies (77%) (Ki sor, Schmith et al., 1996) and (88 %) 

(Bergeron, Bevan et al., 2001). 
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In our dogs, total body clearance was twofold higher than that observed in humans. 

Hofmann clearance was similar in both species; a finding compatible with the lack of 

interspecies differences of both the in vitro rates of degradation in plasma and apparent 

volume of distribution of cisatracurium. As a result, the interspecies difference in total 

body clearance would mostly be due to organ clearance. . In dogs, CLoRG of 

cisatracurium would represent approximately 56 % of .total body clearance, indicating 

that eliminating organs play a more important role than in humans. 

Glomerular filtration rate (GFR) is a major determinant of renal clearance for most 

drugs. Cisatracurium renal clearance accounted for approximately 71 % of CLoRG in 

humans (Ki sor, Schmith et al., 1996). In dogs, renal clearance is expected to be faster 

than in humans (Lin, 1995) (Davies & Morris, 1993; MAHMOOD, 2005), since GFR is 

twofold faster in dogs than in humans (4.0 vs 1.8 mUmin·kg) (Davies & Morris, 1993; 

Lin, 1995; MAHMOOD, 2005). From a rate limiting step in humans, GFR becomes a 

competing pathway to Hofman elimination in dogs. Another potential contributing 

mechanism to the elimination of neuromuscular blocking agents is biliary excretion 

(Appiah-Ankam, 2004). There is a general agreement that the nonrenal clearance of 

cisatracurium (0.35 mUmin·kg) in humans is mostly due to biliary excretion (Kisor, 

Schmith et al., 1996). Biliary excretion was also documented in dogs, although not in a 

quantitative manner (Dear, Harrelson et al., 1995). Renal secretion of quaternary 

ammoniums has been reported in other animal species (Rennick, 1981) and its 

contribution remains a potential mechanism too, In absence of unnary data for 

cisatracurium in our dogs. 
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Conclusions 

Large interspecies differences in the body disposition of cisatracurium exist between 

human and dogs. Increased biliary excretion and/or presence of renal secretion are 

potential mechanisms that need to be explored. 
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Table 1. Exit-site-independent pharmacokinetic parameters of cisatracurium in pentobarbital anesthetized dogs 

0.3744 ± 0.0708 0.0427 ± 0.0057 

Data are presented as mean ± SD (range), n=18 

AID 

(ng/mL) 

1109 ± 231 

BID 

(nglmL) 

270 ± 41 

VI 

(mUkg) 

75 ± 13 

AUCID 

(ng·minlmL) 

9434 ± 1407 

CLT 

(mUmin·kg) 

10.80 ± 1.52 

u=initial distribution rate constant; ~=terminal elimination rate constant; AID= time zero corresponding dose-normalized coefficient; BID= 

time zero corresponding dose-normalized coefficient; V I= apparent volume of distribution in the central compartment; AUCID=dose-

. normalized area under the curve; CLT=total clearance. 



Table 2. Exit-site-dependent pharmacokinetic parameters of cisatracurium in pentobarbital anesthetized dogs 

Central elimination only 

Central and peripheral 

elimination 

(mUkg) 

184 ±29 

212 ± 36* 

Data are presented as mean ±SD (range), n=18 

0.1476 ± 0.0268 

0.1077 ± 0.0264* 

*p<O.OO 1 (pooled data) between the two models(paired t test) 

O.l611±O.0390 0.1083 ± 0.0170 

0.2010 ± 0.0446* 0.0870 ± 0.0170* 

CL12 

(mUmin·kg) 

11.85 ± 2.64 

14.76 ± 3.15* 

V ss: apparent volume of distribution at steady state; klO: elimination rate constant for the first compartment; k1Z: transfer rate constant from the first 

to the second compartment; kZ1 : transfer rate constant from the second to the first compartment; CL12: intercompartment clearance. 



Table 3. Comparison of cisatracurium pharmacokinetic parameters in humans and dogs 

Humans Dogs 

0.0237 a 0.0213 ± 0.0023 

0.028i 0.0427 ± 0.0057 

CLIO/CLzo 0.84 b 2.92 ± 1.99 

10.80 ± 1.52 

CLHOF (mL/min·kg) 4.68 ± 1.13 

CLoRG (mL/min·kg) 6.12 ± 1.69 

CLR (mL/min·kg) 

CLNR (mL/min· kg) 

Data are presented as mean ±SD (range), n=18 

k in vitro:the rate of in vitro disappearance in plasma; k in vivo: the rate of in vivo elimination; CLIO/CLzo:ratio of metabolic clearance central 

compartment with the peripheral compartment. CLT:total clearance; CLHoF:Hofmann clearance; CLoRG:organ clearance; CLR:renal clearance; 

CLNR: nonrenal clearance. Data obtained from: a (Welch, Brown et al., 1995); b (Bergeron, Bevan et al., 2001); C(Kisor, Schmith et al., 1996). -w 
00 
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LIST OF FIGURES 

Figure 1. Individual dose-normalized cisatracurium plasma concentration-time curves. 

For illustration purpose, concentrations were normalized for a 0.1 mglkg dose. 

Figure 2. Linear regression of the temperature versus the in vitro speed of degradation 

(Kin vitro) for 9 dogs. There is a positive relationship between variable; R2=0.54, P<0.05. 
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Background: For drugs having a very rapid onset of action, early plasma concentrations 

after a bolus injection are crucial for an accurate estimation of their 

pharmacokinetic/pharmacodynamic relationship. The objective of this study was to 

develop a unified pharmacokinetic (PK) model that would adequately fit the data 

coIlected during the intravascular mixing (IVM) phase in four studies where 

neuromuscular blocking agents (NMBAs) were administered as a 1.5 x ED95 bolus dose 

in anesthetized patients. Methods: The IVM phases of doxacurium, vecuronium, 

atracurium and succinylcholine were characterized by coIlecting arterial blood every 10 

sec for the first 2 min after injection; samples were drawn at frequent times thereafter for 

at least 4 half-lives. The Inverse Gaussian (IG) density input function combined with 

compartmental models was implemented in NONMEM VI for PK analysis of individual 

data sets. For each NMBA, this approach was compared with a non compartmental 

analysis. ResuUs: Satisfactory fit of data sets (including the IVM phase) was achieved 

with the IG model for each NMBA. A good agreement between pharmacokinetic 

parameters derived with both approaches was also observed. Time to peak 

concentrations (T max) did not differ significantly between NMBAs (P = 0.279). For aIl 

NMBAs, mean estimates of central volume of distribution closely approximated the 

intravascular volume while apparent total body distribution did not exceed the 

extraceIlular space. Conclusions: The early pharmacokinetic profile after NMBA 

injection does not depend on which specific drug is given, but probably is a function of 

circulatory factors. The IG model is flexible enough to provide a good simulation of the 

IVM phase for most NMBAs. 
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Introduction 

ln phannacokinetic studies (PK) where the first blood sample (arterial or venous) is 

obtained one minute after intravenous bolus administration of a drug, the traditional 

mammillary compartmental model is weIl accepted and sufficient for fitting the 

concentration-time data. It is weIl recognized that a poor characterization of the early 

kinetics will ensue if an instantaneous input in the central compartment is assumed in the 

model 1-3. Indeed, samples obtained frequently during the first minute would reveal that, 

after a brief delay, drug levels rapidly rise to a peak, followed by oscillations that will 

eventually be followed by the expected monotonie decrease.4 Depending on the terminal 

half-life of the drug, assuming an instantaneous input may result in subtlel
,5 or large6

,7 

errors on the estimation of major PK parameters. This limitation of the compartmental 

approach is almost impossible to overcome when one attempts to fit the concentration

effect data of anesthetic drugs having an onset of action within the very first two 

minutes.7
-

IO The intravascular mixing (lVM) phase plays a large part in detennining the 

rate and extent of drug distribution to the site of drug effect and this early distribution 

kinetics should be most accurately characterized. 11 ln the past years, physiologically

based 12, stochastic13 and other types 14 of models have been proposed for this purpose. 

ln this paper, we prest:fnt an altemate approach which incorporates an Inverse Oaussian 

density (10) input function to predict the intravascular mixing phase and subsequent 

distribution of neuromuscular blocking agents in the body. This probability density 

function was tested because, at first glance, its shape was visually compatible with our 

data but also because it had previously been used to describe oral absortion 15. The 10 
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model was applied to data gathered in anesthetized patients following administration of 

a bolus dose of either doxacurium5
, vecuronium2

, atracuriuml
, and succinylcholine7

. 

Methods 

Subjects and protocol 

These clinical studies received approval from Institutional Review Boards. And patients 

were enrolled after signing the informed consent form. 

Study group A consisted of eight American Society of Anesthesiologists (ASA) physical 

status 1 or II patients, aged between 20 and 62 years, who received a 25 ug/kg iv bolus 

dose of doxacurium chloride (Nuromax®, Glaxo Wellcome). Anesthesia was induced 

with alfentanil (20-30 flg/kg) and propofol (1.5-3 mg/kg) and maintained with nitrous 

oxide (70%) in oxygen and by continuous infusion of propofol (10-15 mg/kglhr). 

Arterial blood samples were obtained every 10 sec for the first 2 min and then frequent 

intervals for 300 min. Doxacurium plasma concentrations were determined using an 

HPLC assay.16 

Study group B consisted of nine ASA physical status 1 or II patients, aged between 26 

and 69 years, who received a 0.1 mg/kg iv bolus dose of vecuronium bromide 

(Norcuron®, Organon, Ontario, Canada). Anesthesia was induced with thiopental (5-7 

mg/kg) and fentanyl (1-5 flg/kg) and maintained with nitrous oxide (70%) in oxygen and 

isoflurane 0.5 % end-tidal and supplemented with fentanyl if necessary. Arterial blood 
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samples were obtained every 10 sec for the first 2 min and th en at frequent intervals for 

240 min. Vecuronium plasma concentrations were determined using an HPLC assay.17 

Study group C consisted of six ASA physical status 1 or II patients, aged between 20 and 

61 years, who received a 0.5 mg/kg iv bolus dose of atracurium besylate (Tracrium®, 

Glaxo WeIlcome). Anesthesia was induced with thiopental (5-7 mg/kg) and fentanyl (1-

5 Ilglkg) and maintained with isoflurane 0.5% end-tidal and nitrous oxide 70% in 

oxygen, with supplementary doses of fentanyl if necessary. Arterial blood samples were 

collected every 10 sec for the first 2 min and then at frequent intervals for 90 min. The 

elimination phase was simulated using second dose parameters. Atracurium plasma 

concentrations were determined using an HPLC assay.18 

Study group D consisted of seven ASA physical status 1 or II patients, aged between 36 

and 56 years, who received a 1 mg/kg iv bolus dose of succinylcholine chloride 

(Nuromax®, Glaxo WeIl come). Anesthesia was induced with remifentanil and propofol 

and maintained with nitrous oxide in oxygen and by continuous infusion of propofo!. 

Arterial blood samples were obtained every 5 sec for the first 2 min and then at frequent 

intervals for 10 min. Succinylcholine plasma concentrations were determined using an 

HPLC assay.7 

Data analysis 

As different doses were given, plasma concentrations were normalized to dose to allow 

comparisons between drugs. Dose-normalized concentrations were then converted to 

nmoVml to take into account the molecular weight of these NMBAs. For consistency, 
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plasma concentrations were averaged to obtain 10 sec intervals during the IVM phase 

for succiny1choline. 

Model-independent pharmacokinetic analysis was performed usmg a commercial 

nonlinear regression software (WinNonlinPro 5.2, Pharsight Corp., Cary, NC). The 

. terminal half-life was derived from the equation tl/2 in vivo = O.693/Az, where Az is the 

terminal elimination constant determined by log linear regression. The area under the 

plasma concentration-time curve (AUCo-oo) was ca1culated using trapezoidal integration 

with extrapolation to time infinity. Systemic clearance was estimated as dose/AUCo_oo • 

The apparent volume of distribution at steady state (Vss) was ca1culated as the product of 

clearance and mean residence time. The maximum plasma concentration (Cmax) and time 

to reach a Cmax (T max) were read directly from the experimental data. 

Model-dependent pharmacokinetic analysis was based on descriptions of the 

intravascular mixing phase and subsequent distribution of injected NMBAs in the body. 

It is assumed that, immediately after injection, the drug travels from the injection site to 

a small lag compartment, as described by an Inverse Gaussian probability density 

function that is subsequently linked with an open compartment model with first-order 

elimination from the central compartment. A distinguished feature of this model is this 

hypotheticallag compartment that enables to take into account the time,between drug's 

entry into the blood stream and d~g's appearance at the site of blood sampling. As such, 

this lag time also depends on the sensitivity of the analytical assay. The addition of this 

compartment, though virtual, proved to be necessary to achieve a good fit of the IVM 

phase kinetics. 
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The basic model is illustrated in Figure 1 and specified by the following differential 

equations: 

d~ =-IG.(t) (1) 
dt } 

d~ - = K32~ - K23~ + IG.(t) (2) 
dt } 

where A represents the amount of drug in the respective compartments, j, the number of 

input function and Kxy the transfer rate constants from compartment x to compartment y. 

The Inverse Gaussian density function, IGit), IS expressed by the following 

equation: 19,20 

MAT [(t -MAT)2 ] 
IG/t) = Dose· F· 2 3 exp --'------:-2---

21[·NV ·t 2·NV ·MAT·t 
(6) 

In which Dose is the administered dose, F is the fraction absorbed, MAT is the mean 

input time, t is the time after dosing. The normalized variance of the input time 
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distribution, Ny2, represents the relative dispersion of MAT by way of the squared 

coefficient of variation: 

NV 2 = VarMAT / MAT2 (7) 

In addition, the time (T max-rate) at which the input rate reaches its maXImum value 

(inputmax) is calculated by use of the following equation: 

(8) 

The input function can be represented using a sum of Inverse Gaussian functions as 

follows: 

n 

l(t) = D"LfJG/t) (9) 
j=1 

n n 

where 0 ~ "L f ~ 1 , and the bioavailability is derived as F = "L f . 
j=1 j=1 

The structural models were fitted to each individual data set and parameters were 

estimated using an iterative nonlinear modeling pro gram, NONMEM YI,21 with a 

proportional plus additive error modellproportional error model. Each estimate was 

derived from repeated run starting from several initial estimates or use of constraints to 

ensure that the estimation converged to a global minimum of the objective function. The 

selection of the best model was based on the physiological perspective and goodness of 

fit criteria, including visual inspection of plots of predicted versus observed values as 

weIl as those ofresiduals (%) vs time, the Akaike's Information Criterion.22 
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Statistical Analysis 

Data are presented as mean ± SD. The paired t test was used to compare the 

pharmacokinetic parameters obtained with both non compartment and IG models. 

Within each model, between drugs comparisons of pharmacokinetic parameters were 

made using One-way analysis of variance or One-way analysis of variance on ranks 

when normality or homoscedasticity test failed. The threshold for statistical significance 

(a) was set to 0.05. 
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ResuUs 

Figure 2 shows the iridividual dose-normalized doxacurium, vecuronium, atracurium and 

succinylcholine plasma concentration-time profiles after iv bolus injection. Mean peak 

plasma concentration was 9.89 nmollml (CV: 41%) for doxacurium, 9.41 nmol/ml (CV: 

30%) for vecuronium, 6.12 nmollml (CV: 23%) for atracurium, and 17.44 nmollml (CV: 

17%) for succinylcholine. Time to reach peak plasma concentration ranged from 0.42 to 

0.92 min for doxacurium, 0.42 to 0.58 min for both vecuronium and atracurium, and 

0.42 to 0.75 min for succinylcholine. 

Table 1 summarizes patient demographic data and anesthetic procedure for NMBAs. 

Table 2 summarizes the me an pharmacokinetic parameters derived for the combined non 

compartmental and 10 models. Pair-wise comparisons did not show any significant 

difference for Vss, AUC, Cmax and T max. Estimated values for total body clearance were 

in agreement. 

Figure 3 showed individual predicted (solid line) and observed (closed circle) dose

normalized doxacurium (A), vecuronium (B), atracurium (C) and succinylcholine (D) 

plasma concentrations versus time curves in anesthetized patients. Predicted (sol id line) 

and observed (closed circle) mean dose-normalized doxacurium (A), vecuronium (B), 

atracurium (C) and succinylcholine (D) plasma concentrations versus time curves in 

anesthetized patients are shown in Figure 4. Inserts represent weighted residuals vs time 

plots. 
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Discussion 

Our objective was to develop a unified pharmacokinetic model that would adequately fit 

the plasma concentrations of NMBAs data previously measured during the IVM phase 

of four NMBAs in anesthetized patients. Although each muscle relaxant has its own 

pharmacokinetic parameters that may influence the initial distribution and mixing, the 

underlying mixing and dilutional processes are most likely common to aIl muscle 

relaxants. In the structural model-building process, the first, zero order or the Weibull 

functions were not satisfactory input functions that would adequately characterize the 

IVM phase. Judged against the observed data that informed the model, the Inverse 

Gaussian density function not only adequately described the early peaks in the plasma 

concentrations of NMBAs but also proved to be of predictive value for midazolam. 

Our pharmacokinetic studies were designed to characterize the concentration-time 

profile during the very first 2 min after a bolus administration in anesthetized patients. 

These studies required an intensive blood sampling and were meant to investigate the 

variability in the kinetics of the initial intravascular mixing (IVM) phase for a series of 

NMBAs. These highly hydrosoluble compounds were expected to be distributed to a 

similar extent in the extracellular fluid. 

The inability of conventional compartmental models to adequately describe the initial 

mixing of drugs was first pointed out by Chiou in 1979.23 Back-extrapolation to zero 

assumes that following drug administration instantaneous and complete mixing of drug 

throughout the central volume of distribution occurS.24
•
25 However, this is 

physiologically impossible since drugs initially mix with only a part of the central 
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1 h· hl' th h' h . b d 122526 vo ume, w IC exp ams e very 19 concentratIOns 0 serve. ., Back-

extrapolation may therefore result in a gross underestimation of peak concentrations. 

AIso, the result of extrapolation may depend heavily on a single plasma concentration 

measurement, which makes extrapolation less reliable. Finally, the size of the central 

compartment calculated on the basis of the extrapolated plasma concentrations at time 

zero varies greatly with the sampling site 24 or schedule.27 Although the polyexponential 

model is weIl accepted, and probably sufficient for most drugs, we now recognize its 

limitation when applied to bolus administration of anesthetic drugs, particularly those 

that attain maximum effect within the very first 2 min.2.3 

Physiologically-based pharmacokinetic (PBPK) models are able to accurately describe 

the early kinetics of drug distribution. Indeed, PBPK models28 or hybrids of 

physiological and compartmental models29,3o have been successfully applied to 

intravenous anesthetics. However, PBPK modeling requires the input of countless data 

such as anatomical tissue weights and blood flows as weIl as drug tissue/blood partition 

ratio to enable prediction of blood and tissue concentrations. As regional blood flows 

reported in healthy humans may not apply to anesthetized patients undergoing surgical 

procedures, a PBPK model for NMBAs would have required actual measurements of 

organ blood flows and tissue drug concentrations. 

Recirculatory models were elaborated to overcome this difficulty.31 It is simpler than 

PBPK because it estimates blood flow to tissue compartments on the basis of the 

calculated intercompartmental clearance of a flow-limited tissue distribution marker (for 

example indocyanine green ICG for intravascular volume). Il It has the advantage to 
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incorporate the influence of cardiac output on the distribution kinetics. In a PKJPD study 

on rocuronium in anesthetized patients, a better correlation between the plasma - effect 

compartment equilibration rate constant and the cardiac output was observed with the 

recirculatory model compared to the compartmental analysis?2 However, these models 

require appropriate markers for at least the intravascular volume (generally ICG) which 

renders the clinical protocol more complex and invasive. AIso, the recirculatory 

approach splits the compartment playing the role of plasma into two parts and th en 

attempts to fit the ensuing model piecewise.26 

For aIl four NMBAs peak arterial concentrations were not reached until approximately 

30 sec post injection. Interpatient variability in Cmax ranged from 17% to 41 % while that 

for T max ranged from 12% to 30 %. This variability is consistent with processes such as 

mixing, flow (circulatory factors) and diffusion (physicochemical properties) that govem 

initial drug distribution. There was generally a good correlation between MAT, the mean 

input time and observed T max for aIl NMBAs. When comparing the input function for the 

four NMBAs, a slightly longer MAT was predicted for doxacurium but wasin 

agreement with the observed T max. There are no clear explanations for this longer delay 

before reaching Cmax in this group of patients, circulatory factors are most probably 

responsible. 

If we assume that the ideal V c includes only the central circulation and nondistributive 

peripheral pathways of the recirculatory pharmacokinetic model,33 then the 

corresponding volume estimated for rocuronium would be 37 ml/kg. This value is 

identical to that published earlier for rocuronium using a three compartment model. 34 
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Our estimate of V c ranges 25 to 40 ml/kg for aIl NMBA, which is in good agreement 

with published data. Finally, the estimated Vss with our model are not different from 

those obtained with the noncompartmental approach. 

Our model is quite versatile as it can include more than one input function. This was 

tested for succinylcholine where one data set that displayed an obvious second peak of 

distribution that could be associated with recirculation? This data set was better 

characterized by a sum of two Inverse Gaussian functions, as shown in Figure 5. The 

Inverse Gaussian density function can also be easily implemented into available 

softwares for modeling and simulation of pharmacokinetic data that are based on the 

parametric approach. This constitutes a definite advantage for our model. 

We wanted to challenge the general predictive capacity of the IGD model using a drug 

that would distribute more readily into tissues, midazolam?5 Three compartment PK 

parameters were derived using plasma concentrations drawn after 1 min (thus avoiding 

the ascending portion of the IVM phase) and fixed into the IG model. Twoapproaches 

were evaluated for predicting midazolam IVM concentrations: (1) using the mean values 

for Vlag, Vc, MAT and NV derived for NMBAs (Figure 6, A and B) or, (2) using 

iterative adjustments of these parameters (Figure 6, C and D). Although the first 

approach provided a fairly good approximation, an excellent fit was obtained using 

optimized values with the later approach. 

To our knowledge, this is the first application of Inverse Gaussian density function to 

describe the IVM phase of a drug after its intravenous bolus administration. We have 
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shown that addition of this input function to classical compartmental models can 

adequately describe the whole plasma concentration-time profile of several NMBAs 

after a bolus dose and that this model may be applicable to other anesthetic drugs. 
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Table 1. Patient demographic data and anesthetic procedure for doxacurium, vecuronium, atracurium and succinylcholine. 
-

Characteristic Doxacurium :l Vecuronium 1 Atracurium 1. Succiny1choline 1 

ASA physical status 4/4 6/3 3/3 4/3 
(llII) 

Sex (F/M) 315 5/4 0/6 2/5 

Age (y) 46 ± 5 47 ±9 48 ± 5 48 ± 7 

Weight (kg) 71 ± 3 52 ±6 80±4 74 ± 10 

Anesthesia 

Induction alfentanil and propofol thiopental and fentanyl thiopental and fentanyl remifentanil and 

propofol 

ASA: American Society of Anesthesiologists; F: female; M=male; 

-0\ -



Table 2. Mean doxacurium, vecuronium, atracurium and succinylcholine pharmacokinetic parameters 

doxacurium vecuronium atracurium succinylcholine 

(n=8) (n=9) (n=6) (n=7) 

Noncompartment analysis 

Cmax (nmol. mrl) 9.89 ± 4.05$ 9.42 ± 2.84$ 6.12 ± 1.42$ 17.44±3.03$ 

Tmax (min) 0.67 ± 0.20 0.51 ± 0.08 0.55 ± 0.07 0.58 ± 0.14 

AUCo.co (nmol· min· mrl) 91.12 ± 37.53$# 52.75 ± 7.83$# 20.04 ± 4.73$# 9.63 ± 2.21 $# 

Vss (ml. kg· l) 139.4 ± 41.8$ 159.9 ± 38.8$ 116.1 ± 19.2$ 41.3 ± 9.7$ 

CL (ml· min· kg· l
) 1.19 ± 0.37$# 3.45 ± 0.47$# 5.64 ± 1.40$# 37.16 ± 7.35$# 

IG model analysis 

Cmax predicted (nmol. ml· l) 9.32 ± 3.68$ 8.99 ± 2.51$ 5.98 ± 1.30$ 17.77 ± 3.94$ 

T max predicted (min) 0.67 ± 0.25 0.51 ± 0.08 0.58 ± 0.10 0.58 ± 0.14 

MATI (min) 0.76 ± 0.23 0.57 ± 0.06 0.63 ± 0.10 0.68 ± 0.14 

NVI 0.27 ± 0.14$# 0.30 ± 0.04$# 0.20 ± 0.05$# 0.21 ± 0.04$ 

T max.ratel (min) 0.69 ± 0.26 0.50 ± 0.07 0.59 ± 0.10 0.63 ± 0.12 -0'1 
N 



MAT2 (min) 

NV2 

T max-rate2 (min) 

AUCO-oopredicted (nmol· min· mrl) 88.95 ± 35.93$# 50.36 ± 9.58$# 

V Lag (ml. kg-l) 0.0004 ± 0.0003$ 0.0005 ± 0.0000$ 

V Central (ml. kg-l) 24.3 ± 6.7$ 30.2 ± 6.1 $ 

V Fast Peripheral (ml. kg-l) 45.2 ± 11.8 48.2 ± 20.9 

V Slow Peripheral (ml. kg-l) 67.1 ± 33.5# 86.8 ± 17.8# 

VSS (ml. kg-l) 137.3 ± 38.0$# 165.2 ± 18.0$# 

CL (ml· min· kg- l) 0.85 ± 0.30$#* 2.53 ± 0.37$#* 

CLL (ml . min· kg -1) 19.06 ± 11.08$# 42.79 ± 12.99$# 

CLF (ml· min· kg- l ) 4.71 ± 4.31 4.08 ± 1.04 

CLs (ml· min· kg-l) 0.41 ± 0.60 0.17±0.31 

Data are presented mean ± SD 

* p<O.05 between the two models (paired t test) 

$ p<O.05 between ail drugs within each model (one way ANOV A) 

# p<O.05 between drugs excluding succinylcholine within each model (one way ANOV A) 

-

19.93 ± 4.78$# 

0.0003 ± 0.0003$ 

29.5 ± 8.6$ 

34.9 ± 15.1 

36.0± 1.1# 

100.4 ± 21.1 $# 

4.04 ± 1.11 $#* 

43.05 ± 8.50$# 

9.25 ± 10.39 

1.22 ± 1.47 

0.35 

0.13 

0.34 

9.40 ± 2.48$# 

0.0001 ± 0.0002$ 

40.8 ± 13.2$ 

40.8 ± 13.2$# 

47.40 ± 16.87$# 

37.7± 12.2$# 

Cmax : maximum observed plasma concentration; T max: time to reach Cmax: AUCo . .,,: area under the plasma concentration-time curve extrapolated to infinity; CL: systemic 

clearance; Vss: apparent volume of distribution at steady state. V1ag: volume of distribution for the hypothetical lag compartment; Vcentral: volume of distribution for the 

central compartment; V peripheral: volume of distribution for the peripheral compartment; CLL: intercompartment clearance between lag and central compartment; CLF: 

intercompartment clearance between central and fast compartment; CLs: intercompartment clearance between central and slow compartment; MAT: mean input time; NV: 

the coefficient of variation of the inverse gaussian density function; T max.rate: the time at which the input rate reached its maximum value. 
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10. Discussion 

10.1 Dose-dependency of PKlPD parameters after intravenous bolus 

doses of cisatracurium 

It is well recognized that methodological issues such as the sampling schedule during the 

intravascular mixing phase have a significant impact on the estimation of PK as weIl as 

PKlPD parameters.(Beaufort et al. 1999; Ducharme et al. 1993; Lacroix et al. 1997) This 

project was intended to validate previous controversial findings of a dose-related change 

in the PKlPD parameters of cisatracurium, as reported in patients by Bergeron et 

al.(Bergeron et al. 2001) Indeed, sorne authors argued that a systemic error in the 

recording of twitch data might have impacted on the accuracy of PKlPD parameters 

estimation.(Paul and Fisher 2002) Using simulations, Paul et al. showed that estimated 

ECso resulting from a systematic shift of pharmacodynamic data of -6, -3, +3, and +6 s 

vary more after a higher dose (300 ug/kg) than after a low dose (75 ug/kg). Similarly, 

shifting the time base of the pharmacodynamic data by ± 6 s affected keO more with the 

large dose than with the small dose. In contrast to Bergeron et al's study. (Bergeron et al. 

2001) where plasma concentrations were not determined during the intravascular mixing 

phase, the latter was characterized during the protocol conducted in anesthetized dogs 

and ex periment al conditions were rigorously controlled to avoid any systematic bias. 

Regarding the importance of the exact timing of blood samples, aIl our attention was 

focused on ensuring that samples were drawn exactly on time. There were four pers ons 

involved in the collection of data and each of them had its own role. After proper 

stabilization, dose was administered in the middle of a 12s TOF interval. Thereafter, the 
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response was recorded automatically by the mechanograph without intervention of the 

investigators. AlI procedures were carried out exactly the same way for both doses. 

In our initial data analysis, we used a two-stage approach in which the values for each 

animal and each occasion were determined independently. The Sigmoid Emax model 

was used since our primary objective was to confirm a dose-dependency using the most 

commonly used model for PKJPD analysis of NMBAs. Nonlinear mixed effect modeling 

based on this traditional compartmental approach was also used in the past to analyze 

dose-ranging data during the clinical development of cisatracurium.(Schmith et al. 1997) 

This was another reason for choosing this descriptive model. 

The limitation of the two-stage approach is that it does not account for the standard 

errors of the individual parameter estimates. However, these point estimates are 

associated with standard errors and might, in fact, not differ statistically. There were 

two approaches that could have been used to solve this issue. First, using a Bayesian 

approach, we could have analyzed the two periods simultaneously twice - once assuming 

identical keo values for the two occasions, the other time allowing different keo values. If 

a statistically significant improvement in the objective function was shown with the 

additional parameter, the issue would be addressed. The second approach would have 

been a likelihood profile. Having determined the point estimates, we would have fixed 

keo to a range of values, and then determined the true confidence range based on the 

change in the objective function. However, this probably would have worked only if the 

loss function is indeed likelihood. Of these two approaches, the former method was 

preferred because it allows a true assessment, in a step-wise manner, of what 
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combination of parameters is actually affected by dose - keo, keo + ECso, or keo + ECso + 

There was another issue that we wanted to verify with the animal experiment: can the 

input function be responsible of the dose-dependency. For this purpose, we reproduced 

Bergeron et aI's experimentaI design where the front-end kinetics of cisatracurium was 

not characterized (first blood sample drawn at 1 min). Thus, we started the datasets for 

the parametric analysis 6 or 12 sec after peak plasma concentrations. (Results are shown 

in Appendix 1). To verify wh ether a bias was indeed introduced by the input function 

(instantaneous) of the parametric PK model, cisatracurium PK/PD modeling was 

compared to results obtained using nonparametric analysis of the full data set based on 

Unadkat'al. (Unadkat et al. 1986) Such a method was previously validated for bolus 

doses of vecuronium and atracurium. (Duchanne et al. 1993; Ducharme. et ai. 1995) For 

the nonparametric analysis, mean ECso values increased and mean keo values decreased 

by almost 50% after the high bolus dose. A similar but less pronounced trend was 

observed with the parametric analysis. Therefore, mean dose-related changes in ECso 

and keo are found using both empirical modeling approaches. 

Thus, the inputfunction does not appear to be responsible for the dose-dependency. 

However, a potential modeling mispecification cannot be exc1uded. Indeed, wh en using 

Sheiner's effect compartment model,(Sheiner et al. 1979) we usually assume a first 

order diffusion coefficient between the central and effect compartment. This might not 

always be true, in particular after a very high bolus dose. A distorsion in the equilibrium 
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between the effect and central compartment concentrations could result if the mass 

transfer via diffusion becomes saturable or hindered then the diffusion coefficient may 

vary with concentration. If this case, diffusion processes (and saturation) should be 

considered using a concentration-dependent diffusion coefficient during mathematical 

modeling. 

As mentioned previously, our study was not designed to be rnechanistic. However, 

during preparation of this manuscript, we considered two mechanistic models despite the 

fact that they required too many assumptions. The mechanism underlying the first 

model, the unbound receptor model (URM), is receptor occupancy.(De Haes et al. 2003) 

Using this model, PKlPD parameters of another NMBA (rocuronium) were quite similar 

to those derived with Sheiner's model, the approach we used for cisatracurium. 

Therefore, we did not investigate further with this approach. The second model, the Rtot 

model published by Donati and Meistelman (Donati and Meistelman 1991), is 

characterized by a finite number of receptors in the effect compartment. Our laboratory 

previously used this type of mechanistic model to provide an explanation for the 

difference between the PKlPD parameters derived during onset and recovery after a 

therapeutic dose of vecuronium, a potent drug.(Ducharme. et al. 1994) Compared to 

Sheiner's model, the keü value derived with the Rtot model will be faster only if the drug 

is potent. This mechanistic model highly depends on the potency of the drug (thus the 

administered dose). Assuming a finÏte number of receptors would predict a faster keQ 

after a therapeutic dose of cisatracurium (0.075 mglkg) but would have no impact on keo 

after the high bolus dose (0.3 mglkg). When compared to Sheiner's model, the gap 
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between keo values for the high and low doses for cisatracurium would even be larger 

with the Rtot model. 

In conclusion, our findings clearly indicate that PKJPD data obtained after i.v. bolus 

doses that are beyond those used in clinical practice should be tested for linearity of 

PKJPD estimates before including them in the general model. These results bear 

important clinical implication as an accurate estimate of the ECso is desirable for target

controlled infusion systems. Also potency is an important parameter during the drug 

development because it can be scaled from animal models to human and can be used to 

discriminate between compounds, saving considerable time and money. Further studies 

on the rate of transfer into the interstitial fluid may provide valuable insight into 

mechanisms responsible for the dose-dependency. Although, it is not certain that these 

studies would translate changes observed at the NMBA receptor level. 

10.2 Pharmacokinetics of cisatracurium in anesthetized dogs: In vitro

In vivo correlations 

This study was conducted to describe the pharmacokinetics of cisatracurium In 

anesthetized dogs and detennine wh ether its in vitro degradation rate in plasma IS 

predictive of its in vivo elimination rate, as this proved to be the case in humans. 

In 1986, Fisher proposed a pharmacokinetic model which includes elimination from 

both central and pefipheral compartments.(Fisher et al. 1986) In this model, the k in vitro 

rate determined after incubation is substituted for Knon organ; the latter is thus assumed to 
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be the same in both central and peripheral compartments. However, elimination from the 

peripheral compartment might differ from that in plasma. In an effort to delineate the 

potential effect of peripheral elimination on PK parameter estimation, an explanatory 

model(Laurin et al. 1999) was applied to data previously gathered for a series of model 

drugs, e.g. mivacurium isomers (cis-cis, cis-trans and trans-trans), atracurium and 

doxacurium (as a negative control). When the relative importance of peripheral 

elimination was varied arbitrarily from 0 (no peripheral elimination) to 1000 (negligible 

central elimination), the rate of transfer from the central compartment was increased 

resulting in a higher V dss. Indeed, although the physiological processes that determine 

drug distribution and those affecting peripheral elimination are independent, the two are 

mathematically tied together in the two-compartment model with both central and 

peripheral elimination. 

Two specifie applications were discussed. In the first one, k20 is fixed to a predetermined 

kin vitro value obtained from plasma incubations, ideally from the same patient. In the 

second one, the primary assumption is that k20 ~ ~ when empirical evidence has 

confirmed that the in vivo rate of elimination (~) is similar to k in vitro in the same patient. 

This proved to be the case for atracurium (unpublished data) and succinylcholine. (Roy 

et al. 2002) 

These explanatory models clearly demonstrated that the choice of k20 value will have a 

direct impact on exit-site dependent parameter estimation and that the effect will be 

more pronounced for shorting-acting drugs such as succinylcholine and mivacurium's 
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active isomers. Even a slow rate of peripheral elimination could contribute significantly 

to the overall elimination of the NMBAs since the volume of the peripheral 

compartment is larger than that of the central compartment. Recently, our laboratory 

determined the kin vitro values for mivacurium's isomers in plasma from volunteers. For 

the active isomers, the k in vitro was almost twofold greater than the teminal elimination 

rate constant observed previously in other patients. In this case, the peripheral 

compartment would serve as a reservoir that delays overall elimination. (Laurin et al. . 

1999) 

In dogs, cisatracurium in vivo elimination rate constant was almost twofold faster than 

its corresponding in vitro rate of degradation in plasma. Therefore, in contrast to 

humans, the k in vitro is not of predictive value for ~ when cisatracurium is administered in 

dogs. However, in our dogs, the impact of peripheral elimination on distributive 

equilibrium is still significant as it will result in a 25% increase in Cl 12 and a 15 % 

increase in V dss • Hence, our studies revealed large interspecies differences in the body 

disposition of cisatracurium between human and dogs. Scaling of human data to dogs 

was therefore undertaken to support potential mechanisms that would explain this 

relative increase in organ clearance. 

First, we had to predict the unbound fraction of cisatracurium in dogs. The unbound 

fraction of cisatracurium (0.62) measured in humans (Barbato et al. 1997) was scaled to 

dogs (0.71) according to Equation 1 (Appendix II). This scaling approach was vaHdated 

using data previously obtained for rocuronium. When scaling human data (Dragne et al. 
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2002) to dogs, the predicted unbound fraction (0.51) for rocuronium was similar to, the 

median value (0.54) measured in a previous study.(Ezzine and Varin 2005) 

Taking into account differences in GFR and unbound fraction in the scaling of human 

renal clearance (0.85 mUmin·kg) to dogs, the estimate of CLR for cisatracurium was 

2.16 mUmin·kg (Equation 2, Appendix II). This predicted renal clearance is quite close 

to the theoretical value of 2.84 mUmin·kg expected for a compound having an unbound 

fraction of 0.71 and that is neither reabsorbed nor actively secreted in the kidney. 

(Mahmood 2005) 

Another potential contributing mechanism to the elimination of neuromuscular blocking 

agents is biliary excretion. (Appiah-Ankam 2004) There is a general agreement that the 

nonrenal clearance of cisatracurium (0.35 mUmin·kg) in humans is mostly due to biliary 

excretion. (Kisor et al. 1996) Biliary excretion was also documented in dogs, although 

not in a quantitative manner.(Dear et al. 1995) After applying a correction factor of 2.4 

for bile flow (Mahmood 2005), the human value of CLNR (0.35 mUmin·kg) was scaled 

to dogs (0.84 mUmin·kg). After adding the contribution of biliary excretion to that of 

renal clearance, the organ clearance would now totalize to 3.00 mL/min·kg. This 

estimation is quite similar to that obtained for dogs (2.92 mUmin·kg) after applying the 

one species-based scaling method described by Tang et al (Tang. et al. 2007) 

Using these animal scaling methods, almost 50% of organ clearance in dogs remains 

unexplained. It is worth mentioning that, during interspecies scaling, the relative 

contribution of biliary excretion to the total body clearance of cÏsatracurium in dogs is 
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assumed equal to that in humans (7%). AIso, because human data do not support the 

presence of renal secretion for cisatracurium, this potential mechanism was not taken 

into account in the scaling of human renal clearance to dogs. Renal secretion of 

quatemary ammoniums has been reported in other animal species (Rennick 1981) and its 

contribution remains a potential mechanism, in absence of urinary data for cisatracurium 

in our dogs. Overlooking these two mechanisms may explain why organ clearance was 

underestimated. However, the predictive error is less when we compare the predicted 

(7.68 mUminekg) and observed (10.80 mUminekg) values for total clearance in dogs. 

This estimate is acceptable since animal scaling of clearance is considered to be 

successful wh en the predictive error is 30 % or less. (Mahmood 2005) 

10.3 Modeling of the intravascular mixing phase of neuromuscular 

blocking agents following intravenous bolus injection 

In this paper, we developed a unified pharmacokinetic (PK) model that adequately fits 

the plasma concentrations of NMBAs data previously measured during the IVM phase 

of four NMBAs in anesthetized patients. Adequate fitting of the intravascular mixing 

phase proved to be quite a challenge. 

The concentration-time profile of the IVM phase is similar, exception made of the time

scale, to that observed during oral absorption. Using compartmental modeling, oral 

absorption is often represented by a first-order absorption rate constant, ka (per lime 

unit). Inclusion of a lag-time is often needed to better describe the absorption process. 

Although the assumption of first-order absorption is satisfactory for many drugs, the 
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absorption of certain drugs is better described by assuming zero-order ( constant rate) 

absorption. It became evident that none of the above absorption models allowed an 

adequate or appropriate description of the plasma concentration-time profiles during the 

IVMphase. 

During preparation of this manuscript, different models were tested to provide an 

improved description of the data: Weibull function(s), non linear absorption, time 

dependent adsorption, gamma distribution. (Debord et al. 2001) or Erlang frequency 

distribution, which describes asymmetric S-shape absorption profiles, (Rousseau et al. 

2004). However, these inodels gave poor fitting or unreasonable parameter estimates 

with large uncertainty. 

Finally, the Inverse Gaussian (lG) density input function (Weiss 1996) combined with 

compartmental models was implemented in NONMEM VI for PK analysis of individual 

data sets. For carrying out the IVM phase, intensive sampling was collected during the 

first 2 minutes. Therefore the two-stage method was used to analyze the data set instead 

of using the population approach. The IG density absorption model has been used in 

many areas of pharmacokinetics. Zhang et al (Zhang et al. 2002) used the IG density 

function input model to describe the complex enfuvirtide absorption profiles following 

its subcutaneous administration in patients with HIV infection. Csajka et al. (Csajka et 

al. 2005) used a sum of IG density functions to characterize the absorption of 

hydromorphone and veralipride. This approach offers the advantage of being parametric 

and results can be directly related to the absorption process, that is, F, MATj, tmaxj, the 

mean absorption times or times of maximal input rate; the parameter CV can be related 
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to the dispersion of the shape of the concentration-time profile. This approach also offers 

a simpler and more easily interpretable implementation in a population context. 

The capacity of each model parameter value to influence the predicted AUC 0-1 (first-

pass. of vecuronium) was also tested. The mean model parameter values, obtained from 

individual fits, were separately varied as far as ± 50%. The sensitivity tests were based 

on the following normalized sensitivity coefficient: 

R = (°2 -0])/0] 
(/2 - 1])/ 1] 

Equation 24 

Where Il is the default value of the parameter analyzed for sensitivity, 12 its modified 

value and where 0 1 is the predicted AUCo_1 using default perameter values, 02 its 

predicted value with the modified parameter values. 

For vecuronium, MAT was the main parameters goveming the AUC 0-(. The peripheral 

compartment parameters have little impact. The optimal sampling times (3 data points) 

that would adequately predict the IVM phase of NMBAs will be the object of further 

studies. 
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11. Conclusion 

NMBAs have routinely been used as model drugs since the very beginning of PKlPD 

modeling. Pharmacometrics is now widely used during drug development to accelerate 

its process. Estimates of PKlPD parameters, usually obtained during phase II dose

ranging studies, should be as accu rate as possible. Our results indicate that, after high 

bolus doses of NMBAs, classic compartmental models are not adequate because PKlPD 

parameters become dose-dependent. Therefore, PKlPD estimates should rather be 

obtained after doses given in clinical practice. 

Anesthesiology relies on drugs having a rapid onset of effect (1-2 min), in contrast to 

most therapeutic classes where focus is primarily on duration of action. Often, onset of 

effect of intravenous anesthetics happens before the IVM phase is completed. This 

peculiarity is a problem when one attempts PKlPD modeling of these drugs. The 

instantaneous input assumed in c1assic mammillary models is an obvious mi specification 

with respect to the first 2 min after an intravenous bolus dose of NMBAs. Development 

of an IG model proved to solve this issue. In our opinion, this may prove to be a major 

contribution in this field. 

For NMBAs undergoing nonorgan-based elimination, in vitro studies are often carried 

out to provide an estimate of the in vivo elimination rate occurring in either the central· 

and peripheral compartment. Our results have shown that a PK model may be 

appropriate in humans but not in another animal specie and empasize the limits of 

animal scaling in absence of experimental data. 
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The work presented in this thesis thus bring to light the need to develop new PKlPD 

approaches that are doser to the physiological reality, thereby helping the dinican in 

understanding and predicting the response to anesthetic drugs. 
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APPENDIXI 

Table 1. Parametric PKlPD parameters in pentobarbital anaesthetized dogs after 

sequential administration of two doses of cisatracurium. ECso: efTect compartment 

concentration at 50% of maximal observed efTect; TEcmax: time required to reach ECmax; 

ECmax/D: dose-normalized maximum concentration in efTect compartment; Emax: 

maximum block; keo: effect compartment equilibration rate constant; Gamma: si ope 

factor. Parameters were normalized for a 0.1 mg kg -1 dose. Dogs were randomized for 

sequence (n=8). Values represent mean ± SD. * P< 0.05 

0.15 mg kg" 

ECso (ng mr') 219 ± 32 

TECmax ( min) 5.39 ± 0.71 

ECmax/D (ng m)"') 0.0033 ± 0.0005 

Keo ( min") 0.1437 ± 0.0253 

Gamma 7.50 ±4.34 

0.6 mg kg" 

293 ± 63 

8.95 ± 1.24 

0.0024 ± 0.0004 

0.0756 ± 0.0099 

8.67 ± 5.22 

P value 

0.003* 

<0.001 * 

0.011 * 
<0.001 * 

0.124 



APPENDIX II 

The unbound fraction in dogs was estimated as: 

fu (dog) = (fu (human) X V ss (dog»1 V SS (hurnan) 

Renal clearance (CLR) in dogs was estimated as: 
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(1) (Mahmood 2005) 

CLR (dog) = CLR (hurnan) X (GFR(gog) IGFR (hurnan» X (fU(dog)/fu (hurnan» 

(2) (Mahmood 2005) 




