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Pharmacokinetics and/or pharmacodynamics of propofol, atracurium and cefazolin in morbidly
obese patients

General introduction

The overall goal of the research in this thesis was to evaluate the pharmacokinetics
and/or pharmacodynamics of commonly used peri-operative drugs during
anaesthesia of morbidly obese patients undergoing bariatric surgery.

In chapter 1 the pathophysiological changes associated with morbid obesity and
their potential effects on a drugs’ pharmacokinetics are described, while from
this perspective a review of the available literature on the commonly used drugs
propofol, atracurium and cefazolin in morbidly obese patients is presented.
Numerous physiological changes are associated with (morbid) obesity. There
is an increase in both fat and lean body masses, with a relative decrease in the
percentage of lean body mass and total body water [1, 2]. Blood volume and cardiac
output are increased [3, 4] and systemic hypertension, as well as pulmonary
hypertension, are often associated with morbid obesity. Pulmonary function tests
are uniformly altered in obesity and there is a high incidence of obstructive sleep
apnoea syndrome (OSAS) in morbidly obese patients [5] which, altogether, makes
this population prone to desaturation. Furthermore, an increase in glomerular
filtration as well as perfusion in the kidneys in the early stages of obesity is
described, while in the later stages of obesity, glomerular filtration rate is found
to normalize and subsequently decrease [6, 7]. Non-alcoholic steatohepatitis is
very common in morbidly obese patients [8] even though hepatic clearance is not
necessarily reduced in obesity [9]. Obesity exacerbates the diabetic state [10] and
recent investigations suggest that bariatric surgery improves or even effectuates
resolution of type Il diabetes mellitus [11]. The excess of adipose tissue is potentially
poorly perfused, making it difficult for medication to penetrate into this tissue [12,
13]. Together with the altered immune system associated with obesity [14] this
can lead to a higher risk of infection. Increased concentrations of triglycerides,
lipoproteins, cholesterol, free fatty acids [15], and acute phase proteins as o, acid
glycoprotein [16] have been reported, which may result in altered plasma protein
binding of some drugs.

Propofol is a commonly used anaesthetic in non-obese and obese patients, because

of its rapid onset of action and early recovery. It has suitable pharmacological
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properties to prevent desaturation in morbidly obese patients. Another advantage
is the lack of accumulation [17] and the low incidence of post-operative nausea
and vomiting. Propofol distributes over a relatively small central volume of
distribution which is reported to be similar in obese and non-obese patients [18].
As the apparent and peripheral volumes of distribution are more dependent on
fat and muscle tissue [19-21], these volumes may subsequently be larger in obese
patients compared to non-obese patients. However, as these volumes are also very
large in non-obese patients the potential increase may not be of clinical relevance.
Plasma clearance of propofol in non-obese patients is estimated to range from
1.4 to 2.2 L min? [22-26], exceeding hepatic blood flow suggesting extra-hepatic
elimination of propofol. The commonly reported non-alcoholic steatohepatitis
in morbidly obese patients is not expected to influence propofol clearance, as
propofol clearance is mainly determined by hepatic flow, which is not expected
to be reduced in obesity and may even be increased in obesity, e.g. due to the
increased blood volume.

Atracurium is a non-depolarizing muscle relaxant of which the elimination is
independent of hepatic and kidney function, making it a suitable drug for muscle
relaxation in morbidly obese patients undergoing bariatric surgery. As it is a
hydrophilic drug, it is distributed poorly into excess adipose tissue. Conflicting
literature exists on the weight-input to be used in morbidly obese patients when
atracurium is used during induction of anaesthesia. Doses based on total body
weight (TBW) [27] and total body weight with a dose reduction have been
proposed [28]. A prolonged duration of action was shown by Kirkegaard-Nielsen
et al. when an induction dose of atracurium 0.5 mg kg™ was based on total body
weight in obese patients, that is why they proposed a dose reduction by 2.3 mg for
each 10 kg TBW more than 70 kg when using total body weight as weight input
[28]. Although their study showed a prolonged duration of action when a dose of
0.5 mg per kg total body weight was administered, Weinstein [29] studied recovery
times from neuromuscular blocks induced by atracurium (dose 0.5 mg kg™ of total
body weight) in obese (mean weight 80 kg, range 61-95) and non-obese patients

(mean weight 60 kg, range 48-77) and found no difference in recovery times.
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Cefazolin is the standard prophylactic antibiotic drug for surgery in the
Netherlands. While it has been reported that a larger dose of cefazolin (2 gram
versus 1 gram) in morbidly obese patients reduces the incidence of post-operative
wound infections, others state that that even cefazolin two gram might not be
enough for patients with a body mass index higher than 50 kg m? [30, 31]. As
cefazolin is mainly eliminated by glomerular filtration which is reported to be
increased in the early stages of obesity [32], it seems of relevance to study total
and unbound concentrations of cefazolin over time in morbidly obese patients.

In chapter 2 the scope and intent of the investigations of this thesis were outlined.
Based on both the available evidence on pathophysiological changes associated
with obesity and specific reports on commonly used drugs in obese patients, it
can be concluded that limited information is available on routinely used peri-
operative drugs in morbidly obese patients. Beside this paucity of information
in this special group, the available studies included most of the times patients
with lower body mass indices than the body mass indices of the patients that are
currently undergoing bariatric surgery. The lack of information is of particular
relevance because morbidly obese patients undergoing surgery have an increased
risk for peri-operative complications compared to non-obese patients. Namely,
morbidly obese patients are often difficult to intubate, are prone to desaturation
due to altered pulmonary physiology and are known to have an altered cardiac
state (e.g. cardiomyopathy or an increased cardiac output and/or blood volume).
In addition, they are at increased risk of developing thrombo-embolism,
postoperative apnoea and wound infections. As a result, knowledge of optimal
dosing schemes of anaesthetics, analgesics, neuromuscular blocking agents,
antibiotics and all other drugs administered peri-operatively to morbidly obese
patients is a prerequisite, which is of specific relevance for the anaesthesiologist
taking care of these patients during bariatric surgery. In summary, the aim of
this thesis was to evaluate the pharmacokinetics and/or pharmacodynamics of
commonly used peri-operative drugs. These studies will provide the basis for
adjustment of dosages of routinely used drugs in morbidly obese patients and
ultimately generate information on the physiological changes that are associated

with (morbid) obesity. The studied drugs were propofol, atracurium and cefazolin.
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Propofol for induction of anaesthesia in morbidly obese patients

In chapter 3 a randomized double-blind pilot study is described in which two
different induction doses of propofol were evaluated in twenty unpremedicated
morbidly obese patients (body weight 98-167 kg, BMI 39-60 kg m?); one
group received propofol 350 mg and the other group propofol 200 mg, both
in combination with fentanyl 250 ug. Endpoints were the Bispectral Index
(BIS), which is a measure of the level of consciousness by algorithmic analysis
of a patient’s electroencephalogram, haemodynamic monitoring and quality
of anaesthesia according to the attending anaesthesiologist during induction
of anaesthesia and intubation. The results showed that 200 mg of propofol in
combination with fentanyl 250 ug is an inadequate induction dose in morbidly
obese patients in terms of efficacy of induction of anaesthesia measured using
Bispectral Index values, haemodynamic parameters and clinical observations. In
this small patient group the 350 mg induction dose proved adequate and safe,
provided the maintenance dose of propofol was not started within five minutes
after induction, thereby preventing temporary cardiovascular instability. While
these results show that it is necessary to give a larger induction dose in morbidly
obese patients compared to non-obese patients, the results indicate that propofol
dosing for induction of anaesthesia should not be based on ideal body weight.
Propofol 350 mg, though, seems an adequate induction dose in morbidly obese
patients, indicating that dosing of propofol for induction should be based on total
body weight (TBW) or lean body mass (LBM).

Propofol for maintenance of anaesthesia in morbidly obese patients receiving remifentanil
or epidural analgesia

In chapter 4 maintenance of anaesthesia is described using propofol with
continuous Bispectral Index monitoring in ten morbidly obese patients receiving
propofol-remifentanil (body weight 98-167 kg, BMI 39-60 kg m) and six morbidly
obese patients receiving propofol-epidural anaesthesia (body weight 103-164 kg,
BMI 38-58 kg m?).

In the first group in ten morbidly obese patients receiving remifentanil analgesia, a

propofol infusion was started at 10 mg kg'hr?, which was subsequently modified
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by aiming at Bispectral Index values between 40-60 together with predefined
haemodynamic parameters. In the second group, the propofol dose resulting
from the first group (5 mg kgthr') was prospectively evaluated in a matched
cohort of six morbidly obese patients receiving propofol-epidural analgesia
aiming for the same Bispectral Index values and haemodynamic parameters. In
both cohorts, propofol concentrations, infusion rates, Bispectral Index values and
haemodynamic values were collected.

In the propofol-remifentanil group the mean propofol infusion rate that
corresponded to the predefined Bispectral Index values and haemodynamic
parameters was 4.8 mg kghr (SD 1.5). In the propofol-epidural group the mean
propofol infusion rate that corresponded to predefined Bispectral Index values
and haemodynamic parameters was 5.0 mg kg'hr? (SD 0.6), which did not differ
from the initial infusion rate of 5 mg kg'hr! based on the results of the first study.
In the two studies, there was no difference in the propofol concentration-Bispectral
Index relation.

In conclusion, in morbidly obese patients receiving propofol-remifentanil or
propofol-epidural anaesthesia, based on both Bispectral Index values and
haemodynamic parameters, a maintenance dose of propofol of 4-6 mg kg'hr!
on the basis of total body weight was observed. As there was no difference in
propofol concentration-Bispectral Index relation between morbidly obese patients
receiving propofol-remifentanil anaesthesia and those receiving propofol-epidural
anaesthesia, we conclude that BIS values are influenced to the same extend by

adding remifentanil compared to epidural analgesia to propofol anaesthesia.

Population pharmacokinetics and pharmacodynamics of propofol in morbidly obese
patients receiving propofol-remifentanil anaesthesia

In chapter 5 a study is described evaluating the influence of excess body weight on
the pharmacokinetics and pharmacodynamics of propofol using Bispectral Index
values as pharmacodynamic endpoint (body weight 98-167 kg, BMI 39-60 kg m™).
For both the pharmacokinetics and pharmacodynamics a systematic covariate
analysis was performed using body weight (BW), body mass index (BMI), ideal
body weight (IBW) and lean body weight (LBW) as weight covariates. For the
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pharmacokinetic analysis, data of lean patients were available from previously
published studies [33, 34].

In a three-compartment pharmacokinetic model, body weight (BW) proved to be
the most predictive covariate for clearance (CL) of propofol in twenty morbidly
obese patients (CL=2.33 L/min ¢ (BW/70)°72). Similar results were obtained when
morbidly obese patients and forty lean patients were analyzed together (CL =2.22
L/min ¢ (BW/70)*). No covariates were identified for other pharmacokinetic
parameters. Depth of anaesthesia in morbidly obese patients was adequately
described by a two-compartment biophase distribution model with a sigmoid
E__ pharmacodynamic model (EC_ 2.12 mg/1) without covariates. In conclusion,
a pharmacokinetic and pharmacodynamic model for propofol in morbidly obese
patients has been derived with body weight as the major determinant for clearance

using an allometric function with an exponent of 0.72.

Atracurium for muscle relaxation during induction of anaesthesia in morbidly obese
patients

In chapter 6 a randomized double-blind study is described evaluating two
different doses of atracurium when used as muscle relaxant at the time of
induction of anaesthesia in morbidly obese patients (body weight 112-260 kg, BMI
38-79 kg m?). The aim of this study was to evaluate the time course of atracurium
effect when atracurium 0.5 mg per kg was dosed on ideal body weight versus total
body weight in twenty morbidly obese patients. Effects of these two doses were
primary evaluated by use of the neuromuscular train-of-four (TOF) monitor and
secondary by intubation conditions and need for antagonism with neostigmin.
In the ideal body weight group, times to recovery of train-of-four-ratio from
zero to 5%, 50% and 75% were significantly shorter (train-of-four-ratio from zero
to 5%: mean difference 30 min (95% CI 23-39 min)) and with lower variability
compared to the total body weight group. In the total body weight group there
was a significant correlation between atracurium dose and time to a train-of-four-
ratio of 5% (r=0.82, p<0.001), which was absent in the ideal body weight group
(r=0.24, p=0.566). In both groups, intubation conditions were good while 70%
of the patients in the total body weight group needed neostigmin at the end of
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surgery compared to 0% in the ideal body weight group (p=0.003). Based on the
findings in this study in morbidly obese patients (112-260 kg), atracurium 0.5
mg per kg ideal body weight results in a predictable profile of muscle relaxation
allowing for adequate intubation conditions and recovery of muscle strength to a
train-of-four-ratio>90% within 60 minutes with lack of need for antagonism. An
unanticipated, dose-dependent prolongation of action is shown when dosing is

based on total body weight.

Cefazolin used as antibiotic prophylaxis during bariatric surgery in morbidly obese
patients

Chapter 7 describes the evaluation of pharmacokinetics and protein binding of
cefazolin in morbidly obese patients undergoing bariatric surgery, the influence
of bodyweight measures and age on pharmacokinetic parameters and unbound
cefazolin concentrations over time in this population (BMI 38-79 kg m™).
Cefazolin clearance was 4.2 (1.0) L hr-1 (mean (SD)) and showed a negative
correlation with age (p=0.003) but not with bodyweight measures (p>0.05).
Volume of distribution was 13.0 (3.1) L (mean (SD)) and correlated positively with
bodyweight measures (p<0.001). Saturable protein binding was observed with a
median protein binding of 79% (interquartile range 74-82), which proved similar to
reported protein binding in non-obese patients. In all patients, unbound cefazolin
concentrations remained above 1 mg L-1 (minimal inhibitory concentration for
90% (MIC%) of methicillin sensitive isolates of S. aureus in Europe) until four hours
after dosing.

In conclusion, instead of bodyweight, younger age was significantly associated
with higher cefazolin clearance. However, as in all patients with bodyweights up
to 260 kg unbound plasma cefazolin concentrations remained above 1 mg L-1
until four hours after a dose of two gram intravenously, re-dosing within four
hours or another antibiotic class should only be considered in case of higher MIC,,

of the local isolates.
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Perspectives

In this thesis we initiated pharmacokinetic and/or pharmacodynamic studies in
morbidly obese patients undergoing bariatric surgery in order to study propofol,
atracurium and cefazolin in this population. The studies in this thesis show that
these types of investigation in morbidly obese patients can most adequately
be performed in a large teaching hospital by a multidisciplinary team working
closely with a university centre. In the bariatric centre in the St. Antonius Hospital
in Nieuwegein a large number of bariatric procedures (300 yearly) are carried out
and all patients remain in a life-long follow-up program within a multidisciplinary
team of medical specialists and nurses. While this program also allows for long-
term studies, we have shown in this thesis the suitability of the infrastructure for
pharmacokinetic and / or pharmacodynamic studies for different kind of drugs.

The pilot study (chapter 3) on propofol for induction of anaesthesia shows that
a dose based on ideal body weight (i.e. 200 mg) is an inadequate induction dose
for morbidly obese patients in terms of efficacy of induction of anaesthesia
measured using Bispectral Index values, haemodynamic parameters and clinical
observations. While propofol 200 mg typically is an adequate dose for induction
of anaesthesia in non-obese patients, it seems that the higher induction dose in
morbidly obese patients (i.e. 350 mg) may be explained by the increased blood
volume and cardiac output [3, 4] that can be expected in morbidly obese patients.
Upton and co workers [35] also showed in sheep that a higher cardiac output
resulted in lower initial arterial concentrations of propofol, as upon a dose of 100
mg over two minutes, arterial concentrations of propofol were found tobe inversely
related to cardiac output. This implies that cardiac output may be a determinant
of the induction of anaesthesia with propofol [35]. In our pilot study, an induction
dose of 350 mg seemed adequate, although temporary cardiovascular instability
was observed in one patient, which was attributed to the start of the propofol
maintenance infusion of 10 mg kg™ hour? within five minutes after induction of
anaesthesia. On the basis of these results, it was concluded that for future studies,
a dose based on total body weight with or without a dose cap at 350 mg or a dose

based on lean body mass in a larger sample of morbidly obese patients seems
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appropriate. More recently, the study of Ingrande et al. [36] showed that lean body
mass is a more appropriate weight based scalar for propofol infusion for induction
of anaesthesia in morbidly obese patients compared to total body weight. These
recent findings seem consistent with a report on the correlation of cardiac output
with lean body mass [37].

In the study evaluating propofol for maintenance of anaesthesia in morbidly obese
patients (chapter 4), a dosing regimen of 4-6 mg kg'hr' was proposed for both
the combination of propofol with remifentanil and the combination of propofol
with epidural analgesia because no difference was observed in the propofol
concentration — Bispectral Index relation between the two groups. Although in
this study Bispectral Index values are influenced to the same extend by adding
remifentanil compared to epidural analgesia to propofol anaesthesia, the current
opinion is that opioids such as remifentanil do exert a propofol-sparing effect
when given in combination with propofol. Some studies did show reductions
in Bispectral Index values when an opioid was given during anaesthesia with
propofol [38-40], which may potentially be explained by a decrease in blood
pressure, heart rate or cerebral blood flow and thus a decrease in Bispectral Index
values [40]. Guignard et al. on the other hand demonstrated that remifentanil
does not affect Bispectral Index values but that the increases in Bispectral Index
values associated withlaryngoscopy and orotracheal intubation are prevented by
remifentanil in a dose-dependent fashion [41]. Other studies did demonstrate a
deeper level of anaesthesia when an opioid was co-administered with propofol
which was not reflected by lower Bispectral Index values [42, 43, 44]. As the use of
the Bispectral Index can be questioned as an endpoint to evaluate propofol dosing
in co-administration with remifentanil, we also used haemodynamic parameters
as an endpoint for propofol dosing. The predefined range of the haemodynamic
parameters, however, was easier to aim for compared to the predefined range
of Bispectral Index values. It seems therefore that a propofol-sparing effect by
remifentanil co-administration can not be excluded and that potentially other
pharmacodynamic measures are required to answer this question.

From the study evaluating the population pharmacokinetics and

pharmacodynamics of propofol when used in combination with remifentanil
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in morbidly obese patients (chapter 5) it can be concluded that body weight is
the major determinant for clearance of propofol using an allometric function
with an exponent of 0.72. This conclusion indicates that propofol in morbidly
obese patients should be dosed in mg kg?®”? instead of mg kg as was reported
in chapter 4. In our opinion, this different conclusion can be explained by the
difference in analysis techniques. In the study described in chapter 4 dosing of
propofol was based on clinical practice and dosing was thus performed in mg kg
hr! (linear). As a result, a dosing advice in mg kg™ hr' was given for maintenance
of anaesthesia with propofol. In chapter 5, though, a population pharmacokinetic
and pharmacodynamic analysis was performed using NONMEM allowing for a
systematic covariate analysis in which the influence of different measures of body
weight on pharmacokinetic and pharmacodynamic parameters can be studied.
Although Lemmens et al. [37] concluded that dosing of propofol in morbidly
obese patients should be based on lean body mass, this is not confirmed by our
analysis. In our study total body weight was the major determinant for clearance of
propofol in morbidly obese patients, with body mass index as a good alternative,
while there was no basis for the use of lean body mass. This was confirmed by
repeating the analysis with the inclusion of non-obese patients. As propofol
clearance is mainly influenced by hepatic blood flow, it may be speculated that in
morbidly obese patients hepatic blood flow is correlated to total body weight in
an allometric function with an exponent of 0.72 instead of lean body mass.

Using these techniques it was also found that there was no significant influence
of body weight on any of the other pharmacokinetic and pharmacodynamic
parameters. A non-significant trend was identified towards an increased central
volume of distribution in morbidly obese patients. This result may be explained
by an increased blood volume in morbidly obese patients and thereby explain
part of the results of the pilot study described in chapter 3, in which a larger dose
of propofol was reported for induction of anaesthesia in morbidly obese patients
compared to non-obese patients. However, another explanation for the larger
dose of propofol necessary for induction in morbidly obese patients described in

chapter 3 may be an increase in cardiac output in morbidly obese patients.
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In the pharmacokinetic and pharmacodynamic analysis of propofol described in
chapter 5 patients with body weights up to 167 kg were included. The non-linear
dosing regimen that is derived from this pharmacokinetic and pharmacodynamic
model should therefore primarily be used in patients up to this body weight.
However, it also seems of interest to evaluate the extrapolation possibilities of
the model and its dosing regimen by applying this dosing regimen in patients
with larger body weights. A prospective study, in this respect, is of importance
to show the predictive, clinical and practical value of the model in addition to its
descriptive properties in morbidly obese patients.

The study of atracurium (chapter 6) showed that dosing of this muscle relaxant
when used at the time of induction of anaesthesia should be based on ideal body
weight, as this results in a predictable profile of muscle relaxation allowing for
adequate intubation conditions and recovery of muscle strength to a train-of-
four-ratio > 90% within 60 minutes with lack of need for antagonism. A dose-
dependent prolongation of action is shown when dosing is based on total body
weight. The relative decrease in the percentage of lean body mass and total body
water together with the hydrophilic characteristics of atracurium may lead to the
hypothesis that less atracurium is needed per kilogram of body weight in obese
patients compared to non-obese patients. This is in accordance with the findings
described in chapter 6. Whether this is applicable to other muscle relaxants as
rocuronium remains uncertain, as the clearance of this agent is more dependent
on liver and kidney function [45]. For rocuronium, an antagonist (sugammadex)
is on the market, and it would be of interest to study the dose requirements of
both drugs in morbidly obese patients. As for atracurium, in the European drug
information for rocuronium a dosing advice is given in mg kg. In our study, this
proved to be incorrect for atracurium, and provokes speculations on this advice
for rocuronium and sugammadex, providing a basis for future research on this
topic in morbidly obese patients.

The study on cefazolin in this thesis (chapter 7) shows unbound plasma cefazolin
concentrations above 1 mg L (minimal inhibitory concentration for 90% (MICQO) of
methicillin sensitive isolates of S. Aureus in Europe) during four hours after a dose

of two gram intravenously in morbidly obese patients. Whether these unbound
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plasma cefazolin concentrations are adequate in specific hospitals or countries
depends on the minimal inhibitory concentration for 90% of the isolates in the
local setting. As discussed in the introduction of this thesis, cefazolin is mainly
albumin-bound and it is not expected that obesity influences the plasma protein
binding of cefazolin. This is in accordance to our study described in chapter 7,
where we conclude that plasma protein binding of cefazolin in morbidly obese
patients is 79%, which is the same as in non-obese patients.

The negative correlation between peak cefazolin concentration and body weight
described in our study may potentially be explained by the increased volume
of distribution due to the increased blood volume described in morbidly obese
patients. In addition, the positive correlation between age and trough plasma
cefazolin concentrations described in our study may be explained by the increase
in glomerular filtration and perfusion of the kidneys described in the early
stages of obesity, while in the later stages of obesity these tend to normalize and
subsequently decrease [6, 7].

As described in the introduction of this thesis, morbidly obese patients are exposed
to an increased risk of developing post-operative wound infections compared
to non-obese patients due to poorly perfused excess of adipose tissue [12, 13].
As cefazolin is excreted via the kidneys, an increase of glomerular filtration as
well as perfusion as described in obesity [6, 7] may result in increased cefazolin
clearance, necessitating a higher dose of cefazolin in morbidly obese patients. As
was shown in our study, this particularly occurred in younger individuals, even
though in all cases cefazolin concentrations remained above 1 mg L. However, it
is unknown if cefazolin can penetrate into the target organ, i.e. the subcutaneous
tissue. Altogether, this may explain the wound infections that occurred despite
adequate plasma cefazolin concentrations in two patients in our study, even
though the statistical importance of the high infection rate in our study remains
uncertain due to the small patient group (n=20). A future study evaluating plasma
cefazolin concentrations together with tissue concentrations of cefazolin using a

microdialysis catheter is in progress.
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In conclusion, we initiated pharmacokinetic and/or pharmacodynamic studies in
morbidly obese patients undergoing bariatric surgery by investigating propofol,
atracurium and cefazolin in this population. To allow for this type of research a
large (teaching) hospital with a multidisciplinary team of medical specialists and
nurses is essential. Pharmacokinetic and/or pharmacodynamics studies provide
the basis for dosing regimen of medication used in morbidly obese patients and
give insight into the pathophysiological changes in this special population. A
large amount of future research in morbidly obese patients is yet to be performed
and is essential as the body weights and body mass indices in this population are

still increasing.
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