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ntroduction and outline

Obesity in adults, adolescents and children

Currently more than 13 % of the Dutch population is obese (Body Mass
Index (BMI) > 30 kg/m?) (2). Incidence of (morbidly) obese patients all over
the world is rising as well (2-3). Besides, in 2008 childhood obesity affected
17% of the children and adolescents in the United States (4). If current trends
persist, there will be 2.16 billion overweight (BMI > 25 kg/m?) and 1.12 billion
obese individuals worldwide in 2030 as compared to 388—405 million obese
individuals in 2005 (5).

Extreme obese patients, morbidly obese patients (BMI > 40 kg/m?), are
reported to have various pathophysiological changes, such as an increased
blood flow, cardiac output and oxygen consumption (6-7). In addition,
morbidly obese patients suffer from increased risk for co-morbidities like
diabetes type Il and cancer (6). Due to these pathophysiological changes
and co-morbidities, obese patients are more likely to utilize healthcare
resources (8).

Dosing guidelines for most commonly used drugs in this population are not
available due to the lack of studies providing adequate pharmacokinetic
and pharmacodynamic data. Mostly the dose is rather based on clinical
experience of the prescriber than on evidence based medicine. Serious
problems may arise due to over- and underdosing, increasing adverse
events and the risk of suboptimal efficacy, respectively. Therefore studies
indentifying optimal body size descriptors for different drugs in order to
define the dose in this special group of patients are urgently needed.
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Ihe influence of morbidly obesity on the pharmacokinetics and
pharmacodynamics of propofol in adults and adolescents

For morbidly obese patients it is known that anaesthesia is not without risk.
These patients are often difficult to intubate, are prone to desaturation due
to altered pulmonary physiology and are known to have a different cardiac
state (9-10).

Propofol, 2,6-di-isopropylphenol, is widely used for induction and
maintenance of anaesthesia in both non-obese and obese patients as it
has a rapid onset of action and fast recovery. The incidence of nausea and
vomiting is the least of all anaesthetic agents (11). Propofol is a highly
lipophilic drug which is protein-bound for 98%, mainly to albumin (12). While
propofol clearance is mostly hepatic and for a small part extra-hepatic, it is
known for being a high extraction drug (23). Pharmacokinetics of propofol in
non-obese patients are characterized by a three-compartment model with a
reported propofol clearance value of 1.4 to 2.2 L/min (14-15).

Propofols mechanism of action is not well defined but is probably due to
enhance y-aminobutyric acid (GABA)- mediated transmission (16). Propofol
is rapidly redistributed and together with its high clearance from blood this
leads to rapid recovery from anaesthesia (17). It has depressant effects on the
cardiac contractility and causes reduction in venous and arteriolar systemic
vascular resistance, resulting in a decrease in arterial blood pressure and a
decrease of the pre- and afterload, respectively (18). In order to minimize the
risk of side effects, optimal dosing of anaesthesia using propofol is needed.
Depth of propofol anaesthesia can be evaluated with Bispectral index (BIS)
values, a derivative of the electroencephalographic (EEG) and therefore of
brain activity of the cerebral cortex. BIS values varying from a dimensionless
BIS value of o (complete cortical EEG suppression) to 100 (fully awake) (19).
The BIS has been developed as a tool to measure the level of consciousness
during anaesthesia and has benefits in comparison to clinical measures of
anaesthesia, because it assesses sedation continuously and provides an
objective, quantitative measure of the level of anaesthesia. The BIS has
been approved to be used in the operating room for both children (20) and
adults (21). As there are to date no dosing guidelines available for propofol
anaesthesiain morbidly obese in both children and adults, effects of propofol
have to be evaluated using both propofol concentrations and BIS values.

Ihe influence of morbidly obesity on the pharmacodynamics of low
molecular weight heparines

Despite significant advances in the prevention and treatment of venous
thromboembolism events (VTE), pulmonary embolism isa common cause of
hospital death (22), being responsible for approximately 150,000 to 200,000
deaths per year in the United States (23). Obesity is a known risk factor for
VTE (24) with a relative risk for deep venous thrombosis of 2.50 (95% Cl = 2.49
- 2.51) compared to non-obese patients (25). The relative risk for pulmonary
embolism in hospitalized patients was more than two times higher in obese
patients than in non-obese patients and even further increased in obese
adolescents (26). Incidence of VTE after laparoscopic bariatric surgery for
patients receiving thromboprophylactic therapy is relatively low with 0.9%.
However, this risk increases to almost 3% 6 months after surgery (27).
Several derangements of normal haemostasis are thought to contribute
to the prothrombotic state of obesity: enhanced platelet activity,
procoagulant state, impaired fibrinolysis and activation of endothelial
cells. The procoagulant state consists of increased tissue factor, fibrinogen,
factor VII, factor VIl and thrombin generation (28). In contrast to non-obese
patients, VTE is more difficult to diagnose as thoracic imaging often cannot
be performed because of the weight limitations of the scanning equipment
or otherwise the image quality is often poor (29).

Increased risk of VTE and difficult diagnosis makes optimal prophylactic
therapy essential for this special group of patients. Low-molecular-weight
heparines (LMWH) have been shown to substantially reduce the risk of
VTE. LMWH contain fragments of heparin and have a molecular weight of
4 - 6 kDa and differ in their individual manufacturing processes and their
in vitro potency (30). The major anticoagulant effect of LMWH is caused by
binding to anti-thrombin (AT). Binding induces a conformational change
in the molecule which accelerates its inhibitory activity on clotting factors
Xa, lla, IXa and Xlla. Compared to heparin, LMWH have a reduced ability to
inactivate thrombin, because they consist of smaller fragments that cannot
bind simultaneously to AT and thrombin (31) and less potent anti-factor lla
activity but have a stronger anti-factor Xa activity (31-32). Besides, LMWH
have less effect on coagulation parameters, such as the activated partial
thromboplastin time (32).

Nadroparin is a widely used LMWH in the Netherlands and is the standard
drug for thrombotic prophylaxis in the St. Antonius Hospital, Nieuwegein.
The ratio anti-factor Xa activity to anti-factor Ila activity for nadroparin is
2.5 - 4 : 1 compared to a ratio of 1:1 for heparin (32). Peak anti-factor Xa
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activity of nadroparin are reached 3 - 5 h after subcutaneous administration
with an elimination half-life of 8 - 10 h after subcutaneous injection in non-
obese patients (30). Drug clearance of all LMWH is completely renal (30-31).
Since it is not possible to measure LMWH levels directly, because it is a
mixture of polysaccharides that includes biologically inactive species (33),
and LMWH inhibit preferentially clotting factor Xa, anti-factor Xa assays
have been developed and validated to determine the anticoagulant effect
of LMWH (34). A standard curve is constructed by adding known amounts
of LMWH to plasma and then adding a fixed amount of Xa. This results in
the formation of an inactive antithrombin-Xa complex and residual Xa is
measured using a chromogenic assay. The residual Xa activity is inversely
proportional to the concentration of LMWH in the sample and may be
quantitated from a calibration curve (35).

In comparison to heparin, LMWH have a more predictable dose-response
relationship and therefore there is no need for routinely monitoring of anti-
Xalevels (36). However for some special groups of patients; (morbidly) obese
patients, patients with renal failure and pregnant patients, it can be justified
as the dose-response relationship in these populations may be altered and
these patients were excluded from clinical trials (34). For LMWH in general,
therecommended prophylacticrangeinnon-obese patientsforanti-Xalevels
4 hours after administration is 0.2-0.5 IU/ml (37). Increased risk of bleeding
has been observed for anti-Xa levels above 0.8 IU/ml (38). The guidelines
of the American College of Chest Physicians suggest dosing adjustment
of LMWH for very obese patients without clear dosing recommendations
(24). Mostly a fixed dose of LMWH for thrombotic prophylaxis is given to
non-obese patients and this dose is increased for a certain weight (based
on BMI or total body weight) using a fixed amount. Using a fixed dose for
thromboprophylaxis however could lead to underdosing and an increased
risk for developing a thromboembolic event (31, 39). As there are to date no
evidence based dosing guidelines available for LMWH prophylactic therapy
in morbidly obese patients, clinical effects of LMWH have to be evaluated
using anti-Xa levels as endpoint.

Body size descriptors for drugs in obesity

In order to develop evidence based dosing guidelines for morbidly obese
patients, characterization of theinfluence of weight as covariate on variability
between patients of pharmacokinetic and pharmacodynamic parameters of
drugs starts often with population modelling. Covariate analysis involves
the modelling of the distribution of the individual parameter estimates as

a function of patient characteristics, pathophysiological factors, genetic/
environmental factors and/or the concomitant use of other drugs, which
may influence the pharmacokinetics and/or pharmacodynamics. The
identification of predictive covariates for variability provides the scientific
basis for rational and individualized dosing schemes. Different body size
descriptors are available to characterize the influence of body weight on
pharmacokinetic and pharmacodynamic parameters. Body massindex (BMI)
is the international metric recommended to classify obesity, e.g. BMI higher
than 40 kg/mz2 is morbidly obese (3). However, BMI is not a measure of body
composition; it is rather more of a descriptor of body shape as it cannot
differentiate adipose tissue from muscle mass, with only an approximate
relationship to excess body fat (40). Total body weight is mostly used to
dose a drug howeveritisinfluenced by age, sex, height, muscles and obesity
and therefore should be used with caution as body size descriptor of obesity.
Lean body weight, as a measure of changes in body composition, is often
suggested as an ideal metric for dosing in obese patients (41). The formula
for estimation lean body weight was found to provide good predictive
performance of the fat free mass measured with bioelectrical impedance
analysis (BIA) or dual-energy x-ray absorptiometry (DXA) (42). This formula
is not validated for children and therefore, recently, a new formula was
developed by Peters et al. (43). However, it is unknown if these formulas
are ideal body size descriptors in obese patients as pharmacokinetic and
pharmacodynamic studies are lacking. It has been reported before in obese
patients that metabolic pathways may be increased or decreased (44).
Pharmacokinetic and pharmacodynamic studies are influenced by the
metabolic pathways and properties of the drug and therefore there is no
one body size descriptor that fits all drugs in obese patients.

l \ims of the thesis

The aim of this thesis is to investigate the influence of morbid obesity on
the pharmacokinetics and pharmacodynamics of drugs and to develop a
model-based approach to derive drug dosing algorithms for morbidly obese
patients thereby focussing on propofol and low-molecular-weight heparin
nadroparin.
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Outline of the thesis

The influence of obesity on drug metabolism and elimination greatly
differs per specific metabolic or elimination pathway. Chapter 2 provides
an overview of clinical studies that reported drug clearance values in both
obese and non-obese patients. Studies were classified according to their
most important metabolic or elimination pathway.

The influence of morbidly obesity on the pharmacokinetics and
pharmacodynamics of propofol in adults and adolescents

In order to describe the influence of excessive body weight on propofol in
obese patients, we investigate the pharmacokinetics in both non-obese
and morbidly obese patients and the pharmacodynamics in morbidly obese
patientsin Chapter3using Bispectral index (BIS) values as pharmacodynamic
endpoint. As reports on the influence of perioperative remifentanil on the
pharmacokinetics and pharmacodynamics of propofol are conflicting and for
morbidly obese patients unexplored, in Chapter 4 morbidly obese patients
receiving propofol-remifentanil anaesthesia and morbidly obese patients
receiving propofol-epidural anaesthesia are compared. Given the developed
PK PD model in Chapter 3, Chapter 5 addresses the validation of this model
in clinical practice using BIS values as clinical endpoint. The subsequent
chapter (Chapter 6), provides a pharmacokinetic model of propofol in
morbidly obese adolescents as the prevalence of obesity is rising in younger
patients. As the effect of weight gain can be due to aging and obesity, in
Chapter 7 we perform a pharmacokinetic meta-analysis using data of both
non-obese and morbidly obese adults, adolescents and children.

The influence of morbidly obesity on the pharmacodynamics of low molecular
weight heparines

Chapter 8 was the starting point for investigating the influence of obesity
on the pharmacodynamics of low molecular weight heparines (LMWH).
It describes the pharmacodynamics of tinzaparin using anti-Xa levels as
endpoint in a morbidly obese patient of 252 kg. As there is no consensus
if and how the dose of LMWH needs to be adjusted in obese patients, we
describe in Chapter g the current practice of thromboprophylaxis in obese
surgical patients among surgeons in the Netherlands. Correlations between
anti-Xa levels and different body size descriptors after a capped dose of 5,700
IU nadroparin in morbidly obese patients are studied in Chapter 10. Chapter
11 addresses the pharmacodynamics of nadroparin in both non-obese and
morbidly obese patients using anti-Xa levels as pharmacodynamic endpoint.

As it is impossible to investigate all available drugs in morbidly obese
patients using the method of Chapter 11, in Chapter 12 we extrapolate the
PD model of nadroparin to another LMWH tinzaparin and compare these
results with a reference model that was developed using a comprehensive
covariate analysis of the tinzaparin data to provide the best description of
these data based on statistical criteria.

Discussion and perspectives

Finally, the theme of this thesis is summarized and the potentials of
pharmacokinetic and pharmacodynamic modelling in obese patients are
discussed in Chapter 13.
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Abstract

The prevalence of obesity in adults and children is rapidly increasing across
the world. Several general (patho)physiological alterations associated with
obesity have been described, but the specific impact of these alterations
on drug metabolism and elimination and its consequences for drug dosing
remains largely unknown.

In order to broaden our knowledge of this area, we have reviewed and
summarized clinical studies that reported clearance values of drugs in
both obese and non-obese patients. Studies were classified according to
their most important metabolic or elimination pathway. This resulted in a
structured review of the impact of obesity on metabolic and elimination
processes, including phase | metabolism, phase Il metabolism, liver blood
flow, glomerular filtration and tubular processes.

This literature study shows that the influence of obesity on drug metabolism
and elimination greatly differs per specific metabolic or elimination
pathway. Clearance of cytochrome P450 (CYP) 3A4 substrates is lower in
obese as compared with non-obese patients. In contrast, clearance of drugs
primarily metabolized by uridine diphosphate glucuronosyltransferase
(UGT), glomerular filtration and/or tubular-mediated mechanisms, xanthine
oxidase, N-acetyltransferase or CYP2E1 appears higher in obese versus non-
obese patients. Additionally, trends indicating higher clearance values were
seen for drugs metabolized via CYP1A2, CYP2Cg, CYP2C1g9 and CYP2DS§,
while studies on high-extraction-ratio drugs showed somewhat inconclusive
results. Very limited information is available in obese children, which
prevents a direct comparison between data obtained in obese children and
obese adults.

Future clinical studies, especially in children, adolescents and morbidly
obese individuals, are needed to extend our knowledge in this clinically
important area of adult and paediatric clinical pharmacology.
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Introduction

Currently more than 30% of the US population is obese (Body Mass Index
(BMI) >30 kg/m?) (2-2), while approximately 5% have been reported to
be morbidly obese (BMI > 40kg/m?) (3). In Europe the prevalence of adult
obesity ranges from 9-29% depending on the country (4) and increases every
year. Also for children strong upward trends are observed. According to the
national health and nutrition examination survey, conducted in 2007 — 2008,
17% of US children are obese(s). Upcoming economies, such as China and
India, also show an alarming increase of obesity in both adults and children
with more than 30% of Chinese adults being overweight (6). If current trends
persist, there will be 2.16 billion overweight and 1.12 billion obese individuals
worldwide in 2030 as compared with 388—405 million obese individuals in
2005 (7).

In view of this trend, it is important to understand the impact of obesity
on drug metabolism and elimination and its consequences for drug dosing
in the (morbidly) obese population. Obesity and morbid obesity are
associated with several (patho)physiological changes that may influence
the pharmacokinetics of drugs. Among other factors, obese patients have
relatively more fat and less lean tissue per kilogram of total body weight
than non-obese individuals (8-9). Blood volume is observed to be increased,
particularly inthe morbidly obese (10-11). In addition, studies have confirmed
that obese patients suffer from low-grade inflammation (12), which is
probably the underlying cause of the high prevalence of non-alcoholic
steatohepatitis (NASH)(13-14). NASH has been reported to either increase
or decrease drug metabolizing enzyme activity (15-18). The net effect of
obesity on drug metabolism is also influenced by cardiac output and liver
blood flow, both of which are shown to be increased in obese patients (19).
Concerningrenal function, a state of glomerular hyperfiltration similar to the
condition seen in early-stage diabetic nephropathy and sickle cell disease
has been reported in obese individuals (20-21). Until now, the influence of
obesity on tubular processes has been unknown.

In summary, many (patho)physiologic alterations associated with obesity
have been described in the literature, yet the impact of these alterations
on specific drug metabolic and elimination pathways has not been clearly
summarized. Numerous publications have described obesity-related
alterations in all aspects of drug pharmacokinetics, including absorption,
distribution, metabolism and elimination of drugs (9, 22-30). In addition,
several publications have tried to provide practical guidelines for dosing in
this population (9, 23-28). In recent publications the influence of obesity on

drug metabolism and renal elimination was stated to be inconclusive and
inconsistent, with drug clearance being the mostimportant pharmacokinetic
parameter for maintenance dosing regimens (9, 22, 24, 27, 30). In some
cases, results from animal or in vitro studies have been used to fill the
knowledge gaps (27, 30). So far, many pharmacokinetic studies have been
performed in obese patients and these studies may represent a wealth
of knowledge on clearance of specific drugs in obesity. In this review our
goal was to order and sort pharmacokinetic studies by their primary drug
metabolic or elimination pathway to gain insight into how these pathways
change with obesity. Therefore, drugs representative for a specific pathway
were included in the review, in order to generate knowledge on obesity-
related changes in the most important metabolic and elimination pathways
in humans. As such, this review provides insight into how obesity affects
specific drug metabolism and renal elimination pathways in both obese
adults and obese children, on the basis of results of pharmacokinetic studies
in obese and non-obese individuals. For this purpose a direct comparison
between drug clearance in obese and non-obese individuals is necessary:
therefore clinical trials that included both obese and non-obese individuals
were reviewed in this analysis.

Search Strategy and Selection Criteria

Approach

We studied individual drug metabolism and elimination processes by
using drug clearance values as surrogate markers for these processes. To
allow for direct comparisons between obese and non-obese individuals,
clinical studies that investigated drug pharmacokinetics in both obese and
non-obese patients were collected. The drugs reported in these clinical
studies were categorized by their currently known rate-limiting clearance
processes, and absolute clearance values were summarized in tables,
which is an approach that has been applied before (29). In addition, weight-
normalized clearance values were added to provide information on the
weight-normalized changes in clearance values between non-obese and
obese individuals. These weight-normalized clearance values were either
directly extracted from the original publication or derived by dividing
mean clearance by mean total body weight. As an alternative to total body
weight, consideration was given to normalizing clearance values for lean
body weight, as this parameter is often proposed as a body size descriptor
for obese patients (27, 31). Unfortunately, this parameter was reported in
only very few studies included in this review; therefore, it was not possible
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to report clearance values adjusted for lean body weight.

Clearance processes were divided into metabolism and renal elimination.
For drug metabolism, phase | metabolism, phase Il metabolism and liver
blood flow were considered. Drugs for which information about the rate-
limiting cytochrome P450 (CYP) process was inconclusive were included
in the Miscellaneous Phase | Metabolism section (section Other Phase |
Metabolic Enzymes). For renal elimination, two processes involved in drug
elimination by the kidneys were identified: glomerular filtration and tubular
processes (tubular secretion and tubular reabsorption).

Inclusion criteria

Papers from the international peer reviewed literature reporting drug
pharmacokinetics in obese and normal-weight adults or children were
eligible for inclusion. Drugs were included if cleared by a specific metabolic
or renal elimination pathway, as reported in international peer reviewed
literature. This reference about the drugs main metabolic or elimination
route was included in the tables.

Search terms and search results

The PubMed database was used for the search for papers in which the
pharmacokinetics of a drug were studied in both an obese and non-obese
population. The following search terms were used:

- (Clearance[All Fields] AND (“obesity”[MeSH Terms] OR “obesity”[All
Fields])) AND (controls[All Fields] OR normal[All Fields] OR healthy[All
Fields]), yielding 562 results on 2nd of March 2011.

- '[Substrate]’ and ‘obesity’ and ‘pharmacokinetics’. Substrates mentioned
in Cytochrome P450 Drug Interaction Table were used(32). A total of 91
(CYP3A4), 10 (CYP2E1), 35(CYP2D6), 43(CYP1A2), 23 (CYP2C1g), 14 (CYP
2C9), 1 (CYP 2C8), 7 (CYP2B6) papers of interest were found between
March and May of 2011.

- '[Kidney process]’ and ‘obesity’ and ‘pharmacokinetics’. A total of 18
(glomerular), 5 (tubular secretion) and 2 (tubular reabsorption) papers of
interest were found between May and June of 2011.

Additionally, references in the selected articles were checked for additional
publications to include in this review.

Exclusion criteria

From studies investigating pharmacokinetics of drugs in both obese and
non-obese patients, the following studies were excluded: studies on drugs
for which the metabolic or renal elimination pathway was reported to be

miscellaneous, unknown or inconsistent, as concluded from peer reviewed
literature; studies investigating endogenous substances (including insulin);
pharmacodynamic studies; animal studies; case reports; and in vitro studies.

Dug metabolism

Drug metabolism predominantly occurs in the liver through enzymes
responsible for the modification of functional groups (phase | reactions) and
the conjugation of endogenous substituents to drugs to make them even
more polar (phase Il conjugation) (33).

In 90% of obese patients, histologically proven liver abnormalities as fatty
infiltration are present (34). Non-alcoholic fatty liver disease (NAFLD) may
range from simple liver steatosis without inflammation to NASH with active
hepatic inflammation. NASH prevalence is difficult to assess, because the
diagnosis can only be confirmed using a liver biopsy. However, it is estimated
that up to 20% of the obese population and up to 50% of morbidly obese
patients have NASH (35), and its incidence correlates with BMI (kg/m2) (36).
While fatty infiltration of the liver may result in altered enzyme activity of
phase | or Il systems, this enzyme activity may also be subject to changes
caused by other obesity-associated (patho)physiological changes such as
the chronic state of inflammation (12, 16).

To describe the enzyme activity of phase | and Il systems in obesity, we
provide in this section an overview of clinical studies investigating drugs of
which clearance is dependent on phase | or Il reactions or liver blood flow
and which were studied in both obese adults or children and non-obese
adults or children in one report.

Phase | metabolisme

Phase | enzymes catalyse the modification of functional groups of a
substrate (i.e. oxidation, reduction and hydrolysis), and the majority of
these enzymes consist of CYPs. CYPs are predominantly located in the
endoplasmatic reticulum of hepatocytes. Other sites include the gastro-
intestinal tract, where significant amounts of gene expression of various CYP
isoforms have been detected (37-38). CYP enzyme metabolism contributes
to approximately 75% of all drug metabolism (39). In this section we provide
an updated review of all studies that have investigated phase I-mediated
drug clearance in both obese and non-obese patients in one report.
Cytochrome P450 (CYP) 3A4

CYP3As is involved in the phase | metabolism of approximately 50% of
all drugs (40). In Table I, an overview of the studies comparing clearance
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of CYP3A4-metabolized drugs in both obese and non-obese individuals is
presented. The pharmacokinetics of ten CYP3A4 substrates in obese versus
non-obese subjects have been reported, including alfentanyl, midazolam,
triazolam, alprazolam, cyclosporine, carbamazepine, docetaxel, taranabant,
trazodone and N-methyl-erythromycin.

As anin vivo probe of CYP3A4 activity, N-methyl-erythromycin, midazolam,
triazolam, alprazolam and cyclosporine are widely applied (41-46). In this
respect, it was reported that obesity was significantly associated with
lower metabolism of [14C]-N-methyl-erythromycin, measured as exhaled
14CO2 in both men and women (r*= 0.91 and r* =0.90, respectively) (41-
42), indicating reduced CYP3A4 metabolic activity. Similarly, triazolam
clearance was significantly lower in obese patients (47). For midazolam (48),
alprazolam (47) and cyclosporine (49-50), clearance values were reported
to be lower in obese versus non-obese individuals, though this was not
statistically significant, potentially because of the limited power of these
studies.

A trend towards lower CYP3A4 activity associated with obesity was also
found for other major CYP3A4-cleared drugs. Carbamazepine clearance
in non-obese versus obese patients was only marginally higher (51). Upon
major weight loss, carbamazepine clearance in six obese patients was
significantly increased (52). As an explanation, it has been suggested that a
fatty liver, as observed by abdominal ultrasound, may hinder carbamazepine
metabolism either by inhibition of important biochemical reactions or by
reduction in liver blood flow. After weight loss, ultrasound images showed
a disappearance of fatty changes, in line with an increase in carbamazepine
clearance. Clearance of alfentanil, which is also predominantly metabolized
by CYP3A4 (53), was almost halved in obese as compared with non-obese
patients (54). The pharmacokinetics of taranabant, primarily metabolized
by CYP3A4 (55), were studied using data from 12 phase 1 clinical trials and
one phase 2 study, including 385 obese individuals (BMI range 30-43 kg/
m?2) (56). While the authors found a lower estimated oral clearance in obese
individuals, they attributed this result to either increased protein binding or
a decrease in CYP3A activity.

Fortwo CYP3A4 substrates no difference in clearance was reported in obese
versus non- obese patients. Trazodone, for which CYP3A4 is the major
isoenzyme involved in the formation of its metabolite (57-58), showed no
differencein clearance between obese and non-obese patients. Furthermore,
docetaxel clearance values of adults patients were not significantly different
between non-obese, obese or morbidly obese adults (59).

In studies of patients before and after gastric bypass surgery an increase
in activity of CYP3A4 metabolism in obese individuals was reported.
Cyclosporine requirement in patients after gastric bypass surgery was

significantly increased from 1.8 to 3.5 mg/kg/d (p=0.02,) in order to maintain
similar cyclosporine trough levels (60). Similarly it was reported that higher,
tacrolimus, sirolimus (CYP3A4 (61-62)) and mycophenolic acid (CYP3Ag,
CYP2C8 (63)) doses were needed in transplant recipients with a gastric
bypass to ensure exposure similar to that in a non-bypass patient (64).
In contrast, atorvastatin bioavailability 3 — 6 weeks after gastric bypass
surgery was found to be both increased and decreased as compared with
before surgery (65-66). The observations made in these gastric bypass
studies seem to reflect an increase in CYP3A4-mediated clearance in after
weight loss. However, these observations may also be explained by the
surgical procedures or an increase in activity of CYP3A4 located in the
intestines, both causing reduced absorption of oral drugs. Finally, it could
be a combination of the factors mentioned. To our knowledge, no studies
have investigated the oral bioavailability of CYP3A4 substrates in obese
(gastric bypass) patients versus non-obese patients, and as such, we cannot
distinguish between these factors.

In summary, 7 out of 13 studies presented in Table | show a significantly
lower clearance of CYP3A4 substrates in obese patients and 4 studies show
non-significantly lower absolute clearance values. Body weight-normalized
clearancevalues, asdepictedinTablel, showthatdrugclearance perkilogram
body weight is halved in obese individuals. The underlying mechanism
of impaired CYP3A4 metabolism and the potential consequences for
CYP3A4 drug-drug interactions in obese patients are unclear and should
be subjects of future research. Furthermore, it should be noted that the
majority of patients included in these studies were mildly obese, while only
a few morbidly obese patients (BMI >40 kg/m?) were included. To date, the
pharmacokinetics of CYP3A4-metabolized drugs have not been studied in
obese children or adolescents.

CYP2E1

Although CYP2E1 metabolism represents only about 5% of phase | drug
metabolism (39), the impact of obesity on CYP2E1 activity has been the
subject of several studies, in which also a significant proportion of morbidly
obese patients were included. Chlorzoxazone, enflurane, sevoflurane and
halothane represent the four model drugs for CYP2E1 activity reviewed
here, of which the results are summarized in Table Il

Chlorzoxazone pharmacokinetics were studied in several clinical trials, as
this drug is a highly selective probe of CYP2E1 metabolism (67). In women, it
was shown that morbid obesity is associated with increased 6-hydroxylation
of chlorzoxazone, which is consistent with induction of CYP2Ea1 (68). For
obese patients, with or without non-insulin-dependent diabetes mellitus,
it was found that CYP2Ex activity was 40% higher as compared with non-
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obese subjects (67, 69).

More recently, CYP2Ez1 activity in obesity was further studied by Emery
et al. (28). Unbound oral clearance (Cl,pouna/F) of chlorzoxazone was
approximately threefold higher in morbidly obese compared with non-
obese individuals (p<o.001). Six weeks and 1 year post-weight-reducing
surgery, chlorzoxazone Clunbound/F in patients was reduced. The authors
suggest a causal relationship between the induction of CYP2Ex1 activity
and hepatic fatty infiltration, based on liver biopsy assessment. They
found a trend towards higher CLunbound/F with increasing severity of
liver fatty infiltration or steatosis (p=0.06). More specifically they showed
that CLunbound/F was significantly higher among subjects with steatosis
involving >50% of hepatocytes, compared with those with steatosis in < 50%
of hepatocytes (p=0.02) (18).

Volatile anesthetics, including enflurane, sevoflurane and halothane, are
partly metabolized by CYP2E1 as well. lonic fluoride is formed by CYP2E1
oxidation of enflurane and sevoflurane, and therefore represents a reliable
marker of CYP2E1 metabolism (70-71). A third volatile anesthetic, halothane,
undergoes CYP2E1 biotransformation, which results in trifluoro-acetic acid
(72). After a similar dose of enflurane maximal ionic fluoride concentrations
were found to be significantly higher in obese compared with non-obese
patients (73-74). A similar result was seen for sevoflurane in obese versus
non-obese patients (75). A second sevoflurane study did not find a significant
difference in ionic fluoride concentrations between obese and non-obese
patients (76). After similar doses of halothane, significantly higher trifluoro-
acetic acid concentrations in obese patients at 1 and 3 hours after dosing
were found ( 77).

The studies summarized in Table Il show a consistent and significant increase
in clearance of different CYP2E1 substrates in obese as compared with non-
obese subjects, indicating induction of CYP2E1 activity in obesity. When
normalized for body weight, clearance values are more or less equal among
obese and non-obese individuals, which indicates that CYP2E1 activity
increases with body weight. As an explanation, liver fatty infiltration, which
is expected to increase with increasing body weight may be the underlying
cause of the CYP2E1 enzyme activity increase with body weight(28). In obese
children, no studies on CYP2E1-metabolized drugs have been performed
yet.

With regard to the higher CYP2E1 activity observed in obese patients, it can
be anticipated that caution should be practiced when using paracetamol
(paracetamol) in obese patients, as CYP2E1 catalyses the formation of the
toxic metabolite N-acetyl-p-benzo-quinone imine (NAPQI). Two studies
have looked into paracetamol pharmacokinetics in both obese and non-
obese patients (78-79). Both studies are discussed in the Phase |l metabolism

section, 9o% of paracetamol is conjugated via phase Il metabolism and only
5—10% of paracetamol is metabolized by CYP2E1 (80). Moreover, one study
(79) did not report metabolites, but only paracetamol clearance values, while
the other did not measure NAPQI or the metabolites formed after NAPQI
(APAP-C or APAP-M) (78). Therefore, the above-stated warning may be
considered somewhat speculative, and further studies are needed to assess
the role of CYP2E1 in paracetamol metabolism and toxicity in both obese
adults and children - in particular, given the importance of paracetamol in
paediatric therapeutics.

CYP2D6

CYP2D6 metabolism represents about 10-15% of phase | drug metabolism
in humans (40). The activity of this CYP isoform may differ greatly
between individuals depending on its genetic polymorphisms (81-82). Two
CYP2D6 substrates, dexfenfluramine and nebivolol, have been subjects of
pharmacokinetic studies in obese and non-obese individuals, as shown in
Table Il

For dexfenfluramine metabolism, there was a trend towards higher
dexfenfluramine clearance and higher metabolite/parent ratio in obese
versus non-obese subjects (83). Nebivolol clearance was significantly a
higher in obese subjects as compared with non-obese individuals (84). As
nebivolol clearance is relatively high (> 1 L/min), it may be more dependent
on liver blood flow than on intrinsic CYP metabolism. However, as the
CYP2D6 phenotype has been found to influence the clearance of nebivolol,
it was included in this section (85).

In summary, these few studies indicate trends towards increased CYP2D6-
mediated metabolism in obese versus non-obese patients.

CYP1A2

CYP1A2 metabolism represents a small part (~5%) of total phase | drug
metabolism. Smoking has an inducing effect on CYP1A2 activity (86).
Caffeine and theophylline have been indicated as CYP1A2-specific probes
(87-88) and have been studied in obese versus non-obese populations by
different research groups (Table IV).

In adults, caffeine clearance was not significantly different between non-
smoking obese and non-smoking non-obese patients and between obese
patients before and after weight loss (89). Two earlier caffeine studies in
adult obese and non-obese subjects also did not show a significant difference
in caffeine clearance (90-91).

In In children aged between 6 and 10 years, Chine et al. evaluated oxidative
enzyme activity of CYP1A2, using the urinary metabolic ratio of caffeine
metabolites (92). The authors observed non-significantly lower CYP1A2




Table Ill Cytochrome P450 (CYP) 2D6-mediated clearance in both obese and non-obese patients (pts).
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g enzyme activity in obese as compared with non-obese children.
o Theophylline clearance showed a significant decrease in 16 obese women
‘E £y £y ;7* after a 6.2 (1.5) kg weight loss (93). In a study with 200 individuals, no
- significant difference in theophylline clearance between moderately obese
s EDA j\? g IS and non-obese subjects was found (94). However, after correcting for the
ES R 2 s ¥ influence of smoking, higher total body clearance associated with obesity
2y 3 °§ S 3 was found for a select group of young non-smoking subjects (p<0.025). In a
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largely differ depending on genetic polymorphisms (104). Only one clinical
study, which is presented in Table VI, investigated the pharmacokinetics of
CYP2Cag probes, i.e. diazepam and methyl diazepam (104-105). Diazepam
clearance was higher in the obese group, and no difference in desmethyl
diazepam clearance in obese versus non-obese individuals was found (106-
107). Body weight-normalized clearance values show a slight decrease in
CYP2Ca9-mediated clearance for obese individuals (Table VI).

Other phase | metabolic enzymes

Xanthine oxidase

Besides CYP enzymatic pathways, there is a wide variety of other enzymes
contributing to phase | metabolism of drugs. However, often no appropriate
substrate for a particular enzyme has been identified (108). We have
identified two studies in children, investigating the pharmacokinetics of the
xanthine oxidase-metabolized compounds mercaptopurine and caffeine
(Table VII).

Mercaptopurine undergoes extensive biotransformation by xanthine oxidase
(209). In children mercaptopurine clearance values were found to be higher
in overweight or obese children as compared with non-obese children. In
addition, a significant correlation between drug exposure and fat body
mass, expressed by the weight/height percentile, was demonstrated (110).
Xanthine oxidase also mediates the biotransformation of the caffeine
metabolite 1-methylxantine into 1-methyluric acid, which can be measured
in urine. The metabolic ratio for xanthine oxidase, measured using the
metabolitesin urine, was higherin obese children than in non-obese children
between 6 and 10 years of age (92). Obese children also showed elevated
interleukin-6, C-reactive protein, and leptin levels, whereas adiponectin
levels were decreased as compared with the non-obese children (92). It was
suggested thatthese pro-inflammatory cytokines and adipokines upregulate
xanthine oxidase gene expression and activity. Another explanation for the
increase in xanthine oxidase activity may be the increase in liver volume
associated with obesity.

In conclusion, xanthine oxidase-mediated clearance was significantly
increased in obese versus non-obese children in both studies. To our
knowledge, no studies on xanthine oxidase in adults have been performed.

Miscellaneous phase | metabolism enzymes

In addition to typical substrates for phase | drug metabolic enzymes,
there are many other drugs that undergo hepatic biotransformation by a
combination of phase | and phase Il enzymes. As a result, even when the
exact share of each involved enzyme is known, it is difficult to predict into
what extent drug clearance will be affected in obese adults and children. In

Table VII Other phase I (xanthine oxidase [XO])-mediated clearance in both obese and non-obese patients (pts).

Reference

Dose Clearance

Non-obese pts®

Obese pts®

Substrate

(reference)?

Significance  Weight normalized

Non-obese pts®

Obese pts®

Parameter

clearance (obese vs
non-obese pts)

NA

(92)

p < 0.001

16
0.6 (0.05)

n=

n=8

Metabolic

11.5mg PO

n =16 (children)
age 6-10°y

9 (children)
age 6-10°y

n=

Caffeine (87)

0.7 (0.06)

ratio of XO

TBW <84th %BMI

TBW >95™ 96BMI

(110)

NA

93.4(30) L/h p <0.001

206.9 (85) L/h

CcL

Similar doses

9 (children)

n=
Age 5-11°y

9 (children)
Age 4-14°y

n=

6-mercapto-
purine (109)

TBW <75th %BMI

TBW >75™ 06BMI

aThe references mentioned with the substrate (first column) refer to literature in which the appropriateness of the particular drug as an XO probe was confirmed.

b Unless otherwise specified, mean values (standard deviation or range).

¢ Values are expressed as range.

xanthine oxidase.

total body weight; XO =

orally; TBW

not available; PO =

clearance; NA =

BMI = body mass index; %6BMI = BMI percentile (used in children); CL
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Table VIII we have summarized all studies in obese and non-obese patients
that have investigated the pharmacokinetics of drugs in which multiple
enzymes are involved. Here we will only discuss antipyrine, while for the
outcomes of other drugs, we refer to Table VIII.

Antipyrine (phenazone) is widely used as a model drug in the assessment
of hepatic oxidative capacity in humans, as more than 99% of a given
dose is excreted into urine as metabolites. The major metabolic routes
are N-demethylation to norphenazone (CYP2C8, -2Cg, -2C18, -1A2),
4-hydroxylation (CYP3A4, -1A2, -2B6) and 3-methylhydroxylation (CYP1A2,
-2Cg), whichtogetheraccount for 50% - 80% of the dose (111). Two antipyrine
studies reviewed here did not find significantly different clearance values
between the obese and non-obese patient groups (106, 112).

The outcomes of the antipyrine studies are representative for the general
conclusion from the studies in Table VIII. In summary, 8 out of 13 studies
did not show significantly different clearance values in obese versus non-
obese subjects. Of the 5 studies that did find a difference in clearance values,
obese clearance values were either higher (doxorubicin, ethinyl-estradiol
and bisoprolol (113-115)) or lower (amiodarone and doxorubicinol (116-117))
as compared with clearance values in the non-obese group. Per kilogram
of body weight, all clearance values were lower in obese as compared with
non-obese individuals. The limited influence of obesity on these particular
clearance values may in part be explained by compensating mechanisms
among the different enzymatic pathways involved. However, it should be
noted that the differences in body weight between the obese and non-obese
subjectsin all of the studies in Table VIl are relatively small. As this is a mixed
group of drugs, it is difficult to generalize the results.

Summary of phase | metabolism

In summary, phase | enzymatic processes showed higher, lower or similar
activity in obese as compared with non-obese subjects, depending on the
enzymatic pathway. CYP3A4 mediated clearance was consistently lower,
while CYP2E1-mediated clearance showed higher activity among obese
versus non-obese adults. For CYP2Ez1, it has been demonstrated that an
increase of CYP2E1-mediated clearance is correlated with both total body
weight and the degree of liver steatosis, supporting the concept that liver
fibrosis and inflammation associated with the increase in body weight are
the underlying cause of increased CYP2E1 enzyme activity.

Clearance mediated by phase | metabolizing enzymes (CYP1A2, CYP2Cg,
CYP2C1g and CYP2D6) showed trends of higher clearance values in obese
versus non-obese subjects, although in the majority of studies, this was not
statistically significant, and the number of studies was limited. In contrast,
CYP1A2 activity in children was non-significantly lower in obese versus non-

obese children. Xanthine oxidase activity was significantly higher in obese as
compared with non-obese children. Overall, the differences in body weight
between obese and non-obese individuals wasere relatively small, and few
or no morbidly obese patients were included in these studies.

Ihase [l metabolism

Phase Il metabolic processes include glucuronide-, N-acetyl-, methyl-,
gluthatione- and sulfate- conjugation of substrates. Uridine diphosphate-
glucuronosyltransferase (UGT) enzymes catalyze the conjugation of various
endogenous substances and exogenous compounds, and are by far the most
important phase Il processes for metabolism of drugs (~50%) (40).

Uridine Diphosphate Glucuronosyltransferase (UGT)

The human UGT superfamily is comprised two families (UGT1 and UGT2)
and three subfamilies (UGT1A, UGT2A, and UGT2B). Many of the individual
UGT enzymes are expressed not only in the liver but also in extrahepatic
tissues, (including the gastrointestinal tract, adipose tissue and kidneys),
where the extent of glucuronidation can be substantial (118). As the liver is
the main UGT enzyme organ, it is suggested that liver disease or increased
organ size, often co-occurring with (morbid) obesity, is somehow correlated
with UGT activity. The expression of specific UGT enzymes in visceral and
subcutaneous adipose tissue may also provide an explanation for increased
UGT in activity in obesity (119).

Here we will discuss studies of four drugs that primarily undergo UGT
conjugation, i.e. paracetamol, garenoxacin, oxazepam and lorazepam. The
studies are summarized in Table IX. In contrast to CYP isoforms, individual
UGT enzymes responsible for specific drug biotransformation processes
were mentioned in an additional column of Table IX .

Paracetamol is extensively metabolized by UGT enzymes (120-121). In both
adult men and women, significantly higher clearance values were found
in obese compared with non-obese individuals (79). Between adolescents
with and without NAFLD, no difference in total body weight-normalized
clearance was found, indicating higher absolute clearance values in obese
adolescents (78). Furthermore, the ratio of paracetamol/paracetamol-
glucuronide metabolite in urine was significantly increased in obese
adolescents, indicating increased UGT metabolism.

In a population pharmacokinetic analysis of garenoxacin (a major UGT
substrate (122)), it was found that clearance values increased with total
body weight. In the final pharmacokinetic model, an obesity factor (>130%
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Table VIII A combination of phase I- and phase lI-mediated clearance in both obese and non-obese patients (pts) (continued).
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children, while weight-normalized clearance values were lower in obese as
compared with non-obese patients.

Summary of phase Il metabolism

For glucuronidation processes, all studies in Table IX show a significant
increase in UGT biotransformation in obese as compared with non-obese
subjects. Weight-normalized UGT clearance values were equal to or only
slightly lower in obese as compared with non-obese patients. However, the
number of studies with UGT-metabolized drugs is small. The underlying
mechanism of this phenomenon remains unsolved, although NAFLD was
demonstrated to be associated with higher paracetamol clearance values in
adolescents (78).

N-Acetylation catalyzed by N-acetyltransferase shows a significant increase
in obese children and a non-significant increase in adults. Glutathione
transferase of busulfan in obese children and adults was lower in non-obese
adults and children when normalized for body weight.

Liver blood flow

High-extraction-ratio drugs are rapidly metabolized and therefore sensitive
to changes in liver blood flow, but are relatively insensitive to changes in
enzyme activity and are thus a potential marker of liver blood flow. The
influence of obesity on liver blood flow is not fully specified. NASH increases
fat deposition in the liver, causing sinusoidal narrowing and altered
functional morphology of the liver (133). In contrast, because of increased
blood volume and cardiac output, liver blood flow is not necessarily reduced
in obese subjects (19).

In Table XI, studies of eight high extraction ratio drugs in obese and non-
obese subjects are summarized and include propofol, propanolol, labetalol,
verapamil, lidocaine, fentanyl, sufentanil and paclitaxel.

Propofol is extensively metabolized by various UGT enzymes (118) and its
clearance is limited by liver blood flow (134). Van Kralingen et al. (135) and
Cortinez et al. (136) studied propofol pharmacokinetics in a wide range of
body weights and found that total body weight as a covariate for clearance
significantly improved the predictive performance of the population
pharmacokinetic model.

Four different studies reported propranolol clearance values in obese versus
non-obese patients. Three studies did not show altered clearance values
between obese and non-obese patients (137-139), and one study found
significantly lower propranolol clearance values in obese versus non-obese

patients (140). Propranolol clearance is strongly determined by liver blood
flow as it approaches liver blood flow values (141). On the other hand,
propranolol tends to decrease liver blood flow by ~20-30% by blocking the
beta-adrenoreceptor, explaining the relative lower clearance value seen for
propranolol compared with other drugs in Table Xl (141).

Labetalol clearance in obese patients showed a trend towards being
increased (138). For verapamil and lidocaine no difference in clearance
between obese and non-obese was found (142-143). As lidocaine clearance
is determined mainly by liver blood flow (144), the authors concluded that
extreme total body weights did not change liver blood flow.

Sufentanil and fentanyl are predominantly metabolized by CYP3A4 (145),
but their total clearance is mainly determined by liver blood flow (146-
147). Sufentanil showed higher clearance values in obese versus non-
obese patients: however, this difference was not statistically significant
(148). The difference in body weight between the two groups studied was
small (90 versus 74 kg). The pharmacokinetics of fentanyl were studied in a
population with a wide range of total body weights, showing a non-linear
positive correlation between total body weight and fentanyl clearance
(149). Reported paclitaxel clearance values in obese and non-obese patients
are extremely high (291 - 431 L/h), indicating liver blood flow-dependent
clearance (150). Clearance values for paclitaxel in obese patients were
higher than values of non-obese patients: however, this was not statistically
significant (59).

In conclusion, only a few high-extraction-ratio drug studies in Table XI
showed altered clearance values in obese versus non-obese adults. Body
weight-normalized clearance values show a large decrease in clearance per
kilogram. For instance, the clearance per kilogram values of propranolol
and lidocaine are almost halved. A straightforward conclusion from these
studies is complicated because of the heterogeneity of the drugs. Liver
blood flow is about 2—2.5 L/min, while clearance values of some drugs listed
in Table XI are less than 1 L/min, obscuring the justification of their role as
a model drug for liver blood flow. When considering drugs with clearance
values of more than 1.5 L/min (propofol, sufentanil and paclitaxel), all
studies show higher clearances in obese patients. Propanolol was excluded
from this comparison, as this drug shows high variability in drug clearance
values among studies (Table XI). The observation of increased clearance is
not statistically significant for sufentanil and paclitaxel, probably because
of the small difference in total body weight in these studies. Unfortunately,
the data from these studies did not allow comparison of weight-normalized
clearance values.
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[IZ Obesity and drug metabolism and elimination

Summary of liver blood flow

According to the results of propofol, sufentanil and paclitaxel studies, liver
bloodflowislikelytobeincreasedinobese patients. However, onlyafew (very)
high-extraction-ratio drugs have been studied and the difference in body
weights between patients groups was limited for sufentanil and paclitaxel.
To our knowledge, no studies have investigated the pharmacokinetics of
high-extraction-ratio drugs in children.

I zenal elimination

The kidneys are the primary organs involved in the elimination of drugs.
The processes involved in drug elimination through the kidneys include
glomerular filtration, tubular secretion and tubular reabsorption. The
exact effect of obesity on these functions is not clear (25). Renal function
seems to be affected as obese patients showed a 62% increase in the mean
estimated glomerular filtration rate (eGFR) (151). This finding was observed,
irrespective of the presence of hypertension by an increase of renal blood
flow (152). Obesity is related to a state of glomerular hyperfiltration, which
resembles that seen in early-stage diabetic nephropathy and sickle cell
disease (20-21, 153). It has been argued that overweight may ultimately
lead to end-stage renal disease because focal glomerular sclerosis and/or
diabetic nephropathy have been observed in a small study in 17 morbidly
obese patients who presented with proteinuria (154). In obese children it was
found that the glomerular filtration rate increases with BMI (155). In contrast
to obese adults, obese children showed a higher degree of albuminuria, a
marker for glomerular dysfunction (156-157). Therefore, it was concluded
that albuminuria indicates early renal glomerular dysfunction as a
consequence of childhood obesity (156). However, obese children compared
with non-obese children did not differ in their glomerular filtration rates as
no overt changes in eGFR were detected (157).

The influence of obesity on renal tubular secretion and renal tubular
reabsorption is not well known, and no objective clinical measure of these
drug clearance pathways presently exists (151). Tubular dysfunction can be
defined as the presence of at least two of the following criteria: nondiabetic
glycosuria, urine phosphate wasting, hyperaminoaciduria, beta-2-
microglobulinuria, and increased fractional excretion of uric acid (158-
159). For obese children, an increased degree of beta-2-microglobulinuria,
suggesting increased tubular dysfunction, has been described (156).

In this section, we will provide an overview of clinical studies investigating
drugs that are primarily eliminated renally and were studied in both non-

obese and obese adults and children.

G lomerular filtration

In Table XIl, an overview of studies comparing clearance of drugs that are
mainly excreted by glomerular filtration in obese and non-obese individuals
is presented. These drugs include vancomycin, daptomycin, carboplatin,
low-molecular-weight heparins and cimetidine.

Vancomycin clearanceinmorbidly obese patientsisreportedtoincrease with
total body weight compared with non-obese patients (160). No significant
increase of daptomycin clearance was described in obese patients with a
mean total body weight of 114 kg (161). However, in patients with a higher
mean total body weight (126 kg), significantly higher daptomycin clearance
was reported (162). Carboplatin is mainly eliminated by glomerular filtration
and partly by tubular secretion (163). Both a linear increase of carboplatin
clearance with total body weight (164) and ideal body weight (165) have
been described. A comparison of carboplatin clearance values between
obese and non-obese patients showed no significant difference (59). The
low-molecular-weight heparins enoxaparin, tinzaparin and dalteparin show
higher total drug clearance in obese patients compared with non-obese
patients (166-168). Studies on the influence of obesity on drug clearance
mediated by glomerular filtration in obese children are very limited. In
obese children, lower anti-Xa levels after the same dose of enoxaparin were
reported, suggesting higher enoxaparin clearance in obese children (166).
In contrast to these studies, total metabolic clearance of cimetidine was not
altered in obese patients compared with non-obese patients (167).

In conclusion, the majority of these studies show higher clearance values
with increasing body weights, indicating increased glomerular filtration
in obese patients. Weight-normalized clearance values did not show a
consistent trend for the influence of overweight on glomerular filtration, as
normalized clearance values were either equal or lowerin obese as compared
with normal-weight patients.

Iubular secretion

Drugs that are (partly) eliminated by tubular secretion and have been
investigated in obese patients are summarized in Table XIII and include
procainamide, ciprofloxacin, cisplatin, topotecan and digoxin.
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[IZ Obesity and drug metabolism and elimination

Approximately 50% of administered procainamide is eliminated as
unchanged drug by glomerular filtration and active tubular secretion (168).
Renal procainamide clearance was shown to be higher in obese patients
because of elevated tubular secretion, as no significant difference in 24-
hour creatinine clearance was observed between obese and non-obese
patients (127). Significantly higher clearance values were also reported for
cisplatin and ciprofloxacin, which are eliminated by tubular secretion (59,
169-171). For both topotecan and digoxin, there was a trend towards higher
drug clearance in obese patients, which is assumed to result from increased
tubular secretion (59, 172). For tubular secretion, normalized clearance
values per kilogram were equal or slightly lower in obese as compared with
non-obese patients.

In conclusion, these studies indicate higher tubular secretion in obese as
compared with non-obese individuals. To date, no information is available
on the impact of obesity on the tubular secretion of drugs in children.

I ubular reabsorption

Studies on the influence of obesity on the tubular reabsorption of drugs
are scarce (Table XIV). Tubular reuptake of lithium in obese patients was
reported to be lower, as lithium clearance was significantly increased in
obese patients and glomerular filtration did not differ between these obese
and non-obese patients (173). In contrast, proximal tubular reabsorption of
sodium in obese patients is reported to be increased because of glomerular
hyperfiltration (174).

Summary of renal elimination

The reviewed studies show that clearance of renally eliminated drug is
higher in obese patients because of increased glomerular filtration and
tubular secretion. The influence of obesity on the tubular reabsorption is
unknown, as there is a lack of evidence on this topic.

Dscussion and conclusions

Inthis review, we have summarized the effects of obesity on drug metabolism
and elimination. Studies that investigated pharmacokinetics of drugsin both
obese and non-obese individuals were classified according to the drug’s most
important metabolic or elimination pathway. This allowed us to structurally

review the influence of obesity on each individual metabolic or elimination
pathway. Metabolic processes were subdivided into phase | metabolism,
phase Il metabolism and liver blood flow-dependent metabolism. Renal
elimination was subdivided into glomerular filtration and tubular processes.
The reviewed studies show that the impact of obesity on drug metabolism
and elimination differs greatly, depending on the metabolic or elimination
pathway primarily involved in the handling of the investigated drug. In
particular, CYP3A4-mediated drug elimination was found to be consistently
lower, while UGT-, CYP2E1-, arylamine N-acetyltransferase type 2- and
xanthine oxidase-mediated drug metabolism was consistently higher
among obese as compared with non-obese subjects. Clearance mediated
by phase | metabolizing enzymes CYP1A2, CYP2Cg, CYP2C1g and CYP2D6
show trends towards higher clearance values in obese individuals.

Studies on drug clearance mediated by liver blood flow are somewhat
inconclusive, although, on the basis of a few highly extracted drugs, an
increase in liver blood flow can be noted in obese patients.

Regarding drug elimination, the reviewed studies show an increase of
glomerular filtration and tubular secretion in obese patients. The influence
of obesity on tubular reabsorption is unknown.

Many of the observed trends were also reflected in weight-normalized
clearance values, which were halved (e.g. CYP3A4), almost equal (e.g.
CYP2E1) or slightly decreased in obese as compared with non-obese
individuals (e.g. CYP2Cg and tubular secretion). For other drug clearance
pathways, trends in body weight-normalized clearance were not as
pronounced (e.g. the glomerular filtration rate and CYP1A2). It should be
emphasized that these body weight-normalized clearance values may
provide information on quantitative differences in clearance values but do
not explain the relationship between total body weight and drug clearance
values.

The large number of studies included in this review shows that there is a
substantial amount of information available on the impact of obesity on
drug metabolism and elimination. However, in many of these studies, the
difference in body weight between obese and non-obese subjects is rather
small. More specifically, the obese subjects included in the reviewed studies
are not as obese as the patients currently seeking medical care. From this
perspective, information on drug metabolism and elimination in morbidly
obese patients (BMI >40 kg/m?) and super-obese patients (BMI >50 kg/m?) is
largely lacking and requires future research.

Regardingobesityinchildren, onlyfivestudiesinvestigated pharmacokinetics
of a drug in obese versus non-obese children, of which four were recently
published (78, 92, 117, 132). Regarding renal elimination, no pharmacokinetic
studies of obese versus non-obese children were found. Extrapolation of
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resultsfromstudiesinobeseadultstoobese childreniswidely applied because
often no clinical studies in obese children are available (24, 175). Forthe UGT
mediated metabolism of paracetamol this may be justified, as paracetamol
clearance in both adolescents (78) and adults (79) was increased. This strong
similarity in results was not seen for other drugs that were studied in both
adults and children such as caffeine (92). Moreover, the expression and
activity of enzymatic pathways in children may be different compared with
adults and are dependent on maturational status (age). In addition, obesity
may influence the maturation process(es) itself, and the starting point of
weight gain may also influence the maturation process(es), representing
additional factors of variability in drug metabolism and elimination among
obese adults and children. Taking this into consideration, extrapolation from
adult observations may give false predictions of clearance values in children
(and vice versa) and should be performed with care.

While it is impossible to study and assess the pharmacokinetics of every
drugin obese subjects, future clinical trials should aim to quantify the impact
of obesity on specific drug elimination pathways and on the underlying
associated mechanisms (e.g. steatosis and inflammation). In this approach,
study outcomes can be extrapolated to other drugs eliminated by the same
pathway. This extrapolation can be achieved by using model drugs and
within the context of a multidisciplinary research team including physicians,
pharmacists, pharmacologists and pharmacometricians. Primarily, future
research in this area should focus on individual metabolic and elimination
pathways in adults and children that show increasing or decreasing trends in
activity among obese versus non-obese individuals. As concluded from this
review, these pathways include CYP3A4, CYP2E1, xanthine oxidase, UGT,
N-acetyltransferase, glomerular filtration and tubular processes. Mainly,
CYP3A4 deserves immediate research attention. Finally, particularly obese
children and adolescents, and morbidly obese (BMI >40 kg/m?) and super-
obese patients (BMI >50 kg/m?) should be included in these studies.

In conclusion, this systematic review of pharmacokinetic studies in obese and
non-obese patients shows that the impact of obesity on drug metabolism
and elimination greatly differs per drug metabolic or elimination pathway.
However, the clinical trials reviewed here often only included overweight
to moderately obese patients. As the prevalence of obesity and total body
weights of both children and adults are still increasing and this trend will
persist, future studies assessing the impact of morbid obesity on specific
drug elimination pathways in both children and adults are warranted.
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Abstract

Background and objectives

In view of the increasing prevalence of morbidly obese patients, the
influence of excessive total body weight (TBW) on the pharmacokinetics
and pharmacodynamics of propofol was characterized in this study using
bispectral index (BIS) values as pharmacodynamic endpoint.

Methods

A population pharmacokinetic and pharmacodynamic model was developed
with the nonlinear mixed-effects modelling software NONMEM VI, on the
basis of 491 blood samples from 20 morbidly obese patients (TBW range:
98 - 167 kg) and 725 blood samples of 44 lean patients (TBW range: 55 - 98
kg) from previously published studies. In addition, 2246 BIS values from the
20 morbidly obese patients were available for pharmacodynamic analysis.
Results

Inathree-compartment pharmacokinetic model, TBW proved to be the most
predictive covariate for clearance (CL) in 20 morbidly obese patients (CL =
2.33 L/min * (TBW/70)°72). Similar results were obtained when the morbidly
obese patients and 44 lean patients were analysed together (CL = 2.22 L/
min * (TBW/70)°%). No covariates were identified for other pharmacokinetic
parameters. The depth of anaesthesia in morbidly obese patients was
adequately described by a two-compartment biophase-distribution model
with a sigmoid maximum possible effect (E,.,) pharmacodynamic model
(concentration at half-maximum effect (EC,,) 2.12 mg/L) without covariates.
Conclusion

We developed a pharmacokinetic and pharmacodynamic model of
propofol in morbidly obese patients, in which TBW proved to be the major
determinant for clearance, using an allometric function with an exponent of
0.72. For the other pharmacokinetic and pharmacodynamic parameters, no
covariates could be identified.




[Ia PK and PD of propofol in morbidly obese adults

Background

In Western countries, the prevalence of obesity is increasing, resulting in
percentages of 20% in men and 25% in women in the US, respectively (1).
The prevalence of morbidly obese patients is also rising (2-3). However,
there have been a few studies on the influence of (morbid) obesity on the
pharmacokinetics and pharmacodynamics of commonly used drugs (4-5).
Therefore, systematic pharmacokinetic and pharmacodynamic studies in
this special group of patients are urgently needed.

Propofolis widely used forinduction and maintenance of anaesthesia in both
lean and (morbidly) obese patients. There have been few reports focusing
on the influence of excessive total TBW (TBW) on the pharmacokinetics of
propofol. Servin et al. (6) originally used an adjusted TBW to dose propofol in
morbidly obese patients, and upon pharmacokinetic analysis they observed
a linear relationship between TBW and clearance. Schuttler and Ihmsen
(7) found that propofol clearance depend on TBW, using an allometric
equation with an exponent of 0.71; however, no morbidly obese patients
were included in their study. Another study used simulations to propose lean
body weight (LBW) as weight input for propofol dosing (8). More recently, it
was reported that TBW was the size descriptor for all clearances and volume
values of propofol in obese patients (9). While these conflicting reports on
the pharmacokinetics of propofol may be a result of an unbalanced range
in body weight and/or inclusion of only a limited number of morbidly
obese patients in the analyses, there are still no reports available on the
pharmacodynamics of propofol in morbidly obese patients.

Therefore, the aim of this study was to evaluate the pharmacokinetics
and pharmacodynamics of propofol in morbidly obese patients, using
the Bispectral index (BIS) as a pharmacodynamic endpoint. For both the
pharmacokinetics and pharmacodynamics, a systematic covariate analysis
was performed using TBW, body mass index (BMI), ideal body weight (IBW)
and LBW as weight covariates. For the pharmacokinetic analysis, data of 44
lean patients were available from previously published studies (10-11).

Methods

Patients
Twenty morbidly obese patients who were scheduled to undergo
laparoscopic gastric banding or gastric bypass surgery were enrolled in a

prospective study (ClinicalTrials.gov identifier NCTo0395681). Patients were
included if they were aged between 18 and 60 years, had an American Society
of Anesthesiologists (ASA) physical status classification of Il or Ill, had a
BMI of over 40 kg/m? at inclusion, and normal renal and hepatic function
as assessed by routine laboratory testing. All patients undergoing bariatric
surgery were asked to lose weight preoperatively, as this has shown to
improve the outcome. Therefore, patients were not excluded from the study
as long as their BMI was higher than 35 kg/m? on the day of surgery and on
the day of study. The exclusion criteria included pregnancy, breastfeeding,
epilepsy and known allergy for propofol, soy bean oil or egqg lecithin. The
study protocol was approved by the hospitals ethics committee, and written
informed consent was obtained from by each participating patient.

Forty-four lean patients had been enrolled earlier as part of two other
studies; detailed information can be found in the references (10-11). Four
patients from one of these studies (10) were excluded from the covariate
analysis of the combined dataset of morbidly obese and lean patients,
because there was no information available on the height of those patients.

Anaesthetic Procedure

All morbidly obese patients received standardized anaesthesia without
premedication. Before induction, an antecubital infusion line, an indwelling
arterial blood pressure line and leads for a three-lead ECG were installed,
and a BIS electrode was placed on the patient’s forehead. Patients were
randomized to receive a bolus injection of propofol 200 mg or 350 mg over
60 seconds using total intravenous anaesthesia (TIVA) pump (Asena target-
controlled infusion (TCl) and TIVA; Alaris Medical Systems) for induction of
anaesthesia, together with 1% lidocaine 2 ml to avoid pain during injection
(12). Thereafter, upon administration of fentanyl 250 pg and atracurium
besilate 50 mg, the trachea was intubated and mechanical ventilation
was initiated by the anaesthesiologist. Anaesthesia was maintained with
a continuous infusion of 2% propofol at an initial infusion rate of 10 mg/h/
kg TBW, which was started between 2 and 7 minutes after the propofol
induction dose. Remifentanil was administrated 25 pg/h/kg IBW (13) and
atracurium besilate at 0.3 mg/h/kg TBW, according to local practice. The
propofol infusion rate was subsequently adjusted in order to keep BIS values
between 40 and 60, the systolic arterial blood pressure between 8o and 160
mmHg, and the heart rate between 60 and 9o beats per minute. Propofol
infusion rate adjustments of 50 — 150 mg/h could be made at the discretion
of the anaesthesiologist, with no more than one infusion rate adjustment
per 5 minutes. The remifentanil infusion rate was kept constant throughout
the procedure, in order to rule out any influence of changes in remifentanil
concentrations on BIS values or haemodynamic parameters.
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In the previously published lean patient group, 24 female patients received
a bolus injection of propofol 2.5 mg/kg for induction of anaesthesia, and
anaesthesia was maintained with isoflurane (10). Another 20 lean intensive
care patients received continuous propofol infusions for 2-5 days, with
propofol doses based on the Ramsay six-point scale (11). In both previously
published studies, no BIS values were available.

Blood sampling and analytical methods

In morbidly obese patients, arterial blood samples (2 mL) were collected at
the following timepoints: at baseline prior to the start of the propofol bolus,
approximately 1.5, 2.5 and 4 minutes after the propofol bolus; 3, 7, 15, 25 and
45 minutes after the start of the propofol infusion; just before and at 5 or 15
minutes after dose adjustment; just before discontinuation of the propofol
infusion; and at 1, 3, 5, 7, 10, 20, 30, 60, 90, 120 and 150 minutes after the end
of the infusion.

In one of previously published lean patients (10), arterial blood samples were
collected at 1, 1.5, 2, 2.5, 3, 4, 5, 8, 11, 15, 20, 30, 45, 60, 90, 120, 150 and
180 minutes after the induction dose of propofol. In the other previously
published study of lean patients (11), arterial blood samples were collected
four times daily during propofol maintenance infusion for 2-5 days.
Whole-blood samples for propofol analysis were mixed thoroughly and
stored at 4°C until analysis by high-performance liquid chromatography
with fluorescence detection at 276 nm and 3120 nm. With this method, the
coefficients of variation for the intra-assay and inter-assay precision were
less than 3.7% and 9.8%, respectively, over the concentration range from
0.05 to 5.0 mg/L, and the lower limit of quantification was 0.05 mg/L (14).

Data analysis and internal validation

The analysis was performed by means of non-linear mixed-effects modelling
using NONMEM (version VI, release 1.1; GloboMax LLC, Hanover, MD, USA)
(15) with S-plus (version 6.2; Insightful software, Seattle, WA, USA) to
visualize the data. Population pharmacokinetic and pharmacodynamic data
were sequentially analysed by using the individual pharmacokineticempirical
Bayes estimates as input to the pharmacodynamic model. Discrimination
between different models was made by comparison of the objective function
value (OFV, i.e. -2 log likelihood (-2LL)). A p-value of < 0.005, representing
a decrease of 7.9 in the OFV, was considered statistically significant. In
addition, goodness-of-fit plots (observed versus individual-predicted
concentration-time, observed versus population-predicted concentration-
time, conditional weighted residuals versus time and conditional weighted
residuals versus population-predicted concentration-time plots) were
used for diagnostic purposes. Furthermore, the confidence interval of the

parameter estimates, the correlation matrix and visual improvement of the
individual plots were used to evaluate the model. The internal validity of the
population pharmacokinetic and pharmacodynamic models was assessed
by the bootstrap re-sampling method using 250 replicates (15). Parameters
obtained with the bootstrap replicates were compared with the estimates
obtained from the original data set.

Pharmacokinetic model

Log-transformed propofol concentration data were described by a three-
compartment model (NONMEM VI, ADVAN11, TRANS4) parameterized in
terms of the volume of distribution of the central compartment (V1), volume
of distribution of the first peripheral compartment (V2) volume of distribution
of the second peripheral compartment (V3), inter-compartmental clearance
from the central compartment to the first peripheral compartment (Qz2)
inter-compartmental clearance from the central compartment to the second
peripheral compartment (Q3), and clearance from the central compartment
(CL) (Figure 12).

PK PD

Dose

Q3
e CL

Figure 1 Schematic representation of the pharmacokinetic and pharmacodynamic model for propofol,
based on a three-compartment pharmacokinetic model parameterized using V1, V2, V3, CL, Q2 and Q3 and
a two-compartment biophase-distribution model characterizing the pharmacodynamics using keo, ke.. and
kez1. The propofol concentration in the central effect-site compartment is responsible for the measured BIS
values, as described using equation 4. BIS = bispectral index; CL = clearance from the central compartment;
keo = first-order equilibrium constant linking the central pharmacokinetic compartment to the central effect-
site compartment which equalsthe rate constant for drug loss from the central effect-site compartment;
ke:» = rate constant from the central effect-site compartment to the peripheral effect-site compartment;
kez: = rate constant from the peripheral effect-site compartment to the central effect-site compartment; Q2
inter-compartmental clearance from the central compartment to the first peripheral compartment; Q3
inter-compartmental clearance from the central compartment to the second peripheral compartment;
V1 = volume of distribution of the central compartment; V2 = volume of distribution of the first peripheral
compartment; V3 = volume of distribution of the second peripheral compartment.

Peripheral
effect

Q2
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The inter-individual value (post hoc value) of the parameters of the i*
individual was modelled by (equation 1):

0,=0,,%*xe" (Eq.1)
where 0,,...is the population mean and r);is a random variable with a mean of
zero and variance of w?, assuming log-normal distribution in the population.
The intraindividual variability, resulting from assay errors, model
misspecifications and other unexplained sources, was best described with
a proportional error model. This means for the | observed log-transformed
propofol concentration of the ith individual, the relation (Y;) is described by
equation 2:

Y, =logC, .. +€ (Eq. 2)

f
where C,.q is the predicted propofol concentration and €; is a random
variable with a mean of zero and variance of 0.

Biophase-Distribution and pharmacodynamic model

Concerning the biophase distribution, the delay in BIS values in relation to
the propofol concentration in the central pharmacokinetic compartment
was characterized on the basis of a hypothetical ‘effect-site’ compartment,
which is an approach that has been applied previously for propofol-induced
BIS values (16). Inthisapproach, itis assumed that the rate of onset and offset
of the observed effect is governed by the rate of propofol distribution to
and from a hypothetical effect-site compartment. Under this interpretation,
the effect-site compartment is linked to the blood compartment by a first-
order equilibrium rate constant (k.,), which equals a rate constant for drug
loss (ke,) from the effect-site compartment. Under the assumption that in
equilibrium, the effect-site concentration equals the blood concentration,
equation 3 can be used:

dC,
dt

where C, is the blood concentration in the central pharmacokinetic
compartment, C, represents the effect-site concentration and k., is the first-
order equilibration constant.

In addition to this previously applied one-compartment effect-site model,
a two-compartment biophase-distribution model was also explored,
in which distribution of propofol within the brain was represented by
definition of a central effect-site compartment and a peripheral effect-site
compartment. In this two-compartment biophase-distribution model, the

=k, (C,-C,) (Eq.3)

rate constants from the central effect site to the peripheral effect site and
from the peripheral effect site to the central effect site were k.,, and k..,,
respectively. This two-compartment effect-site model was parameterized in
amounts, with the volume of the effect-site compartments set at 1. The full
pharmacokinetic-pharmacodynamic model is depicted in Figure 1.

For the pharmacodynamic model, the values of the BIS were related to the
propofol concentrations in the central effect-site compartment on the basis
of the sigmoidal maximum possible effect (E,..,) model (equation 4):

_ Emax,i ) Cz,ij (ECI 4)
=Ly———"——"—
EC},, +C,

where E, is the baseline BIS, E,..,; is the E,,, of propofol on the BIS in the
ith individual, C. is the individual-predicted propofol concentration in the
central effect-site compartment in the i" individual at the j* timepoint, y
is the Hill coefficient representing the steepness of the concentration-
response relation, and EC,; is the propofol concentration (in mg/L) at half-
maximum effect of the BIS in the i" individual.

The interindividual variability () in the E,.,, EC,, and k., was assumed to be
log-normally distributed with a mean of zero and variance of w?* (equation
1). The residual error € was best characterized by a proportional error model
(equation 5):

Y.=E

ij pred.ij

.(1+gij) (Eq. 5)

whereY; represents the observed Bispectral index in the i subject at the j*"
time point.

Covariate analysis

Covariates were plotted independently against the individual post hoc
parameter estimates of all pharmacokinetic and pharmacodynamic
parameters and the conditioned weighted residuals to visualize potential
relations. The following covariates were tested: TBW, BMI, IBW (17) and
LBW (18), induction dose (200 versus 350 mg), sex, age, positive end-
expiratory pressure, bilirubin level and renal function ( serum creatinine
levels). Covariates were tested using linear and allometric equations:

=P -(&)z (Eq. 6)

“ P Cov

standard

where P, and P, represent individual and population parameter estimates,
respectively; Cov represents the covariate; COVunaard represents a
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Table | Baseline characteristics of 20 morbidly obese patients and 44 lean patients
(10-11).

Parameter Morbidly obese patients Lean patients
(mean (SD)) (mean (SD))

Patients (n) 20 JA

Sex (M /F) 4/16 16/28

Age (y) 45(12) 52 (12)

TBW (kg) 124 (20) 74 (11)

IBW (kg) 61(7) 63 (8)°

BMI (kg/m?) 43(6) 25 (4)°

LBW (kg) 60 (9) 45 (10)°

a = value for the 40 patients in whom height data were available.
BMI = body mass index; F = female; IBW = ideal body weight (17); LBW = lean body weight (18); M = male;
SD = standard deviation; TBW = total body weight.

standardized (i.e. 70 kg for TBW) or median value of the covariate for the
population; and z represents the exponential scaling factor, which was fixed
at 1 for a linear function or an estimated value for an allometric equation.
Potential covariates were separately entered into the model and statistically
tested by use of the OFV and, if applicable, the 95% confidence interval of
the additional parameter. When more than one significant covariate for the
simple model was found, the covariate-adjusted model with the largest
decrease in OFV was chosen as a basis to sequentially explore the influence
of additional covariates with the use of the same criteria. Finally, after
forward inclusion, a backward exclusion procedure was applied to justify
the covariate. The choice of the covariate model was further evaluated as
discussed above.

Simulations

On the basis of the final pharmacokinetic and pharmacodynamic model,
simulations were performed to keep BIS values between 40 and 60 in
morbidly obese patients ranging in TBW between 98 and 167 kg. In addition,
BIS values were simulated using a linear dosing regimen (5 mg/kg/h) for
these patients (19).

esults

Twenty morbidly obese patients were enrolled and 491 blood samples were
available. From 44 lean patients, 725 blood samples were available (10-11).
The morbidly obese patients had a mean TBW of 124 kg (range 98-167 kg)
compared with 74 kg (range 55-98 kg) in the lean patients. All demographic
characteristics of the morbidly obese patients and lean patients are provided
inTable I.

Pharmacokinetics

A three-compartment pharmacokinetic model adequately described the
time course of the propofol whole-blood concentrations in the morbidly
obese patients. Exploratory plots of all tested covariates (see Methods,
Covariate Analysis section) against individual post hoc parameter estimates
of the simple model showed potential relations between the four weight-
related covariates (TBW, LBW, IBW and BMI) and clearance. There were
no relations between the explored covariates and other pharmacokinetic
parameters. Subsequently, all four weight covariates were incorporated on
clearance in the model and tested for significance (Table Il). The analysis

Table Il Results of covariate analysis for the pharmacokinetic model of propofol in
the dataset of morbidly obese patients and in the combined dataset of morbidly
obese and lean patients.

Model Relationship of No. of structural ~ OFV
covariate with CL parameters

Morbidly Morbidly obese
obese and lean patients?

Simple ] 6 643 1557

LBW CL=CL,, *(LBW/55) 6 638 1563

IBW CL = CLpop * (IBW/50) 6 640 -1543

BMI CL=CL, *(BMI/23) ; 651 1596

TBW CL = CLy,, = (TBW/70) 7 653 1599

a = 40 lean patients in whom height data were available.

BMI = body mass index; BMI;= BMI of the i individual; CL = clearance from the central compartment; CL;
=CL in the i individual; CL,,, = population mean CL value; IBW = ideal body weight; IBW; = IBW of the it"
individual;; LBW = lean body weight; LBW; = LBW of the i*" individual; NA = not applicable; OFV = objective
function value; TBW = total body weight; TBW,=TBW of the i"" individual; z = allometric scaling factor.
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showed that body weight TBW and BMI were the most predictive covariates
for propofol clearance in morbidly obese patients (Table II).

For both the TBW model and the BMI model, the OFV was more than 7.9
points lower in comparison with the simple model (p<o.005). The diagnostic
and individual plots of the TBW model proved to be superior to the simple
model and the BMI model, particularly with respect to population-predicted
concentrations. Therefore, the TBW model was chosen as the final model for
morbidly obese patients, in which the equation for clearance was (equation

7):
CLi=Cl,oiq * (TBW/70) (Eq.7)

where CL,; represents CL in the ith individual, CL,, , is the population mean
CL value in anindividual weighing 70 kg, TBW; is the TBW of the i" individual,
70 is the standard TBW in kilograms, and k is the allometric scaling factor,
which was estimated to be 0.72. The pharmacokinetic parameters of the
simple model and the final body weight model are shown in Table IIl. The
stability of the final body weight TBW model was shown by the bootstrap
analysis (Table Ill). In Figure 2A and 2B, the diagnostics of the final body
weight TBW pharmacokinetic model in the 20 morbidly obese patients are
shown.

For the analysis of both the dataset of the 20 morbidly obese patients and
the dataset of the 44 lean patients from the previously published studies,
a three-compartment pharmacokinetic model most adequately described
the data. In Figure 3, the results of the covariate analysis are shown, with
individual parameter estimates for clearance in the simple model without
covariates versus the four tested weight covariates. For this covariate
analysis, 40 lean patients were included instead of 44, as the height of four
lean patients was not available. All four weight covariates were incorporated
on clearance in the model and tested for significance (Table Il). The covariate
analysis showed that TBW was the most predictive covariate for propofol
clearance in the combined dataset of morbidly obese patients and lean
patients, which was similar to the results in the morbidly obese patients
alone. In the final TBW model, which included all 20 morbidly obese patients
and all 44 lean patients, the OFV decreased by 46 points (p <0.001), while the
interindividual variability in clearance decreased by 33%, and diagnostic and
individual plots of the TBW model improved in comparison with the simple
model (Table Ill). Implementation of fixed exponents of 0.75 for clearance
and 1 for volumes, as applied by Cortinez et al. (9), led to worse performance
and an unstable model during bootstrap analysis, compared to the final
TBW model. For the final TBW model in the 20 morbidly obese patients and
all 44 lean patients, the equation for clearance was equation 7, where z was

Observed In propofol concentration
Observed In propofol concentration

Individual predicted In propofol concentration

C

Observed In propofol concentration
Observed In propofol concentration

-4 -2 o 2 4
Individual predicted In propofol concentration

8o 100
1 N

Observed BIS
60
1
Observed BIS

40 6'0 8'0 100
Individual predicted BIS Population predicted BIS

Figure 2 Diagnostic plots of the final TBW pharmacokinetic model in 20 morbidly obese patients (A and B),
the final TBW pharmacokinetic model in 20 morbidly obese patients and 44 lean patients (C and D), and the
final pharmacodynamic model using BIS values in 20b morbidly obese patients (E and F), including observed
versus individual predictions (A, C and E), and observed versus population predictions (B, D and F). BIS =
bispectral index; In = log-normal; TBW = total body weight. The solid line indicates the trend line, the dashed
line represents the line of identity, x = y.
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Figure 3 Individual propofol clearance values versus TBW, BMI, IBW and LBW for the simple three-
compartment pharmacokinetic model in 20 morbidly obese patients and 4o lean patients (n = 60). BMI =
body mass index; TBW = total body weight; IBW = ideal body weight; LBW = lean body weight.

estimated to be 0.67. Final diagnostic plots are shown in Figure 2C and 2D,
and final pharmacokinetic parameter values are shown in Table IlI.
Bootstrap analysis of 250 replicates of the dataset of both the morbidly
obese patients and the lean patients confirmed the stability of the model.

Pharmacodynamics

The pharmacodynamic dataset contained 2246 observed BIS values from
the 20 morbidly obese patients. While a one-compartment effect-site model
adequately described the BIS values over the time profiles of the patients, a
two-compartment biophase-distribution model significantly improved the
performance, which was reflected by a reduction in the OFV of 167 points
(p<0.001). While the differences in concentrations in the central effect-site
compartment are generally small during steady state, just after a rapid
change in concentration in the central pharmacokinetic compartment, small
changes can typically be observed in the conditional weighted residuals

versus time plots of the one-compartment effect-site model versus the two-
compartment biophase-distribution model (data not shown). No covariates
for the pharmacodynamics of propofol were found. Table IV shows the
population parameters of the one-compartment effect-site model and the
final two-compartment biophase-distribution model and the results of the
bootstrap analysis of 250 replicates of the dataset of the 20 morbidly obese
patients, confirming a stable E,.., model. In Figure 2E and 2F, the diagnostics
of the final pharmacodynamic model are shown.

Simulations

Onthe basis of the final pharmacokinetic and final pharmacodynamic model,
simulations were performed aiming for BIS values between 40 and 6o for
patients ranging in TBW between 98 and 167 kg. The results of the simulation
exercise showed that, upon an induction dose of propofol 350 mg (22), the
rate of the maintenance propofol infusion should be set to 7 mg/(70 kg *
(TBW/70)°7)/h for 20 minutes, followed by 6.5 mg/(70 kg * (TBW/70)°7)/h for
20 minutes, 6 mg/(70 kg * (TBW/70)°7?)/h during 20 minutes, and 5.5 mg/(70
kg * (TBW/70)°7)/h until the end of surgery, in order to achieve the desired
BIS values. These BIS values can be expected provided that co-analgesia is
achieved with remifentanil 25 pg/h times IBW (13) and predictive muscle
relaxation is obtained using a continuous infusion of atracurium besilate.
Figure 4 shows blood propofol concentrations, propofol effect-site propofol
concentrations and BIS values both with the model-based dosing regimen,
as described above, and with a linear 5 mg/kg/h propofol dosing schedule in
a 98 kg morbidly obese patient and in a 167 kg morbidly obese patient.

Discussion

In order to study the influence of morbid obesity on the pharmacokinetics
and pharmacodynamics of propofol, a population pharmacokinetic-
pharmacodynamic model was developed, in which clearance proved to
scale with TBW, using an allometric function with an exponent of 0.72. While
this allometric scaling factor of 0.72 in morbidly obese patients was fairly
similar to the allometric scaling factor of 0.67 identified in both morbidly
obese and lean patients, no other differences in pharmacokinetics or
pharmacodynamics were identified.

It has been previously reported that variations in propofol clearance
between patients are mainly influenced by TBW (6-7, 9). However, these
studies evaluated only a limited number of obese (6-7) and morbidly obese
patients (6-7, 9). In contrast to these findings, Han et al. suggested that LBW
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Figure 4 Model-based predictions of blood propofol concentrations (A), effect-site propofol concentrations (B)
and BIS values (C) upon a model-based dosing regimen (black lines) and a linear dosing regimen (grey lines) of
propofol in a morbidly obese patient of 98 kg and a morbidly obese patient of 167 kg. The model-based dosing
regimen consisted of an induction dose of propofol 350 mg, followed by 7 mg/(70kg * (TBW/70)°7*)/h for the
first 20 minutes, 6.5 mg/(70kg * (TBW/70)°7)/h for the following 20 minutes, 6 mg/(70kg * (TBW/70)°7*)/h for
the next 20 minutes, and 5.5 mg/(70kg * (TBW/70)°72)/h until the end of surgery. The linear dosing regimen
consisted of an induction dose of propofol 350 mg, followed by 5 mg/kg/h throughout the entire procedure.
BIS = Bispectral index; TBW = total body weight.

is related to clearance of propofol and can therefore be used as a parameter
for propofol dosing in obese patients (20). This suggestion was explored by
McLeay et al. (8); however, their model was based on simulations and not
supported by clinical data in (morbidly) obese patients. In our study in 20
morbidly obese patients and 40 lean patients, the patients’ TBW, BMI, IBW
and LBW were available and could be studied for their specific influence
on any of the pharmacokinetic parameters. In morbidly obese patients, it
was found that clearance correlated with TBW and BMI, with no significant
difference between the two models in terms of the OFV. However, after
analysing both the morbidly obese patient dataset and the lean patient
dataset (range 55—167 kg), TBW proved to be superior to BMI as a covariate
for clearance of propofol based on the basic goodness-of-fit plots together
with the OFV (a decrease in the OFV of 3 points). As both Figure 3and Table Il
demonstrate, IBW and LBW could not be identified as predictors of propofol
clearance, despite the fact that there is great interest in LBW as a covariate
for dosing based on theoretical principles (8, 20).

In morbidly obese patients, we found that the nature of the influence of
TBW on clearance was best described by an allometric equation with an
exponent of 0.72. This scaling factor was not significantly different from
the scaling factor of 0.67 that we reported for the entire TBW range of lean
and morbidly obese patients (55 - 167 kg). These results are in accordance
with previously reported scaling factors of 0.71in lean patients described by
Schuttler et al. (7) and the fixed value of 0.75 in obese patients described by
Cortinez et al. (9). More specifically, the clearance value of 2.22 L/min for a
patient weighing 70 kg, as reported in our study, is in good agreement with
the clearance of 2.25 L/min for a 70 kg person reported by Cortinez et al. (9).
In our opinion, the nonlinearity in the relation between TBW and clearance
is important to consider when dosing propofol in morbidly obese patients.
In anaesthesia, medication is typically administered in milligrams per
kilogram per hour, assuming a linear relation between TBW and clearance.
While this dosing paradigm in milligrams per kilogram per hour may lead to
overdosing in individuals at the upper TBW range, in this study we propose
a nonlinear model-based dosing algorithm. Using this dosing regimen, the
nonlinearity of the influence of TBW on clearance is accounted for and, as a
result, a fixed dosing schedule (5.5-7 mg per (kg of TBW/70)°7> per hour) can
be used for all patients ranging between 98 and 167 kg in TBW. While the
proposed dosing regimen, together with the corresponding ABW, deserves
further study in the TBW range that was included in this study (98-167 kg), it
remains of interest to evaluate the extrapolation capacities of this function
at higher TBW values than those that were included in the current study (e.g.
>167 kg). It is emphasized that the proposed model-based dosing regimen
is to be used in conjunction with full muscle relaxation and remifentanil co-
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analgesia, as other co-medication may influence the pharmacokinetics and/
or pharmacodynamics of propofol, resulting in lower or higher propofol
infusion rates, despite the fact that the influence of TBW on propofol
clearance remains the same.

Concerning the other pharmacokinetic parameters, there was a trend
towards an increased V1in morbidly obese patients compared with morbidly
obese and lean patients together (4.52 L versus 3.03 L, respectively) (Table
). Previously, linear (6, 9) and allometric (7) relationships between TBW and
the volume of distribution have been suggested. In our study, however, even
thoughalargevariability inindividual values of the volume of distribution was
found, incorporation of TBW as a covariate for the volume of distribution in
the model did not result in significant improvement of the model according
tothe criteria described in the Methods section. It seems that larger datasets
or different sampling schemes are needed to identify this influence or that
factors other than TBW contribute to this large interindividual variability.
Besides the pharmacokinetics of propofol in morbidly obese patients we
investigated the pharmacodynamics using the BIS as endpoint. As morbidly
obese patients can be considered to suffer from chronic inflammation (21)
and are reported to have a lower pain threshold (22), we hypothesized that
differences in the pharmacodynamic effects of propofol in these patients
compared with lean patients cannot be excluded. However, considering
the pharmacodynamic parameters reported in morbidly obese patients in
this study, it seems that the EC,, and k, are in accordance with previously
reported pharmacodynamic parameters of propofol in lean patients
(16, 23). We compared our results with literature values because no BIS
data were available in our lean patients datasets for us to do a combined
pharmacodynamic analysis on morbidly obese and lean patients. Instead,
we studied the influence of TBW within the pharmacodynamic model of
our morbidly obese patients, in which no significant covariates could be
identified. On the basis of these results, and in the absence of other reports
on the pharmacodynamic relation of propofol in morbidly obese patients,
we conclude that there are no differences in sensitivity to the propofol
effect, measured using the BIS, between lean and morbidly obese patients.
In the pharmacodynamic analysis, a two-compartment biophase-
distribution model proved to be superior to a one-compartment effect-site
model (a decrease in the OFV of 167 points). While a two-compartment
biophase-distribution model has been previously reported for propofol in
lean patients (23), plasma-effect-site equilibration is often assumed to be
a mono-exponential first-order process (24). This assumption of a mono-
exponential first-order process has been firmly adopted in pharmacokinetic
and pharmacodynamic modelling, although it was reported as early as
1991 that this assumption appeared to be inadequate for amobarbital

and alphaxalone and that a bi-exponential conductance function better
described the data (25-26). An explanation for the two-compartment
biophase-distribution function is re-distribution of the drug in the central
nervous system. Although the differences between the two models are
generally small during steady-state situations, just after a bolus injection
and a large infusion rate change, differences between the models can be
noted. As in to lean patients (23), a bi-exponential function was found to be
superior to a one-compartment effect-site model in morbidly obese patients
in this study.

The limitations of our study include the characteristics of the lean patient
datasets, which were not fully comparable to those of the studied group of
morbidly obese patients. One lean patient dataset was obtained in females
receiving a single bolus dose of propofol and isoflurane for maintenance of
anaesthesia (10), while the second lean patient dataset consisted of critically
ill patients receiving a long-term infusion of propofol (11). Furthermore, our
study in morbidly obese patients was performed during clinical practice,
implying that substantial co-medication was given, which may have
influenced the pharmacodynamic estimates. In particular, remifentanil
and muscle relaxants are known to influence the pharmacodynamics of
propofol, although the literature is conflicting on this issue (27-31). However,
an advantage of this approach is that the resulting model-based dosing
regimen can be used directly in clinical practice provided that the same
anaesthetic protocol is applied. Another issue was the lack of external
validation datasets. Furthermore, as a result of the BIS target of 40-60, a
limited range of propofol concentrations and BIS values were obtained,
resulting in under-studied BIS ranges, e.g. lower than 30. Further study is
needed to describe the entire BIS range, although for clinical practice, the
current dataset and derived model seems to be adequate.
Onthebasisoftheresults of the final pharmacokineticand pharmacodynamic
model of propofolin morbidly obese patients, a dosing schedule with specific
ratesin milligrams per kilogram per hour with use of an adjusted body weight
(70 kg x (TBW/70)°7) for a surgical procedure aiming at BIS values between
4oand 6o was derived. An alternative strategy for propofol dosing is to target
a specific propofol concentration, using TCl techniques. TCl anaesthesia
is controlled by pharmacokinetic models that are based on lean patients,
such as the Marsh model (32) and the Schnider model (33). By evaluation
of the actual depth of anaesthesia at a specific target concentration by
the anaesthesiologist, adjustment of the target concentration can be
considered and entered into the TCl system. There are several reports on
the performance of TCl in obese and morbidly obese patients. Cortinez et
al. suggest that their model for obese patients leads to a performance that
is similar to that of the Marsh model (g). Absalom et al. (34) warned that
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for an excessive maintenance dose of propofol may be administered when
LBW is used for TCl in morbidly obese patients using the Schnider model.
Similarly, La Colla et al. (35) reported a clinically unacceptable performance
bias with the use of TBW as input for the Marsh model and concluded that
titration to target BIS values in morbidly obese patient remains necessary.
While TCI can be considered an important approach to dose propofol for
anaesthesia, it seems that TCl systems are not yet ready for this approach in
morbidly obese patients. The results of this study can be used to fill this gap
if implemented into the TCI system and tested in morbidly obese patients
withTBW up to 170 kg, in conjunction with remifentanil analgesia. Until then,
the dosing paradigm that has been derived from our final pharmacokinetic
and pharmacodynamic model can be used to dose morbidly obese patients
in clinical practice, with use of an adjusted TBW together with a specific
infusion rate regimen, aiming for a BIS between 40 and 6o0.

onclusion

A pharmacokinetic model for propofol in morbidly obese patients has
been derived, with TBW as the major determinant of clearance, using an
allometric function with an exponent of 0.72. No covariates for the other
pharmacokinetic parameters were identified. The obtained BIS values in
morbidly obese patients were described with a two-compartment biophase-
distribution model, with a sigmoid E,., pharmacodynamic model without
covariates.
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Abstract

Reports on the influence of perioperative remifentanil on population
pharmacokinetic and pharmacodynamics parameters of propofol are
conflicting and for morbidly obese patients unexplored. In the current
study we developed a population pharmacokinetic and pharmacodynamic
model of propofol in twenty-six morbidly obese patients receiving propofol-
remifentanil anaesthesia or propofol-epidural anaesthesia. Remifentanil
was neither a covariate for the pharmacokinetic nor the pharmacodynamic
parameters of propofol using the BIS as pharmacodynamics endpoint. In
the final model, total body weight was a significant covariate for propofol
clearance. These results suggest that there are no differences in the
pharmacokinetic or pharmacodynamic parameters of propofol in morbidly
obese patients receiving maintenance propofol-remifentanil or propofol-
epidural anaesthesia when the BIS is used a pharmacodynamic endpoint.
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Background

The dramatic increase in obesity rates across the world has augmented
the obese population presenting for anaesthesia for various surgical
procedures (1). Different strategies have been described for the complex
anaesthesia of an obese patient. Most commonly, propofol in combination
with remifentanil is used in morbidly obese patients. Alternatively, propofol
anaesthesia can be combined with epidural analgesia. We reported before
a pharmacokinetic-pharmacodynamic (PK-PD) model based dosing
algorithm for propofol in combination with remifentanil in morbidly obese
patients (2). Besides, we reported no difference in propofol maintenance
dose between propofol-remifentanil anaesthesia and propofol-epidural
anaesthesia in morbidly obese patients when aiming for stable Bispectral
index and hemodynamic values (3). For non-obese patients, results studying
the influence of remifentanil on propofol requirements are conflicting. No
propofol infusion adjustments were reported when propofol was combined
with remifentanil and dosing was based on target BIS values (4). In contrast,
lower propofol concentrations were needed during laryngoscopy when
propofol was combined with remifentanil in non-obese healthy volunteers
(5). While changes in propofol dose may be caused by both PK and PD
parameters, there are no studies on the influence of remifentanil on the
separate PK and PD parameters of propofol in morbidly obese patients
during surgery. Therefore, our aim was to develop a population PK-PD model
of propofolin morbidly obese patients receiving maintenance of anaesthesia
with propofol-remifentanil or with propofol-epidural anaesthesia. Bispectral
index (BIS) values were used as PD endpoint.

Methods

Previously published data of a total of twenty-six morbidly obese patients
scheduled to undergo bariatric surgery were used for this analysis (2, 3).
Both the original study protocols were approved by the hospitals Ethics
Committee and written informed consent was signed by each participating
patient.

Before induction, an antecubital infusion line, an indwelling arterial blood
pressure line and a3-lead ECG were installed and a Bispectral index electrode
was placed on the patient’s forehead.

Twenty morbidly obese patients (group I) received either a propofol
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induction dose of 200 mg or 350 mg followed by an initial maintenance
propofol infusion of 10 mg/kg times total body weight. Remifentanil was
administrated 25 pg/h/kg based on ideal body weight (6). In six morbidly
obese patients (group Il), an epidural catheter was placed and anaesthesia
was induced with a propofol bolus dose of 350 mg and maintained with a
continuous infusion of propofol and epidural analgesia 8 ml/h of bupivacain
0.125% with 1 pg/ml sufentanil. In this group, propofol maintenance infusion
was initiated at 5 mg/kg times total body weight. In both groups, propofol
infusion rate was subsequently adjusted in order to keep BIS values between
40 and 60, the systolic arterial blood pressure between 8o and 160 mmHg
and heartrate between 60 and go beats per minute (3). Whole-blood samples
were collected on a regular basis for propofol analysis, mixed thoroughly
and stored at 4°C until analysis by high-performance liquid chromatography
with fluorescence detection at 276 nm and 310 nm (7).

Data analysis was performed by means of non-linear mixed-effects modeling
using NONMEM (version VI, release 1.1; GloboMax LLC, Hanover, MD) (8)
with S-plus (version 6.2; Insightful software, Seattle, WA) to visualize the
data. Population pharmacokinetic (PK) and pharmacodynamic (PD) data
were sequentially analysed by using the individual PK empirical Bayes
estimates as an input to the pharmacodynamic model, and with use of a
previously reported PK-PD model for propofol in morbidly obese patients
(2). For the covariate analysis, a p< o0.005 was applied to evaluate the
covariates in the forward inclusion (OFV decrease >7.9), while the backward
deletion procedure used a stricter criterion (OFV decrease >10.8; p<0.001).

Results

Data of twenty-six morbidly obese patients were analysed (Table I). A
three-compartment pharmacokinetic (PK) model adequately described
the time course of the propofol whole blood concentrations in morbidly
obese patients receiving either propofol-remifentanil or propofol-epidural
anaesthesia (Figure 1). Total body weight was a major determinant for
clearance (CL), reducing the objective function value with 18 points
(p<0.005). The relationship was expressed using an allometric function CL;
= Cl,, iy ® (TBW/70)°# where CL; represents clearance in the ith individual,
CL,o kg is the population mean value for clearance in an individual of 70 kg,
TBW, is the total body weight of the ith individual, and 70 is the standard
total body weight in kilograms. No differences in mean PK parameters
of propofol between patients receiving either propofol-remifentanil or
propofol-epidural anaesthesia were observed as shown in Figure 2. Separate
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Table | Baseline characteristics of twenty morbidly obese patients receiving propofol-
remifentanil (group 1) and six morbidly obese patient receiving propofol-epidural
(group l) for maintenance of anaesthesia. Data are presented as mean with standard
deviation (SD).

Group Group Il

Propofol-Remifentanil Propofol-Epidural

Mean (SD) Mean (SD)
Number 20 6
Gender (M /F) 4/16 1/5
Age (years) 45(12) 41(9)
Total body weight (kg) 124 (20) 145 (28)
Ideal body weight (kg) 61(7) 65 (6)
Body mass index (kg/m?) 43(6) 49(9)
Lean body weight (kg) (19) 60(9) 66 (10)

M = male; F = female.

estimation of volume of distribution or clearance for each of the two groups
did not result in improved performance of the model.

The measured BIS values over time in the 26 morbidly obese patients were
adequately described with a two-compartment biophase distribution model
with a sigmoid E,., pharmacodynamic (PD) model for both regimens (Figure
1). Separate estimation of the PD parameters for each of the two groups
did not result in improved performance of the model. Tested covariates
did not significantly improve the PD model of propofol in morbidly obese
patients. Figure 3illustrates that there is no significant difference in mean PD
parameters EC,,, ke, and E,., of the groups receiving propofol-remifentanil
and propofol-epidural anaesthesia.

iscussion

In our study in morbidly obese patients undergoing bariatric surgery, no
differencesin pharmacokinetic (PK) and pharmacodynamic (PD) parameters
of propofol when combined with remifentanil or epidural anaesthesia were
observed using BIS values as PD endpoint.
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Figure 1 Diagnostic plots for propofol pharmacokinetics (A and B) and pharmacodynamics (C and D) in
morbidly patients showing individual (A and C) and population (B and D) model predictions versus observed
values for final models. Morbidly obese patients receiving propofol-remifentanil anaesthesia are represented
with grey open rounds and morbidly obese patients receiving propofol-epidural anaesthesia are represented
with black open rounds. The dashed line represents the line of identity, x=y.

Morbidly obese patients are at increased risk for complications during
anaesthesia due to difficult intubation, positioning and diverse co-
morbidities (9). Therefore, there is a need to understand the influence of
excessive body weight on the PK and PD of drugs. The effect of epidural
analgesia on propofol anaesthesia is rather unknown, although it cannot be
excluded that epidural analgesia has a hypnotic effect (10, 11). Previously
we reported no differences between propofol infusion rates and propofol
concentrations when propofol dosing was based on BIS values and
hemodynamic parameters in combination with remifentanil or epidural
analgesia in morbidly obese patients (3). However, in non-obese patients
there is debate about the influence of remifentanil on the PK of propofol
and on BIS values as the effect of remifentanil is mostly evaluated in patients
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with BIS values around 60 without surgical stimuli. In a study in non-obese
patients, remifentanil was not found to influence the PK of propofol (12).
However, the combination resulted in a reduction of BIS values during
induction of anaesthesia (13, 14) and reduced propofol concentrations
during extubation with the return of consciousness in a synergistic manner
(15). Besides, adding remifentanil to low propofol infusion rates resulted
in lower BIS values (16). In addition, lower BIS values for patients receiving
higher remifentanil target concentrations were observed (17). In contrast,
maintenance propofol infusion rates were not adjusted when propofol was
combined with remifentanil (4) and varying the remifentanil effect-site
concentration showed not to effect BIS values during target-controlled
propofol infusion in non-obese patients (18). While the small sample size
of patients receiving propofol-epidural anaesthesia is a limitation of the
current study, our findings in morbidly obese patients are in accordance with
the results in non-obese patients.

In conclusion, the present study in morbidly obese patients suggests that
there are no differences in the population PK and PD parameters of propofol
when combined with remifentanil or epidural anaesthesia during bariatric
surgery. More data from morbidly obese patients receiving propofol-
epidural anaesthesia are warranted to confirm the present results.

6 10
[ ] [ ]
°
[ & *
= ° ° d ®e®
£ 47 :... P ° qé 6 0.. ;
— -~ - -1
3 Sogee® . = Ceo o
e ° > e ° [
g o® i I ®
o £ 47 [ X}
O 27 ] °
[ ] ° )
5
o T T o] T T
Propofol- Propofol- Propofol- Propofol-
Remifentnil Epidural Remifentnil Epidural

Figure 2 Mean values (grey line) and empirical Bayes estimates for the pharmacokinetic parameters
clearance (left panel) and central volume of distribution (right panel) of propofol in morbidly obese patients
receiving propofol-remifentanil (n=20) or propofol-epidural anaesthesia (n=6).
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Figure 3 Mean values (grey line) and empirical Bayes estimates for the pharmacodynamic parameters
ECso, keo and Emax of propofol in morbidly obese patients receiving propofol-remifentanil (n=20) or propofol-

epidural anaesthesia (n=6).
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Abstract

Background

In pharmacokinetic-pharmacodynamic (PK-PD) models for morbidly obese
patients, total body weight (TBW) has been reported the best size descriptor
forpropofol clearance usinganallometricfunction. Mostrecently, anonlinear
total body weight-based dosing algorithm for maintenance of anaesthesia
with propofol was developed aiming for Bispectral index (BIS) values of 40 +
10 in morbidly obese patients with varying body weights. The present study
aims at evaluating this algorithm prospectively in a clinical setting.

Methods

After induction of anaesthesia, propofol maintenance dose was started at
7 mg/kg ABW/h (ABW = adjusted total body weight = 70kg * (TBW/70)°72)
in combination with remifentanil. BIS values, haemodynamic parameters
and the number of the propofol infusion adjustments were recorded for
each patient. Observed BIS values were compared with BIS values predicted
by the previously published PK-PD model for propofol in morbidly obese
patients.

Results

Fifty-one morbidly obese patients were included in this prospective study
with a mean total body weight of 134 kg (range 95 — 210 kg). During
maintenance of anaesthesia, sixty-eight percent of the observed BIS values
were within the target range of 40 + 10. Except during the first 20 minutes
after induction of anaesthesia, blood pressure and heart rate were within
predefined ranges. Mean difference in propofol maintenance infusion rates
was -0.43 mg/min (95%Cl -0.49 — -0.36) compared to the proposed model-
based infusion rates. Observed BIS values were predicted without bias
and with accurate precision by the previously published population PK-PD
model.

Conclusion

Stable and effective maintenance of anaesthesia was achieved using the
PK-PD model-derived propofol dosing algorithm in morbidly obese patients
with total body weights varying between g5 and 210 kg.
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Introduction

Therise in prevalence of obesity leads to a growing number of obese patients
that are treated by health care services for a variety of concomitant diseases
(1-2). Because morbidly obese patients have an altered body composition,
are prone to desaturation and have an altered cardiovascular state (3-4),
safe and effective anaesthesia of morbidly obese individuals remains a
challenge (5-6). To date, the number of studies that is available to define the
optimal dose for anaesthesia for each individual (morbidly) obese patient is
still limited.

Propofol is widely used for maintenance of anaesthesia in both non-obese
and morbidly obese patients albeit at a variety of dosing regimens (7). In
two recent population pharmacokinetic-pharmacodynamic (PK-PD) models
for morbidly obese patients, it was reported that total body weight (TBW)
is the best size descriptor for propofol clearance when parameterised
with an allometric function (8-9). Besides, no influence of body weight on
the pharmacodynamics of propofol using Bispectral index (BIS) values in
morbidly obese patients was found (8). Based on this population PK-PD
model, it was proposed to dose propofol maintenance infusion in morbidly
obese patients on an adjusted total body weight (ABW = 70kg * (TBW/70)°7%)
in order to obtain Bispectral index (BIS) values of 40 + 10 across the entire
heterogeneous population of morbidly obese patients (8).

Before this model-based dosing algorithm can be widely implemented in
clinical practice, it is of interest to evaluate in a prospective clinical study
whether the new PK-PD model derived dosing algorithm results in safe
and effective anaesthesia in morbidly obese patients. Therefore, the aim
of the present study was to prospectively evaluate the PK-PD model-based
propofol maintenance dosing algorithm (8) in morbidly obese patients
undergoing laparoscopic bariatric surgery in terms of BIS values and
haemodynamic parameters. In addition, observed propofol infusion rates
aiming for a BIS target of 40 + 10 were compared with the proposed model-
based dosing scheme and observed BIS values were compared to BIS values
predicted by the previously published PK-PD model of propofol in morbidly
obese patients (8).
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M ethods

Patients

Morbidly obese patients undergoing laparoscopic bariatric surgery were
included in this prospective study in two large teaching hospitals (26 patients
in Nieuwegein and 25 patients in Amsterdam). Patients were enrolled in
the study if their age was between 18 and 60 years, they had an American
Society of Anesthesiologists (ASA) physical status classification of Il or IlI
and their BMI was over 40 kg/m? at the day of inclusion. Exclusion criteria
included epilepsy, pregnancy, breastfeeding and known allergy to propofol,
soy bean oil or egg lecithin. The hospital ethics committees of both hospitals
approved the study protocol and waived the need for informed consent as
the dosing algorithm based on the previously published pharmacokinetic-
pharmacodynamic (PK-PD) model (8) was considered best standard of care
in these hospitals.

Anaesthetic and study procedure

Anaesthesia was standardized according to the previous study in which
the model-based dosing algorithm for propofol was developed (8) and was
repeated as relevant for this study. Before induction of anaesthesia, an
antecubital infusion line was installed, a BIS electrode was placed on the
patient’s forehead and a sphygmomanometer was placed on the patients’
upper arm. Unpremedicated patients received a bolus injection of 350 mg
of propofol given over 60 seconds for induction of anaesthesia followed
by atracurium besilate or rocuronium 50 mg and fentanyl 250 mcg (10).
Thereafter, the trachea was intubated and mechanical ventilation was
initiated by the anaesthesiologist. Arterial oxygen saturation and end-tidal
carbon dioxide were monitored throughout the procedure. The surgical
position of all patients was the anti-Trendelenburg position. Anaesthesia
was maintained with propofol according to the dosing algorithm that was
previously developed based on a PK-PD model in morbidly obese patients
(8). For this dosing algorithm an adjusted body weight was calculated for
each patient (Equation 1) (8):

Adjusted body weight (ABW) = 70kg * (TBW/70)°7> (Eq. 1)
According to this dosing algorithm, from 3 minutes after induction of
anaesthesia onwards, the initial infusion rate of propofol was set on 7 mg/

kg ABW/h for 20 minutes, followed by 6.5 mg/kg ABW/h for 20 minutes, 6
mg/kg ABW/h for 20 minutes, and 5.5 mg/kg ABW/h until the end of surgery.
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Appendix 1 shows the propofol infusion rates across different time frames of
anaesthesia for different total body weights.

The propofol infusion rate as initiated based on Table Il could be adjusted
by the attending anaesthesiologist in order to obtain a BIS value of 40 + 10,
blood pressure within + 30% of baseline values and heart rate between 60
— 90 beats/min. Adjustments in propofol infusion rates were made with 5o
— 150 mg/h at the discretion of the attending anaesthesiologist, and with
preferably no more than one infusion rate adjustment per five minutes.
Propofol infusion rates were increased if BIS values and haemodynamic
parameters were higher than the predefined values. When BIS values
and haemodynamic parameters were lower than the predefined values,
propofol infusion rate was decreased. When haemodynamic parameters
were lower than the predefined values and BIS values were higher or
equal to the predefined range, medication to improve the haemodynamic
parameters was administered and the propofol infusion rate was adjusted
to bring BIS values within the predefined range. When haemodynamic
parameters were higher than the predefined range and BIS value were
lower than or within the predefined range, signs of inadequate anaesthesia
were checked. When adequate anaesthesia was confirmed, medication to
correct haemodynamics was administered. If there were signs of inadequate
anaesthesia, the propofol infusion rate was adjusted (8).

During the procedure, remifentanil was dosed 25 mcg/kg/h based on
ideal body weight (IBW) (11). The remifentanil infusion rate was kept
constant, if possible, in order to rule out influence of remifentanil on
haemodynamic parameters and BIS values. If necessary, remifentanil
infusion rate adjustments could be made at the discretion of the attending
anaesthesiologist. Additional fentanyl bolus doses could be administered
if needed throughout the surgical procedure as judged by the attending
anaesthesiologist. About 30 minutes before the anticipated end of the
surgical procedure, morphine 10 mg was administered.

Descriptive data analysis

The SPSS statistical package (version 19.0 for Windows; IBM) was used
for these analyses. Continuous data are expressed as the mean + SD or
as median (interquartile range) where appropriate. Observed BIS values
during propofol infusion, systolic arterial blood pressure and heart rate
were averaged within 5 minute time intervals for each patient. Based on
these data, box plots were constructed indicating median, interquartile
rage and 95% confidence intervals. The actual propofol infusion rates were
subtracted from predefined infusion rates at one minute time intervals for all
patients. If at any time interval from less than 75% of the patients data were
available, this is indicated in the figures. In all figures time-point o indicates

the induction of anaesthesia.

Comparison of observed BIS values with model-based predicted BIS values
Non-linear mixed-effects modeling using NONMEM (version VI, release
1.1; GloboMax LLC, Hanover, MD, USA) with S-Plus (version 6.2; Insightful
Software, Seattle, WA, USA) was used to obtain model-based BIS
predictions. These model-based BIS predictions were generated for each
of the participating patient on the basis of their total body weight and
actual administrated propofol doses during the entire procedure using the
previously published PK-PD model for propofol in morbidly obese patients
(8). In predicted versus observed plot, the observed BIS values were visually
compared to the individual BIS value predictions by the model. For each
patient and for each BIS observation, a prediction error (PE) was calculated
from which median performance error (MDPE) and the median absolute
performance error (MDAPE) were calculated (Equation 2, 3 and 4) (12):

Prediction error (PE) at the j*" BIS observed of subject i:

PEij = BISobserved - Blspredicted (Eq 2)

The median PE (MDPE): MDPE reflects the bias of BIS in the it subject:
MDPE; (BIS values) = median [PE;, j=1,...,N] (Eq.3)

The median absolute PE (MDAPE): MDAPE indicates the BIS precision in the
it" subject:

MDAPE; (BIS values) = median [|PE;|, j=1, ..., N] (Eq. 4)

Results

Patients and data

A total of 51 morbidly obese patients with a mean total body weight of
134 kg (range 95 — 210 kg) and mean BMI of 45 kg/m? (range 35 — 56 kg/m?)
were enrolled in this study. All demographic characteristics of all patients
are provided in Table I. Clinical data of the patients are presented until 75
minutes after propofol induction dose administration, as at that time point
surgery had been completed in more than 25% of the patients. In five
patients, propofol infusion for maintenance of anaesthesia was started 1
minute earlier than the proposed 3 minutes after the induction dose.
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Table | Baseline characteristics of 51 morbidly obese patients. Data are presented as
mean with standard deviation (SD) and associated range.

Mean (SD) Range
Sex (Male [ Female) 18/33
Age (years) 45(8.3) 22.0-63.0
TBW (kg) 134 (22.6) 95.0 —210.0
BMI (kg/m?) 45 (5.6) 34.9-56.3
LBW (kg) 68 (13.7) 47.6 —104.6
IBW (kg) 65 (11.4) 44.2 —88.6
ABW (kg) 111 (13.7) 87.0—-154.0
Duration of surgery (min) 74.1(24.9) 40.0—158.0
Duration of anaesthesia (min) 89.3(24.5) 51.0—176.0
Time between start of propofol infusion — start surgery (min)* 10.3 (4.0) 0.0-19.0
Time between stop of propofol infusion — extubation (min) 12.4 (5.8) 3.0-32.0
Time between end of surgery — extubation (min)** 14.6 (6.5) 7.0—33.0
Time between intubation — extubation (min) 97.0 (27.4) 30.0-189.0

* = data available of 70.6% of the patients

** = data available of 66.7% of the patients

TBW-= total body weight, BMI= body mass index, LBW= lean body weight (19), IBW= ideal body weight
(25), ABW= adjusted body weight (= 70kg * (TBW/70)°7>).

Anaesthesia

Figure 1 shows the median observed BIS values and interquartile ranges of
the 51 morbidly obese patients during anaesthesia. It is shown that median
and interquartile ranges were within the target BIS range of 40 + 10 during
anaesthesia from 5 until 75 minutes after induction of anaesthesia. In total,
during this period 68% of the observed BIS values were within 40 + 10.
Figure 2 shows mean systolic blood pressure (SBP) and diastolic blood
pressure (DBP) relative to baseline pressures measured at preoperative
consultation over time. Overall, SBP and DBP dropped substantially during
anaesthesia, particularly within the first 20 minutes after induction of
anaesthesia. Afterwards, mean SBP and DBP stayed within the predefined
target values of + 30% from baseline values with average drops of 26%
(95%Cl 24-28) and 27% (95%Cl 26-28) during period 5-75 minutes after
induction of anaesthesia, respectively. Figure 2 shows that mean heart rate
values were within the predefined range of 60 — go beats/min during the
whole observation period, eventhough, similarto blood pressure, heart rates
dropped during the first 20 minutes after induction of anaesthesia. End-tidal
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Figure 1 Median Bispectral index (BIS) values with interquartile range (box) and 95% confidence intervals
observed in time intervals of five minutes after induction of anaesthesia in 51 morbidly obese patients.
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carbon dioxide measurements were not below 3.5 kPa or 26 mmHg across
the observation period for all patients.

Figure 3 shows the difference between actual propofol infusion rates and
proposed model-based infusion rates (Table Il) from the start of the propofol
maintenance infusion (at three minutes after induction of anaesthesia) until
75 minutes after the induction of anaesthesia. Overall mean difference was
-0.43 mg/min (95%Cl -0.49 — -0.36). It seems from this figure, that during
the first ten minutes after the induction dose of 350 mg propofol, the
interindividual variability in infusion rates was relatively large (Figure 3).

Table 1l Proposed propofol maintenance infusion rates based on adjusted body weight (ABW) as derived
from a previously published pharmacokinetic and pharmacodynamic model (8). This dosing algorithm
consists of 7 mg/kg ABW*/h for 20 minutes, followed by 6.5 mg/kg ABW*/h for 20 minutes, 6 mg/kg ABW*/h
for 20 minutes, and 5.5 mg/kg ABW*/h until the end of surgery.

7 mg/ 6,5 mg/ 6 mg/ 5,5 mg/ 5mg/
kg ABW/ h kg ABW/ h kg ABW/ h kg ABW/ h kg ABW/ h
TBW ABW* Infusion rates (mL/h)
(kg) (kg) using propofol 10 mg/mL
100 90 63 59 54 50 45
105 94 66 61 56 52 47
110 97 68 63 58 53 48
115 100 70 65 60 55 50
120 103 72 67 62 57 52
125 106 74 69 64 58 53
130 109 77 71 66 60 55
135 112 79 73 67 62 56
140 115 81 75 69 63 58
145 118 83 77 71 65 59
150 121 85 79 73 67 61
155 124 87 81 74 68 62
160 127 89 83 76 70 63
165 130 91 84 78 71 65
170 133 93 86 8o 73 66
175 135 95 88 81 74 68
180 138 97 90 83 76 69
185 141 99 92 85 78 70
190 144 101 93 86 79 72
195 146 102 95 88 81 73
200 149 104 97 89 82 75
205 152 106 99 91 83 76
210 154 108 100 93 85 77
215 157 110 102 94 86 79
220 160 112 104 96 88 8o
225 162 114 105 97 89 81
230 165 115 107 99 91 82
235 167 117 109 100 92 84
240 170 119 110 102 93 85
245 173 121 112 104 95 86
250 175 123 114 105 96 88

* ABW =70 * (Total body weight (=TBW)/70)°7
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Figure 3 Deviations in observed propofol infusion rates compared to the proposed propofol dosing algorithm
as presented in Table Il (mean + SD) over time in 51 morbidly obese patients.

Table lll Medication administered according to standardized anaesthesia protocol
and additional medication presented as mean dose with standard deviation (SD).

Protocol medication
Propofol bolus (mg)
Propofol maintenance (mg/kg/h*)
Remifentanil (mcg/kg/h**)
Fentanyl (mcg)
Atracurium (mg) (n=26)
Rocuronium (mg) (n=25)
Morphine (mg)

Additional medication (bolus doses)
Ephedrine (mg) 0-20 min (#=27, n=22)
Ephedrine (mg) 21 min — end of surgery (#=18, n=11)
Phenylephrine 0-20 min (mg) (#=16, n=8)
Phenylephrine 21-end min (mg) (#=22, n=8)

Noradrenalin (mg) (n=5)

Mean (SD)

362.2 (41.3)
6.2 (0.54)
23.4 (4.8)
292.2(77.2)
54.8 (12.0)
52.2(6.5)

10.3(2.8)

7.9 (2.5)
5.8(1.9)
0.12 (0.05)
0.11 (0.04)

0.49 (0.2)

* based on model-based adjusted body weight (= 7okg * (TBW/70)°72)
** based on ideal body weight

# number of bolus administrations

n number of patients
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Both protocol medication and additional medication that was administered
during anaesthesia according to the standardised protocol are presented
in Table Ill. Mean remifentanil dose was 23.4 mcg/kg/h (SD 4.8) based on
ideal body weight (IBW) which was slightly lower than the predefined dose
of 25 mcg/kg/h based on IBW (Table IIl). Sixty-five percent of the patients
received co-medication to correct low blood pressure and/or heart rate at
some time during the period of anaesthesia. In most cases, ephedrine was
used to correct low blood pressures and 60% of all ephedrine doses were
administered during the first 20 minutes after the start of the induction of
anaesthesia.

Comparison of observed BIS values with model-based predicted BIS values
Figure 4 shows the individual predicted BIS values by the original
pharmacokinetic and pharmacodynamic model (8) versus the observed
BIS values of the morbidly obese patients. These plots indicate acceptable
bias and adequate precision of the predictions of the BIS values. Overall
performance variables were a median performance error (MDPE) -5.2 BIS
points (SD 13.0) representing bias and a median absolute performance error
(MDAPE) 10.5 BIS points (SD 9.3) representing precision.
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Figure 4 Individual predicted BIS values by the original pharmacokinetic-pharmacodynamic model (8)
versus the observed BIS values in the current study in fifty-one morbidly obese patients.
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Discussion

The present study prospectively evaluated a pharmacokinetic-
pharmacodynamic (PK-PD) model-derived algorithm for maintenance of
anaesthesia with propofol in morbidly obese patients thereby targeting on
a BIS value of 40 together with stable haemodynamics. Using this propofol
dosing algorithm in combination with remifentanil analgesia, effective
anaesthesiawas achieved with BIS values of 40 + 10 and with haemodynamics
that stayed within the predefined ranges across a wide range of total body
weights from g5 to 210 kg. However, haemodynamics dropped substantially
particularly within the first 20 minutes after induction of anaesthesia.
Prospective studies evaluating dosing guidelines derived from population
PK-PD models on the used endpoints are scarce. The propofol dosing
algorithm for morbidly obese patients evaluated in the present study was
derived from a population PK-PD model in which total body weight was
identified as key patient characteristic that can explain the interindividual
variability of clearance of propofol in both non-obese and morbidly obese
patients (8). Based on that model, when aiming for a stable BIS of 40 during
maintenance of anaesthesia, an adjusted body weight (ABW); ABW = 70kg
* (TBW/70)°7* as dosing scalar with doses reductions every 20 minutes was
proposed (8). In the present evaluation of this PK-PD model-based dosing
algorithm, we showed that using these propofol doses stable BIS values of
40 + 10 were achieved in morbidly obese patients. Although the current bias
and precision values for the observed BIS values were larger compared to in
non-obese patients (13-14), the bias (MDPE) and precision (MDAPE) were
acceptable with 10.5 (SD 9.3) and —5.2 BIS points (SD 13.0), respectively.
There was also no difference in observed BIS values between the lower and
higher total body weights (data not shown) indicating that the accuracy of
the model is applicable for a wide range of total body weights. The present
study demonstrates that PK-PD modeling in special patient groups such
as morbidly obese patients can be of important value when developing
evidence-based dosing algorithms for these patient groups.

In general, there may be concerns on the haemodynamic safety of propofol
when used for anaesthesia in morbidly obese patients. Propofol is known
to cause a decrease in systemic arterial blood pressure due to depressant
effects on cardiac contractility and a reduction in venous and arteriolar
systemic vascular resistance resulting in a decrease in pre- and afterload
(15). While in our opinion, the risk for haemodynamic instability is reduced
by dosing on adjusted body weight (Table Il) instead of linear dosing
on total body weight, we did observe a substantial decrease in blood

123




[Iﬁ Evaluation of model-based dosing of propofol

pressure over the first 20 minutes of the procedure in our study (Figure 2).
Moreover, in a large number of patients additional medication to correct
these haemodynamic effects were given (Table ). 20 minutes after the
induction dose, the observed decrease of the haemodynamic values during
propofol maintenance infusion remained within the predefined margins
and there were no signs of hypoperfusion during anaesthesia. In addition,
we emphasize that the decrease in observed haemodynamic values could
be slightly overpredicted because of relatively high blood pressures that
may be measured during preoperative consultation. As such we conclude
that haemodynamic effects of propofol in morbidly obese patients are
acceptable when the PK-PD model derived dosing algorithm as depicted in
Table Il is used for maintenance of anaesthesia.

After induction of anaesthesia, considerable variations in BIS values, blood
pressures and heart rates were observed during the first 20 minutes. There is
a number of possible explanations for this. First, a cause may lie in the fixed
propofol induction dose of 350 mg for all morbidly obese patients. Recent
study suggested to use lean body weight as dosing scalar to calculate
propofol induction dose for morbidly obese patients instead of dose capping
(26). This might have resulted in a lower induction dose for the less obese
patients and a more stable start of anaesthesia. In an additional analysis of
the present study, however, no correlation between decrease in BIS during
the induction phase and lean body weight could be observed (data not
shown). Second, propofol maintenance infusion was started 3 minutes after
the propofolinduction dose while surgery did not startin all cases. Mean time
between start of surgery and start of propofol infusion was 10.3 minutes.
Because start of surgery causes sympathetic activation, thereby increasing
both blood pressure and heart rate (17), a delayed start of surgery and,
thereby, a delayed stimulus of the sympathetic nerve system, may explain
the extensive decline of blood pressure during the first minutes of propofol
infusion. Therefore, before implementation, the present dosing algorithm
has to be incorporated in conjugation with local practice in terms of timing
of anaesthesia and start of surgery. Finally, cardiovascular consequences
of obesity such as (silent) ischemic heart disease and cardiomyopathy may
have aggravated the haemodynamic effects during induction of anaesthesia
independent of propofol dose. Although in our study with the developed
propofol dosing algorithm optimal conditions for intubation were achieved
in all patients, there remains space for further improvement of the induction
phase of the evaluated PK-PD model-based dosing regimen.

In our study, we decided to dose propofol based on both BIS values
and hemodynamic parameters. Besides dosing based on BIS values, an
alternative strategy for propofol dosing is to target to specific propofol
blood concentrations using target controlled infusion techniques (TCl). La

124

Colla et al reported however a clinically unacceptable performance bias
upon the use of total body weight as an input for the ‘Marsh’ model for TCI
and concluded that titration on target BIS values in morbidly obese patient
remains necessary (18). Although TCl can be considered an interesting
approach to dose propofol for anaesthesia, it seems that the TCl systems
are not yet ready for this approach in morbidly obese patients. The results
of the present study show that the previously developed PK-PD model-
based propofol maintenance dosing algorithm leads to stable BIS values
and acceptable haemodynamics in morbidly obese patients and is ready for
clinical implementation.

Conclusion

Stable and effective maintenance of anaesthesia was achieved using the PK-
PD model-based propofol dosing algorithmin combination with remifentanil
analgesia in morbidly obese patients varying in total body weight between
95 and 210 kg.
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Abstract

Background and objectives

Given the alarming increase in obesity among children undergoing surgery,
the main aim of this study was to characterize propofol clearance in a cohort
of morbidly obese children and adolescents in relation to their age and body
weight characteristics.

Methods

A prospective pharmacokinetic study in morbidly obese children and
adolescents undergoing elective surgery was conducted. Serial blood
samples were collected and nonlinear mixed-effects modelling using
NONMEM was performed to characterize propofol pharmacokinetics with
subsequent evaluation of age and body size descriptors.

Results

Twenty obese and morbidly obese children and adolescents with a mean age
of 16 years (range 9—18 years), a mean total body weight (TBW) of 125 kg
(range 70-184 kg) and a mean body mass index of 46 kg/m? (range 31-63 kg/
m?) were available for pharmacokinetic modelling using a two-compartment
pharmacokinetic model (n = 294 propofol concentration measurements).
Compared with lean body weight and ideal body weight, TBW proved to be
the most predictive covariate for clearance (CL (L/min) = 1.70 x (TBW/70)°#).
Central volume of distribution, peripheral volume and intercompartmental
clearance were 45.2 L, 128 L and 1.75 L/min, respectively, with no predictive
covariates identifiable.

Conclusion

In the population pharmacokinetic model for propofol in morbidly obese
childrenand adolescents, TBW proved to be the most significant determinant
for clearance. As a result, it is anticipated that dosage of propofol for
maintenance of anaesthesia in morbidly obese children and adolescents
should be based on TBW using an allometric function.
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Background

The prevalence of childhood obesity is dramatically increasing worldwide. In
2008, childhood obesity affected 17% of the children and adolescents in the
US (2). Moreover, morbid obesity in children is also on the rise (2) and due
to comorbidities related to obesity, these patients are more likely to utilize
healthcare resources, including anesthesia for bariatric surgery (3). However,
dosing guidelines for most commonly used drugs in this population are
not available due to a lack of studies providing adequate pharmacokinetic
and pharmacodynamic data. Serious problems may arise due to over-
and underdosing, increasing adverse events and the risk of suboptimal
efficacy, respectively (4). Therefore, systematic pharmacokinetic and
pharmacodynamic studies in this special population of patients are urgently
needed to improve the safety and efficacy of drugs used in these patients.
Propofol is widely used for induction and maintenance of anesthesia
in children and adolescents. There has been extensive research on the
pharmacokinetics of propofol in non-obese adults (5-6) and children (6-
9). Propofol pharmacokinetics proved to be altered in children compared
with adults, showing a higher propofol clearance per kg in children (6).
Consequently, children require higher propofol doses per kg total body
weight (TBW) than adults to obtain a similar propofol concentration (10).
Concerning the influence of obesity on the pharmacokinetics of propofol in
obese adults, different reports have been published. In adults, an increase in
propofol clearance associated with TBW has been observed (11). Recently,
two studies showed that this increase in propofol clearance can be described
with an allometric function on the basis of TBW as body size descriptor and
with an exponent of 0.75 and 0.72, respectively (12-13). In contrast, to date
there are no data available describing the influence of overweight on the
pharmacokinetics of propofol in (morbidly) obese children and adolescents.
Therefore, the main aim of this study was to characterize the population
propofol clearance in morbidly obese children and adolescents, ultimately
to develop an optimal dosing algorithm. Therefore, we evaluated the
pharmacokinetics of propofol in this special group of patients and analyzing
the influence of age and body size descriptors such as TBW, body mass
index (BMI), ideal body weight (IBW) and lean body weight (LBW) based on
Janmahasatian et al. (14) and LBW based on Peters et al. (15) in order to
account for variability in pharmacokinetic parameters.

130

M ethods

Patients

Obese and morbidly obese children and adolescents scheduled to undergo
bariatric surgery or other elective surgical procedures were enrolled in
a prospective study from July 2009 through July 2010 (ClinicalTrials.gov
identifier NCT00948597). From prior work in children we estimated that
a cohort of 20 subjects for this study would allow adequate estimation of
the primary outcomes variables propofol clearance and central volume of
distribution (9, 16).

Patients were included if they were between 5 and 18 years of age, had
a BMI of over 30 kg/m? at inclusion (equivalent to body weight > gsth
percentile for age (127)), required propofol anesthesia for at least 60 minutes
and had no known renal or liver disorders. Exclusion criteria included known
neurological disorders, history of severe sleep apnea, anticipated difficult
airway access, and known allergy for propofol, soy bean oil or egg lecithin.
The study protocol was approved by the institutional review board and
written informed assent and consent were obtained from all participants
and/or their guardians as appropriate.

Anesthetic procedure

All patients received standard of care anesthesia with midazolam as
premedication (either 20 mg orally or 2 mg intravenously). Before
induction, an antecubital venous line and standard American Society of
Anesthesiologists (ASA) monitors (ECG, non-invasive blood pressure and
pulse oximeter) were placed. Anesthesia was induced with propofol as an
infusion at a standardized rate of 1000 pg/kg/min on the basis of adjusted
body weight (11).

Upon loss of consciousness, endotracheal intubation was performed
after administration of either vecuronium or cisatracurium for muscular
relaxation. Paralytic agents were titrated using a nerve stimulator to observe
the train-of-four response at the orbicularis oculi by facial nerve stimulation
(goal: one of four twitches). The induction dose of propofol was followed by
propofol infusion at a rate of 250-350 pg/kg/min for 10 minutes and titrated
in 25-50 pg/kg/min steps in order to keep the systolic arterial blood pressure
and heart rate hemodynamics within 30% of baseline values. Fentanyl 100
Kg was administered just after induction and 50 pg doses were administered
in case of inadequate analgesia. When inadequate anesthesia or analgesia
was not considered to be the reason for increase in blood pressure or heart
rate, medications to correct the hemodynamics were administered. Typically
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labetolol 5 mg was used to reverse increased heart rate and blood pressure,
ephedrine 10 mg increments for decreased blood pressure and heart rate,
and phenylephrine 100 pg increments for decreased blood pressure and
increased heart rate. The propofol infusion was discontinued when skin
sutures were being placed. Residual muscle relaxation was reversed with
neostigmine 0.05-0.07 mg/kg and glycopyrrolate 0.1 mg/kg, and after clinical
confirmation of reversal, the patient was extubated awake. Morphine was
dosed incrementally towards the end of the surgery, titrated to respiratory
rate of 14-16 breaths per minute.

Blood sampling and analytical methods

Venous blood samples (1 ml) were collected at the following timepoints: at
baseline prior to the start of the propofol, approximately 15, 30, 45, 60, 120,
180 and 240 minutes after the start of the propofol infusion, just before and
at 5 or 20 minutes after any dose adjustment, just before discontinuation
of the propofol infusion, and at 5, 10, 15, 30, 45 and 120 minutes after
discontinuation of the infusion. Whole-blood samples for propofol analysis
were mixed thoroughly and stored at 4°C until analysis by high-performance
liquid chromatography with fluorescence detection at 276 nm and 310 nm
(within 12 month). With this method, the coefficients of variation for the intra-
assay and inter-assay precision were less than 4.5% and 7.1%, respectively,
over the concentration range from 0.05 to 10.0 mg/L, and the lower limit of
quantification was 0.05 mg/L (18-19).

Data analysis and internal validation

The analysis was performed by means of non-linear mixed-effects modelling
using NONMEM (version VI, release 1.1; GloboMax LLC, Hanover, MD,
US) (20) with S-plus (version 6.2; Insightful software, Seattle, WA, US) for
data visualization. Discrimination between different models was made by
comparison of the objective function value (OFV, i.e. -2 log likelihood).
A significance level of p<o.o5, corresponding to a decrease of 3.8 in OFV,
was considered statistically significant. In addition, goodness-of-fit plots
(observed versus individual-predicted concentration-time, observed versus
population-predicted concentration-time, conditional weighted residuals
versus time and conditional weighted residuals versus population-predicted
concentration-time plots) were used for diagnostic purposes. Furthermore,
the confidence interval of the parameter estimates, the correlation matrix
and visual improvement of the individual plots were used to evaluate the
models. The internal validity of the population pharmacokinetics and models
was assessed by the bootstrap re-sampling method using 250 replicates (20).
Parameters obtained with the bootstrap replicates were compared with the
estimates obtained from the original dataset.
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Pharmacokinetic model

A two-compartment model and a three-compartment model were tested
to fit the log-transformed propofol concentration data. The inter-individual
value (post hoc value) of the parameters of the i*" individual was modelled
equation 1:

= i
®i - ®mean e (Eq 1)

where 0, is the population mean and n);is a random variable with a mean of
zero and variance of w?, assuming log-normal distribution in the population.
The intra-individual variability, resulting from assay errors, model
misspecifications and other unexplained sources, was best described with
a proportional error model. This means for the j* observed log-transformed
propofol concentration of the ith individual, the relation (Y;) is described by
equation 2:

Y, =10gC,..; +¢ (Eq.2)
where C,.q4 is the predicted propofol concentration and g; is a random
variable with a mean of zero and variance of 0.

Covariate analysis

Covariates were plotted independently against the individual post hoc
parameter estimates of all pharmacokinetic parameters and the conditioned
weighted residuals to visualize potential relations. The Pearson’s correlations
coefficient (r) was calculated and a p<o.o5 was considered significant. The
following covariates were tested: TBW, BMI, IBW (21) and LBW on the basis
of Janmahasatian et al. (14) and LBW on the basis of Peters et al. (15), sexand
age. Covariates were tested using linear and allometric equations (equation

3):

P=P, .(&)Z
Covslandard (Eq 3)

where P; and P, represent individual and population parameter estimates,
respectively, Cov represents the covariate and CoV.ungad represents a
standardized (i.e. 70 kg for TBW) or median value of the covariate for the
population. The exponent z represents the exponential scaling factor, which
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was fixed at 1 for a linear function or an estimated value for an allometric
equation, while a 0.75 fixed value of the exponent was also tested (22).
Potential covariates were separately entered into the model and statistically
tested using the OFV and if applicable the 95% confidence interval values of
the additional parameter. A p<o.oos was applied to evaluate the covariates
in the forward inclusion (OFV decrease>7.9), while the backward deletion
procedure used a stricter criterion (OFV decrease>10.8: p<o.001). When
two or more covariates were found to significantly improve the model,
the covariate causing the largest reduction in OFV was left in the model.
Additional covariates had to reduce this OFV further to be retained in the
model. The choice of the covariate model was further discussed in the Data
analysis and internal validation section.

Comparison with non-obese children and adolescents

Individual clearance estimates obtained in this study were compared with
propofol clearance values previously published in non-obese children by
Schuttler and Ihmsen (6) and Kataria et al. (8), with TBW ranges of 12 — 61
kg and 15 — 61 kg, respectively. Schuttler and lhmsen (6) described propofol
clearance as equation 4:, while Kataria et al. (8) expressed propofol clearance
(CL) as equation 5:

CL =1.44 L/min*(TBW/70)°7 (Eq. 4)
CL =0.034 L/min*TBW (Eq. 5)

Whenusingthe TBW range observed in the present study, these two different
clearance equations were evaluated for their extrapolation potential to
predict clearance estimates in morbidly obese children and adolescents.

Results

Patients and data collection

A total of 23 morbidly obese pediatric patients were enrolled. One patient
withdrew shortly before the procedure (no samples); and two patients were
excluded because of missing data due to sampling errors. For the 20 patients
included in the analysis 294 propofol concentration measurements were
available. 17 patients were Caucasians and 3 patients were African-American.
Morbidly obese patients had a mean TBW of 125 kg (range 70 — 184 kg) and
a BMlI of 46 kg /m? (range 31— 65 kg/m?). Demographic characteristics of the
cohort are summarized in Table I.
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Table | Baseline characteristics of 20 obese and morbidly obese children and
adolescents.

Parameter Mean (SD) Range
Sex (F/M) 12/8

TBW (kg) 125 (29) 70 —184
BMI (kg/m?) 46 (9) 31-63
LBW Janmahasatian et al. (14) (kg) 63 (14) 38-85
LBW Peters et al. (15) (kg) 75 (14) 47-98
Age (y) 16 (2) 9-18

BMI = body mass index; F = female; LBW = lean body weight; M = male; SD = standard deviation; TBW =
total body weight.

Pharmacokinetics analysis

Atwo-compartment pharmacokinetic model most adequately described the
time course of the propofol whole-blood concentrations in morbidly obese
children and adolescents, parameterized in terms of volume of distribution
of the central compartment (V1) and volume of distribution of the peripheral
compartment (V2), intercompartmental clearance from the central
compartment to the peripheral compartment (Q), and clearance from the
central compartment (CL). The use of a three-compartment model did not
result in an improved fit of the data and showed comparable estimates for
propofol clearance to the two-compartment model.

Table Il shows the result of the step wise covariate analysis in which age and
body size descriptors were separately tested using both linear and allometric
functions for their influence on the pharmacokinetic parameters. The table
shows that, in general, the influence of covariates on CL resulted in a larger
decrease in OFV than V1. The equation to estimate LBW for children by
Peters et al. (15) showed a significantly (p<o.005) larger decrease in OFV
than the equation by Janmahasatian et al. (14). TBW and BMI as covariate on
propofol clearance reduced the OFV further (Table II). As BMI consists of two
parameters (i.e. height and TBW) and there was no significant difference in
OFV between the TBW models and the BMI model, a model based on TBW
was preferred over the BMI model. Using TBW as covariate for clearance,
both linear and allometric functions were tested and showed a comparable
decrease in OFV value compared with the base model (Table Il). Similar
results were obtained for allometric functions using an estimated exponent
(0.80) and a fixed exponent of 0.75 (Table II). As there were no differences
between the linear and allometric functions, we preferred the model in
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Table Il Stepwise covariate analysis for the pharmacokinetic model of propofol in 20 obese and morbidly obese children and adolescents.
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which the allometric exponent was estimated, resulting in the final equation
(equation 6:

CLi=CL,okg ® (TBW/70)® (Eq. 6)
where CL; represents clearance in the i individual, CL,,, is the population
mean value for clearance in an individual of 70 kg, TBW; is the total body
weight of the i" individual and 70 is the standard TBW in kilograms. Figure 1
shows the individual post hoc estimates for propofol clearance against TBW.
Concerning covariates for V1, Table Il shows there was only modest influence
of age and body size descriptors on V1i: more specifically, a trend toward
an increase in V1 with TBW was observed (p>0.005). This observation was
confirmed when the individual post hoc estimates forVi were plotted against
TBW (Figure 1), showing a non significant Pearson’s correlation coefficient
of 0.300 (p=0.199). There was no influence of the explored covariates and
the other pharmacokinetic parameters (Q2 and V2) (data not shown).

The pharmacokinetic parameter estimates of the final model in which
clearance is normalized to TBW using an allometric function are shown in
Table Ill. Compared with the base model, the interindividual variability of
clearance was reduced by 33% in the final model (from 26.3% to 17.5%; Table
l1I). The diagnostic plots of the final model proved superior to the base model,
especially for the population predictions versus observed concentrations
(Figure 2). Figure 3 demonstrates that the final model adequately describes

r=0.721(p <0.001) 120 r=0.300 (p =0.199)
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Figure 1 Individual post hoc estimates for clearance (left) and central volume of distribution (right) of
propofol versus total body weight in 20 obese and morbidly obese children and adolescents with Pearson’s
correlation coefficient (r).

137




[IH PK of propofol in morbidly obese children and adolescents

the individual propofol concentrations for the morbidly obese children
and adolescents. The stability of the final TBW model was shown by the
bootstrap analysis (Table III).

Comparison with non-obese children and adolescents

Figure 4 shows a comparison of the present results of propofol clearance
(CL) values versus TBW in morbidly obese children and adolescents, and the
extrapolated equations of Kataria et al. (8) (equation 5) and Schuttler and
Ihmsen (6) (equation 4) which were both derived from non-obese children.
This figure shows that extrapolating the equation of Kataria et al. (8) to
morbidly obese children and adolescents would result in overestimation
of propofol clearance values for this group. In contrast, the equation of
Schuttler and lhmsen (6) would only slightly underestimate propofol
clearance in morbidly obese children and adolescents.

Table lll Population pharmacokinetic parameters for the base model and final total
body weight (TBW) model for propofol in 20 morbidly obese children and adolescents.

Parameter Base model® Final Bootstrap
TBW model® Final TBW model®
Number of patients 20 20
CL (L/h) 161 (6.0)
CLyq (LIN) 103 (4.5) 102 (4.9)
Va (L) 45.5(19.2) 45.2(19.5) 43.5(21.4)
Va2 (L) 126 (14.6) 128 (14.8) 134 (21.0)
Q (L/h) 107 (13.2) 105 (12.5) 109 (14.2)
OFV -401 414 -424

Interindividual variability (%)

cL 26.3(36.5) 17.5 (35.5) 17.3 (41.5)
Vi 58.6 (38.0) 61.0 (38.3) 63.1(47.7)
Proportional intra-individual error (%) 25.7(19.2) 25.6 (19.1) 25.6 (19.6)

a The data are expressed as mean (%CV) unless specified otherwise.

b CLi = ClLyoig * (TBW/70)°8

CL = clearance; CLyokg = clearance in an individual of 70 kg; CL; = clearance in the ith individual; CV

= coefficient of variation of the parameter values; OFV = objective function value; Q = compartmental
clearance between V1 and V2; TBW = total body weight; V1 = central volume of distribution; V2 = peripheral
volume of distribution 1.

m

Observed In propofol concentration
Observed In propofol concentration

Observed In propofol concentration
Observed In propofol concentration

Population predicted In propofol concentration Population predicted In propofol concentration

Figure 2 Diagnostic plots for propofol pharmacokinetics in morbidly obese children and adolescents showing
(A) individual log-normal propofol predictions versus observed logarithmic propofol concentrations and (B)
population model log-normal propofol predictions versus observed log-normal propofol concentrations for
the base and final total body weight (TBW) model. The solid line indicates the trend line, the dashed line
represents the line of identity, x=y. In = log-normal.

In propofol concentrationl
»
!
In propofol concentration
-
!
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Figure 3 Propofol concentration time relationships for the best (Age = 15 years old, TBW = 143 kg, BMI = 44
kg/m?) (A) and worst (Age = 15 years old, TBW = 145 kg, BMI = 54 kg/m?) (B) final TBW model predictions. The
solid circles represent the measured propofol concentrations, the dotted lines represent the concentrations
predicted by the population model and the solid black line represents the concentrations predicted using
individual post hoc parameter estimates. In = log-normal.
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Figure 4 Propofol clearance (CL) values versus TBW for morbidly obese children and adolescents of the
present study (black line) and models of Kataria et al. (8) and Schuttler and Ihmsen (6) (grey lines). The black
line indicates population clearance values for morbidly obese children and adolescents obtained in this study
(CL = 1.70 L/min * (TBW/70)>%); black circles indicate individual post hoc clearance values from morbidly
obese children and adolescents of the present study; grey lines indicate the linear model of Kataria et al. (8)
and the allometric model of Schuttler and Ihmsen (6) in the TBW ranges of these studies; grey dotted lines
indicate the estimations after extrapolation of the Kataria et al. (8) and Schuttler and Ihmsen (6) equations
to the TBW range (70 — 184 kg) of the present study in morbidly obese children and adolescents.

Discussion

Inorderto study the influence of obesity on the pharmacokinetics of propofol
in morbidly obese children and adolescents, a population pharmacokinetic
model was developed, in which clearance proved to scale best with TBW in
an allometric function.

While there are no other reports on propofol pharmacokinetics in obese
children, previous reports describing the best body size descriptor for
propofol clearance in adults seem to be conclusive. Servin et al. were the
first reporting an increase in propofol clearance with TBW in obese adults
(11). More recently in two prospective studies, TBW was reported the best
body size descriptor for propofol clearance in (morbidly) obese adults
(12-13). TBW proved to be superior to LBW in morbidly obese adults (13)
even though LBW had been proposed to capture the nonlinear increase in
propofol clearance in adults (23). In the present study, lean body weight
estimated by the equation of Peters et al. (15) developed for children, was a
better body size descriptor than lean body weight estimated by the equation
of Janmahasatian et al. (14) which had been developed for adults. While
testing all available body size descriptors, and in accordance with findings
in morbidly obese adults, we found that TBW was the best descriptor for
propofol clearance in morbidly obese children and adolescents.

The observed increase in propofol clearance with TBW in morbidly obese
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children and adolescents was described with an allometric function using an
estimated scaling factor of 0.8. An allometric function with a scaling factor
of 0.75 is often used to describe the increase of drug clearance values with
TBW in children, albeit not without debate (24-26). In contrast, for propofol
clearance in non obese children, both a linear (exponent = 1.0) (8, 27) and an
allometric function with an exponent of 0.75 (6) has been applied. Aprioiri
use of a fixed exponent of 0.75 in obese patients would imply that obese
individuals can be viewed as ‘large individuals’ (a different body size) instead
of individuals ‘*having excess body fat’ (a different body composition) (28).
For morbidly obese adults an exponent of 0.72 (13) and 0.75 (12) has been
described. It is however unknown whether these exponents can be used for
different age ranges i.e. in children. In the present study in morbidly obese
children and adolescents we estimated a scaling factor of 0.8 which was
not significantly different from a linear function or fixed exponent of o.75.
It therefore seems that a larger study with a wider range in age and TBW is
needed to conclude on the allometric exponent in morbidly obese children
and adolescents.

The presentstudy showsthatformorbidly obese childrenand adolescentsthe
equation for propofol clearance as proposed by Schuttler et al.(6) is superior
to the equation of Kataria et al. (8). The latter which is widely used for target
controlled infusion (TCl). Extrapolated clearance values using the Kataria et
al. model (8) show an substantial overestimation of propofol clearance while
the model of Schuttler et al. only results in a small underprediction (Figure
4). Besides, it has been shown in non obese children by Coppens et al. that
the model of Kataria et al. was more biased and inaccurate compared to
the other available pharmacokinetic models in children such as the model
of Schuttler et al. (29). However, it should be emphasized that the current
result only applies to propofol clearance and not to other pharmacokinetic
parameters. Even though propofol TCl is often applied, the current available
models are not suitable for morbidly obese children, adolescents or adults
(13). The developed population model of propofol in morbidly obese children
and adolescents provides a starting point to be considered for TCl in this
population.

This study had a few limitations. We investigated a small cohort of 20
morbidly obese children and adolescents that included patients with a TBW
range of 70 — 184 kg and an age range of g — 18 years. As mostly patients
with an age of 16 years old were included in this study, more data is needed
to describe the influence of excessive overweight for the total age range. In
addition, for practical reasons we applied an early sampling strategy that did
not allow us to adequately capture propofol’s rapid initial distribution phase
(three-compartment model) and to characterize a possible influence of
excessive body weight on V1. Finally, in orderto develop anintegrated PK/PD
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dosing algorithm for propofol in morbidly obese children and adolescents,
a pharmacodynamic marker, such as BIS monitoring, is urgently needed.
A prospective study taking into account these concerns is currently being
planned to evaluate an allometric dosing regimen for propofol in obese and
morbidly obese children and adolescents based on TBW and BIS monitoring.

onclusion

A pharmacokinetic model for propofol in obese and morbidly obese children
and adolescents has been derived with total body weight as the major
determinant for clearance using an allometric function. As a result, it is
anticipated that propofol for maintenance of anesthesia in morbidly obese
children and adolescents should be dosed on the basis of total body weight
in an allometric fashion.
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Abstract

This study describes a population pharmacokinetic meta-analysis of propofol
to characterize the influence of body size measures and age in morbidly
obese and non-obese adults, adolescents and children. Sixty morbidly obese
and non-obese adult patients (55 — 167 kg, 21 — 79 years) and 34 morbidly
obese and non-obese adolescents and children (37 — 184 kg, 9 — 20 years)
were included. The results show that clearance increased with total body
weight in an allometric function while age was found to influence clearance
in a bilinear fashion with two distinct slopes, reflecting an initial increase
and subsequent decrease as a result of aging. Using these two functions,
the influence of both (over)weight and age on propofol clearance was well
characterized, which may provide a basis for dosing across this diverse
group of patients.
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Background

While total body weight of children and adolescents increases due to
growth-related processes across childhood, obesity may also substantially
contribute to increases in body weight (1). As a result, morbidly obese
children and adolescents may be as heavy as adults, even though growth-
related processes have not yet been completed. The question then arises
whether total body weight, which is commonly used to adjust dosing in
children and adolescents, is the appropriate measure to adjust doses of
drugs in obese children and adolescents. Similarly for adults, there is a lively
discussionaboutthe bestsize descriptorforchangesin pharmacokinetics due
to obesity (2, 3). As little is known on how key pharmacokinetic parameters
such as clearance change in morbidly obese children, adolescents and adults
compared to their non-obese controls, studies are needed analyzing a wide
range of ages and related total body weights.

Propofol is widely used for induction and maintenance of anesthesia in both
non-obese and (morbidly) obese adults, adolescents and children. Recently,
the pharmacokinetics of propofol have been compared in premature
neonates and adults (4), in morbidly obese and obese adults (5, 6) and in
(morbidly) obese children and adolescents (7). In all these studies, total
body weight proved the most predictive covariate for clearance, either by
using a standard allometric function (5-7) or a total body weight dependent
exponent allometric function (4). However, a meta-analysis on the basis of
all datasets in morbidly obese adults, adolescents and children together
with their non-obese controls in which the influence of obesity and ageing is
disentangled has not been performed.

Therefore, the aim of this study was to perform a population pharmacokinetic
meta-analysis of propofol combining data from morbidly obese and non-
obese adults, adolescents and children. In order to study how obesity and
age influence pharmacokinetic parameter estimates in this diverse patient
group, specific emphasis was placed on the evaluation of the influence of
total body weight (TBW), body massindex (BMI), ideal body weight (IBW) (8),
lean body weight (LBW) (9, 10) and/or age on the different pharmacokinetic
parameters.

M ethods

Patients
Data of five previously published studies were used for this analysis (6, 7, 11-
13). Patient characteristics of the five different studies are provided in Table
. Details of the studies are briefly summarized when relevant to the current
analysis.

Morbidly obese adults (6)

Twenty morbidly obese adults scheduled for bariatric surgery with a mean
total body weight of 124 kg (range 98 — 167 kg) received either a propofol
induction dose of 200 mg or 350 mg. Maintenance propofol infusion rate
was initiated at 10 mg/kg times total body weight and adjusted in order to
keep Bispectral index (BIS) values between 40 and 60 (6).

Non-obese adults (11, 12)

Forty non-obese adults with a mean total body weight of 74 kg (range 55—
98 kg) were included. Twenty-four female patients received a bolus injection
of 2.5 mg/kg of propofol for induction of anesthesia while anesthesia was
maintained with isoflurane (11). Of these twenty-four patients, twenty
patients were included from this study as a height measure of four patients
was not available. Another twenty non-obese intensive care patients
received continuous propofol infusions for 2-5 days with propofol doses
based on the Ramsay six-point scale (12).

Morbidly obese children and adolescents (7)

In twenty morbidly obese adolescents and children scheduled for bariatric
surgery with mean total body weight 125 kg (range 70 — 184 kg) and mean
age of 16 years old (range 9 — 18 years) propofol was dosed using dosing
weight calculated according to the method of Servin et al. (7, 14).

Non-obese children and adolescents (13)

In fourteen non-obese adolescents and children with mean total body
weight of 54 kg (range 37 — 82 kg) and a mean age of 14 years old (range
9 — 20 years), anesthesia was induced with a bolus dose of propofol (4 mg/
kg) and maintained with propofol by continuous infusion (2 — 10 mg/kg/h) for
scoliosis surgery (13).
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Table | Baseline characteristics of all morbidly obese and non-obese adults,
adolescents and children included in the current analysis. Data are presented as
mean with standard deviation (SD).

All Patients Adults Adolescents and children
Morbidly obese  Non-obese Obese Non-obese
(6) (11,12) @) (13)
Number 94 20 40 20 14
Gender (M/F) 30/64 4/16 16/24 8/12 2/12
Age (years) 38 (20) 45 (12) 55(12) 16 (2) 14 (3)
TBW (kg) 94(35) 124 (20) 74 (12) 125 (29) 54 (13)
BMI (kg/m?) 33(2) 43(6) 26 (4) 46 (9) 21(6)
IBW (kg) 6109 61(7) 64(8) 59(12) 55(9)
LBW (kg) 54 (14) 60(9) 50 (10) 63 (14) 37(®

BMI = body mass index; IBW = ideal body weight (8); F = female; LBW = lean body weight (9); M = male; SD
= standard deviation; TBW = total body weight.

Data analysis and internal validation

The analysis was performed by means of non-linear mixed-effects modeling
using NONMEM (version VI, release 1.1; GloboMax LLC, Hanover, MD) (15)
with S-plus (version 6.2; Insightful software, Seattle, WA) to visualize the
data. Discrimination between different models was made by comparison of
the objective function value (-2 log likelihood (OVF)). A value of p < 0.05,
representing a decrease of 3.8 in the OVF, was considered statistically
significant. In addition, goodness-of-fit plots (observed versus individually
predicted, observed versus population predicted, conditional weighted
residuals versus time and conditional weighted residuals versus population
predictions) were used for diagnostic purposes. Furthermore, the
confidence interval of the parameter estimates, the correlation matrix, and
visual improvement of the individual plots were used to evaluate the model.
n-shrinkage as defined by Karlsson et al. (16), was calculated for all model
parameters for which interindividual variability was estimated. The internal
validity of the population pharmacokinetic models was assessed by a per
study stratified bootstrap re-sampling method using 250 replicates (15).

Pharmacokinetic model

Log transformed propofol concentration data were described by a three-
compartment model (NONMEM VI, ADVAN11, TRANS4) parameterized in
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terms of volume of distribution of the central (Va), first (V2), and second
peripheral compartment (V3), intercompartmental clearance from the
central to the first (Q2) and from the central to the second (Q3) peripheral
compartment, and clearance from the central compartment (CL).

The interindividual value (post hoc value) of the parameters of the it subject
was modeled by:

= i
®i - ®mean *e (Eq 1)

where 0., is the population mean and n; is a random variable with mean
zero and variance w? assuming lognormal distribution in the population.
The intra-individual variability, resulting from assay errors, model
misspecifications, and other unexplained sources, was best described with
a proportional error model. This means for the j*" observed log transformed
propofol concentration of the i" individual, the relation (Y;):

Yij = log Cpred,ij + gij (Eq 2)

where ¢4 is the predicted propofol concentration and g; is the random
variable with mean zero and variance o>.

Covariate analysis

Covariates were plotted independently against the individual post hoc
parameter estimates of all pharmacokinetic parameters and the conditioned
weighted residuals to visualize potential relations. The following covariates
were tested: total body weight (TBW), body mass index (BMI), ideal body
weight (IBW) (8) and lean body weight (LBW) (9, 10), gender and age.
Covariates were tested using linear and power equations:

P=P .(i)Z

Y P Cov (Eq.3)

standard
in which P;and P, represent individual and population parameter estimates,
respectively, Cov represents the covariate and CoViungad represents a
standardized (i.e. 70 kg for TBW) or median value of the covariate for the
population. z represents the scaling factor, which was fixed to 1 for a linear
function or an estimated value for a power equation.

The influence of the covariate age on clearance was also tested using a
bilinear function with two distinct slopes, i.e. a linear increase in clearance
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for age values below the median age and a linear decrease in clearance for
age values higher than the median age (17) (Equation 4).

CLi = Clyop * Fge (Eq. 4)

F.ce (@ge < median age) = (1 + b * (age — median age))
F.ce (@ge > median age) = (1 + ¢ * (age — median age))

Potential covariates were separately entered into the model and statistically
tested by use of the objective function value (OFV) and if applicable the 95%
confidence interval of the additional parameter. A p < 0.005 was applied to
evaluate the covariates in the forward inclusion (OFV decrease > 7.9), while
the backward deletion procedure used a stricter criterion (OFV decrease >
10.8; p < 0.001). When more than one significant covariate for the simple
model was found, the covariate-adjusted model with the largest decrease
in objection function was chosen as a basis to sequentially explore the
influence of additional covariates using the same criteria. Finally, after
forward inclusion, a backward exclusion procedure was applied to justify
the covariate. The choice of the covariate model was further evaluated as
discussed under Data analysis and internal validation.

esults

Subjects

Ninety-four adults, adolescents and children with a mean total body
weight (TBW) of 94 kg (range 37 — 184 kg) were included from which 1652
concentration measurements were available. Demographic characteristics
of the morbidly obese patients and non-obese patients are summarized in
Table I.

Pharmacokinetics

A three-compartment pharmacokinetic model adequately described the
time course of the propofol whole blood concentrations in all morbidly
obese and non-obese adults, adolescents and children. Exploratory plots of
the tested covariates total body weight, body massindex, ideal body weight,
lean body weight and age againstindividual post hoc parameter estimates of
the simple model without covariates (Model A) showed a potential relation
between clearance and total body weight, with lower values for children
and adolescents across the entire body weight range (Figure 1, model A). In
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Figure 1 Individual post hoc propofol clearance estimates (symbol) versus

total body weight for the simple model (model A) and three covariate pharmacokinetic models (B, C and D)
for morbidly obese adults (black circles), adolescents and children (grey circles) and their non-obese controls
(n=94). In model B, the black line indicates the population clearance values for both the adult and adolescent
population, in model C the black line indicates the population clearance values for adults and the grey line
the population clearance values for adolescents and in model D the black dotted lines indicate the population
clearance values for 15, 41 and 65 years.

addition, potential relationships were observed between central volume of
distribution (V1) and total body weight or lean body weight, and between
intercompartmental clearance from the central to the second peripheral
compartment (Q3) and total body weight (figures not shown). There were no
visual trends between the explored covariates and other pharmacokinetic
parameters in the simple model without covariates (model A).

Subsequently, as depicted in Table Il all body size measures and age were
separately incorporated on clearance, central volume of distribution and
Q3 in the model and tested for significance (see section Methods, covariate
analysis). The analysis showed that total body weight was the most predictive
covariate for propofol clearance when implemented using an allometric
function (model B, decrease in objective function value (OFV) of 84.4 points,
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where CL, represents clearance in the ith individual, CL,,, is the population
mean value for clearance in an individual of 70 kg and of 41 years, TBW;is the
total body weight of the ith individual and 70 is the standard body weight in
kilograms.

Concerning covariates for V1, Table Il shows there was only a modest
influence of the body size descriptors on V1 with a trend towards an increase
inVawith lean body weight (p>0.005). There was substantial shrinkage (43%)
on V1, which renders not only plots using post hoc parameter estimates
less reliable but also indicates that the individual data in the datasets are
not rich in information about this parameter (18). Therefore, no covariate
on V1 was incorporated in the final model. In contrast, total body weight as
covariate for intercompartmental clearance from the central to the second
peripheral compartment (Q3) significantly improved the model (AOFV
= -18.1, p<0.005) (Table Il) and was therefore considered the final model
(model E, Table Il). There was no influence of the explored covariates on the
other pharmacokinetic parameters (Q2 and V2).
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Figure 3 Observed versus population predicted In propofol concentrations of the final model (Model E).
Panels represent data of morbidly obese adults, non-obese adults, morbidly obese children and adolescents
and non-obese children and adolescents. The solid grey line represents the line of identity, x=y.

Table Ill lists all parameter estimates including their coefficients of variation
(CV values) and objective function values of the simple model (Model A) and
the final model (model E). The observed versus population predicted plots
stratified by the different cohorts in Figure 3 confirm that the final model not
only describes the study population as a whole, but also the individual study
populations without bias. The stability of the final model was shown by the
bootstrap analysis (Table IIl).

Figure 4 shows population propofol clearance values versus age for different
total body weights using the final model E. This figure shows both the
allometric increase of propofol clearance with total body weight as the
distance between the weight classes decreases with increasing total body
weight, and the bilinear relationship of propofol clearance with age.
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Figure 4 Model based predictions of population clearance estimates of propofol versus age for patients with
different total body weights.
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Discussion

In orderto describe the influence of obesity and age on the pharmacokinetics
of propofol, a population pharmacokinetic meta-analysis was performed
using data from morbidly obese adults, adolescents and children, and
their non-obese controls. In the current study, a wide range in total body
weight (37 — 184 kg) and age (9 — 79 years) was studied, with data from
(morbidly) obese and non-obese individuals in each age range. The results
of the systematic analysis shows that a combination of total body weight
and age proved to best capture changes in propofol clearance as a result of
obesity and ageing. While it is yet unknown how these results should be put
in physiological perspective, the current model seems to provide the best
description of the data from these largely divergent patient populations.

In recent reports in (morbidly) obese adults it was shown that the increase
in propofol clearance was related to total body weight and could be best
described using an allometric function (5, 6). In addition, an allometric
relationship between total body weight and propofol clearance was found
in a dataset of morbidly obese adolescents (7). Allometric scaling factors of
0.72 (6) and 0.80 (7) were estimated for morbidly obese adults and children
and adolescents, respectively. As these factors are close to the factor of 0.75
predicted by allometry theory (19), this implies that obese individuals can
be viewed as ‘large individuals’ (a different body size) instead of individuals
‘having excess body fat’ (a different body composition) (2). While these
results were confirmed in the current meta-pharmacokinetic analysis, we
also showed that morbidly obese adolescents cannot be viewed as ‘adults’
as their propofol clearance proved lower than that of morbidly obese
adults with the same total body weight (Figure 1, model A). This difference
in propofol clearance could be described with two separate functions for
propofol clearance; i.e. one equation for children and adolescents and one
equation for adults (model C). Alternatively and significantly better, age was
incorporated as covariate on propofol clearance using a bilinear function
(model D and E). Therefore in the final model, the influence of age and
obesity on propofol clearance was described using both total body weight
and age as covariates for propofol clearance. This final equation (equation
5) is independent of the definitions for age (e.g. adolescents and adults) and
obesity (e.g. obese and morbidly obese) categories and might prove useful
for clinical practice.

In the current study, there was no significant relationship between body size
measures and volumes of distribution. Previously, age and total body weight
have been identified as covariates for volumes of distribution of propofol

in non-obese and obese patients (5, 14, 20). As a result of the finding that
lean body weight correlated with central volume of distribution, Ingrande et
al. suggested to use lean body weight for the induction of anesthesia with
propofol (21). The lack of significant influence of lean body weight on volume
of distribution in our analysis may be explained by the fact that the studies
included in the current analysis mainly contained observations following
propofol maintenance infusions. As such these datasets did not contain
sufficient observations just after the induction bolus dose of propofol to
adequately describe early (re-)distribution and the influence of covariates
on volumes of distribution. It therefore seems that additional research is
needed to characterize covariates predictive of volume of distribution that
will allow estimation of propofol loading doses in morbidly obese adults and
children.

It remains to be speculated how the influence of total body weight on
propofol clearance that was found in our study can be explained. Studies
have shown that obese patients suffer from low-grade inflammation (22),
which is probably the underlying cause of the high prevalence of non-
alcoholic steatohepatitis (23). It is known that non-alcoholic steatohepatitis
increases fat deposition in the liver causing sinusoidal narrowing and
altered functional morphology of the liver (24). In contrast, because of
increased blood volume and cardiac output, hepatic blood flow is possibly
increased in obese subjects (25). As a result, increased propofol clearance
may be anticipated as propofol is a high extraction ratio drug (26) mainly
metabolized by various UDP-glucuronosyltransferase (UGT) enzymes (27).
Data on other high extraction drugs and drugs metabolized by UGT suggest
that both UGT activity (28-30) and liver blood flow (31, 32) are increased in
obese adults. Furthermore, UGT activity is increased in obese adolescents
comparedtonon-obese adolescents (33). Eventhough this cannot be proven,
it can be hypothesized that hepatic blood flow is even more increased due
to prolonged duration of obesity in adults compared to adolescents with
the same total body weight. This is supported by the fact that age could
be incorporated as covariate on propofol clearance. As propofol clearance
is limited by the blood flow through the liver, the effect of both total body
weight and age on propofol may be explained by changes in liver blood flow.

C onclusion

In this pharmacokinetic meta-analysis, we developed a model for scaling
propofol clearance over wide ranges of total body weight and age using
data from morbidly obese adults, adolescents and children and their
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non-obese controls. The results show that total body weight was the
most predictive covariate for propofol clearance across patients when
implemented as an allometric function. In addition, age was incorporated
using a bilinear function with two distinct slopes, reflecting an initial increase
and subsequent decrease in clearance as a result of age. Using these two
functions, the influence of both (over)weight and age on propofol clearance
was well characterized, which may provide a basis for dosing across this
diverse group of patients.

References

1.0gden CL, Carroll MD, Curtin LR, Lamb MM,
Flegal KM. Prevalence of high body mass index
in US children and adolescents, 2007-2008.
Jama. 2010;303(3):242-9.
2.Eleveld DJ, Proost JH, Absalom AR, Struys
MM. Obesity and allometric scaling of
pharmacokinetics. Clin Pharmacokinet.
2011;50(11):751-3.
3.Han PY, Duffull SB, Kirkpatrick CM, Green B.
Dosing in obesity: a simple solution to a big
problem. Clin Pharmacol Ther. 2007;82(5):505-8.
4Wang C, Peeters MY, Allegaert K, Blusse van
Oud-Alblas HJ, Krekels EH, Tibboel D, et al. A
Bodyweight-Dependent Allometric Exponent
for Scaling Clearance Across the Human Life-
Span. Pharm Res. 2012.
5.Cortinez LI, Anderson BJ, Penna A, Olivares
L, Munoz HR, Holford NH, et al. Influence
of obesity on propofol pharmacokinetics:
derivation of a pharmacokinetic model. Br J
Anaesth. 2010;105(4):448-56. Epub 2010/08/17.
6.van Kralingen S, Diepstraten J, Peeters
MY, Deneer VH, van Ramshorst B, Wiezer
RJ, et al. Population pharmacokinetics and
pharmacodynamics of propofol in morbidly
obese patients.  Clin Pharmacokinet.
2011;50(11):739-50.
7.Diepstraten J, Chidambaran V, Sadhasivam S,
Esslinger HR, Cox SL, Inge TH, et al. Propofol
clearance in morbidly obese children and
adolescents: influence of age and body size. Clin
Pharmacokinet. 2012;51(8):543-51.
8.Pai MP, Paloucek FP. The origin of the “ideal”
body weight equations. Ann Pharmacother.
2000;34(9):1066-9.
9.Janmahasatian S, Duffull SB, Ash S, Ward
LC, Byrne NM, Green B. Quantification
of lean bodyweight. Clin Pharmacokinet.
2005;44(10):1051-65.
10.Peters AM, Snelling HL, Glass DM, Bird NJ.
Estimation of lean body mass in children. BrJ
Anaesth. 2011;106(5):719-23.

11.Knibbe CA, Voortman HJ, Aarts LP, Kuks
PF, Lange R, Langemeijer HJ, et al.
Pharmacokinetics, induction of anaesthesia
and safety characteristics of propofol 6%
SAZN vs propofol 1% SAZN and Diprivan-10
after bolus injection. Br J Clin Pharmacol.
1999;47(6):653-60.

12.Knibbe CA, Zuideveld KP, Delongh J,

Kuks PF, Aarts LP, Danhof M. Population
pharmacokinetic and  pharmacodynamic
modeling of propofol for long-term sedation
in critically ill patients: a comparison between
propofol 6% and propofol 1%. Clin Pharmacol

Ther. 2002;72(6):670-84.

13.Peeters MY, Allegaert K, Blusse van Oud-
Alblas HJ, Cella M, Tibboel D, Danhof M, et al.
Prediction of propofol clearance in children
from an allometric model developed in rats,
children and adults versus a 0.75 fixed-exponent
allometric  model. Clin  Pharmacokinet.
2010;49(4):269-75.

14.Servin F, Farinotti R, Haberer JP, Desmonts
JM. Propofol infusion for maintenance of
anesthesia in morbidly obese patients receiving
nitrous oxide. A clinical and pharmacokinetic
study. Anesthesiology. 1993;78(4):657-65.

15.Beal SL, Sheiner LB, Boeckmann A. NONMEM
user's guide. San Francisco: University of
California; 1999.

16.Karlsson MO, Savic RM. Diagnosing model
diagnostics. Clin Pharmacol Ther. 2007;82(1):17-
20.

17.Jonsson EN, Karlsson MO. Automated covariate
model building within NONMEM. Pharm Res.
1998;15(9):1463-8.

18.Savic RM, Karlsson MO. Importance of
shrinkage in empirical bayes estimates for
diagnostics: problems and solutions. AAPS J.
2009;11(3):558-69.

19.Anderson BJ, Holford NH. Mechanism-
based concepts of size and maturity in
pharmacokinetics. Annu  Rev  Pharmacol
Toxicol. 2008;48:303-32.

20.Schuttler  J,  Ihmsen  H.  Population
pharmacokinetics of propofol: a multicenter
study. Anesthesiology. 2000;92(3):727-38.

21.Ingrande J, Brodsky JB, Lemmens HJ. Lean
body weight scalar for the anesthetic induction
dose of propofol in morbidly obese subjects.
Anesth Analg. 2011;113(1):57-62.

22.Wellen KE, Hotamisligil GS. Inflammation,
stress, and diabetes. J Clin Invest.
2005;115(5):1111-9.

23.Guzzaloni G, Grugni G, Minocci A, Moro
D, Morabito F. Liver steatosis in juvenile
obesity: correlations with lipid profile, hepatic
biochemical parameters and glycemic and
insulinemic responses to an oral glucose
tolerance test. Int J Obes Relat Metab Disord.
2000;24(6):772-6.

24.Farrell GC, Teoh NC, McCuskey RS. Hepatic
microcirculation in fatty liver disease. Anat Rec
(Hoboken). 2008;291(6):684-92.

25.Casati A, Putzu M. Anesthesia in the obese
patient: pharmacokinetic considerations. J Clin
Anesth. 2005;17(2):134-45.

26.Al-Jahdari WS, Yamamoto K, Hiraoka H,
Nakamura K, Goto F, Horiuchi R. Prediction
of total propofol clearance based on enzyme
activities in microsomes from human kidney

163




[I] PK meta-analysis of propofol

and liver. Eur J Clin Pharmacol. 2006;62(7):527-
33.

27.Kiang TK, Ensom MH, Chang TK. UDP-
glucuronosyltransferases and clinical drug-drug
interactions. Pharmacol Ther. 2005;106(1):97-
132.

28.Abernethy DR, Divoll M, Greenblatt DJ, Ameer
B.Obesity, sex, andacetaminophen disposition.
Clin Pharmacol Ther. 1982;31(6):783-90.

29.VanWartS, Phillips L, Ludwig EA, Russo R, Gajjar
DA, Bello A, et al. Population pharmacokinetics
and pharmacodynamics of garenoxacin in
patients with community-acquired respiratory
tractinfections. Antimicrob Agents Chemother.
2004;48(12):4766-77.

30.Abernethy DR, Greenblatt DJ, Divoll M,
Shader RI. Enhanced glucuronide conjugation
of drugs in obesity: studies of lorazepam,
oxazepam, and acetaminophen. J Lab Clin
Med. 1983;101(6):873-80.

31.Sparreboom A, Wolff AC, Mathijssen RH,
Chatelut E, Rowinsky EK, Verweij J, et al.
Evaluation of alternate size descriptors for dose
calculation of anticancer drugs in the obese. J
Clin Oncol. 2007;25(30):4707-13.

32.Schwartz AE, Matteo RS, Ornstein E, Young WL,
Myers KJ. Pharmacokinetics of sufentanil in
obese patients. Anesth Analg. 1991;73(6):790-
3.

33.Barshop NJ, Capparelli EV, Sirlin CB,
Schwimmer JB, Lavine JE. Acetaminophen
pharmacokinetics in children with nonalcoholic
fatty liver disease. J Pediatr Gastroenterol Nutr.
2011;52(2):198-202.

165




Section 03

The influence of

morbidly obesity

on the pharmacodynamics
of nadroparin

In adults




reatment of pulmonary embolism in an
extremely obese patient

Jeroen Diepstraten, Simone van Kralingen, Repke J. Snijder,
Christian M. Hackeng, Bert van Ramshorst, Catherijne A.J. Knibbe

Obesity Surgery; 2009(19): 1186-9

Abstract

The low-molecular-weight heparins are effective as initial therapy for
pulmonary embolism (PE) in a weight-based dosing regimen up to known
total body weights of 160 kg.

The present case reports an extremely obese man of 252 kg (body mass
index (BMI) 74 kg/m?) with PE who was treated with tinzaparin, dosed on a
total body weight of 160 kg.

Morbid obesity defined as a BMI higher than 4o kg/m2 is becoming more
common in general practice, but there are no evidence-based drug dosing
strategies for these patients.

This case demonstrates the successful use of a maximum dose of 28,000
anti-Xa international units of tinzaparin for an extremely obese patient with
proven PE, instead of the accepted doses of 175 1U/kg, as bridge therapy to
a coumarin.
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C ase report

A 47-year-old male patient weighing 252 kg, who was scheduled for bariatric
surgery later that year, was admitted to our hospital because of chest pain
radiating to his left arm and acute dyspnea. The pain was not exercise-
related and treatment with nitroglycerin did not relieve the symptoms. The
patient’s weight increased over the last few years; the actual body mass
index (BMI) was 74 kg/m? at presentation. His medical history included gout,
systemic hypertension, primary hyperventilation syndrome, appendectomy
and cholecystectomy. The patient acknowledged being a smoker (25
cigarettes/day). There was no history of deep vein thrombosis or pulmonary
embolism (PE).

Upon arrival in the emergency room, his blood pressure was 160/75 mm Hg
with a pulse rate of 75 bpm, a temperature of 37.2 °C and an arterial oxygen
saturation of 94% with support of 1 L/min of oxygen. When the patient
was breathing room air the saturation dropped to 84 %. The laboratory
results showed increased D-dimer levels of 2,749 pg/L (0-250 pg/L), a pro-
B-type natriuretic peptide value of 75 pg/mL (< 88 pg/mL), a glucose level
of 6.1 mmol/L and a serum creatinine level of 72 pmol/L. After medical
examination, there were no clinical signs of deep venous thrombosis, like
leg pain or other signs of thrombophlebitis in the lower limbs or presence of
varices expect edema in both ankles due to morbid obesity.

Pulmonary embolism was suspected and a lung ventilation and perfusion
scan was performed because the patient was unable to pass the CT-
scan. The perfusion scan performed with 192 MBq (instead of 100 MBq)
macroaggregates of albumin labelled with Technetium-131 (TechneScan®
LyoMAA) and the ventilation scan performed with Krypton-8im gas
confirmed the diagnosis of PE, with more than two lung segments showing
no perfusion and normal ventilation.

According to the local protocol, the patient was treated with tinzaparin.
Due to overall stability of the patient and in accordance to the guidelines
of the American College of Chest Physicians, no further interventions were
considered (1). Tinzaparin was started 3 h after admission with a dose of 175
IU anti-Xa/kg subcutaneously, according to the labelled dose of tinzaparin,
which resulted for this total body weight of 252 kg in a total dose of 42,000
IU (2.7 ml). In consultation with the Department of Clinical Pharmacy, it was
then decided to continue with a once daily dose of 28,000 IU anti-Xa a day
(175 1U/kg dose capped at 160 kg instead of 252 kg), because 175 IU/kg based
on a total body weight of 160 kg had previously been reported to be safe
and effective and because it was assumed that a total body weight above
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160 kg would not influence the clearance nor the volume of distribution of
tinzaparin any further (2-4). In addition to this dosing advice, anti-Xa activity
measurement was proposed to monitor the effect of this dose, thereby
preventing concentrations lower than o.5 IU/mL 4-5 h after the s.c. dose (5)
and targeting at a concentration of 1-2 IlU/mL 4-5 h after the s.c. dose at day
3 of treatment (6). Plasma levels of anti-Xa activity were measured with a
STA-Rack Evolution (Diagnostica Stago, Asniéeres, France) using an anti-Xa
clotting assay (StaClot®Heparin, Diagnostica Stago, Asnieres, France). The
anti-Xa assay standard calibration curve of tinzaparin ranged from o to 1.5
IU/mL. The within assay and among assay precision (coefficient of variation)
were 4.7% and 4.9%, respectively. Also on day 1, 6 mg of acenocoumarol
was administrated orally and adjusted based on the measured prothrombin
time (PT/INR) (Table I).

During and following treatment with tinzaparin and acenocoumarol, the
patient was relieved from his pain after 2 days and supplemental oxygen
could be stopped after 4 days because he recovered from his dyspnea
symptoms. Anti-Xa levels remained within the predetermined target
values (Table I). No bleeding, bruising events or other complications
occurred. He was discharged after 5 days when an adequate PT/INR > 2.0
was established (Table ). Both acenocoumarol and tinzaparin (for 3 more
days) were continued after discharge. Three days after his discharge, the
patient was readmitted because of constipation. During this readmission
anti-Xa levels were measured after his last dose of tinzaparin (Table ).
Five months after this event, the patient was stable without clinical signs
of venous tromboembolism, and no additional coagulation testing was
used to determine the presence of any ongoing thrombotic activity. Gastric
bypass surgery was performed after which the patient recovered and was
discharged.

Discussion

Obesity is an increasing health risk worldwide, with the US, UK and Australia
recording a prevalence in adults of around 20 % (7). Approximately 4.8 %
of the overall population are considered to be morbidly obese with a
BMI higher than 4o kg/m2 (8-9). While in the overall population in the US
pulmonary embolism (PE) resulted in approximately 200,000 deaths in
20 years (10), prospective data indicate that obesity is associated with an
increased risk for a PE in women (11). In the treatment and prevention of PE,
low-molecular-weight heparins (LMWH) have proven to be effective (12-13)
and tinzaparin once daily is labelled for the treatment of PE. According to
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Table | Tinzaparin and acenocoumarol doses and anti-Xa and PT/INR levels in the the label, tinzaparin dose corresponds to 175 IU/kg and should be based on

252 kg patient. the actual total body weight of the patient (14).
Day — Tinzaparin _ Tinzaparin _ anti-Xa (U/ml) Acenocoumarol PT/INR However, no dosing gmdellnes are available for the ’Freatmgnt of P.E in
(h) (V) (IU/kg) (mg) extremely obese patients. Previously, reports of tinzaparin provided

information that a safe and effective use of 175 IU/kg total body weight

* 200 could only be guaranteed for total body weights up to 160 kg (2). A similar
linear weight-based dosing regimen using once daily dalteparin has been
1 5:00 42,000 166.3 . . .
proposed before, but total body weights were restricted to a maximum of
1 20100 0.54 (=A) 190 kg and the indication was treatment of venous tromboembolism instead
of PE (124-15). Also for enoxaparin linear weight-based schemes have been
1 22:00 28,000 110.9 6 reported up to a total body weight of 165 kg for the treatment of acute
X 8:00 072(=B) a venous thromboembolism (16), which is similar to the proposed weight-

based regimen for nadroparin in the prophylaxis of tromboembolism in
2 16:00 28,000 110.9 obese patients up to a total body weight of 152 kg (17). The patient described
in this report weighs over 250 kg, which results in a very high dose when total
body weight is used for calculation of the dose, thereby potentially leading
to bleeding risks. Therefore a fixed dose, capped at a 160 kg was considered,
similar to a previously proposed dosing regimen for enoxaparin, e.g. a
3 13:40 134(=0) standard dose of 40 mg for a BMI up to 50 kg/m? and 60 mg enoxaparin for a
BMI higher than 5o kg/m? (28). For the same reasons of safety issues, more
recently, a dosage based on lean body weight (LBW) has been proposed (19),
4 8:00 1.8 which results in lower dosages compared to calculations based on total body
weight in extremely obese patients such as in our case. LBW is based on sex,
weight and height and does not linearly increase with total body weight and
5 8:00 2.1 is therefore expected to correlate better with the clearance of LMWHs (20).
However, this study was performed in only 11 patients with a maximum total
body weight of 120 kg, and therefore, the wide introduction of LBW as a
6 8:00 basis for dosing in extremely obese patients may be too early. Beside safety

issues, the final decision to administer a dose capped at a total body weight

2 22:00 4

3 8:00 28,000 110.9

3 22:00 28,000 110.9 2

4 22:00 28,000 110.9 3

5 22:00 28,000 110.9 3

6 1700 28,000 109 3 of 160 kg was also based on reports in obese patients that total body weight
; 8:00 is not a significant predictor for tinzaparin clearance (3). Additionally, based

on the pharmacokinetic properties of LMWH, the volume of distribution of
7 17:00 28,000 1209 2 tinzaparin was not expected to have a linear relationship with total body
8 8:00 31 weight in extremely obese patients (e.g. BMI > 5o kg/m? or total body weight

> 150 kg) as tinzaparin does not expected to distribute in adipose tissue. As
8 20:00 28,000 110.9 2 a result of all these considerations, it was concluded that the use of a linear
weight-based dosing regimen in extremely obese patients may potentially
lead to overdosing and higher risks of bleeding (6), and therefore in our case
9 14:00 028(=D) a dose cap at 160 kg was chosen together with anti-Xa measurements.
A possibility to evaluate the efficacy of a proposed dosing regimen is to
monitor anti-Xa levels. Although the relationship between anti-Xa levels
10 8:00 23 and efficacy or safety of LMWH treatment is not entirely clear (6, 21), levels

9 8:00 2.7

9 20:00 2
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Figure 1 Observed anti-Xa levels (circle) in the 252 kg patient with line of best fit according to a one-
compartment model (line) and dosing records of tinzaparin (arrow). Measured anti-Xa levels are plotted in
the figure (A, B, C and D), for details see table 1. Day 1 is the day the patient arrived at our hospital.

of 1.0- 2.0 IU/mL have been suggested for treatment of PE with once daily
tinzaparin, when measured 4-5 hours after the subcutaneous injection
on day 3 (22). Additionally, for enoxaparin, it has been demonstrated that
anti-Xa concentrations lower than o.5 IU/mL, 4-6 h after administration
of the second dose, resulted in an increased risk of mortality at 30 days
(5). Results from a study in obese volunteers with a maximum total body
weight of 165 kg (BMI of 61 kg/m?) show that the maximum concentration
of anti-Xa was 0.81 IU/mL (0.76 — 0.86 IU/mL) 4 h after subcutaneous
administration of a single dose of 175 1U/kg tinzaparin (2), which seems to
be in accordance with the previously mentioned target concentrations. Also
in our patient, we monitored anti-Xa concentrations in order to evaluate
whether our assumptions on tinzaparin behaviour in extremely obese
patients were correct. We found that all anti-Xa concentrations were within
the predetermined target values (see Table I).

For the purpose of the current report, we retrospectively fitted the anti-
Xa measurements of the patient from Table | using a one-compartment
pharmacokinetic model (iterative two-stage Bayesian fitting using
MWPharm 3.50, Mediware, The Netherlands) with pharmacokinetic
parameters of tinzaparin in non-obese patients (23). It was found that the
line very adequately described the observed anti-Xa levels in our patient,

74

which seems to confirm our assumption that tinzaparin does not distribute
any further over adipose tissue in extremely obese patients (Figure 1;
pharmacokinetic parameters of anti-Xa in this patient were found to be
1.14 L/h for clearance, 5.28 L for volume of distribution with an assumed
bioavailability of 59%). From Figure 1 it can also be concluded that, based
on measurements at day 1, pharmacokinetic modelling can be applied to
estimate whether the target concentration, which is defined for day 3, will
be reached, as the line of best fit very adequately describes the observed
anti-Xa concentrations. However, it should be realized that there is a highly
degree of uncertainly because the fitted data is based on 4 measurements of
anti-Xa of only one extremely obese patient, and therefore, more research is
needed to confirm these findings.

In summary, this case describes the successful treatment of PE in a 252 kg
patient (BMI 74 kg/m2) with tinzaparin in a fixed dose of 28,000 IU per day,
corresponding to 175 1U/kg for a total body weight of 160 kg. Larger studies
are needed to confirm whether this fixed dose of tinzaparin is effective and
safe in extremely obese patients.
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Abstract

Background

Obesity is associated with an increased risk of venous thromboembolism.
Low-molecular-weight heparins (LMWH) significantly reduce this risk.
So far there is no consensus on the optimal dose and duration of LMWH
in obese patients. The aim of this study is to assess the current practice of
thromboprophylaxis in obese patients in the Netherlands and to describe
current guidelines for thromboprophylaxis in obese patients.

Methods

Data on type, duration and dose of thromboprophylaxis for obese patients
from all the departments of general surgery (n=90) in the Netherlands were
obtained by online questionnaires and telephone interviews. A literature
search was conducted to identify available guidelines.

Results

With a response of 93% (n=84) of institutes, 63% reported the use of an in-
hospital protocol of thromboprophylaxis for surgical patients. In 77% LMWH
dose was adjusted, based on pre-determinedtotal body weight (72%) or body
mass index (BMI) (18%). Most hospitals (62%) doubled the standard dose
above a pre-determined cut-off limit of body weight. These cut-off limits
varied widely ranging from 70-150 kg total body weight or a BMI from 30-50
kg/m?2. In 13% of hospitals obese patients were given thromboprophylaxis
for an extended period after discharge, with a maximum of six weeks. None
of the identified guidelines in the literature search included advice about
dose adjustments or adjustments in duration of thromboprophylaxis for this
special group of patients.

Conclusion

There is a wide variety in the current practice of thromboprophylaxis in
obese surgical patients in the Netherlands. As current guidelines lack
practical dosing advices, further research to identify the optimal dose and
duration is mandatory.
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Introduction

The prevalence of obesity (body mass index (BMI) > 30kg/m?) has doubled
worldwide in the last two decades, now affecting a global estimate of over1.7
billion individuals (1, 2). Obesity is associated with multiple co-morbidities,
such as type 2 diabetes mellitus and hypertension (2), and a two to three
times increased relative risk of venous thromboembolism (VTE) compared
to non-obese patients (3).

The administration of low-molecular-weight heparins (LMWH) in surgical
patients significantly reduces the incidence of VTE postoperatively (4-
6). LMWH derives its antithrombotic activity mainly by binding to anti-
thrombin and thereby trapping factor Xa out of the coagulation. LMWH has
several benefits over unfractionated heparin, such as a single daily dosing,
a more predictable dose-response relationship and a higher effectiveness in
the prevention of VTE following bariatric surgery (7, 8).

The increase in the prevalence of obesity introduces new issues in patient
care such as the optimal dose and duration of administration of LMWH for
this group of patients. Only few studies are available on the optimal dosage
of LMWH in patients with (morbid) obesity (9-11), as this patient group is
often excluded from clinical trials.

We conducted asurvey to analyse the current practice inthromboprophylaxis
inobesesurgical patientsinthe Netherlandsand conductedaliteraturesearch
to identify specific guidelines on dosing and duration of thromboprophylaxis
in obese patients.

Methods

Questionnaire

The survey was designed using freely available Google™ Docs tools (Google Inc,
CA, USA) and was uploaded as a Google™ Docs form. A link to the questionnaire
with an introductory cover letter was sent by email to one representative
of each department of general surgery (n=90) in the Netherlands. The
survey consisted of 10 multiple choice questions and two open questions on
thromboprophylaxis in obese patients (Table I). Type of coagulation, duration
and dose of thromboprophylaxis in obese patients were assessed, as well as
the used definition of obesity and the availability of hospital-based guidelines
concerning thromboprophylaxis in obese patients. Data were completed by
repeated mailing and telephone interviews with non-responders.

Table | Questions of survey on prophylactic doses of low-Aolecular weight heparin in obese surgical
patients.

1.Which low-molecular-weight heparin (LMWH) is used in healthy normal-weight and
obese patients for thromboprophylaxis?
2.What LMWH dose is used in healthy normal-weight patients for thrombosis
prophylaxis?
3.How many days will thromboprophylactic therapy with LMWH be continued after
general surgical procedures to prevent venous thromboembolic complications
in normal-weight patients with a healthy kidney function (patients without oral
anticoagulation)?
4.Will the prophylactic dose of LMWH be adjusted for obese patients?
5.ls there a protocol for prophylactic dose adjustment of LMWH in obesity in your
hospital?
6.If so, to what patient groups does this protocol apply?
7.What is the cut-off body weight for LMWH adjustment?
8.Based on what body weight will LMWH doses be adjusted?
9.How will LMWH doses be adjusted in obesity?
10.How many days will LMWH be continued after general surgical procedures to
prevent venous thromboembolic complications in obese patients (patients without
oral anticoagulation and normal kidney function)?
11.Are anti-Xa levels checked in obese patients receiving venous thromboembolic
prophylaxis?
12.Does the surgical department in your hospital perform bariatric procedures?

Statistical methods

Data analysis was done using SPSS 17.0 (IBM Corporation, NY, USA) for
Windows. We compared differences in prescription practice in teaching
hospitals (university and non-university) to non-teaching hospitals, and
bariatric clinics to non-bariatric clinics using the chi-squared test. The
probability level accepted for statistical significance was set at p < o0.05 for
all comparisons.

Guidelines

A literature search for (inter)national guidelines on thromboprophylaxis
in obese patients was performed in Pubmed and SUM Search. The
following search terms were used (“Thrombosis“[Mesh] OR "“Venous
Thrombosis”[Mesh] OR “thrombosis” OR “thromboprophylaxis” OR
“thromboembolism”) AND (“Heparin, Low-Molecular-Weight”[Mesh]
OR “low-molecular weight heparin” OR “LMWH") AND (“Guideline” OR
“Guidelines as Topic”[Mesh] OR “Guideline” [Publication Type]).




[IH Thromboprophylaxis in obese in the Netherlands

Results

Questionnaire

Of the 9o contacted surgical departments, questionnaires were completed
by 84 hospitals (93% response). The most commonly used LMWH for VTE
prophylaxis was nadroparin (n=62, 74%), followed by dalteparin (n=16,
19%) and enoxaparin (n=6, 7%). Of the hospitals that used nadroparin, 74%
(n=55) used nadroparin 2,850 IU once daily as standard dose for non-obese
patients. Dalteparin was most commonly dosed as 2,500 IU per day (n=13,
81%), although three hospitals (19%) reported a dosage of 5,000 IU for non-
obese patients. Enoxaparin was either dosed as 20 mg per day (n=3, 50%)
or 40 mg per day (n=3, 50%) for non-obese patients. The majority of the
surgical departments continued thromboprophylaxis in non-obese patients
until discharge (n=69, 82%). In 12% of hospitals (n=10) thromboprophylaxis
was extended in these patients after discharge until the non-obese patient
was ambulating well. The duration of thromboprophylaxis was reported to
be depending on the surgical procedure in 5% of the hospitals.

Of all institutes, 63% (n=53) reported the use of an in-hospital
thromboprophylaxis protocol for obese patients. In 65 hospitals (77%), the
prophylactic LMWH doses were adjusted for obese patients. Adjustments
were mostly based on total body weight (n=47, 72%) and less commonly
on pre-determined BMI (n=12, 18%), individual characteristics (n = 1) or in
consultation with the anaesthesiologist (n = 1). Four hospitals (6%) did not
report the basis on which the LMWH dose was adjusted. In two hospitals
(3%), LMWH dose was only adjusted in (morbidly) obese patients undergoing
bariatric surgery.

Cut-off limits for dosing adjustment varied widely, with a median BMI of 33
kg/m2 (range 30 - 50 kg/m?), and a median total body weight of 8o kg (range
70 - 150 kg). Two hospitals used variable cut-off limits, based on individual
characteristics. Most centres adjusted LMWH doses by doubling the dose
used in non-obese patients (n=53, 62%). In other hospitals (n=7, 8%), the
dose of LMWH was increased with a factor 1.3 - 1.5, resulting for nadroparin
in 3,800 IU (n=6) and for dalteparin in 7,500 IU (n=1). Five hospitals (6%)
individualized the LMWH by dosing on IU per kilograms. Eleven hospitals
(13%) extended the LMWH prophylaxis in patients with obesity, to a duration
varying from 1to 6 weeks postoperative. In 7% (n=6) of the hospitals, anti-Xa
levels were measured in individual cases. However, none of these hospitals
reported whether and how the dose of LMWH should be adjusted based on
these anti-Xa levels.

Comparing teaching hospitals (n=52) with non-teaching hospitals (n=32), we

Table Il Survey results of teaching hospitals versus non-teaching hospitals.

Total Non-teaching  Teaching
(n=84) (n=32) (n=52) p-value
n (%) n (%) n (%)
LMWH used: 0.058
dalteparin 16 (19) 6 (19) 10 (19)
enoxaparin 6(7) 5(16) 1(2)
nadroparin 62 (74) 21 (66) 41 (79)
Adjusting LMWH dose for obese 65 (77) 38(73) 27 (84) 0.229
Adjusting LMWH duration for obese 11 (13) 2 (6) 9(17) 0.145
Existence of hospital protocol for obese  53(63) 22 (73) 31(67) 0.582
Anti-Xa tested in obese 6(7) 1(3) 5 (10) 0.258

found no significant differences for type of LMWH, adjustment of dose or
duration, presence of an in-hospital protocol for obese patients or testing of
anti-Xa levels (Table Il). Dose adjustment of LMWH did not significantly vary
between bariatric(n=27,32%) and non-bariatric centres (n=57, 68%). Bariatric
clinics did more often extend the duration of thromboprophylaxis (33%
versus 4%, p<0.005), however in some of these clinics thromboprophylaxis
was only extended in patients undergoing bariatric surgery (n=3). Neither
the choice of LWMH, nor the existence of a protocol for adjusting LMWH
in obese patients, nor the number of hospitals testing anti-Xa levels did
significantly differ between bariatric and non-bariatric centres (Table IlI).

Guidelines

The most recent guideline on thromboprophylaxis is the guideline of the
American College of Chest Physicians (ACCP), which has been revised
in February 2012. This gth edition advises to follow manufacturers’
recommendation for pharmacological thromboprophylaxis (12-14). The
ACCP guideline recognized obesity as a risk factor for VTE in both medical
and bariatric surgical patients. It states that even though coagulation
monitoring is generally not necessary, monitoring in special patient groups,
including obese patients is advised (14). The guidelines of the National
Institute for Health and Clinical Excellence (NICE) (15) and the Dutch
Institute for Healthcare Improvement (16) also recognize obesity as a risk
factor, but do not include advices about adjustments in dose or duration
of thromboprophylaxis in obese patients. The guideline of the Scottish
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Table lll Survey results of bariatric clinics versus non-bariatric clinics.

Total Bariatric ~ Non-bariatric
(n=84) (n=27) (n=57) p-value
n (%) n (%) n (%)
LMWH used: 0.073
dalteparin 16 (19) 8 (30) 8 (14)
enoxaparin 6(@7) 0 (0) 6 (11)
nadroparin 62 (74) 19 (70) 43(75)
Adjusting LMWH dose for obese 65 (77) 21(78) 44 (77) 0.952
Adjusting LMWH duration for obese 11 (13) 9(33) 2 (4) <0.05
Existence of hospital protocol for obese 53 (63) 18 (72) 35 (69) 0.764
Anti-Xa tested in obese 6(7) 2(8) 4(7) 0.946

Intercollegiate Guidelines Network (SIGN) does include obesity as a risk
factor, but consequently states that patients undergoing bariatric surgery
should receive thromboprophylaxis as recommended for those undergoing
general surgery. Weight-based dose adjustments are not advised for LMWH
according to the SIGN guideline, although it is advised to monitor LMWH
activity in patients atextremes of weight (17). The German guideline describes
obesity as a moderate risk factor and it recognizes that sometimes weight-
based dose adjustments are made, without any specification or appraisal.
No specific recommendations regarding dose or duration adjustments
are made (18). The guideline of the French Society of Anaesthesiology
and Reanimation only advises dose adjustments of prophylactic LMWH in
overweight obstetric patients and does not make specific recommendations
for surgical patients (19).

Discussion

In this survey we showed that in the majority of hospitals (77%), the LMWH
dose is increased for obese patients but various regimens are used in clinical
practice both in terms of dosing and duration of antithrombotic treatment.
Besides, available guidelines lack practical dosing advices for this special
group of patients.

Obesity, defined as a BMI > 30 kg/m? or greater, is a known risk factor for

venous thromboembolism (VTE) (20) with a more than two times increased
relative risk for deep venous thrombosis (DVT) (3) and pulmonary embolism
(PE) for hospitalized patients compared to non-obese (21). A linear
association between body weight and risk of VTE has been shown with an
estimated six-fold increase in the risk of PE in women with a BMI > 35 kg/
m? (22). With the rising incidence of obesity, health services worldwide are
confronted with an ever increasing number of patients undergoing bariatric
surgery. Most clinical trials and retrospective analyses on the incidence of
VTE in (morbidly) obese patients involve the group of patients undergoing
bariatric surgery. The perioperative incidence of VTE, either symptomatic or
asymptomatic, after laparoscopic bariatric surgery appears to be relatively
low (below 1%), regardless of the antithrombotic prophylaxis regimen (23).
This is probably due to short operation times and short immobilization. The
incidence of VTE after laparoscopic bariatric surgery for patients receiving
thromboprophylactic therapy increases to almost 3% up to 6 months
following surgery (24). Within the bariatric population, several contributing
risk factors identified for VTE were: previous VTE, age > 55 years, smoking
and male sex(24). Therisk of postoperative VTE in obese patients undergoing
orthopaedic, major gynaecological of oncologic abdominal surgery may be
higher, underlining the need for optimal and individualized prophylactic
therapy in this special group of patients.

Different dosing strategies for LMWH in obese patients have been proposed
but most reports are inconclusive on how to individualize the LMWH dosing
regimen (9-11). Retrospective subgroup analyses from large VTE prophylaxis
trials using a similar standard dose of LMWH in obese and non-obese
hospitalized patients show no significant difference in postoperative VTE
in both groups (25, 26). Prospective studies on different dosing regimens
for VTE prophylaxis in morbidly obese subjects, mostly involving patients
undergoing bariatric surgery, show equivocal results. Kalfarentos et al.
comparing two doses of nadroparin (5,700 IU vs. 9,500 IU) in a randomized
study among morbidly obese patients undergoing Roux-en-Y gastric bypass
surgery, reported no VTE events in both groups. However, the higher dose
resulted in two major haemorrhages while no major bleeding event occurred
in patients receiving the lower dose (27). A higher dose of 40 mg enoxaparin
showed to reduce non-fatal VTE compared to 30 mg for obese patients (0.6%
vs. 5.4%) without increased incidence of bleeding complications (28). Singh
et al. found no VTE events in 170 morbidly obese patients (BMI 40-59 kg/m?)
using a BMl-stratified enoxaparin dosing schedule, with doses ranging for
30 to 60 mg (29). These results support the evidence to increase the LMWH
dose for obese patients, although the optimal dose is still unknown.

As there are currently no evidence-based dosing guidelines available for
prophylactic LMWH therapy in obese patients, monitoring of anti-Xa levels
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four hours after the first dose is often recommended (30). No therapeutic
range has been defined for obese patients, but it seems rational to aim
for the prophylactic range in non-obese patients of 0.2-0.5 IU/mL at four
hours after administration of LMWH (11). Most studies have focused on the
effect of increased LMWH doses on anti-Xa levels. Rowan et al. achieved
a higher percentage of therapeutic anti-Xa levels (9% vs. 41.7%) for 40 mg
enoxaparin compared to 30 mg enoxaparin (31). Although therapeutic levels
were not reached in over 50% of patients, no VTE events were reported. In
another study less subtherapeutic levels (0% vs. 40%) were achieved with a
higher dose of 60 mg enoxaparin compared to 40 mg enoxaparin, without
increasing the number of bleeding complications (32). Both studies involved
patient groups with a mean BMI of 48 kg/m? (31, 32). Although results of
some of the aforementioned studies may seem inconclusive, it appears that
a standard dose of LMWH as used in the non-obese population is insufficient
in the (morbidly) obese population and dose adjustments are warranted.
A recent review by Nutescu et al. recommended a 30% higher dose for
morbidly obese patients, as well as monitoring anti-Xa levels in individuals
weighting over 190 kilograms (11).

In a previous study among bariatric patients we showed that after a double
dose of nadroparin compared to non-obese patients, still 50% of the morbidly
obese patients showed peak anti-Xa levels below the recommended range.
These peak anti-Xa levels correlated with lean body weight and therefore
lean body weight was proposed as dosing scalar for thromboprophylaxis
with LMWH nadroparin (33). In addition, peak anti-Xa levels in morbidly
obese patients were not found to correlate with total body weight or BMI
(34). As LMWH distribute mainly to the intravascular compartment, instead
of tissues and body fat, these findings might be explained by the non-linear
increase of plasma volume with the increase in total body weight (35).

The currently available guidelines do not specifically advise dose adjustment
of LMWH in morbidly obese patients, and most recommend to use product
labels (12-19). This advice is oftenignored, as proven by Barras et al., showing
that 96% of questioned hospitals had a LMWH strategy that contravened
with product labels (9). In clinical practice in Dutch hospitals, 62% of the
hospital doubled the LMWH dose for thromboprophylactic therapy in obese
patients. However, the cut-off point for body weight above which the LMWH
dose was increased differed between hospitals.

Beside the optimal dose, there is debate about the duration of prophylaxis
after surgery. Our study shows that extended duration of prophylaxis is not
yet common practice in the Netherlands. Only 13% of respondents indicate
to adjust duration of prophylaxis in obese patients. Significantly more
surgical departments performing bariatric surgery (33%, p<o.05) extended
the duration of thromboprophylaxis after discharge. The benefits of

extended duration of prophylaxis have been studied in bariatric populations
and showed a reduced incidence of thromboembolic complications in
patients receiving prophylaxis up to ten days post-discharge (10, 36, 37). To
date, guidelines do not include this evidence.

As Dbariatric procedures are exponentially increasing worldwide this
patient group could be a target population for the study of perioperative
thromboprophylaxis regimen in the subset of obese patients. As the
incidence of post-operative VTE appears to be rather low in the bariatric
population, future studies should focus on risk groups within this population,
i.e. patients within the highest ranges of BMI or comorbidities. Prospective
studies should identify the optimal dosing schedules for the obese patients
and clarify the benefit of extended prophylaxis. The increasing numbers
of obese surgical patients and the current wide variety in the practice of
thromboprophylaxis demonstrate the necessity of uniform guidelines for
LMWH prophylaxis in obese patients.

187




[IH Thromboprophylaxis in obese in the Netherlands

References

1.Deitel M. Overweight and obesity worldwide
now estimated to involve 1.7 billion people. Obes
Surg. 2003;13(3):329-30.

2.Kopelman PG. Obesity as a medical problem.
Nature. 2000;404(6778):635-43.

3.Stein PD, Beemath A, Olson RE. Obesity as a risk
factor in venous thromboembolism. Am J Med.
2005;118(9):978-80.

4.Alikhan R, Cohen AT. Heparin for the prevention
of venous thromboembolism in general medical
patients (excluding stroke and myocardial
infarction). Cochrane Database Syst Rev.
2009(3):CD003747.

5.Mismetti P, Laporte S, Darmon JY, Buchmuller
A, Decousus H. Meta-analysis of low molecular
weight heparin in the prevention of venous
thromboembolism in general surgery. Br J Surg.
2001;88(7):913-30.

6.Rasmussen MS, Jorgensen LN, Wille-Jorgensen
P. Prolonged thromboprophylaxis with low
molecular weight heparin for abdominal or
pelvic surgery. Cochrane Database Syst Rev.
2009(1):CD004318.

7.Geerts WH, Pineo GF, Heit JA, Bergqvist D,
Lassen MR, Colwell CW, et al. Prevention of
venous thromboembolism: the Seventh ACCP
Conference on Antithrombotic and Thrombolytic
Therapy. Chest. 2004;126(3 Suppl):3385-400S.

8.Birkmeyer NJ, Finks JF, Carlin AM, Chengelis
DL, Krause KR, Hawasli AA, et al. Comparative
Effectiveness of Unfractionated and Low-
Molecular-Weight Heparin for Prevention of
Venous Thromboembolism Following Bariatric
Surgery. Arch Surg. 2012;147(11):994-8.

9.Barras MA, Kirkpatrick CM, Green B. Current
dosing of low-molecular-weight heparins
does not reflect licensed product labels: an
international survey. Br J Clin Pharmacol.
2010;69(5):520-8.

10.Borkgren-Okonek MJ, Hart RW, Pantano JE,
Rantis PC, Jr., Guske PJ, Kane JM, Jr, et al.
Enoxaparin thromboprophylaxis in gastric
bypass patients: extended duration, dose
stratification, and antifactor Xa activity. Surg
Obes Relat Dis. 2008;4(5):625-31.

11.Nutescu EA, Spinler SA, Wittkowsky A, Dager
WE. Low-molecular-weight heparins in renal
impairment and obesity: available evidence
and clinical practice recommendations
across medical and surgical settings. Ann
Pharmacother. 2009;43(6):1064-83.

12.Garcia DA, Baglin TP, Weitz JI, Samama MM.
Parenteral anticoagulants:  Antithrombotic
Therapy and Prevention of Thrombosis, gth
ed: American College of Chest Physicians

Evidence-Based Clinical Practice Guidelines.
Chest. 2012;141(2 Suppl):e245-43S.

13.Gould MK, Garcia DA, Wren SM, Karanicolas
PJ, Arcelus JI, Heit JA, et al. Prevention of
VTE in Nonorthopedic Surgical Patients:
Antithrombotic Therapy and Prevention of
Thrombosis, gth ed: American College of Chest
Physicians Evidence-Based Clinical Practice
Guidelines. Chest. 2012;141(2 Suppl):e2275-
775.

14.Douketis JD, Spyropoulos AC, Spencer FA, Mayr
M, Jaffer AK, Eckman MH, et al. Perioperative
management of antithrombotic therapy:
Antithrombotic Therapy and Prevention of
Thrombosis, gth ed: American College of Chest
Physicians Evidence-Based Clinical Practice
Guidelines. Chest. 2012;141(2 Suppl):e3265-
50S.

15.Hill J, Treasure T. Reducing the risk of venous
thromboembolism in patients admitted to
hospital: summary of NICE guidance. BMJ.
2010;340:C95.

16.CBO. Diagnostiek, preventie en behandeling
van veneuze trombo-embolie en secundaire
preventie arteriéle trombose (Dutch). Utrecht:
CBO; 2009.

17.5IGN.  Prevention and management of
venous thromboembolism. A national clinical
guideline. Edinburgh, Scotland: 2011.

18.AWMF. Leitlinie Prophylaxe der vendsen
Thromboembolie (VTE). Marburg, Germany:
2010.

19.SFAR. Prévention de la maladie
thromboembolique veineuse périopératoire
et obstétricale. Recommandations pour la
pratique clinique. Nancy, France: 2005.

20.Geerts WH, Bergqvist D, Pineo GF, Heit JA,
Samama CM, Lassen MR, et al. Prevention of
venous thromboembolism: American College
of Chest Physicians Evidence-Based Clinical
Practice Guidelines (8th Edition). Chest.
2008;133(6 Suppl):3815-453S.

21.Stein PD, Matta F, Goldman J. Obesityand
pulmonary embolism: The mounting evidence
of risk and the mortality paradox. Thromb Res.
2011. Epud 2011/11/15

22.Kabrhel C, Varraso R, Goldhaber SZ, Rimm EB,
Camargo CA. Prospective study of BMI and the
risk of pulmonary embolism in women. Obesity
(Silver Spring). 2009;17(11):2040-6.

23.Becattini C, Agnelli G, Manina G, Noya G,
Rondelli F. Venous thromboembolism after
laparoscopic bariatric surgery for morbid
obesity: clinical burden and prevention. Surg
Obes Relat Dis. 2012;8(1):108-15.

24.Steele KE, Schweitzer MA, Prokopowicz
G, Shore AD, Eaton LC, Lidor AQ, et al. The

long-term risk of venous thromboembolism
following bariatric surgery. Obes Surg.
2011;21(9):1371-6.

25.Alikhan R, Cohen AT, Combe S, Samama MM,
Desjardins L, Eldor A, et al. Prevention of
venous thromboembolism in medical patients
with enoxaparin: a subgroup analysis of the
MEDENOX study. Blood Coagul Fibrinolysis.
2003;14(4):341-6.

26.Kucher N, Leizorovicz A, Vaitkus PT, Cohen AT,
Turpie AG, Olsson CG, et al. Efficacy and safety
of fixed low-dose dalteparin in preventing
venous thromboembolism among obese
or elderly hospitalized patients: a subgroup
analysis of the PREVENT trial. Arch Intern Med.
2005;165(3):341-5.

27.Kalfarentzos F, Stavropoulou F, Yarmenitis S,
Kehagias I, Karamesini M, Dimitrakopoulos A,
et al. Prophylaxis of venous thromboembolism
using two different doses of low-molecular-
weight heparin (nadroparin) in bariatric
surgery: a prospective randomized trial. Obes
Surg. 2001;11(6):670-6.

28.Scholten DJ, Hoedema RM, Scholten SE. A
comparison of two different prophylactic dose
regimens of low molecular weight heparin in
bariatric surgery. Obes Surg. 2002;12(1):19-24.

29.Singh K, Podolsky ER, Um S, Saba S, Saeed
I, Aggarwal L, et al. Evaluating the safety
and efficacy of BMI-based preoperative
administration ~ of  low-molecular-weight
heparin in morbidly obese patients undergoing
Roux-en-Y gastric bypass surgery. Obes Surg.
2012;22(1):47-51.

30.Harenberg J. Is laboratory monitoring of low-
molecular-weight heparin therapy necessary?
Yes. J Thromb Haemost. 2004;2(4):547-50.

31.Rowan BO, Kuhl DA, Lee MD, Tichansky DS,
Madan AK. Anti-Xa levels in bariatric surgery
patients receiving prophylactic enoxaparin.
Obes Surg. 2008;18(2):162-6.

32.Simone EP, Madan AK, Tichansky DS, Kuhl DA,
Lee MD. Comparison of two low-molecular-
weight heparin dosing regimens for patients
undergoing laparoscopic bariatric surgery. Surg
Endosc. 2008. Epud 2008 Jul 2

33.Diepstraten J, Hackeng CM, Van Kralingen
S, Zapletal J, Van Dongen EP, Wiezer MJ, et
al. Anti-Xa levels 4 hours after subcutaneous
administration of 5700 IU nadroparin strongly
correlate with lean body weight in morbidly
obese patients. Obes Surg. 2012;Epub 1 feb.

34.Rondina MT, Wheeler M, Rodgers GM, Draper
L, Pendleton RC. Weight-based dosing of
enoxaparin for VTE prophylaxis in morbidly
obese, medically-lll patients. Thromb Res.
2010;125(3):220-3.

35.Lemmens HJ, Bernstein DP, Brodsky JB.
Estimating blood volume in obese and morbidly
obese patients. Obes Surg. 2006;16(6):773-6.

36.Hamad GG, Choban PS. Enoxaparin for
thromboprophylaxis in morbidly obese patients
undergoing bariatric surgery: findings of the
prophylaxis against VTE outcomes in bariatric
surgery patients receiving enoxaparin (PROBE)
study. Obes Surg. 2005;15(10):1368-74.

37.Raftopoulos |, Martindale C, Cronin A,
Steinberg J. The effect of extended post-
discharge chemical thromboprophylaxis on
venous thromboembolism rates after bariatric
surgery: a prospective comparison trial. Surg
Endosc. 2008;22(11):2384-91.




nti-Xa levels 4 h after subcutaneous
administration of 5,700 IU nadroparin strongly
correlate with lean body weight in morbidly
obese patients

Jeroen Diepstraten, Christian M. Hackeng, Simone van Kralingen, Jiri Zapletal,
Eric P.A. van Dongen, René J. Wiezer, Bert van Ramshorst, Catherijne A.J. Knibbe

Obesity Surgery 2012, published online

190

Abstract

Background

Morbidly obese patients (BMI > 40 kg/m?) are at increased risk for venous
thromboembolism, especially after surgery. Despite limited evidence,
morbidly obese patients are often administered a double dose of nadroparin
for thromboprophylaxis compared to non-obese patients. The aim of this
study was to evaluate the influence of different body size descriptors on
anti-Xa levels after a double dose of nadroparin (5,700 IU) in morbidly obese
patients.

Methods

In 27 morbidly obese patients with a mean total body weight (TBW) of 148 kg
(range 107 — 260 kg), anti-Xa levels were determined peri-operatively until
24 h after administration of a subcutaneous dose of 5,700 IU of nadroparin.
Results

Anti-Xalevel 4 h after administration (A,;,, mean 0.22 + 0.07 lU/ml) negatively
correlated strongly with lean body weight (LBW) (r = -0.66 (p<0.001)),
moderately with TBW (r = -0.56 (p=0.003)) and did not correlate with BMI
(r = -0.26 (p=0.187)). The area under the anti-Xa level-time curve from o to
24 h (AUA,.,,», mean 2.80 + 0.97 h*IU/ml) correlated with LBW (r = -0.63
(p=0.007)), but did not correlate with TBW (r = -0.44 (p=0.075)) or BMI (r =
-0.10 (p=0.709)).

Conclusion

Following a subcutaneous dose of nadroparin 5,700 U, A,;, and AUA,,,,
were found to negatively correlate strongly with LBW. From these results,
individualized dosing of nadroparin based on LBW should be considered in
morbidly obese patients.
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Introduction

Currently more than 30% of the US population is obese (Body Mass Index
(BMI)>30 kg/m?) and 2.8% of adult men and 6.9% of adult women are
morbidly obese (BMI>40 kg/m?) (1). Consequently, there is a marked
increase of this special group of patients presenting for various types of
surgery, including bariatric surgery. In obese patients, the relative risk for
venous thromboembolism (VTE) is more than doubled compared to non-
obese patients, and even five times higher in obese patients with an age of
40 years or younger (2).

Low-molecular-weight heparins (LMWH) have shown to substantially
reduce the risk for VTE by inactivating clotting factor Xa (3-4). Compared
to unfractionated heparin, LMWH have a more favourable benefit-risk
ratio and a more predictable dose-response relationship (5). In the ACCP
guidelines, LMWH are recommended for prophylactic use in morbidly obese
patients albeit without any specific recommendation for the dose in this
special population (5-6). These guidelines recommend to monitor the effect
of LMWH in morbidly obese patients using anti-Xa levels (6). Since LMWH
are a mixture of polysaccharides that includes biologically inactive species, it
is not possible to measure LMWH levels directly (4). The commonly reported
prophylactic range of anti-Xa levels for non-obese patients is 0.2 — 0.5 IU/ml
4 h after administration (7).

In the lack of specific dosing guidelines for dose adjustment of LMWH
in morbidly obese patients, different body size descriptors have been
proposed, such as total body weight (TBW) (8) and BMI (9-10). However, in
clinical practice the prophylactic dose of LMWH is often doubled in morbidly
obese patients resulting in 5,700 IU nadroparin (11). The aim of this study
was to evaluate the influence of different body size descriptors on anti-Xa
levels following a dose of 5,700 IU of nadroparin in morbidly obese patients.
In this study, anti-Xa levels 4 h after administration (A,,) and the area under
the anti-Xa level-time curve from o to 24 h (AUA, ,,;,) were considered and
studied for a correlation with LBW (12), TBW and BMI.

M aterials and methods

Patients
Twenty-seven morbidly obese patients scheduled to undergo laparoscopic
gastric banding or gastric bypass surgery were enrolled in two prospective
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studies (ClinicalTrials.gov identifier cohort 1: NCTo01097148 and cohort
2: NCTo1309152). Patients were included if they were between 18 and 60
years old, had an American Society of Anesthesiologists (ASA) physical
status classification of Il or lll, a normal renal and liver function as assessed
by routine laboratory testing, and a BMI of over 40 kg/m? at the day of
screening. Exclusion criteria included a BMI lower than 35 kg/m? at the day
of surgery, LMWH administration within 48 h preceding surgery, pregnancy,
breast feeding, epilepsy and known allergy for propofol, soy bean oil or
egg lecithin. Both study protocols were approved by the hospitals ethics
committee and written informed consent was signed by each participating
patient.

Procedure

In both cohorts, before induction, an antecubital infusion line, an indwelling
arterial blood pressure line and a three-lead ECG were installed. No pre-
anaesthetic medication was given, and all patients were fasting for 6 h
before surgery to minimize the risk of aspiration during induction. Following
a propofol bolusinjection of 350 mg, intravenous fentanyl and cefazolin were
given in fixed doses of 250 pug and 2 g, respectively, followed by 5,700 U
(0.6 ml) nadroparin subcutaneously administered in the thigh. Anaesthesia
was maintained with continuous infusions of propofol and remifentanil after
induction of anaesthesia according to routine clinical practice.

Blood sampling and analytical methods

Blood samples for determination of anti-Xa-levels were collected before
induction of anaesthesia (t=0), at 10, 30, 60, 90, 120, 180, 240, 300 and
420 minutes after nadroparin dosing and the next morning within 24 h
after administration in cohort 1, and before induction of anaesthesia, 120
and 240 minutes after nadroparin dosing and the next morning within 24
h after administration in cohort 2. Blood samples were collected in 3.2%
buffered sodium citrate containing tubes and were immediately stored on
ice until centrifugation. All samples were centrifuged at 4 °C within one
hour after collection to obtain plasma samples, and stored at —-8o °C until
analysis within 1 month after collection. Plasma levels of anti-Xa activity
were measured with a STA-Rack Evolution (Diagnostica Stago, Asnieéres,
France) using an anti-Xa clotting assay (StaClot®Heparin, Diagnostica
Stago, Asniéres, France). The rate of chromophobe appearance at 405 nm
was measured. Calibration occurred with eight concentrations of nadroparin
(STA® Multi Calibrator) in normal pooled plasma. The calibration curve was
found to be linear between 0.00 and 1.60 IlU/ml. The within assay and among
assay precision (coefficient of variation) were 4.7 % and 4.9 %, respectively.
Regression analysis was used to determine the calibration curve values from
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which the experimental values were obtained.

Data analysis

Statistical software (PASW Statistics 19.0 for Windows; IBM, Chicago,
IL, US) was used for statistical analysis. Continuous data were expressed
as mean * SD. To study the association between anti-Xa level 4 h after
administration (A,;) and the area under the anti-Xa level-time curve from
o to 24 h (AUA,_,,;) and different body size descriptors (TBW, BMI and LBW
(12)) the Pearson’s correlations coefficient (r) was calculated. A p<o.os5 was
considered significant. The area under the anti-Xa level-time curve from o to
24 h (AUA, ) was calculated using the linear trapezoidal method (13) with
estimating the levels at t = 24 h using the last two or three samples. Lean
body weight, which is considered to closely approximate fat free mass (12),
was calculated using formulas of Janmahasatian et al, for men: (9,270 * TBW
(kq)) / (6,680 + 216 * BMI) and for women: (9,270 * TBW (kg)) / (8,780 + 244
* BMI) (22).

Results

Patients and Data

Twenty-seven morbidly obese patients with a mean TBW of 149 kg (range
107 - 260 kg) were enrolled and a total of 240 blood samples were available.
Nineteen patients were included from cohort 1, and eight patients from
cohort 2. All demographic characteristics of the morbidly obese patients
from cohort 1, cohort 2 and total study population are provided in Table I.
Anti-Xa levels 4 h after administration (A,,) were available in all 27 patients
of cohort 1 and 2. While in cohort 2 there were insufficient data to calculate
the area under the anti-Xa level-time curve from o to 24 h (AUA, ,,.), AUA, ..
could be analyzed in 17 patients of cohort 1.

Anti-Xa levels

Mean anti-Xa levels 4 h after administration (A,;) after the administration
of 5,700 IU nadroparin in those morbidly obese patients and the area under
the anti-Xa level-time curve from o to 24 h (AUA, ) are shown in Table II.
Thirteen morbidly obese patients (48%) showed anti-Xa-levels below the
prophylactic range of 0.20 - 0.50 IU/ml .

Figure 1 shows that A4h strongly correlated with LBW (r = -0.66, p<0.001),
moderately correlated with TBW (r = -0.56, p=0.003) and did not correlate
with BMI (r = 0.26, p=0.187). Figure 2 demonstrates that AUA, ,,, strongly
negatively correlated with LBW (r = -0.78, p=0.007) and did not correlate
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Table | Patient characteristics of twenty-seven morbidly obese patients receiving
5,700 IU nadroparin subcutaneously.

Parameter Total study population Cohort1 Cohort 2
(mean (SD)) (mean (SD)) (mean (SD))

Patients (n) 27 19 8

Age (y) 44(9) 45 (10) 40 (6)

Sex(M/F) 10/17 9/10 1/7

TBW (kg) 149 (32) 153 (35) 140 (23)

IBW (kg) 67 (10) 68 (11) 64(7)

LBW (kg) 71 (14) 74 (15) 66 (9)

BMI (kg/m?) 49 (10) 50 (10) 47 (6)

BMI = body mass index; F = female; IBW = ideal body weight (28); LBW = lean body weight(12); M = male;
SD = standard deviation; TBW = total body weight

Table Il Mean anti-Xa levels 4 h after administration (A,,) and mean area under
the anti-Xa level-time curve from o to 24 h (AUA,.,,1) after 5,700 IU of nadroparin
(prophylactic range of anti-Xa levels 4 h after administration is 0.2 — 0.5 IU/ml for
non-obese patients (7)).

Mean (SD) Number
A,.h (IU/mL) 0.22 +0.07 27
A, percentage below prophylactic range (%) 48%
AUA  (h*I1U/mL) 2.80+0.97 17

0-24h

with TBW (r = -0.44, p=0.075) or BMI (r = -0.10, p=0.709).

Figure 3 shows the results of both A, and AUA, ,,, from this study together
with previously reported values in the literature of non-obese (14-19) and
(morbidly) obese patients (11, 19) versus nadroparin dose. The figure
demonstrates that in non-obese patients there is a linear dose-response
curve for both A, and AUA, .. The results of this study after administration
of 5,700 U nadroparin in morbidly obese patients show an A, and AUA,.
.n that are lower than would be expected from these dose-response
relationships. Similar results are shown for anti-Xa levels in obese patients
that were previously reported (Figure 3).
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this body size descriptor deserves further study in morbidly obese patients.
As stated before, measurement of anti-Xa levels is recommended in
morbidly obese patients (6, 20) in absence of established dosing protocols
for LMWH for these patients. Although no range has been established in
morbidly obese patients and morbidly obese patients are at increased risk
for VTE (2), it seems rational to aim for at least anti-Xa levels of 0.2 - 0.5
IU/mL, which is the reported prophylactic range for non-obese patients
(7). Half of the morbidly obese patients in this study (48 %) showed anti-Xa
levels below this window, suggesting increased doses might be necessary. In
addition, since the relationship between anti-Xa levels and the occurrence of
bleedings (21) or VTE (22) is unknown, studies on this relationship in morbidly
obese patients receiving prophylaxis with LMWH are urgently needed to
define the optimal window of anti-Xa levels in morbidly obese patients.

It has been reported before by Heizmann et al. that a linear increase in
nadroparin dose does not result in a linear increase in maximum anti-Xa
levels after 4 h and AUA levels in obese patients and that dosing should
not be based on TBW (19). The reported anti-Xa levels were, however, not
correlated to other body size descriptors and, therefore, no conclusions
could be drawn on how to optimize nadroparin doses in obese patients.
Similarly, for enoxaparin, peak anti-Xa levels in morbidly obese patients
were not found to correlate with TBW or BMI (8). A dosing regimen based
on LBW instead of TBW would seem to make more sense since it has a
non-linear increase with height and TBW. It has therefore been proposed
before for the therapeutic dose of enoxaparin for patients weighing more
than 100 kg (23). LBW, representing fat free mass in individuals, can be
measured with bioelectrical impedance analysis (BIA) or dual-energy x-ray
absorptiometry (DXA). To estimate LBW, the formula by Janmahasatian et
al. (22) is the most commonly used method as it was found to provide good
predictive performance of the Fat Free Mass measured with bioelectrical
impedance analysis (BIA) or dual-energy x-ray absorptiometry (DXA) (12).
In this study, we investigated the correlation between LBW (12) and anti-Xa
levels and AUA, .. As shown in Figure 3, there is a substantial influence of
excessive body weight on anti-Xa levels after subcutaneous administration
of nadroparin in morbidly obese patients as the results of morbidly obese
patients are well below the line for non-obese patients. These results seem
in accordance with the correlation described in this study between LBW (12)
and A,,. As LMWH are mainly distributed over vascular tissue and blood, an
explanation for this relation for A, may be the non-linear increase of plasma
volume with body weight (24). Since there are no reports available indicating
a reduced biological availability of LMWH in obese patients (25-26), it may
be anticipated that the lower AUA, ,,, in morbidly obese patients compared
to non-obese patients is caused by an increased glomerular filtration in

morbidly obese patients (27) which increases nadroparin clearance. These
hypotheses need clarification in future studies.

In conclusion, both anti-Xa levels 4 h after administration and the area under
the anti-Xa level-time curve from oto 24 h after subcutaneous administration
of nadroparinin morbidly obese patients were negatively correlated strongly
with LBW (12). From these results, individualized dosing on the basis of LBW
should be considered in morbidly obese patients.
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Abstract

Background

In absence of specific dosing guidelines, the optimal dose of low-molecular-
weight heparins for thrombosis prophylaxis in morbidly obese patients
(BMI > 40 kg/m?) remains unknown. In order to guide dosing in this
patient group, a pharmacodynamics model is developed for nadroparin in
morbidly obese and non-obese patients using anti-Xa levels as an endpoint,
thereby characterizing the influence of excessive body weight on different
pharmacodynamic model parameters.

Methods

Twenty-eight morbidly obese and seven non-obese patients receiving 5,700
IU and 2,850 IU s.c. nadroparin for surgery, respectively, were included
with a mean total body weight (TBW) of 135 kg (range 72—252 kg). Up to
11 anti-Xa levels were collected from start until 24 hours after nadroparin
administration. Population pharmacodynamic modelling with covariate
analysis was performed using NONMEM.

Results

In a two-compartment pharmacodynamic model with baseline endogenous
anti-Xa levels, the effect of nadroparin was found to be delayed and could be
best described using a transit compartment. TBW was the most predictive
covariate for clearance (CL = 23.0 mL/min * (TBW/70)), while lean body
weight (LBW) proved the most predictive covariate for central volume of
distribution (V1 =7.0 L * (LBW/60)).

Conclusion

A pharmacodynamic model was developed characterizing anti-Xa levels
after s.c. administration of nadroparin in patients weighing between 72
to 252 kg with TBW and LBW as the major determinant for clearance and
volume of distribution, respectively. Based on simulations using the final
covariate pharmacodynamic model it appeared that a dose of 5,700 IU
nadroparin will lead to target anti-Xa levels in morbidly obese patients with
a LBW below 90 kg.
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Introduction

Western countries, the incidence of obesity (body mass index (BMI) > 30
kg/m?) is increasing resulting in a percentage of 30% of the population of
the United States (2). In addition, the incidence of morbidly obese patients
(BMI > 40 kg/m?) is on the rise as well (2, 3). Obesity is associated with a two
times increased relative risk of venous thromboembolism (VTE) compared
to non-obese patients (4). More specifically, the prevalence of pulmonary
embolism in hospitalized patients is higher in obese patients than in non-
obese patients (5).

Low-molecular-weight heparins (LMWHs) are widely used for the prevention
of VTE both in non-obese patients and (morbidly) obese patients, even
though for the latter population dosing advices largely vary (6). In addition,
different weight scales have been proposed to adjust the dose of LMWH in
obese patients, such as total body weight (TBW) (7) and BMI (8, 9). In clinical
practice, the prophylactic dose of LMWH for morbidly obese patients is
often capped at a certain dose, resulting for instance for nadroparin in a
fixed dose of 5,700 IU (= 0.6 mL) for the heterogeneous group of morbidly
obese patients in which body weights are still increasing (10).

Population modelling is a well-established approach for the characterization
of the pharmacokinetics and pharmacodynamics of a drug and can serve as
the scientific basis for the development of rational and individualized dosing
schemes (11). Population pharmacodynamic studies of LMWHs describing
the influence of body weight are scarce and do often not include morbidly
obese patients. For enoxaparin in non-obese patients, both lean body weight
(LBW)and TBW have beenidentified as the best size descriptor for clearance
and volume of distribution (12-16). In a population pharmacodynamic
analysis of enoxaparin in non-obese and obese patients (TBW range 66 - 160
kg), LBW proved to be the best size descriptor for clearance, while for central
volume of distribution TBW was identified (17). As body weights of patients
are still increasing, data should be gathered across a wide body weight
range including morbidly obese patients to properly study the influence of
different weight-based covariates on the pharmacodynamics of LMWHs.
Therefore, in this study a population pharmacodynamic model of nadroparin
used for thrombotic prophylaxis is developed in morbidly obese and non-
obese patients, using anti Xa-levels as a pharmacodynamic endpoint, in
order to characterize the influence of excessive body weight on different
pharmacodynamic model parameters. In a systematic covariate analysis,
potential factors (TBW, BMI, ideal body weight (IBW) and LBW (18))
influencing the pharmacodynamic parameters of nadroparin are tested
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for their influence, ultimately to provide a guide for dosing nadroparin in
morbidly obese patients.

M ethods

Patients

A total of thirty-five patients were included in two prospective clinical
studies: twenty-eight morbidly obese patients (BMI > 40 kg/m?) which were
scheduled to undergo laparoscopic gastric banding or gastric bypass surgery
and seven non-obese patients which underwent laparoscopic Toupet
fundoplication surgery (Study 1: 20 morbidly obese patients, ClinicalTrials.
gov/ NCT01097148 (19) and Study 2: 8 morbidly obese patients and 7 non-
obese patients, ClinicalTrials/gov/ NCTo1309152). Clinical data of 27 of the
28 morbidly obese patients have been published before in a descriptive
paper (19). Patients were included if they were between 18 and 60 years
old, had an American Society of Anesthesiologists (ASA) physical status
classification of Il or Ill in case of morbidly obese patients and | or Il for non-
obese patients and had a normal renal and liver function as assessed by
routine laboratory testing. Exclusion criteria included LMWH administration
within 48 hours preceding surgery, pregnancy, breast feeding, epilepsy and
known allergy for propofol, soybean oil or egg lecithin. Both study protocols
were approved by the hospitals Ethics Committee and written informed
consent was signed by each participating patient.

Procedure

Inboth studies, before induction of anesthesia an antecubital infusion line, an
indwelling arterial blood pressure line and a three-lead ECG were installed.
No pre-anesthetic medication was given and all patients were fasting for
6 hours before surgery to minimize the risk of aspiration during induction.
Following a propofol bolus injection, intravenous fentanyl and cefazolin
were given in fixed doses of 250 pg and 2 g, respectively. Then 5,700 IU (0.6
ml) nadroparin for morbidly obese patients and 2,850 IU (0.3 ml) nadroparin
for non-obese patients was administered subcutaneously in the thigh, the
exact time being recorded. Anesthesia was maintained with continuous
infusions of propofol and remifentanil according to routine clinical practice.

Blood sampling and analysis

Blood samples for determination of anti-Xa levels were collected before
induction of anesthesia (t=0), at 10, 30, 60, 90, 120, 180, 240, 300 and 420
minutes after nadroparin dosing and the next morning within 24 hours
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after administration in the 20 morbidly obese patients of Study 1 and 7
non-obese patients of Study 2, and before induction of anesthesia, 120 and
240 minutes after nadroparin dosing and the next morning within 24 hours
after administration in 8 morbidly obese patients of Study 2. Blood samples
were collected in 3.2% buffered sodium citrate containing tubes and were
immediately stored on ice until centrifugation. All samples were centrifuged
at 4 °C within one hour after collection to obtain plasma samples, and
stored at —8o °C until analysis within one month after collection. Plasma
levels of anti-Xa activity were measured with a STA-Rack Evolution
(Diagnostica Stago, Asniéres, France) using an anti-Xa clotting assay (STA
Rotachrom®Heparin 4, Diagnostica Stago, Asnieres, France). The rate of
chromophobe appearance at 405 nm was measured. Calibration occurred
with eight concentrations of nadroparin (Lot number used for patients) in
normal pooled plasma. The calibration curve was found to be linear between
0.00-1.60 IU/ml. The within assay and among assay precision (coefficient of
variation) were 4.2% and 4.7%, respectively. Regression analysis was used to
determine the calibration curve values from which the experimental values
were obtained.

Data analysis and internal validation

The analysis was performed by means of non-linear mixed effects modelling
using NONMEM (version VI, release 1.1; GloboMax LLC, Hanover, MD,
USA) (20) with S-plus (version 6.2; Insightful software, Seattle, WA, USA)
for data visualization. Discrimination between different models was made
by comparison of the objective function value (OFV, i.e.-2 log likelihood).
A significance level of p<o.05, corresponding to a decrease of 3.8 in OFV,
was considered statistically significant. In addition, goodness-of-fit plots
(observed versus individually-predicted anti-Xa level-time, observed versus
population-predicted anti-Xa level-time, conditional weighted residuals
versus time and conditional weighted residuals versus population-predicted
anti-Xa level-time plots) were used for diagnostic purposes. Furthermore,
the confidence interval of the parameter estimates, the correlation matrix
and visual improvement of the individual plots were used to evaluate the
models.

The internal validity of the models was assessed by the bootstrap re-
sampling method using 250 replicates (20). Parameters obtained with the
bootstrap replicates were compared with the estimates obtained from the
original data set. Besides, normalized prediction distribution errors (NPDE)
method was used to validate the model (21). This method was implemented
using the NPDE add-on software package that was run in R. In this study,
each observation was simulated 1000 times. The results of NPDE method are
visualized in different graphs: (i) a histogram showing the distribution of the

NPDEs, which are expected to follow normal distribution; (ii) a scatterplot
NPDE vs. time; and (iii) a scatterplot NPDE vs. predicted anti-Xa levels.

Pharmacodynamic model of nadroparin

A one-compartment and a two-compartment model were tested to
fit observed anti-Xa levels. To describe the observed delay in effect of
subcutaneously administrated nadroparin, different absorption models
were evaluated including a lag time model (20) and a model with one or
more additional transit compartments (22). Transit compartments were
described using a first-order rate constant describing the transfer from the
dose compartment into the transit compartment and subsequently into the
central compartment (22).

The individual value (empirical Bayes estimate) of the parameters of the i*"
individual was modeled by (equation 1):

®i = ®mean el (Eq 1)
where 0,..., is the population mean, and n; is a random variable with a
mean of zero and variance of w? assuming log-normal distribution in the
population.

The intraindividual variability, resulting from assay errors, model
misspecifications and other unexplained sources, was best described with
an additive error model while a proportional error model and a combination
of an additive and a proportional error model were tested as well. This
means for the j* observed anti-Xa level of the i"" individual, the relation (Y;)
is described by equation 2.

Y.=C

ij pred.ij

+8U+BLS (Eq. 2)

where c,.q is the predicted anti-Xa level, and g; is a random variable with a
mean of zero and variance of 6. Incorporation of baseline endogenous anti-
Xa levels (BLS) into the model was explored as reported before (23, 24). This
means for the j*" observed anti-Xa level of the i"" individual, the relation (Y;)
is described by equation 2, where BLS represents the baseline endogenous
anti-Xa level.

Covariate analysis

Covariates were plotted independently against the individual empirical
Bayes estimates of the pharmacodynamic parameters to visualize potential
relations. The following continuous covariates were tested: total body
weight (TBW), body mass index (BMI), ideal body weight (IBW) (25), lean
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body weight (LBW) (28) and age. For calculating LBW, equations 3 and 4
were used (18):

LBW, . (kg) = 9270 =TBW
(Eq. 4)
LBermle (kg) = 9270« TBW
8780 + 244 * BMI

Continuous covariates were tested using linear and power equations:

P=P (&)z

l : Covstandard (Eq ' 5)

in which P;and P, represent individual and population parameter estimates,
respectively, Cov represents the covariate and CoV,..q represents a
standardized (i.e. 70 kg for TBW) or median value of the covariate for the
population. The exponent z represents the exponential scaling factor, which
was fixed at 1 for a linear function or an estimated value for a power equation,
while also a 0.75 fixed value of the exponent was tested when TBW was the
covariate (26). Categorical covariates (e.g. the subgroups morbidly obese
patients and non-obese patients, and sex) were tested by estimation of an
additional parameter on a structural parameter for one of the categories.
Potential covariates were separately entered into the model and statistically
tested using the objective function and if applicable the 95% confidence
interval values of the additional parameter. A p<o.oo5 was applied to
evaluate the covariates in the forward inclusion (OFV decrease >7.9), while
the backward deletion procedure used a stricter criterion (OFV decrease
>10.8, p<0.001). When two or more covariates were found to significantly
improve the model, the covariate causing the largest reduction in objective
function was left in the model. Additional covariates had to reduce this OFV
further to be retained in the model. The choice of the covariate model was
further evaluated as under the section Data analysis and internal validation.

Simulations

Based on the final pharmacodynamic model, simulations in morbidly obese
patients were performed to aim for a target anti-Xa level of 0.2 IlU/ml 4 hours
after administration (27).

Results

Patients and data

A total of 35 patients were enrolled in two studies resulting in a total of 28
morbidly obese patients and 7 non-obese patients, from which 319 anti-Xa
levels were available. Clinical data of 27 of the 28 morbidly obese patients
were published before in a descriptive manner (19). Morbidly obese patients
had a mean total body weight (TBW) of 148 kg (range 107 — 252 kg) and a
mean BMI of 49 kg /m? (38 —79 kg/m?) while non-obese patients had aTBW of
86 kg (72 —105 kg) and a mean BMI of 28 kg/m? (24 — 31 kg/m?). Demographic
characteristics are summarized in Table I.

Tablel | Patient characteristics of the total study population of thirty-five patients
consisting of twenty-eight morbidly obese patients and seven non-obese patients
from two studies.

Total study Morbidly obese  Morbidly obese ~ Non-obese

population (Study 1) (Study 2) (Study 2)

Mean (Range) Mean (SD) Mean (SD) Mean (SD)
Number (n) 35 20 8 7
Gender (M /F) 14/21 9/11 1/7 413
Age (years) 45 (22 - 59) 44 (11) 40 (6) 53(6)
Total body weight (kg) 135 (72 — 252) 151 (33) 140 (23) 86 (12)
Ideal body weight (kg) 66 (50— 86) 67 (11) 64 (7) 68 (9)
Lean body weight (kg) (18) 68 (44 —100) 73 (25) 66 (9) 58 (11)
Body mass index (kg/m?) 45 (24 —79) 50 (10) 47 (6) 28(3)

SD = standard deviation

Pharmacodynamic analysis

Atwo-compartmentpharmacodynamicmodel (NONMEM VI)parameterized
in ADVAN5 adequately described the time course of the anti-Xa levels after
subcutaneous dosing of nadroparin, parameterized in terms of the volume
of distribution of the central compartment (V1), volume of distribution of
the peripheral compartment (V2), inter-compartmental clearance from the
central compartment to the peripheral compartment (Q) and clearance from
the central compartment (CL) (Figure 1). A two-compartment model was
superior over a one-compartment model, showing a reduction in objective
function value (OFV) of 28 points and significantly improved diagnostic
plots. In the two-compartment model, the peripheral compartment was set
equal to the volume of the central compartment for statistical reasons (i.e.

209




(96 €T = AD) ¥°T = 20upID3)> 10 10300 bulDIS = Z {(95TT = AD) 9°¥ = abp Jof Juauodxa = x ‘uonnqLsip Jo awnjo [piauad Jof anjpa ubaw uoipindod = %4 jonpinipul
I U1 uonInquasIp fo awnjon Jpauad = 't ‘uoirnqusIp fo awnjo psauad = TA ‘Jybiam Apoq o1 = gL ‘japow asnq 01 paindwiod anjpA uoidunf aA13lqo pijap = AJOV ‘2ybiam Apoq
upna] = g7 ‘sanjpA sa1awnand ay1 o uoipLDA Jo quadLff202 = A ‘20upID3)> Jof anjpA UDaW UoiDIndod = 97 IDNPIAIPUI Il Ul 22UDID3)D =T !2oUDID3)D = T Xapul ssow Apoq = NG

211

6 (09/Ma e " TA=TA TAPUR D

Thes o ©4/'mgL) « “10="1 Jeaulj g1 pue maL Ispouieuld

9ger- ot (09/MaT) « “TA="TA Jeauy| (8T) ma A
I S ©Uman e TN=TA L T A

T6T- T (o4/man « “12="1 samod ML D

wlr- ot ©L/maL) « “17="1 Jedul MEL »

YT - ot so(0L'MaL) « =" JLRWo|e MEL »

gt ot (09/maT) (09/ma1) « *17="1 Jeaul| (8T) Md1 »

Lot- ot Sz/ing) « =" Jesull NG ._u
S A S 1/ /oY = S = W ov .

ot - |opow aseg .

sioroweled 31e1eA0)
AdOV |eINIdNIIS JO "ON 40 diysuonejay 15PN Ja13Weled

" PD model for nadroparin

153uai1bd 353qo-uou pup 3saqo Ajpiqiow aAL-Ariy1 ur updoipou fo japow diwpuAporpwunyd ayy 1of sisAjpup a1pLIDA0D asimdals || d|qeL

= wWEGgTEUL U el S 0
S US.%M...mrTh [ N m.m,
[ o cC o= + © = SR
o O o
e v © = U O 3 > 3
(0] — (ST >
cC s EPBP c ac = N v =
¢ s * =3 S 3 S €5
> Tt O O () 3 ]
o 5 25 5 s 3 S S 2
S QgeErlfma 2 T3 X 8 ERS
E_S2955>cEE © % s |3
— o =4S
S32369c5068> = g i ot g |E5¢
© O — O = o mm % o .W ww.w.
c O c O O c ® S
Vg ©L 55— O Q 8 [} g =T 8
amﬂ . © © o - W (SIS .‘..ﬂ' s nam.
Ze®_GoogER 2 = & T * T, 23 |SE
o C th _ — a — [~ o T2 a um.OG
223505 8> 52 = & g 2 5 3 . s (858
£ Vv 2. 0 7] © £ € S o s 3S O
= > c v *rkgo o = —~ o [ ~ ST s ¥su
st o = cuw O o ¢ © 2 £ dig » € £ N o S
b g— T 5 — O0<® 5 c cg> "ew>| [T 5§ >Efse
o v . j L v g~ - o< St RS
c o ¥ac+ >0 I V] o £ 3 SES
SEXZT28EEQ, = £ ¢ E <& . S8a
© O 5 O 2 o o © 9 9 g3 T b 13 = 5%
(W) 0 o (%] (V) v fe) B ST
< 1 € © Z2c U B3 < S =85
v oYUV 5+FETDT © S G v o g
()] o — —_ > (1) wn[oA | elUd) S 3 =
2 S 32uwclw v 4 TS 229
© O o Q9 > ovwm O + ~ S5 v S 4
=) %] © O = © IS] >389
qaeapersmo = mIM.J e,m.m
eumcwhtpd...um © S S g ws
o E c U o g o n > + <% -3 3 €38
T 2 © hr.IVEh o c S & me
CsoE3aw o+ O o e © s S5y
— 9205 .0D90ako0 Y T E RS . °s8
- ¢ 2 < & o 2 ‘5 e = s &9
[J] Q'+ o mW © = ISR = E &
2820520538 ¢ g8 <3 s ® S
=] o 0= T B~ = S g e 8 = LG
o £ o 2T U V(R @ £ 2 b 5 0 ¢
c 2 ° ]
vo=E2 ok 338w @ o g g vy 5 .me
v ir © % c | > v S ° ° z By«
< > L nm ~ n g 8 L 13 > v g
C.mafe..ume © = o s S ooovo-o 3 oS g
= o] x ) < 3
hﬁeoe = mhbnanv.. . C o &3 *%e s 3 2o
2 © L Pv vy + & =3 e €3 &8¥ T
- 9 o o + — B« 9 o® o, 2 58
TE0SEDAB2 025 g5 . 588
CfvteomumWXD.s £ < 2E S
noramm LU S s 1S
v o 8582 REBES S & £¢8
OF bt oY UwLSH g w9 : . . - g 38
s wo0EZJs5Em 220 « £ % : 1) N
£ G0 5= g3
W ..lm [ m m = € m Vv % [ ) mwl (ulw/qwy) 8 dueles|d mb.w
0L T o PFaoawmc.Bc > & 2§ o
O OF @ O 5 ©® QO 0T HkF ic 8 [raTR S

210



" PD model for nadroparin

Figure 2. TBW proved the most significant covariate on the basis of a linear
function (-17.2 points, 10 degrees of freedom, p<o.005) compared a power
function (- 19.1 points, 11 degrees of freedom, p<o0.005) given the objective
function in relation to the number of structural parameters (Table II). Adding
lean body weight (LBW) as a linear covariate on Vi further improved the
model in a significant manner (-11.9 points, p<o.005). No covariates were
identified for the other pharmacodynamic parameters. After incorporation
of these two covariates, interindividual variability on clearance and volume
of distribution substantially decreased (Table Ill), and both individual plots
and goodness-of-fit plots improved (Figure 3). The pharmacodynamic
parameter estimates of the base model without covariates and the final
covariate model along with the results of the bootstrap analysis are shown
in Table 3. Figure 4 shows the results of the NPDE validation in all patients.
The histogram follows a normal distribution expected by the solid line with
very limited bias over time and predicted anti-Xa levels.
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Table lll Population pharmacodynamic parameters for the base model and final
model for nadroparin in thirty-five morbidly patients and non-obese patients

Parameter Base model Final model Bootstrap
(CV%) (CV%) final model (%)

CL/F (ml/min) 41.1(7)

CLmkg/F (ml/min)* 23.0(7) 99

Va/F (ml) 7380 (12)

Vi [F (ml/min)* 7020 (4)

60 kg LBW 100

V2/F (ml) =V1/F

Q/F (ml/min) 81.2 (11) 85.5(2) 100
ktr (min?) 0.031 (18) 0.032 (17) 99
k, (min®) 0.0073 (7) 0.0076 (7) 103
BLS (anti-Xa IU) 0.022(37) 0.021(20) 100
OFV -1909 -1938 101

Interindividual variability (%)

cL 56.4 % (40) 38.9 % (29) 100
Vi 35.4 % (33) 27.7% (33) 98
ke 87.9 % (39) 82.0 % (41) 96
BLS 111.6 % (47) 109.6 % (33) 105
Additive intraindividual error 0.00041 (17) 0.00041 (13) 99

#: CLi= CLoxg * (TBW/70)

*: V1= Vigorg * (LBW/60)

BLS = Baseline; CL = clearance; CL,qq = clearance in an individual of 70 kg; CLi = clearance in the i individual;
CV = coefficient of variation of the parameter values; k.= absorption rate constant; k.= transit rate constant;
OFV = objective function value; Q = compartmental clearance between V1 and V2; TBW = total body weight;
V1 = central volume of distribution; V2 = peripheral volume of distribution.
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Figure 3 Diagnostic plots for nadroparin pharmacodynamics in morbidly obese and non-obese patients
showing individual anti-Xa level predictions versus observed anti-Xa levels, (A) population model anti-Xa
level predictions versus anti-Xa levels (B), conditional weighted residuals versus population predicted anti-
Xa levels (C) and time (D) for both the base model and final covariate model. The solid grey line represents
the line of identity, x=y.
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Simulations

Based on the final pharmacodynamic model, simulations were performed
aimingforanti-Xalevelsofo.2 lU/mL 4hoursafteradministrationformorbidly
obese patients. For these simulations, typical values without interindividual
variability for all parameters were used to illustrate the influence of the
covariates that were identified in this study. Supported by the results of the
final covariate model, it seemed that morbidly obese patients with a lean
body weight higher than go kg should receive 7,600 IU (0.8 ml) nadroparin
and morbidly obese patients with a lean body weight lower or equal to 9o kg
5,700 IU (0.6 ml) nadroparin. Results of the simulation of the traditional dose
of 5,700 IU (0.6 mL) nadroparin and the model based dose of nadroparin in
three representative morbidly obese patients are depicted in Figure 5.

Trad itional fixed doseregimen M odel based dosing regimen

0.37 0.37
0.2+

0.1

anti-Xa level (IU/mL)
anti-Xa level (IU/mL)

0.0

T T T T T T
o 500 1000 1500 o 500 1000 1500
Time (min) Time (min)

Figure 5 Model based predictions of anti-Xa levels upon a traditional fixed dose dosing regimen of 5,700
IU =0.6 mL nadroparin for all morbidly obese patients (left panel) and upon a model based dosing regimen
of 5,700 IU =0.6 mL nadroparin for patients with a lean body weight (LBW) lower than go kg and 7,600 IU
(=0.8 mL) nadroparin for patients with a LBW higher than 9o kg (right panel). Profiles are simulated in three
representative morbidly obese patients of the current study (grey solid line = total body weight (TBW) 107 kg
and LBW of 53 kg, grey dotted line =TBW 135 kg and LBW = 65 kg and black solid line =TBW 162 kg and LBW
=94 kg.) . The horizontal dotted line represents the lower limit of prophylactic range (0.2 IU/mL).

Discussion

In order to study the influence of body weight on the pharmacodynamics of
low-molecular weight heparin (LMWH) nadroparin in morbidly obese and
non-obese patients, a population pharmacodynamic model was developed
using anti-Xa levels as endpoint. In this model, clearance proved to scale
best with total body weight (TBW) and central volume of distribution with
lean body weight (LBW).
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As body weights are still increasing, there is high interest in the
characterization of the influence of excessive body weight on
pharmacokinetic and pharmacodynamics parameters of drugs in order to
guide dosing in this special group of patient. For LMWHSs such as nadroparin,
central volume of distribution is the parameter of interest as this parameter
mainly determines the maximum anti-Xa level, which is attained around
4 hours after administration, and for which a prophylactic range has been
defined (27). As LMWH are assumed to mainly distribute over vascular
tissue and blood, and plasma volume is known to increase in a non-linear
manner with TBW (28) and most probably with LBW, it has been suggested
before to guide safe and effective dosing of a LMWH on the basis of LBW
(29). However, in patients up to 160 kg, TBW proved the best size descriptor
for central volume of enoxaparin, which is another LMWH (15-17, 30).
The current study is the first study describing the pharmacodynamics of
nadroparin for patients up to 252 kg. For this wide body wide range, LBW
proved the best body size descriptor for central volume in this analysis of
both non-obese and morbidly obese patients.

While there are no other reports on the pharmacodynamics of nadroparin
in morbidly obese patients, previous reports on enoxaparin concerning
the best body size descriptor for clearance of anti-Xa in non-obese adults
suggest a non-linear function for TBW (16). However, for patients up to 160
kg, the increase in clearance was described with a linear function using LBW
as body size descriptor (17). However, this study used an outdated formula
to calculate LBW that was found to be inconsistent at extremes of size (31).
A recently reported formula for LBW that we used in our analysis, proved to
be more reliable to estimate the fat free mass in both non-obese and obese
patients (18) and was found to provide good predictive performance of the
measured fat free mass in another study (1). Another way to describe the
non-linear increase of clearance with TBW is allometric scaling (26), which
has gained popularity most recently. The a priori use of allometry in obese
patientsis however considered to imply that obese individuals can be viewed
as ‘large individuals’ (a different body size) instead of individuals ‘having
excess body fat’ (a different body composition) (32). In the present study in
morbidly obese and non-obese patients, we estimated an allometric scaling
factor of 1.4, which was not significantly different from a linear function
requiring a smaller number of structural parameters. As such, while testing
all available body size descriptors, in this analysis in which a very large range
in TBW (72 — 252 kg) could be evaluated, TBW was the best descriptor for
clearance of anti-Xa in both morbidly obese and non-obese patients using a
linear function.

In this study we found a delay in anti-Xa appearance in plasma. Different
ways to describe the observed delay in effect were investigated. Using a lag
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time model (20), the time of dosing shifts as if the drug was administered at
a delayed time point. In a transit model, the absorption delay is described as
a drug transition through one or a chain of compartments that are linked to
the central compartment (22). The latter approach in which the absorption
rate gradually increases was found to adequately describe the observed
profile of nadroparin in blood over time and proved superior over a lag time
model.

In the current study, we incorporated baseline anti-Xa activity into the
structural model of nadroparin in both non-obese and morbidly obese
patients. The activity of clotting factor Xa is generally used as a surrogate
concentration measure as LMWH are mixture of substances (33) and
therefore a kinetic assessment is complicated. It is known however that
(low) endogenous anti-Xa activity may be present without the use of LMWH.
While it is anticipated that this endogenous anti-Xa is due to the heparan
sulfates that originate from the endothelial (34), basal activity is not often
reported, even though a basal activity is obviously present in some of the
reports (35-37). Although interindividual variability of BLS values was large
for the entire population of morbidly obese and non-obese patients, the
incorporation of a BLS as suggested by Schoemaker et al. (16) and which
was also reported for tinzaparin (24), resulted in an improved description of
the observations in our study.
Sincetherearenoreportsavailableindicatingareducedbiological availability
of LMWH in obese patients (38, 39), it may be anticipated that the increased
apparentclearance observedin morbidly obese patients compared with non-
obese patients is caused by an increased glomerular filtration in morbidly
obese patients (40). Creatinine levels and age have been suggested before
as covariates for anti-Xa levels after tinzaparin administration (24). In our
study, we could not identify any influence of these covariates, possibly due
to the small in range of age and creatinine levels.

As stated before, measurement of anti-Xalevelsisrecommendedin morbidly
obese patients (41, 42) in absence of established dosing protocols for LMWH
for these patients. Reports on these anti-Xa levels show that almost half of
the morbidly obese patients exhibit anti-Xa levels below the prophylactic
range for non-obese patients 0.2 - 0.5 IU/mL (19), suggesting that increased
doses might be necessary. From the current study it seems that 5,700 IU (0.6
ml) nadroparin is appropriate for morbidly obese patients up to a LBW of 9o
kg, while for morbidly obese patients with a LBW higher than go kg a larger
dose of 7,600 IU (0.8 ml) is needed. This dosing regimen based on LBW
should be explored asit aims for at least the same anti-Xa levels as non-obese
patients (0.2 - 0.5 IlU/mL (27)) while it is known that morbidly obese patients
are at increased risk for VTE (4). The current pharmacodynamic model can
be used even when in the future new target anti-Xa levels are established
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for thromboprophylaxis for this special group of patients. Therefore, it is
advised to carefully monitor morbidly obese patients on bleedings and
thrombotic events, as the exact relationship between anti-Xa levels and the
occurrence of bleedings or VTE may not be known (43, 44).

C onclusion

In this study, we have developed a pharmacodynamic model for LMWH
nadroparin using anti-Xa levels as endpoint in both morbidly obese and
non-obese patients for a total body weight range from 72 kg until 252 kg.
In the structural model, baseline anti-Xa activity was incorporated and
the observed delayed effect of anti-Xa levels was described with a transit
compartment. Based on the data available here, it appeared that clearance
scaled with total body weight while lean body weight proved the major
determinant for volume of distribution. Based on simulations using the
final covariate pharmacodynamic model it appeared that a dose of 5,700 IU
nadroparin will lead to target anti-Xa levels in morbidly obese patients with
a LBW below 90 kg.
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Summary

I ntroduction

For most commonly used drugs in morbidly obese patients evidence
based dosing guidelines are not available. Therefore, current dosing is
based on experience of the prescriber rather than on clinical evidence.
Pharmacokinetic and pharmacodynamics data in non-obese patients are
extrapolated without proper exploration of influence of overweight on the
dose-exposure-effect relationship.

The research described in this thesis focused on two commonly used drugs,
propofol and the low-molecular-weight heparin (LMWH) nadroparin with
the aim to develop weight appropriate dosing algorithms for these drugs
in morbidly obese patients based on population pharmacokinetic and
pharmacodynamics analysis. As an introduction to this thesis, in Chapter 2,
a comprehensive overview is presented of clinical studies that reported on
drug clearance estimates in both obese and non-obese patients. Most drug
clearance values in obese patients were increased compared to non-obese
patients, while clearance values of cytochrome P450 (CYP) 3A4 substrates
were lower in obese as compared with non-obese patients. Very limited
information was available in obese children.

I he influence of morbidly obesity on the pharmacokinetics and
pharmacodynamics of propofol in adults, adolescents and children

In Chapter 3 we described that propofol clearance in morbidly obese adults
can be predicted based on total body weight in an allometric function. The
clearance of propofol could be predicted for a wide range of total body
weights from 55 kg to 167 kg. The scaling factor of 0.72 did not change when
the data in morbidly obese patients were combined with data of non-obese
adults and proved to be in accordance with results from previous studies
in non-obese patients (1, 2). Another aim was to explore the influence of
excessive body weight on the pharmacodynamics of propofol anaesthesia
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using the Bispectral index (BIS) as pharmacodynamic endpoint. A two-
compartment biophase-distribution pharmacodynamic model, similar to
a model described in non-obese patients (3-5), described our data well.
Redistribution of propofol within the central nervous system was considered
the most likely explanation for the observed biphasic distribution process.
While the impact of obesity on pharmacodynamics parameters is rather
unexplored, there are indications that obesity and related comorbidities can
alter the pharmacodynamic response to drugs. For instance, obese patients
showed an increased pain sensation as compared to non-obese patients
(6). For propofol, we could not show a relationship between obesity and
pharmacodynamic effect as none of the tested covariates in our morbidly
obese patients significantly improved the pharmacodynamic model fit.
The obtained pharmacodynamic parameters in morbidly obese patients
were in accordance with previously reported pharmacodynamic parameter
estimates of propofol in non-obese patients (3, 7). Therefore, our study
provided the first preliminary data to suggest that there are no apparent
differences between morbidly obese and non-obese patients in propofol
effects as measured by the BIS. Of course, this finding has to be confirmed
in a larger cohort and by analysing obese and non-obese pharmacodynamic
patient data simultaneously. With the large between and within patient
variability and the targeted BIS between 40 and 60 in morbidly obese
patients, it is possible that more patient data covering a wider BIS range
are needed to capture any influence of excessive body weight on the
pharmacodynamics of propofol using the BIS. Based on the final propofol
pharmacokinetic pharmacodynamic model, we derived a dosing algorithm
for propofol-remifentanil anaesthesia targeting a BIS value of 4o. In this
model-based dosing algorithm, propofol infusion rates (in mg per kg per
hour) are based on the adjusted body weight (according to ABW = 70 kg *
(total body weight/70 kg)°72).

In addition to these results, in Chapter 4 we showed that there are no
differences in the individual pharmacokinetic or pharmacodynamic
parameter estimates of propofol in morbidly obese patients receiving
maintenance propofol-remifentanil or propofol-epidural anaesthesia
using BIS values as pharmacodynamic endpoint. For non-obese patients,
study results of the influence of remifentanil on propofol requirements are
conflicting (8, 9). It cannot be excluded, however, that the exact influence
of remifentanil on the level of anaesthesia may not be captured by the BIS.
As the pharmacokinetic and pharmacodynamic study described in Chapter
4 was a pilot study in only six morbidly obese patients receiving epidural
anaesthesia, the results have to be confirmed in a larger population.

In Chapter 5 the model based dosing algorithm developed in Chapter 3
was prospectively evaluated in two different hospitals using BIS values

as pharmacodynamic endpoint. To our knowledge this is the first study
prospectively evaluating a model based dosing algorithm in morbidly
obese patients. Fifty-one morbidly obese patients ranging in total body
weight from 95 kg to 210 kg received stable and effective maintenance
anaesthesia on the basis of BIS, blood pressure and heart rate. However,
there were still concerns during the first twenty minutes after the propofol
bolus dose as mean blood pressure then dropped more than 30% from
pre-operative baseline values. In the study all patients received a fixed
bolus dose of 350 mg propofol whereas individualisation of the induction
dose might have alleviated some of these concerns. Recently, lean body
weight has been suggested as a more appropriate dosing scalar to calculate
propofol induction dose for morbidly obese patients and should therefore
be considered instead of dose capping (10). Volumes of distribution are
often used to calculate the loading dose of a drug resulting in a larger
loading dose for a larger volume of distribution. In the pharmacokinetic and
pharmacodynamic model derived in Chapter 3, there were no significant
covariates to predict the central volume of distribution (V1), as V1 was 4.51
L (SD 13.0) when analysed in morbidly obese patients versus 3.10 L (SD 8.3)
when analysed in both non-obese and morbidly obese patients. In our view,
this non-significant increase in V1 may be seen as a partial explanation for
the drop in blood pressures during the first twenty minutes of anaesthesia
described in Chapter 5. However, the concept of a loading dose for drugs
that exhibit multi-compartmental pharmacokinetics even in non-obese
patients is complex, and therefore the use of Vi1 as the major determinant
of the loading dose may not be justified. Therefore, a well-designed study
is needed to determine factors predicting the optimal propofol induction
dose in combination with the propofol-remifentanil maintenance dose as
described in Chapter 3.

In Chapter 6 we described the effect of excessive weight on the
pharmacokinetics of propofol in children and adolescents. While the
prevalence of childhood obesity increased to 17% in 2008 in the US (11),
studies providing adequate pharmacokinetic and pharmacodynamic data in
these patients are lacking. In accordance with the effect of morbid obesity
on the pharmacokinetics of propofol in adults as described in Chapter 3,
propofol clearance in morbidly obese children and adolescents proved
to scale best with total body weight using an allometric function with an
estimated scaling factor of 0.80. These unique results were in accordance
with the observed non-linear increase of propofol clearance with total body
weight in non-obese children (1, 2, 12). Based on these results, propofol
maintenance dose may be based on this non-linear relationship using total
body weight.This finding will have to be confirmed using a pharmacodynamic
endpoint such as the BIS.
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In order to fully characterize the influence of obesity and age, we performed
in Chapter 7 a population pharmacokinetic meta-analysis for propofol on
the basis of data from morbidly obese adults, adolescents and children and
their non-obese controls. This model was based on data with a wide total
body weight range of 37 — 184 kg and an age range of 9 — 79 years. The
results showed that total body weight was the most predictive covariate
for propofol clearance across all patients when implemented as a power
function with a scaling factor of 0.77. Increased blood volume and cardiac
output in obese patients may increase liver blood flow (13) and this may
explain the observed increase of both propofol clearance and other high
extraction drug clearance values such as paclitaxel (14). In addition, age was
identified as a significant covariate using a bilinear function with two distinct
slopes, reflecting an initial increase and subsequent decrease in clearance
depending on age. The potential generalizability of this pharmacokinetic
model with total body weight and age as covariates of propofol clearance
may increase the applicability of this type of models to scale clearance of
other drugs over wide total body weight and age ranges.

Conclusions and recommendations

-The increase in propofol clearance due to obesity in adults, adolescents
and children can be described using total body weight as the body size
descriptor using an allometric function with a scaling factor of 0.77.

- The pharmacodynamics of propofol as measured by the BIS did not show
an effect of excessive body weight in morbidly obese adults. This finding
should be confirmed in a combined analysis of data obtained from both
non-obese and (morbidly) obese adults, adolescents and children.

- A model based dosing algorithm using an adjusted dosing weight
for propofol maintenance infusion was successfully evaluated in a
prospective study in morbidly obese adults and can therefore be
implemented in daily practice.

-The pharmacokinetic meta-analysis suggests to use a lower propofol
maintenance dose in morbidly obese adolescents with the same body
weight as morbidly obese adults.

Ihe influence of morbidly obesity on the pharmacodynamics of low
molecular weight heparins

As up to now, no dosing guidelines for low-molecular-weight heparins
(LMWH) in morbidly obese patients are available, it is recommended to
dose adjust based on anticoagulant effect using anti-Xa levels (15). In

Chapter 8 we showed in a morbidly obese patient with pulmonary embolism
weighing 252 kg, that effective anti-thrombotic therapy can be achieved
using a lower dose based on anti-Xa levels as opposed to the recommended
standard units per total body weight dose. The results suggested that the
pharmacodynamics of LMWH are influenced by extreme overweight and
therefore we investigated current dosing strategies for LMWH dosing and
monitoring for (morbidly) obese patients.

We conducted an online and telephone survey as described in Chapter
9 among Dutch hospitals. Dosing adjustments in obese patients in Dutch
hospital were found to differ widely. In the majority of the hospitals, LMWH
dose was increased by body weight to a maximum dose based on a cut-off
weight value (dosing cap). These cut-off weight values differed widely per
institution and were based either on total body weight or BMI. Importantly,
monitoring of the LMWH anticoagulant effect in morbidly obese patients
using anti-Xa levels was not standard practice in any of the hospitals.

In order to determine the most appropriate dose for LMWH in morbidly
obese patients, we investigated the influence of excessive body weight on
the nadroparin effect following a bolus dose as described in Chapter 10. In
morbidly obese patients anti-Xa levels four hours after drug administration
strongly correlated with lean body weight. Lean body weight has been
proposed previously to estimate the therapeutic dose of enoxaparin
another LMWH, in patients weighing more than 100 kg (26). In accordance
with the present results, it has been reported that an increase in nadroparin
dose did not result in a linear increase in maximum anti-Xa levels four hours
after administration in obese patients (17). We showed that lean body
weight based dosing correlates well with anti-Xa levels four hours after
administration in morbidly obese patients and this method therefore is
suggested as a suitable dosing scalar for nadroparin dosing.

In order to fully characterize the influence of excessive body weight on the
pharmacodynamics of nadroparin we also measured anti-Xa levels after a
bolus dose nadroparin in non-obese patients. Population pharmacodynamic
modeling was used to describe the influence of body weight on each
individual PD parameter in the model in order to develop a model-based
dosing algorithm. In the final pharmacodynamic model for nadroparin
described in Chapter 11 and in accordance with Chapter 10, we showed that
in both non-obese and morbidly obese patients lean body weight was the
best body size descriptor for the central volume of distribution. In addition,
31% of the variability of clearance between patients could be explained with
total body weight as body size descriptor. The pharmacodynamic model
was based on a rich anti-Xa sampling schedule in patients over a wide total
body weight range from 72 kg to 252 kg. Previous reports on the influence
of excessive weight on the pharmacodynamics of other LMWH (enoxaparin,
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tinzaparin and dalteparin) showed that obese patients have much higher
total drug clearances than non-obese patients (18). For some other renally
cleared drugs such as vancomycin, daptomycin and carboplatin it is known
that clearance is increased, related to higher glomerular filtration rates in
obese patients as described in Chapter 2 (19-21). Renal function is affected
by excessive body weight as it has been shown that obese patients have
a 62% increase in estimated glomerular filtration rate (22). Therefore, the
observed increased clearance values and their association with total body
weight are likely due to increased glomerular filtration in (morbidly) obese
patients. For LMWH, the central volume of distribution is the parameter of
interest as this parameter predominantly determines the maximum anti-Xa
level, which is reached around four hours after administration, and for which
a therapeutic target for prophylaxis has been defined in non-obese patients
(18). LMWH are assumed to mainly distribute over blood and vascular
tissues, and plasma volume is known to increase in a non-linear fashion
with total body weight (23) and most probably also with lean body weight.
Therefore, it has been suggested to guide safe and effective dosing of a
LMWH on the basis of lean body weight (16). Although the prophylactic anti-
Xa target range is established for non-obese patients and not for morbidly
obese patients, this model can be used as a clinically useful starting point
until future research identifies alternate anti-Xa targets for safe and effective
thromboprophylaxis in this special patient population.

Conclusions and recommendations

-There are large differences in the practice of thromboprophylaxis
in morbidly obese surgical patients in Dutch hospitals, and current
guidelines lack evidence-based dosing recommendations.

- The central volume of distribution and peak anti-Xa levels correlate with
lean body weight, suggesting that lean body weight is clinically useful
for nadroparin dosing.

-The developed pharmacodynamic model for nadroparin in non-obese
and morbidly obese patients can be used as a starting point to further
identify the appropriate anti-Xa targets in morbidly obese patients.

I erspectives

In this thesis the focus was on studying the influence of morbid obesity on
the pharmacokinetics and pharmacodynamics of propofol and nadroparin
with the goal to develop safe and evidence-based dosing strategies. A
non-linear relationship was found between propofol clearance and total
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body weight in both morbidly obese and non-obese adults, adolescents
and children. Furthermore, the influence of age on propofol clearance was
described using a bilinear function. For nadroparin in both morbidly obese
and non-obese patients, total body clearance increased linearly with total
body weight whereas the central of volume distribution increased linearly
with lean body weight.

As there is still an unmet clinical need for evidence based dosing
algorithms for many commonly used drugs in morbidly obese patients,
it should be emphasized that pharmaceutical companies need to be
encouraged to start including (morbidly) obese patients in their clinical
trials to identify the influence of excessive weight on the pharmacokinetics
and pharmacodynamics of drugs and as part of the (early) phases of
drug development. In the meantime, continued pharmacokinetic and
pharmacodynamics research is desperately needed for most commonly
used drugs in the morbidly obese population. These studies should focus on
describing the influence of excessive overweight on the pharmacokinetic
and pharmacodynamics parameters and include testing of all available
body size descriptors. In this thesis, all available body size descriptors were
tested and the most statistically significant covariates were incorporated
into the final models. These empirical functions were based on model fit
of the observed concentrations and observed effects. An alternative way
to describe the influence of excessive body weight on pharmacokinetics
has been proposed and entails the incorporation of lean body weight
for all clearance values of all drugs using one allometric exponent of 0.66
(24). This proposal was based on a meta-analysis of covariate relationships
between clearance and body size of a series of different drugs (24). This
suggestion is in line with the allometric scaling principles (25). The theory
of allometry is based on the empirical observation that over a wide weight
range, metabolic rates in animal species increase with body weight to the
power of 0.75 (26). While this empirical allometric exponent has no obvious
biological or physiological meaning and even for scaling between species,
the existence of one unique value for the allometric clearance exponent is
widely disputed (27-30). In spite of this, allometry has gained popularity for
scaling ‘within’ a population of a single species, i.e. the human range (25). As
obesity is related to body composition and the accumulation of excess body
fat, we think that one should be careful in applying the theory of allometry
or to use one body size descriptor for all drugs in (morbidly) obese patients.
As shown in Chapter 2 of this thesis, not all metabolic activity is increasing
with body weight as for instance CYP3A mediated clearance seems to
decrease. In order to develop evidence based dosing guidelines for drugs
in morbidly obese patients the influence of body weight on each of the
pharmacokinetic and pharmacodynamic parameter should be characterized
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by testing all available obesity and body size descriptors and be based on the
characteristics of a drug. Instead of the common a priori use of total body
weight for dosing guidelines, detailed information on pharmacokinetics and
potentially also the pharmacodynamics needs to be considered in order to
define effective and safe dosing regimens over a large body weight range.
Beside the identification of predictive body size descriptors for variability
pharmacokinetic and pharmacodynamic parameters, the final covariate
model should be validated and prospectively be evaluated. Before the
final model based dosing algorithm is prospectively tested for accuracy as
described in Chapter 5, a framework for model evaluation should be used. As
shown by a literature review, most pharmacokinetic and pharmacodynamic
modeling papers do not adequately describe all available evaluation steps
(31). Model misspecification leads to poor predictive performance and
could have far-reaching consequences when such pharmacokinetic and
pharmacodynamic models are used as a basis for dosing algorithms in obese
patients. Therefore, the accuracy of the covariate relationships across the
entire range of covariate values should be evaluated during model building.
Six evaluation criteria are suggested to be performed and reported during
model building using data of (morbidly) obese patients and this is adapted
from guidelines for pharmacokinetic and pharmacodynamic modeling in
children (32). First, the influence of each covariate on the parameters is
examined separately by implementing into exploratory covariate models
which are compared with the simple base model (no covariates) using
the objective function value. In addition, goodness-of-fit plots are used to
evaluate if the model is able to describe the data accurately and without
bias. If different data sets are combined, for example non-obese and obese
data, goodness-of-fit plots should be generated for each data set separately
in order to evaluate if the final covariate model is able to describe the data
for the different (sub)groups (33). In order to judge the accuracy of the
estimated parameters, confidence intervals or standard errors should be
reported. Incorporated covariates need to describe the relationship with
the parameter across the entire range of covariate values. Therefore, the
eta distribution of the parameter with covariates should be plotted against
this covariate. Finally, at least two internal validation steps should be used,
e.g. bootstrap (34), visual predictive check (35) and/or normalised prediction
distribution errors (36).

The question remains how to further investigate drug dosing in obese
patients in the future. As the prevalence of obesity and total body weights
of both children and adults are still increasing and as this trend will persist,
future studies assessing the impact of morbid obesity on specific drug
elimination pathways in both children and adults are warranted. In the
traditional pharmacokinetic and pharmacodynamics modeling approaches
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rather empirical models such as the Hill equation are used to describe in vivo
dose-concentration-effect relationships. These equations do not provide
insight into physiology or factors determining the concentration-effect
relationship. In theory, the relationship between drug concentration and
biological response depends on drug and biological system specific factors
(37). The classical modeling can ultimately lead to physiological based
pharmacokinetic modeling as can be done using software such as the Simcyp
software (Simcyp Ltd, UK) (38, 39). Using this software the obesity related
(patho)-physiological changes such as for example blood volume, liver blood
flow, kidney function and metabolic processes can be incorporated in the
model. Furthermore, physicochemical drug properties like the molecular
mass, the octanol/water partition coefficient (logP) and the acid dissociation
constant (pKa) are taken into account. As data of specific (patho)-
physiological processesin (morbidly) obese patients may not all be available,
these models currently also rely on assumptions and on in vitro parameters.
Therefore, information generated using traditional pharmacokinetic and
pharmacodynamic modeling may be of added value to obtain evidence
based dosing guidelines and to gain information about the influence of
excessive body weight on the pharmacokinetics and pharmacodynamics.
However, it is unlikely that thoroughly validated pharmacokinetic covariate
models will be developed for every existing drug prescribed for (morbidly)
obese patients across the entire weight range. Therefore, more efficient
approaches have to be set up to develop safe and effective dosing regimens
for this special group of patients. In Chapter 2, we described the current
knowledge of the impact of obesity on drug metabolism and elimination
and how it differs per drug based on metabolic or elimination pathway. This
implies that covariate relationships describing the influence of obesity on
the clearance of a specific drug may be extrapolated to other drugs if cleared
through the same pathway, which has been described before in children (40,
41). The extrapolation of covariate models between drugs would expedite
the development of obesity pharmacokinetic and pharmacodynamics
models, which in its turn could help with the individualization of drug dosing
in first-in-obese studies and in facilitating the development of evidence-
based dosing recommendations for obese patients.
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Introductie

Voor morbide obese patiénten zijn voor de meest gebruikte geneesmiddelen
geen wetenschappelijk onderbouwde doseringsrichtlijnen beschikbaar.
De gekozen dosering wordt met name gebaseerd op de ervaring van
de voorschrijver in plaats van op klinisch bewijs. Daarnaast worden
farmacokinetische en farmacodynamische gegevens van niet-obese
patiénten geéxtrapoleerd zonder een goede verkenning van de invloed van
overgewicht op de dosis-blootstelling-effect relatie.

Het onderzoek beschreven in dit proefschrift richt zich op twee
veelgebruikte geneesmiddelen rondom chirurgische ingrepen: propofol
en de laagmoleculair gewicht heparine (LMWH) nadroparine. Het doel
is om voor morbide obese patiénten onderbouwde doseringsalgoritmen
te ontwikkelen met behulp van populatie farmacokinetische en
farmacodynamische analyses. Als inleiding op dit proefschrift wordt in
hoofdstuk 2 een uitgebreid overzicht gegeven van de klinische studies
waarin schattingen van de geneesmiddelklaring in zowel obese als niet-
obese patiénten worden beschreven. Voor obese kinderen was slechts zeer
beperkte informatie beschikbaar.

De invloed van morbide obesitas op de farmacokinetiek en
farmacodynamiek van propofol in volwassenen, adolescenten en kinderen

In hoofdstuk 3 beschreven we dat de propofol klaring van morbide obese
volwassenen kan worden voorspeld op basis van het totale lichaamsgewicht
met behulp van een allometrische functie met een exponent van o,72.
Dit was van toepassing voor patiénten met een totaal lichaamsgewicht
variérend van 55 kg tot 167 kg. De gevonden exponent van 0,72 veranderde
niet wanneer de gegevens van morbide obese patiénten werden
gecombineerd met gegevens van niet-obese volwassenen. Tevens werd
in dit hoofdstuk de invloed van overgewicht op de farmacodynamiek
van propofol anesthesie, gemeten met behulp van de Bispectral index
(BIS), verkend. Een twee-compartimenten farmacodynamisch model,
vergelijkbaar met een model beschreven in niet-obese patiénten (1-3),
bleek de data goed te beschrijven. Herverdeling van propofol binnen
het centrale zenuwstelsel werd beschouwd als de meest waarschijnlijke
verklaring voor het waargenomen effectiviteitsverloop in de tijd. Terwijl de
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invloed van obesitas op farmacodynamische parameters een onontgonnen
onderzoeksgebied is, waren er aanwijzingen dat obesitas en gerelateerde
comorbiditeiten de farmacodynamische respons op geneesmiddelen
kunnen veranderen. Zo bleken obese patiénten bijvoorbeeld een verhoogde
pijnsensatie te vertonen in vergelijking tot niet-obese patiénten (z).
Aangezien geen van de geteste covariaten het beschrijvend vermogen
van het farmacodynamische model verbeterde, werd er geen invloed
van overgewicht op de farmacodynamiek van propofol in morbide obese
patiénten aangetoond. De verkregen farmacodynamische parameters
in morbide obese patiénten waren in overeenstemming met eerder
gerapporteerde farmacodynamische parameters van propofol in niet-obese
patiénten (1, 5). Dit is de eerste analyse die erop wijst dat er geen duidelijke
verschillen zijn in de concentratie-effect relatie van propofol gemeten met
behulp van de BIS tussen morbide obese en niet-obese patiénten. Het lijkt
van belang deze bevindingen te bevestigen in een groter cohort en door
het tegelijkertijd analyseren van obese en niet-obese farmacodynamische
patiéntgegevens. Op basis van het uiteindelijke propofol farmacokinetisch
en farmacodynamisch model hebben we een doseeralgoritme voor
propofol-remifentanil anesthesie afgeleid, gericht op een BIS waarde van
4o. In dit doseringsalgoritme worden propofol infusiesnelheden (in mg/
kg/uur) berekend op een gecorrigeerd lichaamsgewicht ( = 70 kg * (totaal
lichaamsgewicht/70 kg)°72).

In aansluiting op deze resultaten hebben we in hoofdstuk 4 laten zien dat
er geen verschillen zijn in de farmacokinetische en farmacodynamische
parametersvan propofolinmorbide obese patiéntendie onderhoud propofol-
remifentanil of propofol-epidurale anesthesie kregen met BIS-waarden als
farmacodynamische eindpunt. Terwijl we in morbide obese patienten geen
aanwijzingen vonden voor invloed van remifentanil op de farmacokinetische
en farmacodynamische parameters, zijn de studieresultaten voor niet-obese
patiénten conflicterend en afhankelijk van het gekozen eindpunt (6, 7). Van
belang hierbij is dat niet kan worden uitgesloten dat de precieze invloed van
remifentanil op het niveau van anesthesie mogelijk niet goed kan worden
beschreven met behulp van de BIS. Daarom moeten de resultaten van deze
pilot in zes morbide obese patiénten worden bevestigd in een groter cohort
waarbij verschillende eindpunten worden meegenomen.

In hoofdstuk 5 is het op het farmacokinetische en farmacodynamische
model gebaseerde doseringsalgoritme zoals beschreven in hoofdstuk 3
prospectief geévalueerd in twee verschillende ziekenhuizen met behulp van
BIS waarden als farmacodynamische eindpunt. Voor zover ons bekend is dit
de eerste studie, die prospectief een doseringsalgoritme gebaseerd op een
farmacokinetiek en farmacoynamiek model bij morbide obese patiénten,
evalueert.Insgamorbide obese patiéntenvariérend in totaal lichaamsgewicht

van 95 kg tot 210 kg werd stabiele en effectieve onderhoudsanesthesie
verkregen gemeten op basis van de BIS, bloeddruk en hartslag. Tijdens
de eerste twintig minuten na de bolusinjectie van propofol daalde de
gemiddelde bloeddruk echter met meer dan 30% ten opzichte van de
preoperatieve bloeddruk. Dit kan wellicht verklaard worden doordat in de
studie alle patiénten een bolus dosis van 350 mg propofol kregen, terwijl
individualisering van de inductiedosis deze bloeddrukdaling mogelijk zou
hebben kunnen verminderd. Onlangs is lean body weight voorgesteld
als een meer geschikte doseermaat om de propofol inductie dosis te
berekenen in morbide obese patiénten (8). Verdelingsvolumina worden
vaak gebruikt om de initiéle dosis van een geneesmiddel te berekenen,
resulterend in een grotere oplaaddosis voor een groter verdelingsvolume.
In het farmacokinetische en farmacodynamische model beschreven in
hoofdstuk 3 werden geen significante covariaten gevonden voor het centrale
verdelingsvolume (V1). Wel was het geschatte V1 in morbide obese patiénten
groter dan het V1 in de analyse van de gezamenlijke data van niet-obese en
morbide obese patiénten (4,51 L (SD 13,0) versus 3,120 L (SD 8,3)). Naar onze
mening kan deze niet-significante toename in V1 worden gezien als een
gedeeltelijke verklaring voor de daling van de bloeddruk tijdens de eerste
twintig minuten van de anesthesie beschreven in hoofdstuk 5. Het concept
van een bolus dosis voor geneesmiddelen die meerdere compartimenten
farmacokinetiek vertonen is complex en daarom is het gebruik van V1 als
de belangrijkste determinant van de oplaaddosis mogelijk niet geheel
gerechtvaardigd. Een studie is nodig om voorspellende factoren van de
optimale propofol inductiedosis in combinatie met de propofol-remifentanil
onderhoudsdosering als beschreven in hoofdstuk 3 nader te bepalen.

In hoofdstuk 6 beschrijven we de effecten van overgewicht op de
farmacokinetiek van propofol in kinderen en adolescenten. Terwijl in de
VS in 2008 de prevalentie van obesitas onder kinderen steeg tot 17% (9),
ontbreken er adequate farmacokinetische en farmacodynamische gegevens
in deze patiénten. Analoog aan het effect van morbide obesitas op de
farmacokinetiek van propofol bij volwassenen zoals beschreven in hoofdstuk
3, bleek de propofol klaring van morbide obese kinderen en adolescenten het
beste te schalen mettotale lichaamsgewichtin een allometrische functie met
een exponent van 0,80. Deze unieke resultaten waren in overeenstemming
met de waargenomen niet-lineaire stijging van de propofol klaring met
het totale lichaamsgewicht in niet-obese kinderen (10-12). Op basis van de
huidige resultaten kan de propofol onderhoudsdosering worden gebaseerd
op deze niet-lineaire relatie tussen de klaring van propofol en het totale
lichaamsgewicht. Deze bevinding moet worden bevestigd met behulp van
evaluaties van farmacodynamische eindpunten, zoals de BIS, zodat de
farmacokinetiek farmacodynamiek relatie in morbide obese kinderen kan

239




Dutch summary

worden vastgesteld.

Om de gehele invloed van obesitas en leeftijd op de farmacokinetiek
van propofol te kunnen karakteriseren, voerden we in hoofdstuk 7
een populatie farmacokinetische meta-analyse uit met gegevens van
morbide obese volwassenen, adolescenten en kinderen en hun niet-obese
controle patiénten. Het uiteindelijke model is gebaseerd op gegevens van
patiénten met een brede spreiding aan totale lichaamsgewichten (37 -
184 kg) en leeftijden (9 - 79 jaar). De resultaten lieten zien dat het totale
lichaamsgewicht met behulp van een allometrische functie met een
exponent van 0,77 de meest voorspellende covariaat is om de verandering in
propofol klaring voor alle patiénten te beschrijven. Een mogelijke verklaring
voor deze toename van de propofol klaring met het totale lichaamsgewicht
is, net als voor andere “high extraction drugs”, zoals paclitaxel (13), een
verhoogd bloedvolume en cardiale output, waardoor de bloedtoevoer naar
de lever vergroot is (14). Daarnaast werd leeftijd als significante covariaat
beschreven met een bilineaire functie met twee verschillende hellingen:
een aanvankelijke stijging met daaropvolgend een afname in klaring met
de leeftijd. Het verdient aanbeveling dat dit farmacokinetische model
met totaal lichaamsgewicht en leeftijd als covariaten voor klaring nader
te onderzoeken bij data analyse van andere geneesmiddelen in patiénten
cohorten met sterk uiteenlopende gewichten en leeftijden.

Conclusies en aanbevelingen

- De toename in propofol klaring als gevolg van (morbide) obesitas bij
volwassenen, adolescenten en kinderen kan worden beschreven met
behulp van het totale lichaamsgewicht als de gewichtsmaat in een
allometrische functie met een exponent van o,77.

- De farmacodynamiek van propofol gemeten met de BIS liet geen effect
van overgewicht in morbide obese volwassenen zien. Deze bevinding
moet worden bevestigd in een gecombineerde analyse van gegevens
van zowel niet-obese als (morbide) obese volwassenen, adolescenten
en kinderen.

- De propofol onderhoudsdosering gebaseerd op het farmacokinetiek
en farmacodynamiek model, gebruikmakend van een gecorrigeerd
lichaamsgewicht werd met succes geévalueerd in een prospectieve
studie in morbide obese volwassenen en kan daarom worden toegepast
in de dagelijkse praktijk.

- De farmacokinetische meta-analyse laat zien dat een lagere propofol
onderhoudsdosisgebruikt moetwordenineenmorbide obese adolescent
met hetzelfde lichaamsgewicht als een morbide obese volwassene.
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De invloed van morbide obesitas op de farmacodynamiek van
laagmoleculair gewicht heparines

Aangezien er op dit moment geen richtlijnen beschikbaar zijn voor het
doseren van laagmoleculair gewicht heparines (LMWHSs) bij morbide obese
patiénten, wordt aanbevolen de dosis te baseren op het antistollingseffect,
gemeten met behulp van anti-Xa spiegels (15). In hoofdstuk 8 hebben
we laten zien, dat in een morbide obese patiént van 252 kg met een
gediagnostiseerde longembolie, effectieve anti-Xa spiegels worden bereikt
met een lagere dosis dan de aanbevolen dosis op basis van het totale
lichaamsgewicht. Het resultaat suggereerde dat de farmacodynamiek
van LMWHs wordt beinvloed door extreem overgewicht. Dit was voor
ons de aanleiding om het huidige beleid voor het doseren van LMWHs
in (morbide) obese patiénten in kaart te brengen. Daarvoor hebben wij
in hoofdstuk g online en telefonisch een enquéte uitgevoerd onder alle
Nederlandse ziekenhuizen. Dosisaanpassingen in obese patiénten in de
Nederlandse ziekenhuizen bleken sterk viteen te lopen. In het merendeel
van de ziekenhuizen werd de LMWH dosis verhoogd boven een bepaalde
cut-off waarde van het gewicht. Deze waarde was gebaseerd op het totale
lichaamsgewicht of BMI en verschilde per instelling. Opvallend was dat
controle van hetantistollingseffect door LMWHs in morbide obese patiénten
met behulp van anti-Xa spiegels niet gangbaar was in de ziekenhuizen.

Om de meest geschikte dosis LMWH in morbide obese patiénten te
bepalen, onderzochten we in hoofdstuk 10 de invloed van overgewicht op
het effect van een bolus dosis nadroparine. De anti-Xa spiegels vier uur na
toediening bleken te correleren met lean body weight. Lean body weight
is eerder voorgesteld als doseermaat voor de therapeutische dosis van
enoxaparine, een ander LMWH, bij patiénten met een gewicht boven de 100
kg (16). In overeenstemming met onze resultaten, is eerder beschreven dat
het verhogen van de nadroparine dosering resulteerde in een niet-lineaire
toename van de maximale anti-Xa spiegel vier uur na toediening in obese
patiénten (17). Wij stellen daarom voor lean body weight te gebruiken als
doseermaat voor nadroparine.

Om de invloed van overgewicht op de farmacodynamiek van nadroparine
volledig te karakteriseren, zijn ook anti-Xa spiegels gemeten na een
bolusdosis nadroparine in niet-obese patiénten. Een farmacodynamische
populatie analysemethode werd gebruikt om de invloed van het
lichaamsgewicht op elke afzonderlijke farmacodynamische parameter te
beschrijven om zo een onderbouwd doseringsalgoritme te ontwikkelen. In
het farmacodynamische model voor nadroparine beschreven in hoofdstuk
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11 hebben we laten zien dat zowel in niet-obese als morbide obese patiénten lean
body weight de beste gewichtsmaat voor het centrale verdelingsvolume was.
Bovendien kon 31% van de interindividuele variatie in de klaring worden verklaard
met het totale lichaamsgewicht. Het farmacodynamische model is gebaseerd op
een groot aantal anti-Xa spiegels per patiént uit patiénten die sterk varieerden
in lichaamsgewicht (72 kg tot 252 kg). Eerdere publicaties over de invloed
van overgewicht op de farmacodynamiek van andere LMWHs (enoxaparine,
tinzaparin en dalteparine) toonden aan dat patiénten met obesitas een hogere
totale geneesmiddel klaring hebben dan niet-obese patiénten (18). Voor enkele
andere renaal geklaarde geneesmiddelen zoals vancomycine, daptomycine en
carboplatine is bekend dat de klaring is verhoogd, wat gerelateerd wordt aan een
hogere glomerulaire filtratiesnelheid bij obese patiénten, zoals ook is beschreven
in hoofdstuk 2 (19-21). De nierfunctie wordt beinvioed door overgewicht, omdat
obese patiénten een 62% toename van de geschatte glomerulaire filtratiesnelheid
hebben (22). Daarom wordt de verhoogde klaring van nadroparine met het totale
lichaamsgewicht waarschijnlijk veroorzaakt door een toegenomen glomerulaire
filtratiein (morbide) obese patiénten.Voor LMWH s het centrale verdelingsvolume
debelangrijkste parameter,omdatdeze parametervoornamelijkdemaximaleanti-
Xa spiegel vier uur na toediening, bepaalt en waarvoor een profylactische range is
gedefinieerd in niet-obese patiénten (18). Er wordt verondersteld dat LMWH zich
voornamelijk verdelen over bloed en vasculaire weefsels. Daarnaast is bekend
dat het plasmavolume niet-lineair toeneemt met het totale lichaamsgewicht
(23) en waarschijnlijk lineair met lean body weight. Daarom is eerder al lean body
weight voorgesteld als doseermaat voor het doseren van LMWH (16). Omdat de
profylactische anti-Xa streefspiegels zijn vastgesteld voor niet-obese patiénten,
kan het zijn dat in de toekomst andere anti-Xa streefspiegels voor morbide obese
patiénten worden vastgesteld. Het huidige model kan dan gebruikt worden
om veilige en effectieve doseringen voor tromboseprofylaxe in deze bijzondere
patiéntenpopulatie te bepalen waarbij deze streefspiegels daadwerkelijk in alle
morbide obese patiénten met variérende lichaamsgewichten worden bereikt.

Conclusies en aanbevelingen

- Erzijn grote verschillenin de praktijk van tromboseprofylaxe in (morbide)
obese chirurgische patiénten in Nederlandse ziekenhuizen. In de huidige
richtlijnen ontbreken onderbouwde dosis aanbevelingen.

- Het centrale distributievolume en de maximale anti-Xa spiegel zijn
gecorreleerd met lean body weight, hetgeen suggereert dat lean body
weight gebruikt kan worden voor het doseren van nadroparine.

- Het ontwikkelde farmacodynamische model voor nadroparine kan in
de toekomst worden gebruikt om met de juiste anti-Xa streefspiegels
voor morbide obese patiénten veilige en effectieve doseringen voor
tromboseprofylaxe in deze bijzondere patiéntenpopulatie te bepalen.
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De invloed van obesitas op de farmacokinetiek en farmacodynamiek
van geneesmiddelen in adolescenten en volwassenen: perspectieven van
het onderzoek

In dit proefschrift lag de nadruk op het bestuderen van de invloed van
morbide obesitas op de farmacokinetiek en farmacodynamiek van propofol
en nadroparine met als doel veilige en wetenschappelijk onderbouwde
doseringsrichtlijnen te ontwikkelen. Aangezien er grote klinische behoefte is
aan onderbouwde doseringsrichtlijnen voor veel gebruikte geneesmiddelen
in morbide obese patiénten zou er niet alleen onderzoek zoals beschreven in
dit proefschrift uitgevoerd moeten worden, de farmaceutische industrie zou
tevens moeten worden aangemoedigd deze patiénten in klinische studies te
includeren.Alleendankandeinvloed van overgewicht op de farmacokinetiek
en farmacodynamiek van geneesmiddelen tijdens de eerste fasen van
geneesmiddelontwikkeling worden geidentificeerd. In de uit te voeren
farmacokinetische en farmacodynamische studies in deze patientengroep
zouden alle beschikbare gewichtsmaten zoals totaal lichaamsgewicht,
BMI en lean body weight moeten worden onderzocht. In dit proefschrift
werden deze gewichtsmaten getest en de meest significante gewichtsmaat
werd opgenomen in het uiteindelijke model. Alternatieve methoden om
de invloed van overgewicht op de farmacokinetiek te beschrijven zijn lean
body weight met een exponent van 0,66 voor alle geneesmiddelklaringen
te gebruiken (24) of het hanteren van de allometrische theorie (25).
Laatstgenoemde theorie is gebaseerd op empirische observaties dat de
stofwisseling tussen diersoorten toeneemt met het lichaamsgewicht
met een exponent van 0,75 (26). Zoals beschreven in hoofdstuk 2 van dit
proefschrift, nemen niet alle metabolische activiteiten tussen mensen toe
met het lichaamsgewicht. CYP3A gemedieerde geneesmiddelklaringen
lijken daarbij zelfs af te nemen. Daarbij is obesitas, naast de ophoping van
overtollig vet, een aandoening die de (patho)fysiologie beinvloedt, waardoor
men voorzichtig moet zijn bij het gebruik van de allometrische theorie of
het gebruik van één lichaamsmaat voor alle geneesmiddelen in (morbide)
obese patiénten. Naast de identificatie van voorspellende gewichtsmaten
voor de variabiliteit van de farmacokinetische en farmacodynamische
parameters, moet het uiteindelijke model worden gevalideerd en
prospectief geévalueerd, zoals beschreven in hoofdstuk 5. Uit de literatuur
blijkt dat de meeste farmacokinetische en farmacodynamische studies niet
adequaat alle beschikbare evaluatie- en validatiestappen te beschrijven (27).
Misspecificatie van modellen kan leiden tot slechte voorspellende waarden
van het model en het kan verstrekkende gevolgen hebben wanneer deze
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farmacokinetische en farmacodynamische modellen worden gebruikt als
basis voor het doseren van geneesmiddelen in morbide obese patiénten. De
nauwkeurigheid van de gewichtsmaten in het uiteindelijke model moeten
daarom worden geévalueerd over de gehele gewichtsrange. In hoofdstuk
12 worden zes evaluatiecriteria voorgesteld om te worden uitgevoerd en
gerapporteerd bijde validatie van farmacokinetische en farmacodynamische
modellen voor morbide obese patienten. Deze criteria zijn een bewerking
van richtlijnen voor farmacokinetisch en farmacodynamisch onderzoek
in kinderen (28). De vraag blijft hoe de dosering voor geneesmiddelen in
morbide obese patiénten in de toekomst moeten worden onderzocht.
Aangezien de prevalentie van obesitas en de totale lichaamsgewichten van
zowel kinderen als volwassenen nog steeds toenemen, zijn studies naar de
impact van morbide obesitas op specifieke geneesmiddel eliminatieroutes
in zowel kinderen als volwassenen gerechtvaardigd. De traditionele
farmacokinetische en farmacodynamische modellen hanteren veelal
empirische modellen zoals de Hill vergelijking die wordt gebruikt om in vivo
dosis-concentratie-effect relaties te beschrijven. Deze vergelijkingen geven
niet altijd inzicht in de fysiologie of in factoren die de concentratie-effect
relatie beinvloeden. Intheorieis de relatie tussen geneesmiddelconcentratie
enbiologische respons afhankelijk van geneesmiddelfactoren en biologische
factoren (29). De klassieke farmacokinetische en farmacodynamische
modellen kunnen uiteindelijk wel leiden tot een fysiologisch model, al
dan niet ondersteund met behulp van de Simcyp software (Simcyp Ltd,
UK) (30, 31). Met deze software kunnen naast de obesitas gerelateerde
(patho)fysiologische veranderingen zoals bijvoorbeeld bloedvolume en
metabole processen ook fysische eigenschappen van het geneesmiddel
worden opgenomen in het model. Het is onwaarschijnlijk dat voor elk
bestaand geneesmiddel in (morbide) obese patiénten grondig gevalideerde
farmacokinetische modellen zullen worden ontwikkeld. Een efficiéntere
benadering moet daarom worden opgezet om veilige en effectieve
doseringsschema'’s voor deze speciale groep patiénten te ontwikkelen. In
hoofdstuk 2 werd beschrevenhoedeinvloedvanobesitasop hetmetabolisme
en de eliminatie van geneesmiddelen per route verschilt. Voorgesteld wordt
om de gewichtsmaat en functie die de invloed van obesitas op de klaring
van een bepaald geneesmiddel beschrijft, te extrapoleren naar andere
geneesmiddelen die via dezelfde route worden geklaard uit het lichaam. De
extrapolatie van deze modellen kan de ontwikkeling van farmacokinetische
en farmacodynamische modellen voor geneesmiddelen in (morbide) obese
patiénten versnellen en kan helpen bij de individualisering van de dosering
van geneesmiddelen.
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