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he influence of morbid obesity on the 
pharmacokinetics and pharmacodynamics of 
drugs in adolescents and adults
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           ummary

    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.

        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 40. 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)0.72).
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 V1 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.

12  PK and PD of drugs in morbidly obese patients    
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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.

    he 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 (16). 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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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 
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maintenance dose in morbidly obese adolescents with the same body 
weight as morbidly obese adults.
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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. 

    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 

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 

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 processes in (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.

12  PK and PD of drugs in morbidly obese patients    



234 235

04

12  PK and PD of drugs in morbidly obese patients    

References

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

2. 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.

3. Bjornsson MA, Norberg A, Kalman S, Karlsson 
MO, Simonsson US. A two-compartment 
effect site model describes the bispectral index 
after different rates of propofol infusion. J 
Pharmacokinet Pharmacodyn. 2010;37(3):243-
55.

4. Wiczling P, Bienert A, Sobczynski P, Hartmann-
Sobczynska R, Bieda K, Marcinkowska A, et 
al. Pharmacokinetics and pharmacodynamics 
of propofol in patients undergoing abdominal 
aortic surgery. Pharmacol Rep. 2012;64(1):113-
22.

5. Upton RN, Ludbrook G. A physiologically 
based, recirculatory model of the kinetics and 
dynamics of propofol in man. Anesthesiology. 
2005;103(2):344-52.

6. Stone AA, Broderick JE. Obesity and pain are 
associated in the United States. Obesity (Silver 
Spring). 2012;20(7):1491-5. Epub 2012/01/21.

7. Struys MM, Coppens MJ, De Neve N, Mortier 
EP, Doufas AG, Van Bocxlaer JF, et al. Influence 
of administration rate on propofol plasma-
effect site equilibration. Anesthesiology. 
2007;107(3):386-96.

8. Wang LP, McLoughlin P, Paech MJ, Kurowski I, 
Brandon EL. Low and moderate remifentanil 
infusion rates do not alter target-controlled 
infusion propofol concentrations necessary 
to maintain anesthesia as assessed by 
bispectral index monitoring. Anesth Analg. 
2007;104(2):325-31.

9. Bouillon TW, Bruhn J, Radulescu L, Andresen C, 
Shafer TJ, Cohane C, et al. Pharmacodynamic 
interaction between propofol and remifentanil 
regarding hypnosis, tolerance of laryngoscopy, 
bispectral index, and electroencephalographic 
approximate entropy. Anesthesiology. 
2004;100(6):1353-72.

10. 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.

11. Ogden 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.

12. Wang 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.

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

14. 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.

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

16. Barras MA, Duffull SB, Atherton JJ, Green B. 
Individualized compared with conventional 
dosing of enoxaparin. Clin Pharmacol Ther. 
2008;83(6):882-8.

17. Heizmann M, Baerlocher GM, Steinmann F, 
Horber FF, Wuillemin W. Anti-Xa activity in 
obese patients after double standard dose 
of nadroparin for prophylaxis. Thromb Res. 
2002;106(4-5):179-81.

18. 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.

19. Bauer LA, Black DJ, Lill JS. Vancomycin 
dosing in morbidly obese patients. Eur J Clin 
Pharmacol. 1998;54(8):621-5.

20. Dvorchik BH, Damphousse D. The 
pharmacokinetics of daptomycin in moderately 
obese, morbidly obese, and matched nonobese 
subjects. J Clin Pharmacol. 2005;45(1):48-56.

21. Schmitt A, Gladieff L, Lansiaux A, Bobin-
Dubigeon C, Etienne-Grimaldi MC, Boisdron-
Celle M, et al. A universal formula based on 
cystatin C to perform individual dosing of 
carboplatin in normal weight, underweight, 
and obese patients. Clin Cancer Res. 
2009;15(10):3633-9.

22. Pai MP. Estimating the Glomerular Filtration 
Rate in Obese Adult Patients for Drug Dosing. 
Adv Chronic Kidney Dis. 2010;17(5):e53-e62.

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

24. McLeay SC, Morrish GA, Kirkpatrick CM, Green 
B. The Relationship between Drug Clearance 
and Body Size: Systematic Review and Meta-
Analysis of the Literature Published from 2000 
to 2007. Clin Pharmacokinet. 2012;51(5):319-
30.

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

26. Kleiber M. Energy Metabolism. Annu Rev 
Physiol. 1944;6:123-54.

27. Kolokotrones T, Van S, Deeds EJ, Fontana 
W. Curvature in metabolic scaling. Nature. 
2010;464(7289):753-6.

28. White CR, Cassey P, Blackburn TM. Allometric 
exponents do not support a universal metabolic 
allometry. Ecology. 2007;88(2):315-23.

29. Glazier DS. Beyond the ‘3/4-power law’: 
variation in the intra- and interspecific scaling 
of metabolic rate in animals. Biol Rev Camb 
Philos Soc. 2005;80(4):611-62.

30. Packard GC, Birchard GF. Traditional allometric 
analysis fails to provide a valid predictive model 
for mammalian metabolic rates. J Exp Biol. 
2008;211(Pt 22):3581-7.

31. Brendel K, Dartois C, Comets E, Lemenuel-Diot 
A, Laveille C, Tranchand B, et al. Are population 
pharmacokinetic and/or pharmacodynamic 
models adequately evaluated? A survey 
of the literature from 2002 to 2004. Clin 
Pharmacokinet. 2007;46(3):221-34.

32. De Cock RF, Piana C, Krekels EH, Danhof M, 
Allegaert K, Knibbe CA. The role of population 
PK-PD modelling in paediatric clinical research. 
Eur J Clin Pharmacol. 2011;67 Suppl 1:5-16.

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

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

35. Yano Y, Beal SL, Sheiner LB. Evaluating 
pharmacokinetic/pharmacodynamic models 
using the posterior predictive check. J 
Pharmacokinet Pharmacodyn. 2001;28(2):171-
92.

36. Comets E, Brendel K, Mentre F. Computing 
normalised prediction distribution errors to 
evaluate nonlinear mixed-effect models: the 
npde add-on package for R. Comput Methods 
Programs Biomed. 2008;90(2):154-66.

37. Danhof M, de Lange EC, Della Pasqua OE, 
Ploeger BA, Voskuyl RA. Mechanism-based 
pharmacokinetic-pharmacodynamic (PK-PD) 
modeling in translational drug research. Trends 
in pharmacological sciences. 2008;29(4):186-
91.

38. Ghobadi C, Johnson TN, Aarabi M, Almond LM, 
Allabi AC, Rowland-Yeo K, et al. Application 
of a systems approach to the bottom-up 
assessment of pharmacokinetics in obese 
patients: expected variations in clearance. Clin 

Pharmacokinet. 2011;50(12):809-22.
39. Darwich AS, Pade D, Ammori BJ, Jamei 

M, Ashcroft DM, Rostami-Hodjegan A. A 
mechanistic pharmacokinetic model to 
assess modified oral drug bioavailability post 
bariatric surgery in morbidly obese patients: 
interplay between CYP3A gut wall metabolism, 
permeability and dissolution. J Pharm 
Pharmacol. 2012;64(7):1008-24.

40. Krekels EHJ, Neely M, Panoilia E, Tibboel D, 
Capparelli E, Danhof M, et al. From Pediatric 
Covariate Model to Semiphysiological Function 
for Maturation: Part I-Extrapolation of a 
Covariate Model From Morphine to Zidovudine. 
CPT: pharmacomet syst pharmacol. 2012;1:e9.

41. Krekels EHJ, Johnson TN, den Hoedt 
SM, Rostami-Hodjegan A, Danhof M, 
Tibboel D, et al. From Pediatric Covariate 
Model to Semiphysiological Function for 
Maturation: Part II-Sensitivity to Physiological 
and Physicochemical Properties. CPT: 
pharmacomet syst pharmacol. 2012;1:e10.


