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Abstract
Clinicians are increasingly faced with challenges regarding the pharmacological
treatment of obese pediatric patients. To provide guidance for these treatments, a
better understanding of the impact of obesity on pharmacological processes in
children is needed. Results on pharmacological studies in adults show however
ambiguous patterns regarding the impact of obesity on ADME processes or on
drug pharmacodynamics. Additionally, based on the limited research performed
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in obese pediatric patients, it becomes clear that findings from obese adults cannot
be expected to always translate directly to similar findings in obese children. To
improve knowledge on drug pharmacology in obese pediatric patients, studies
should focus on quantifying the impact of maturation, obesity, and other relevant
variables on primary pharmacological parameters and on disentangling systemic
(renal and/or hepatic) and presystemic (gut and/or first-pass hepatic) clearance.
For this, data is required from well-designed clinical trials that include patients
with not only a wide range in age but also a range in excess body weight, upon
oral and intravenous dosing. Population modelling approaches are ideally suit-
able for this purpose and can also be used to link the pharmacokinetics to
pharmacodynamics and to derive drug dosing regimens. Generalizability of
research findings can be achieved by including mechanistic aspects in the data
analysis, for instance, using either extrapolation approaches in population
modelling or by applying physiologically based modelling principles. It is imper-
ative that more and smarter studies are performed in obese pediatric patients to
provide safe and effective treatment for this special patient population.

Keywords
ADME · Obesity · Pediatrics · Pharmacodynamics · Pharmacokinetics ·
Physiologically based modelling · Population modelling

1 Introduction

Around the world, the body weight of both adult and pediatric populations is
generally increasing (Abarca-Gómez et al. 2017), and as a result, clinicians are
increasingly faced with pharmacological treatment challenges for overweight and
obese patients. In children, a global definition of overweight or obesity is lacking,
but most definitions are based on a comparison of body mass index (BMI; the ratio of
body weight in kg and the square of the length in m) to age- and sex-specific values,
although there is evidence that using BMI to define obesity may lead to
underestimation of the problem (Reilly et al. 2018). The CDC, for instance, defines
overweight and obesity in children and adolescents as BMI above the 85th or 95th
percentile of age- and sex-specific values in their growth charts, respectively. In
2013 an extensive survey found 23.8% of boys and 22.6% of girls to be either
overweight or obese in developed countries, while in developing countries these
numbers were 12.9% and 13.4%, respectively (Ng et al. 2014).

Obesity leads to physiological changes to the extent that the American Medical
Association has officially classified obesity as a disease in 2013. Both adipose tissue
and lean body weight are increased in obesity, with the ratio of fat and lean body
mass being higher than in non-obese individuals. It is now also widely believed that
both obese adult and obese pediatric patients are in a chronic state of low-grade
inflammation (Wellen and Hotamisligil 2003; Rainone et al. 2016), which may
impact the expression of metabolic enzymes, drug transporters, and plasma proteins
(Ulvestad et al. 2013; Blouin et al. 1987). These and other changes may impact
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processes underlying the pharmacokinetics and pharmacodynamics of drugs,
resulting in increased variability in drug pharmacology. The impact of these changes
needs to be understood, to be able to provide guidance on safe and effective drug
dosing in obese (pediatric) patients.

This paper provides an overview of current knowledge on the impact of over-
weight and obesity on the pharmacokinetics and pharmacodynamics of drugs.
Specific focus is on pediatric patients; however, as the amount of information in
this special population is very limited, findings in the adult population are also
reviewed to assess whether generalizations from this population can be derived.
Subsequently, guidance will be provided on how to perform future studies on drug
pharmacology in obese children.

2 Drug Pharmacology in Obese Adults

Drug exposure is dependent on processes related to absorption, distribution, metab-
olism, and excretion (ADME), which together results in pharmacokinetic profiles of
drugs. The impact of obesity on ADME processes of different drugs has to a certain
extent been studied in adults. However, findings from studies on different drugs,
even when metabolized by the same pathway, are sometimes counterintuitive or
may appear contradictory, making it difficult to derive generalizable dosing
recommendations, even for adults.

Drug responses are dependent on both pharmacokinetics and pharmacodynamics,
meaning that both drug exposure and the exposure-response relationships will result
in desired and undesired drug effects. A small number of adult studies have shown
that not just drug pharmacokinetics, but also drug pharmacodynamics may be altered
with obesity.

2.1 Absorption in Obese Adults

The most common route for drug administration is oral. Factors that may impact the
absorption rate and/or the bioavailability of orally administered drugs in obese
patients include an increase in gastric emptying and intestinal motility (Xing and
Chen 2004; Cardoso-Júnior et al. 2007), increased permeability of the gut due to loss
of tight junction function and resulting increases in paracellular transport, which was
observed both in adults and in children (Rainone et al. 2016; Teixeira et al. 2012),
decreased expression of CYP enzymes in the gut and liver, which was found to
increase with BMI in adults (Ulvestad et al. 2013), and increased splanchnic blood
flow, which may carry drugs away faster from the metabolic enzymes in the gut wall
(Alexander et al. 1962–1963).

Interestingly, for trazodone (Greenblatt et al. 1987), cyclosporine (Flechner
et al. 1989), dexfenfluramine (Cheymol et al. 1995), and moxifloxacin (Kees et al.
2011), obesity was found to not impact bioavailability, despite the aforementioned
physiological changes in obese patients. For propranolol a trend toward higher
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bioavailability in obese patients compared to non-obese patients was found, based on
similar systemic clearance values in both groups upon intravenous dosing but
smaller oral apparent clearance values in the obese upon oral dosing (Bowman
et al. 1986). Similar trends in oral apparent clearance have been observed for
alprazolam and triazolam, which for triazolam even reached statistical significance
(Abernethy et al. 1984). However, in the absence of data upon intravenous dosing, it
cannot be established whether these differences indeed arise from differences in
bioavailability, from differences in clearance, or a combination of both. The same
limitation applies to a study on vortioxetine, in which based on similar areas under
the concentration-time curve (AUC) and steady-state concentrations (Greenblatt
et al. 2018a), the bioavailability for vortioxetine can be assumed to be similar
between obese and non-obese patients, while another possible explanation for the
presented observations is that bioavailability and clearance change with similar
magnitudes. For midazolam, one study did not find a difference in the bioavailability
between obese and non-obese patients (Greenblatt et al. 1984), while a later study
did find an increased bioavailability for midazolam in morbidly obese patients (Brill
et al. 2014a). These differences in findings can potentially be attributed to
differences in study design and data analysis, but another possible explanation
could be that the latter study included patients with much higher body weights,
which could imply that differences in bioavailability for midazolam only become
apparent with extreme obesity, which may or may not also be linked to the duration a
patient has been obese.

For midazolam, the absorption rate was found to be reduced in obese patients
(Brill et al. 2014a). Studies using time to maximum concentration (Tmax) as a proxy
for absorption rate suggest decreases in absorption rate of paracetamol (Lee et al.
1981) and levothyroxine (Michalaki et al. 2011) and unaltered absorption rate values
for morphine (Lloret-Linares et al. 2014). It should, however, be noted that Tmax is
impacted by parameters other than absorption rate and can therefore not be regarded
as a pure proxy of absorption rate.

2.2 Distribution Volume in Obese Adults

Drug distribution is impacted by system-specific as well as drug-specific properties.
With respect to system-specific changes in obesity, increases in the physical size of
the body will increase blood and tissue volumes, additionally cardiac output and
tissue perfusion might change (Alexander et al. 1962–1963; Lemmens et al. 2006),
and all may be expected to impact drug distribution rates and distribution volume.
Moreover, lipophilicity, a drug-specific property, may theoretically lead to increased
partitioning into fat tissue, thereby increasing distribution volume for these drugs in
the obese. However, specific and non-specific drug binding to blood or tissue
constituents, the presence of blood constituents competing for plasma protein bind-
ing, as well as the presence of drug transporter proteins on tissue membranes may
either further increase or decrease tissue partitioning and as a result lipophilicity is
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generally not a good predictor of distribution volume (Jain et al. 2011; Knibbe et al.
2015).

For drugs that are hydrophilic or only weakly or moderately lipophilic,
partitioning into fat tissue is generally limited. It seems obesity mostly leads to at
best moderate increases in distribution volume, as was seen for methylxanthines,
aminoglycosides, beta-blockers, ibuprofen, phenazone, certain benzodiazepines,
ranitidine, and heparin (Morgan and Bray 1994; Davis et al. 1990; Cheymol et al.
1997; Smit et al. 2019). For the hydrophilic drug vancomycin, however, both
moderate and large increases in distribution volume values have been reported in
the obese (Adane et al. 2015; Blouin et al. 1982).

Due to the impact of aforementioned mechanisms that may impact drug
partitioning into fat, the expected increase in distribution volume of lipophilic
compounds in the obese is in fact found to be highly variable. For posaconazole
(Greenblatt et al. 2018b), lipophilic benzodiazepines such as midazolam (Brill et al.
2014a), thiopental sodium, phenytoin, verapamil, and lidocaine (Morgan and Bray
1994), distribution volume was found to be greatly increased in the obese, while the
distribution volume for propofol, digoxin, cyclosporine, and prednisolone was found
to remain constant in the obese (Morgan and Bray 1994; van Kralingen et al. 2011a;
Abernethy et al. 1981).

By reducing the unbound drug fraction, plasma protein binding may limit the
distribution of drugs into peripheral tissue, as only unbound drug is believed to be
able to diffuse into tissue. Results regarding potential changes in concentrations of
serum albumin and α1-acid glycoprotein in the obese are contradictory but generally
indicated only relatively small changes (Benedek et al. 1983; Cheymol et al. 1987;
Pai et al. 2007). Increases in triglycerides that may compete with drugs for plasma
protein binding (Benedek et al. 1983) may increase the unbound fraction of some
drugs. A decrease in unbound drug fraction has been reported for propranolol, while
unbound fractions of phenytoin, alprazolam, cefazolin, daptomycin, and various
benzodiazepines have been reported to remain unchanged (Abernethy et al. 1984;
Greenblatt et al. 1984; Benedek et al. 1983; Cheymol et al. 1987; Pai et al. 2007;
Brill et al. 2014b). It should be noted that decreased unbound drug fractions will
proportionally reduce the total clearance of drugs with a low or intermediate
extraction ratio, which result in unaltered unbound drug concentrations in the obese.

In addition to changes in distribution volume, it also has to be kept in mind that
tissue penetration of drugs may be reduced in obese patients. For cefazolin, subcu-
taneous tissue concentrations were found to be considerably reduced in obese
patients, while systemic exposure to this drug was similar to values in non-obese
patients. Such reduced local exposure may reduce the apparent efficacy of prophy-
lactic treatments of postoperative wound infections with this antibiotic (Brill et al.
2014b).

2.3 Metabolism in Obese Adults

Drug metabolism mainly occurs in the liver. Due to abnormal fat disposition and the
low-grade chronic inflammation, nonalcoholic fatty liver disease, ranging from
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steatosis to nonalcoholic steatohepatitis (NASH), is common in obese individuals
(Harnois et al. 2006; Machado et al. 2006). Potential other changes including
changes in plasma protein binding, liver blood flow and perfusion, expression of
transporters on hepatocytes, and metabolic enzymes in the hepatocytes may all
further impact hepatic metabolic drug clearance. How these changes impact the
hepatic metabolism of drugs depends to a large extent on the extraction ratio.

For drugs with a low or intermediate extraction ratio, plasma protein binding may
be a limiting factor for hepatic metabolism; however, generally no large changes in
protein binding are observed in obesity (Benedek et al. 1983; Cheymol et al. 1987;
Pai et al. 2007) as mentioned before. For these drugs, the intrinsic clearance, which is
impacted by the expression and activity of metabolic enzymes, is likely the most
limiting factor for hepatic metabolism in the obese. Generally, clearance of CYP3A4
substrates is reduced with obesity, although statistical significance of findings is not
always reached in trials (Brill et al. 2012). This trend is in line with observations of
reduced CYP3A4 activity in adult and pediatric patients with nonalcoholic fatty liver
disease or inflammation (Woolsey et al. 2015; Kolwankar et al. 2007; Brussee et al.
2018). For caffeine and theophylline, both substrates for CYP1A2, no changes
in clearance were observed with obesity (Caraco et al. 1995; Jusko et al. 1979),
although for the latter a trend toward increased clearance was observed after
correcting for confounding factors. The clearance of substrates for other CYP
enzymes, including CYP2C9, CYP2C19, CYP2D6, and CYP2E1, also appears to
be increased to various extents in obese patients (Brill et al. 2012; Emery et al. 2003;
van Rongen et al. 2016), although especially for CYP2C19 and CYP2D6 the impact
of polymorphisms on inter-individual differences in clearance seems to be more
pronounced than the impact of obesity.

Remarkably, a drug-drug interaction study seems to suggest that compared to
non-obese patients, the relative impact of CYP3A inhibition by posaconazole on
oral exposure to lurasidone is less pronounced in obese, but that the effect of the
inhibition does persist longer (Greenblatt et al. 2018b). It has to be mentioned
however that at least 66% of this difference was reported to be attributable to the
reduced oral exposure to posaconazole in obese patients in combination with a
prolonged washout of this drug in the obese. The authors attribute the difference
in the exposure of posaconazole, which is mainly metabolized by UGT enzymes,
to increased clearance and distribution volume in the obese. In addition to
posaconazole, the glucuronidation of paracetamol, lorazepam, oxazepam, and
garenoxacin has been reported to be increased with obesity (van Rongen et al.
2016; Abernethy et al. 1982, 1983; Van Wart et al. 2004), although the finding for
garenoxacin may have been confounded by an underestimation of creatinine clear-
ance in the obese. Interestingly, UGT2B15 has been shown to be present in adipose
tissue, which has been proposed to cause the reduced plasma levels for testosterone
in obese men (Tchernof et al. 1999); it is however unknown whether this is also
responsible for increased glucuronidation of drug substrates in obese patients.

For drugs with a high extraction ratio, hepatic blood flow and perfusion are the
main rate limiting factors for hepatic metabolism. Fatty liver disease has been
suggested to reduce sinusoidal perfusion (Farrell et al. 2008), which could reduce
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hepatic clearance, while an increased cardiac output in obese patients might overall
direct more blood to the liver, which could increase hepatic clearance for drug with a
high extraction ratio. For propofol, clearance was consistently found to be increased
in obese adults (van Kralingen et al. 2011a; Dong et al. 2016; Diepstraten et al. 2013;
Cortínez et al. 2010). Findings for sufentanil and paclitaxel also indicate a trend
toward increased clearance in obese patients (Schwartz et al. 1991; Sparreboom et al.
2007). A tendency toward increased hepatic blood flow in obese patients is further
supported by findings for midazolam and fentanyl, which are mainly metabolized by
CYP3A4 metabolism and have an intermediate to high extraction ratio. Clearance
for these drugs has been reported to be the same or even increased in obese versus
non-obese individuals (Greenblatt et al. 1984; Brill et al. 2014a; Shibutani et al.
2004), which could be interpreted as that reduced CYP3A4 activity in obese
individuals is compensated by increases in hepatic blood flow and perfusion.
Findings for the clearance of morphine do however not fit this narrative. Morphine
is mainly cleared through glucuronidation and has an intermediate to high extraction
ratio; both factors are believed to yield increased clearance with obesity, yet in a
clinical study the clearance of morphine in obese patients was found to be similar to
the clearance in non-obese patients (de Hoogd et al. 2017); this could suggest a role
for obesity-related changes in transporter expression or activity.

Influx or efflux transporters on hepatocytes may, respectively, increase or
decrease the presentation of drugs to metabolic enzymes in the hepatocytes and
can thereby impact hepatic metabolic clearance. The impact of hepatic drug
transporters on drug clearance has hitherto remained largely understudied in most
patient populations. Rodent studies do suggest that expression or functionality of
hepatic transporters may be changed in models for NASH (Dzierlenga et al. 2015;
Fisher et al. 2009). Human studies also found expression of transporters in obese
patients to be altered, even to the extent that it can in some cases impact drug
clearance (Ulvestad et al. 2013). The directionality of these transporters and the
differences in their increased or decreased expression and functionality may result in
enhanced or reduced hepatic metabolic clearance for various drugs in obese patients.

2.4 Excretion Clearance in Obese Adults

The kidneys are the primary drug excretion organs. As for the liver, kidney blood
flow and perfusion may be altered in obesity, and as only unbound drug can be
filtered in the glomeruli, potential changes in plasma protein binding can also impact
excretion clearance of drugs. The biggest impact of altered excretion clearance in the
obese and overweight is, however, likely the result of reported increases in glomer-
ular filtration rate (GFR), which is believed to result from changed kidney function
(Ribstein et al. 1995; Chagnac et al. 2008; Park et al. 2012). This may explain the
increases in renal clearance observed in obese patient for drugs that are exclusively
renally cleared including vancomycin, gentamycin, amikacin, and tobramycin
(Adane et al. 2015; Blouin et al. 1982; Brill et al. 2012; Bauer et al. 1983, 1998).
Interestingly, the excretion of morphine metabolites was found to be decreased in
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obese patients (de Hoogd et al. 2017). Although in animals these metabolites were
found to be mainly excreted by the kidneys, one possible explanation provided by
the authors is that in humans biliary excretion of morphine metabolites might be
more relevant than renal excretion.

In addition to GFR, active tubular secretion facilitated by drug transporters is also
believed to be increased in obese patients, which may further add to the increased
renal excretion of drugs like oseltamivir and its active metabolite, procainamide,
ciprofloxacin, and cisplatin in the obese (Sparreboom et al. 2007; Chairat et al. 2016;
Christoff et al. 1983; Allard et al. 1993). Recently a more prominent role for obesity-
related induction of OCT2 has been suggested to play a role in the increase in
metformin clearance (van Rongen et al. 2018a) and gentamicin clearance (Smit et al.
2019), but not tobramycin clearance (Smit et al. 2019).

Less is known about tubular reabsorption of drugs in the obese. One study, for
instance, found the clearance of lithium to be increased with obesity, which was
attributed to impaired reuptake (Reiss et al. 1994). Another study, however, found
the excretion of lithium to be reduced in those obese with an increased filtration
fraction, as this increased filtration fraction increases the oncotic pressure, which in
turn increases reabsorption (Chagnac et al. 2008).

2.5 Pharmacodynamics in Obese Adults

For a limited number of drugs, differences in pharmacodynamics between obese and
non-obese patients have been studied. A recent Chinese study, for instance, found
for propofol that the EC50 (i.e., the concentration at which half the maximum effect
is obtained) was reduced in morbidly obese patients compared to non-obese controls.
Such an increase in drug potency suggests that a similar effect can be obtained at
lower plasma concentrations (Dong et al. 2016). A previous study performed in
Europe did, however, not find differences in the efficacy or potency of propofol
between morbidly obese and non-obese patients (van Kralingen et al. 2011a).

For atracurium, a study reported no differences in the distribution volume and
clearance between obese and non-obese patients. As atracurium in this study was
dosed based on body weight, the concentrations in obese patients were systemati-
cally higher than in non-obese patients, yet no difference was observed in the time of
recovery from neuromuscular blockade, from which the authors concluded that the
efficacy of this drug may be reduced in obese patients (Varin et al. 1990). Another
study found, however, that when atracurium is dosed based on ideal body weight,
predictable efficacy profiles in terms of train-of-four (TOF) ratios, intubation
conditions, and need for antagonism with neostigmine can be expected between
individual morbidly obese patients (van Kralingen et al. 2011b). Unfortunately
plasma concentrations were not obtained, but it is expected that dosing based on
ideal body weight in the morbidly obese yields similar exposure than non-obese
patients, which would suggest that there are in fact no differences in efficacy
between these populations. From these studies it can therefore not be concluded if
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there truly is a difference in the relationship between concentration and effect of
atracurium for obese and non-obese adults.

Reduced insulin sensitivity and type 2 diabetes are commonly encountered in
obese patients, which is likely the result of the low-grade chronic inflammation in
these patients. The reduced insulin sensitivity will also impact the sensitivity to
exogenous insulin used in the pharmacological treatment of these patients.

For infectious diseases it is often believed that similar target exposures between
patient subpopulations will yield similar efficacy, as the microorganisms that a drug
is treating do generally not differ between these populations. However, as the
immune response and immune cell differentiation and activity are dysregulated in
obesity, anti-infective drugs may appear to be less effective in the obese as the hosts’
immune system is less efficient in clearing an infection (Huttunen and Syrjänen
2013). Similarly, the efficacy of other treatments that are based on interactions with
the hosts’ immune response may be expected to be altered in obesity. In this respect
immunogenicity in obese patients has been shown to be increased for the flu vaccine,
while for hepatitis B no difference in the immune response between obese and
non-obese patients has been observed (Xiong et al. 2017).

Reduced tissue penetration of antimicrobial drugs in obese patients, which has,
for instance, been shown for cefazolin as mentioned before (Brill et al. 2014b), will
cause a shift toward reduced efficacy when assessing the relationships between
systemic drug exposure (e.g., blood concentrations) and observed efficacy. Although
this presents itself as an apparent difference in drug pharmacodynamics, this should
not be interpreted as such, because the underlying mechanism that is driving the
observed differences is drug distribution to the site of action, which is a pharmaco-
kinetics process.

3 Drug Pharmacology in Obese Pediatric Patients

Table 1 provides an overview of the changes in drug pharmacological parameters
associated with obesity in the adult population, for the various drugs discussed
above. In obese adults, multiple physiological changes occur, including increase in
body size and volume of fat tissue and increase in cardiac output and altered organ
perfusion; altered enzyme and transporter expression and functionality, intestinal,
hepatic, and renal dysfunction; and altered plasma protein binding. The dynamics of
these changes may differ depending on the underlying mechanism, and the impact of
each change on the pharmacokinetics and/or pharmacodynamics of a drug may in
some cases depend on drug properties. Additionally, some of the changes may have
opposing effects on pharmacological parameters.

In children, growth and maturation are additional dynamic factors that may
impact the pharmacokinetics and/or pharmacodynamics of drug. In obese children
these changes occur in conjunction with the physiological changes induced by
obesity. Moreover, the off-label and/or unlicensed use of drugs in the pediatric
population is still relatively high, and as a result optimized drug dosing
recommendations may not be available for a large number of drugs even in
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non-obese pediatric patients. For those drugs for which dedicated pediatric studies
have been performed, body weight is often found as a predictive descriptor of the
impact of changes in both body size and maturation on pharmacokinetic parameters.
Whether the pediatric dosing recommendations based on body weight that are
derived from such studies should be maintained in obese pediatric patients is
essential to know in order to develop rational dosing guidelines for the growing
number of obese pediatric patients, because inconsistent dosing strategies are cur-
rently being adopted in clinical practice for these patients (Gade et al. 2018).

Unfortunately, the number of studies that assess the relationship between size or
age descriptors and pharmacological parameters in obese pediatric patients is much
more limited than in adults. In this case it may be tempting to extrapolate findings
from obese adult populations to children. However, also for this, findings between
different drugs and between obese adults and obese children are sometimes coun-
terintuitive or may appear contradictory, making it difficult to derived generalizable
dosing recommendations or approaches for extrapolations of findings between adults
and children.

3.1 Similarities and Differences in Drug Clearance Between
Obese Adults and Children

As drug clearance is the main driver of drug exposure at steady state and therefore of
required maintenance doses, we focus on this parameter in this section.

When analyzing the pharmacokinetics of propofol in obese and non-obese adults,
adolescents, and children simultaneously, a relationship was found between total
body weight and clearance, with decreased values in young adults, adolescents, and
children (Diepstraten et al. 2013). In this case obese adolescents with the same body
weight as obese adults had lower clearance values than these adults, but their
clearance values could be higher than those of non-obese adults with lower body
weights.

For busulfan, the covariate relationship that defined the impact of maturation on
clearance in non-obese individuals across a wide pediatric age range was based on
body weight. It was found that this weight-based relationship could also be used to
define clearance in obese pediatric individuals (Bartelink et al. 2012). This means
that for two children of the same age, total clearance will be higher in the obese child
compared to the non-obese child and, alternatively, that total clearance is the same in
an obese child, compared to a non-obese child of the same weight (that is inevitably
older than the obese child). Others have found that busulfan clearance per kilogram
body weight is lower in children with a BMI higher than the 85th percentile of their
age, compared to children with a lower BMI (Browning et al. 2011). Although
the results of these studies cannot be directly compared due to the different
parameterizations of the impact of weight and age on clearance, the results could
point in the same direction. This is because to obtain total clearance, the clearance
per kilogram is multiplied by more kilograms in obese children compared to
non-obese children. It cannot, however, be excluded that in terms of total values,

Pharmacokinetics and Pharmacodynamics of Drugs in Obese Pediatric Patients:. . . 243



there are differences between obese and non-obese children for the clearance of
busulfan. In adults it has, for instance, also been observed that for busulfan, the
apparent oral clearance per kilogram body weight is lower in obese and even lower
in morbidly obese patients compared to non-obese and underweight patients, while
in terms of total apparent oral clearance values, this translated into elevated values in
obese adults and even further elevated values in morbidly obese adults (Gibbs et al.
1999). For absolute clearance values obtained upon intravenous administration of
busulfan in adults, values expressed per kilogram were also found to decrease with
severity of obesity, but it was not reported how this translated into total absolute
clearance values (Nguyen et al. 2006).

Findings on the pharmacokinetics of metformin in overweight and obese
adolescents were in line with the findings above for propofol and busulfan, in that
clearance increases with increasing age, which was parameterized in this study as
weight-for-age-and-length (van Rongen et al. 2018a). On top of this first function, a
second function was identified describing the linear increase in metformin clearance
with excess body weight in this adolescent population (van Rongen et al. 2018a),
which is also in line with findings for propofol and busulfan. Compared to values
reported in literature, the clearance values in the obese adolescents were found to be
comparable to values in non-obese adults and showed a tendency to be lower
compared to clearance in obese adults. Most interestingly, however, a study on
metformin in obese adults showed that lean body weight was the best size descriptor
for inter-individual differences in clearance (Bardin et al. 2012), which suggest a
much more limited impact of excess body weight on the clearance of metformin in
the obese adult population, compared to the obese adolescent population.

Correlations between a reduced metabolic clearance by CYP3A isoenzymes and
both decreasing age in children and increasing inflammation and organ failure have
been reported (Woolsey et al. 2015; Kolwankar et al. 2007; Brussee et al. 2018). In
adults, obesity was found to generally reduce the apparent oral clearance of CYP3A
substrates (Brill et al. 2012), while studies in morbidly obese adults with midazolam,
which is predominantly metabolized by CYP3A, showed systemic clearance not to
be impacted by obesity, potentially due to compensations by increasing blood flow
(Brill et al. 2014a). Interestingly, and quite unexpectedly, a dedicated pharmacoki-
netic study for midazolam in overweight and obese adolescents showed the systemic
clearance in these adolescents to be substantially higher than the systemic clearance
in the morbidly obese adults (van Rongen et al. 2018b). In fact, the clearance values
in the obese adolescents were more in line with clearance values obtained in the
same morbidly obese patients described above, 1 year after bariatric surgery and
after considerable weight loss (Brill et al. 2015). The clearance values of obese
adults after weight loss were found to be higher than their clearance values before
weight loss surgery. Potentially these findings can be explained by recovery of
CYP3A activity in the liver after substantial weight loss. The differences between
obese adolescents and obese adults can possibly be explained by the hypothesis that
in obesity suppression of the CYP3A activity increases with the duration of the
disease and therefore takes time to fully manifest, while the increase in cardiac
output and hepatic blood flow is more closely linked to the increase in excess body
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weight. This was further confirmed by the finding that within the population of obese
adolescents, midazolam clearance was found to increase with weight, which may in
its turn be related to an increased liver blood flow. As described above, an increasing
impact of obesity with increased duration of this disease has also been suggested as a
possible explanation for the fact that bioavailability of midazolam in the morbidly
obese adults was increased compared to non-obese adults, while in obese patients
that have not reached the state of morbid obesity, the bioavailability is not (yet)
impacted (Greenblatt et al. 1984; Brill et al. 2014a).

Table 1 also summarizes the findings regarding the impact of obesity on drug
clearance in the pediatric population for the drugs discussed in this section. The
examples above illustrate that generalizable conclusions on how to translate findings
regarding the impact of obesity from adults to children are not obvious. Findings for
propofol are in line with the expectation that, due to maturation, clearance in children
is lower than clearance in adults and indeed show that clearance in obese children is
lower than clearance on obese adults. Additionally, total clearance increased with
excess body weight, meaning that obese adolescents with body weights higher than
non-obese adults can have higher propofol clearance values than the non-obese
adults. Similar trends are seen in both adult and pediatric patients for busulfan in
which obesity or excess body weight increases the clearance. Findings for metformin
are in line with propofol and busulfan in adolescents, as excess body weight
increases clearance in this population as well, but clearance values in adolescents
do not appear to increase far beyond values in non-obese adults, nor do clearance
values in obese adults increase far beyond the values in non-obese adults, suggesting
that the impact of excess body weight on the clearance of metformin diminishes
when patients reach adulthood. In adults there is – unexpectedly – also no difference
in the clearance of midazolam between obese and non-obese individuals, potentially
because the reduced CYP3A activity that may be anticipated in the obese is
compensated by increased blood flow. Yet in adolescents, midazolam clearance is
in fact increasing with obesity. If these observations for midazolam can indeed
be attributed to the duration of obesity as influencer on CYP3A activity, as
hypothesized, the generalizability of findings in any study, whether in the adult or
pediatric population, is limited without taking disease duration into account.

In summary, the highlighted examples show that there may or may not be
contradictions in terms of the absence or presence of differences in drug clearance
between obese and non-obese individuals of the adult or pediatric population.
Moreover, the directionality of the impact of obesity on drug clearance cannot be
presumed to follow the same pattern in adults and children.

4 How to Study Drug Pharmacology in Obese Children

Although research efforts are increasing, generally the pharmacokinetics and phar-
macodynamics of drugs in children remain understudied. Studies in obese pediatric
patients are even more limited. As generic scaling cannot be derived based on body
weight (as proxy for maturation) nor on results described in current literature, further
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research efforts are required on drug pharmacology in obese children. For this
research several considerations should be taken into account.

4.1 Focus on Primary Pharmacological Parameters
with Population Modelling

Pharmacokinetic studies are ideally focused on quantifying primary pharmacoki-
netic parameters like absorption rate, bioavailability, clearance, and distribution
volume, rather than descriptive metrics like Cmax, tmax, and observed AUC. This
has the advantage that findings can be more directly linked to physiological
mechanisms underlying drug pharmacokinetics, which will increase our understand-
ing of the impact of obesity-related physiological changes, which may in turn aid in
the definition of generalizable conclusions.

In pediatric patients, the population approach, also known as non-linear mixed
effects modelling, is the preferred method to quantify primary pharmacological
parameters (De Cock et al. 2011). In this approach, observed data on pharmacologi-
cal outcome measures of all individuals in a study are analyzed simultaneously while
still taking into account that different observations come from different individuals.
This method can handle dense, sparse, and unbalanced data that are obtained
during routine clinical practice or in multiple studies with different designs. Since
this method can separate inter-individual variability from residual unexplained
variability, it is ideally suitable for the establishment of covariate relationships that
define correlations between patient or treatment characteristics and inter-individual
variability in model parameters. Defined covariate relationships (related to obesity or
other patient-related variables) on primary parameters can be directly used as the
basis for drug dosing recommendations. Clearance is, for instance, the only determi-
nant for steady-state concentration and drives through concentrations and is there-
fore important for the establishment of maintenance doses and dosing intervals.
Distribution volume, on the other hand, drives peak concentrations and time-to-
steady-state and is therefore important for peak concentrations and loading doses and
the dosing of drugs that are driven by peak concentrations.

4.1.1 Disentangle Presystemic and Systemic Processes Impacting
Exposure

Both presystemic (gut and/or first-pass hepatic) and systemic (renal and/or hepatic)
clearance impact the overall exposure, quantified as AUC, of orally administered
drugs. The parameters quantifying these processes are bioavailability and clearance,
respectively. When only data upon oral drug administration is available, bioavail-
ability cannot be quantified and obtained values for clearance, as well as distribution
volume is indicated as apparent parameter values or “parameter over F,” meaning
that the true values of these parameters change proportionally with bioavailability.
To enable a physiological interpretation of observed differences in AUC between
obese and non-obese patients of orally administered drugs, it would be beneficial
to study the pharmacokinetics of these drugs both after intravenous and oral
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administration. Ideally, this is performed in the same patient at the same time, to
exclude the impact of inter-individual and inter-occasion differences. Different
approaches are available to achieve this experimentally. In a semi-simultaneous
approach proposed by Brill et al., patients receive an oral drug dose first, followed
by an intravenous dose a few hours later, with blood sampling to measure drug
concentrations following both administrations (Brill et al. 2014a). With microdosing
designs truly simultaneous oral and intravenous administration can be achieved. By
having therapeutic intravenous drug administration and simultaneous administration
of an oral microdose of the isotopically labeled drug and measuring the
concentration-time profiles of both labeled and unlabeled drug, systemic and
presystemic clearance can be quantified with low experimental variability (Hohmann
et al. 2015). Proof-of-principle studies have confirmed that microdose studies are
also suitable throughout the pediatric population (Mooij et al. 2014).

4.1.2 Inclusion Criterion in Pediatric Clinical Trials
Body weight is often identified as most predictive descriptor for the impact of
maturational changes on pharmacokinetic parameters in populations of children
with age-appropriate body weights, but how such findings should be extrapolated
to obese children is generally unknown. An important question in obese children is
how weight related to obesity versus weight related to maturation or growth adds
to changes in the pharmacokinetics or pharmacodynamics of drugs. Proposed
approaches to disentangle the impact of maturation and obesity in obese pediatric
patients are focused on defining sex, length, and age-appropriate body weights for
normal weight children as descriptor of maturation and quantifying excess weight as
descriptor of obesity (van Rongen et al. 2018a). To enable the disentanglement of
age- and obesity-induced changes in body size in the data analysis process, patient
inclusion of the clinical study should ascertain inclusion of not just a wide range in
body weight per se but also in a wide range in deviations from appropriate body
weights or excess body weight.

Also, given that disease duration has been suggested to drive to what extent the
impact of obesity on processes underlying drug pharmacology manifests for some
parameters, but not for others, it may be prudent to record disease duration in future
studies on the impact of obesity on drug pharmacology. This may be true for both the
adult and pediatric population, particularly when predictions based on obese adults
to obese adolescents are foreseen.

Finally, it has to be noted that the pediatric population is already relatively small
and as a result the absolute amount of obese pediatric patients is small. Conse-
quently, inclusion of a sufficient number of obese pediatric patients in clinical trials
may be challenging (Tamborlane et al. 2016). Therefore, instead of RCTs, alterna-
tive designs for studies in this special patient population should be explored. For
this the Learning Healthcare System may offer relevant insights (http://www.
learninghealthcareproject.org/section/background/learning-healthcare-system).
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4.1.3 Linking Pharmacokinetics to Pharmacodynamics
In developing evidence-based drug dosing regimens, it should be remembered that
the efficacy and safety of drugs are based on both the pharmacokinetics and
pharmacodynamics of these drugs and it is possible for changes in one to (partially)
counteract or enhance the change in the other. It may not be necessary to perform
dedicated pediatric pharmacodynamics studies for all drugs. The pediatric decision
tree from the FDA, for instance, defines when pediatric pharmacokinetic studies to
develop dosing regimen that yield the same exposure in adults and children suffice
(https://www.fda.gov/media/71277/download). However for a large number of
drugs that do not meet the required criteria, age-appropriate target exposures are
not known for children in general and, also in this case, even less is known about
obese children. Regarding the obese pediatric subpopulation, priority should be
given in this regard to pharmacodynamics studies on drugs for disease conditions
that result from or are common with obesity, including, for instance, type 2 diabetes.
Additionally, due to the low-grade systemic inflammation in obesity, pediatric
pharmacodynamics studies on drugs that act on or with the immune system are
imperative.

4.1.4 Generalization of Findings
Population modelling approaches are ideally suitable to study the impact of obesity
in conjunction with maturation on the pharmacokinetics and pharmacodynamics of
drugs. A drawback of this method is, however, that it would require dedicated
studies for all relevant drugs in obese patients of all ages which would require an
unrealistic amount of resources. Therefore, research efforts should also be directed
toward gaining a deeper understanding of how obesity-related physiological changes
in processes underlying drug pharmacokinetics and pharmacodynamics translate
into changes in pharmacokinetic and pharmacodynamics parameters, both in adults
and in children. Methods that combine population approaches with physiological
insight would contribute to the generalizability of findings (Knibbe et al. 2011).

In pediatric patients with age-appropriate body weights, the between-drug extrap-
olation of covariate relationships for clearance for drugs sharing an elimination route
has, for instance, been explored (Krekels et al. 2012a; De Cock et al. 2014; Calvier
et al. 2018a). In this approach, pharmacological parameters are considered to reflect
system-specific properties, drug-specific properties, or a combination of both.
Methods that can derive and retain information on system-specific aspects of drug
pharmacokinetics and use this in the translation of findings to drugs with different
drug-specific properties should also be explored for both adult and pediatric obese
patients.

4.1.5 Physiologically Based Pharmacokinetic Models
Another way to advance our knowledge would be a more extensive use of physio-
logically based pharmacokinetic (PBPK) models, where system-specific parameters
truly reflect physiological or anatomical measures, in order to predict how drugs with
specific physicochemical properties interact with the system (Johnson and Rostami-
Hodjegan 2011). Although these models require a vast amount of data on changes in
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system-specific properties for specific patient subpopulations, the information that
can be derived from this will be generalizable. An improved understanding of how,
on top of maturational changes, physiological and anatomical parameters change
with obesity will truly allow us to predict for all types of drugs how pharmacokinetic
parameters will change in obese children of all ages. Although, contrary to popula-
tion pharmacokinetic models, PBPK models cannot serve as a direct basis for drug
dosing algorithms, information needed for the development of these algorithms can
be derived from them. With appropriate PBPK models, we do not need to study
every drug in every subpopulation separately anymore.

Application of PBPK approaches requires large amounts of data and specialized
software or personnel. Therefore, simplified scaling methods to derive pharmacoki-
netic parameters for special patient populations are always sought after. Calvier et al.
have illustrated how PBPK models can form the basis for the systematic evaluation
of simplified scaling methods, to establish criteria required for accurate scaling with
simplified methods (Calvier et al. 2017, 2018a). This concept was illustrated for
pediatric populations with age-appropriate weights but could easily be extended to
other populations for which PBPK parameters are known.

Another interesting application of PBPK modelling approaches is that these
models can be used to assess the impact of changes in physiological or anatomical
parameters in isolation. As such, it can be used for hypothesis testing, to establish
which changes or combination of changes in the underlying physiology are likely to
explain differences in observed primary pharmacokinetic parameters. This concept
has been introduced for pediatric populations with age-appropriate weights (Krekels
et al. 2012b) and could also be extended to other populations even when not all
parameters are known in this population.

Finally, combinations of population pharmacokinetic modelling and PBPK
modelling concepts can be used to quantify physiological or anatomical parameter
from pharmacokinetic data, when direct measures of these parameters are not
possible. Using such an approach has been successfully used to derive intrinsic
clearance values for midazolam in the liver and gut wall in obese patients and
patients after weight loss surgery (Brill et al. 2016), which allowed for the disentan-
glement of presystemic and systemic clearance of this drug. It has even be illustrated
how optimal design principles in population modelling can be used to optimize the
design of the clinical study to ascertain a priory that data obtained with a specific
study design will indeed allow for precise and accurate estimation of the parameters
of interest (Calvier et al. 2018b).

5 Conclusion

Although pharmacological studies in obese adults are increasingly being performed,
they have not yet yielded a thorough understanding of the exact physiological
changes with this disease and how these impact processes underlying drug pharma-
cokinetics and pharmacodynamics. This prevents the generalizability of findings. In
obese pediatric patients, pharmacological studies are much more limited, but a
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number of these have shown that observations in adult patients cannot always be
directly extrapolated to this younger population. Given the increased incidence of
pediatric obesity worldwide, it is absolutely imperative that we perform more and
smarter studies in this subpopulation, to increase our knowledge on the impact of this
disease in combination with maturational changes on drug pharmacology, which is
needed to provide safe and effective treatment for these children as well.
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