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ABSTRACT - Providing a safe and efficacious drug therapy for large and often heterogeneous populations is 
a challenging objective in clinical drug development and routine clinical practice. It has been known for years 
that the optimum dose required for many therapeutic agents among individuals is quite variable. A wide 
interindividual pharmacokinetic variability was described in clinically relevant populations such as pediatrics 
and critically ill patients. The aim of this article was to present the main individual factors influencing 
variability in these two populations and their applications. Growth and development are two specific features 
of children that are not observed in adults. And critically ill patients have a much higher level of sickness 
severity that is associated with profound pathophysiological changes. These particular features could lead to 
difficulties to attain therapeutic targets. Nonlinear mixed effects modeling is a common approach to identify 
unexplained population variability. This approach is often applied to evaluate and optimize drug therapy in 
particular populations. Numerous studies have been conducted in these two specific populations to 
characterize pharmacokinetic parameters and to identify individual factors influencing variability. Size, age 
and organ function appeared to be the main factors influencing pharmacokinetics in pediatrics. Factors 
influencing pharmacokinetics in critically ill patients were mainly cardiovascular system, organ dysfunction 
and organ support. Dosage individualization seems to be a key issue to optimize drug treatment in these 
specific populations. Clinically utility and safety of a model-based personalized drug therapy has been 
demonstrated for vancomycin in pediatrics. Many programs were available to optimize drug regimens, 
especially for antibiotic drugs in critically ill patients. This innovative personalized dosing approach is a 
promising way to optimize drug therapy in clinically relevant populations, such as pediatrics and critically ill 
patients. 
_______________________________________________________________________________________ 
 
INTRODUCTION 
 
Providing a safe and efficacious drug therapy for 
large and often heterogeneous populations is a 
challenging objective in clinical drug development 
and routine clinical practice. On the one hand, a 
therapeutic effect of the drug is desired to be 
achieved for all patients; on the other hand too high 
concentrations have to be avoided to reduce 
adverse events [1,2]. It has been known for years 
that the optimum dose required for many 
therapeutic agents among individuals is quite 
variable. Anatomical and physiological properties 
have a great influence on the pharmacokinetics of 
drugs and lead to inter- and intra-individual 
variability in the pharmacokinetics outcome [3]. 
Both inter- and intrasubject pharmacokinetic 
variability may be important. Intersubject 
variability is fundamental to the argument for using 
therapeutic drug monitoring. Intrasubject 
variability, due to the continually changing clinical 
state and pharmacokinetics observed in critically 
ill patients, has an impact on the ability to 
accurately predict a regimen.  

 
A wide interindividual pharmacokinetic variability 
was described in clinically relevant populations 
such as pediatrics and critically ill patients. Growth 
and development are two specific features of 
children that are not observed in adults. And 
critically ill patients have a much higher level of 
sickness severity that is associated with profound 
pathophysiological changes. These particular 
features could lead to difficulties to attain 
therapeutic targets. 

One well-known approach to characterize 
variability in pharmacokinetic parameters is 
nonlinear mixed effects modeling. It is a common 
approach to identify unexplained population 
variability in parameters of pharmacokinetic 
models and to identify covariates, which explain 
the variability of the data. Population models can 
then be developed using bayesian logistics to  
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obtain an estimation of the pharmacokinetic 
parameters of a given patient and predict the most 
adapted dose in light of the therapeutic target. 

The aim of this article was to present the main 
covariates highlighted by pharmacokinetic 
modeling to explain the pharmacokinetic 
variability that exist in two specific populations, 
pediatrics and critically ill adults’ patients. These 
covariates, explaining a part of the 
pharmacokinetic variability, allow subsequently to 
individualize treatment and to optimize drug 
dosing regimens.  

 
Pharmacokinetic modeling 
Models are mathematical tools used to describe 
real-world features. Models are usually simplified 
representations of systems; the nature of 
simplification is related to the intended use of the 
model. Neither is a “true” model but each may be 
fit for its intended purpose. Population modeling is 
a tool to identify and describe relationships 
between a subject’s physiologic characteristics and 
observed drug exposure or response. Population 
pharmacokinetic modeling is not a new concept; it 
was first introduced in 1972 by Sheiner et al [4]. It 
was soon expanded to include models linking drug 
concentration to response (pharmacodynamics), 
thereafter modeling has grown to become an 
important tool in drug development and clinical 
practice.  

Pharmacokinetics has been defined as “how 
the body handles the drug” and describes the 
relationship between the administered dose of drug 
and its concentration in the plasma or at its target 
site [5]. Pharmacokinetics models help identify 
sources of variability in the dose-concentration 
relationship of a drug and have been the focus of 
considerable attention because they are vital for 
linking pharmacokinetics information to measures 
of activity and clinical outcomes [6]. 
Pharmacokinetic models have usually several 
components: (i) structural models that describe the 
time course of a measured response, (ii) statistical 
models that describe the variability or random 
effects in the observed data and (iii) covariate 
models that describe the influence of factors such 
as demographics or disease on the individual time 
course of the response. The structural model is 
analogous to a systemic model (describing kinetics 
after IV dosing) and an absorption model 
(describing the drug uptake into the blood for 
extravascular dosing). When data are available 
from only a single site in the body (venous plasma 
for example), concentrations usually show 1, 2, or 
3 exponential phases which can be represented 
using a systemic model with one, two, or three 

compartments, respectively. Insight into the 
appropriate compartment numbers can be gained 
by plotting log concentration vs. time. Each 
distinct linear phase when log concentrations are 
declining will generally need its own compartment. 
The statistical model describes variability around 
the structural model. There are two primary 
sources of variability in any population 
pharmacokinetic model: between-subject 
variability, which is the variance of a parameter 
across individuals; and residual variability, which 
is unexplained variability after controlling for 
other sources of variability. Some databases 
support estimation of between-occasion 
variability, where a drug is administered on two or 
more occasions in each subject that might be 
separated by a sufficient interval for the underlying 
kinetics to vary between occasions. Developing an 
appropriate statistical model is important for 
covariate evaluations and to determine the amount 
of remaining variability in the data. Identification 
of covariates that are predictive of 
pharmacokinetic variability is important in 
population pharmacokinetic evaluations. 
Identifying covariates that have an effect on 
pharmacokinetics can help to explain 
interindividual variability and thus improve the 
predictive value of the dosing model, thereby 
increasing the effectiveness of the dose-tailoring 
procedure. These different elements lead to 
estimation of pharmacokinetic parameters that can 
explain why a drug may display a different 
concentration-time profile in one patient group 
versus another. 
 
Specific pharmacokinetic aspects 
In Pediatric population 
Historically, children were originally treated as 
‘small adults’, i.e. the dose was simply scaled 
down per linear weight, leading potentially to 
overdosing in very small children, especially 
neonates, as their kidneys and liver were not yet 
fully developed, often resulting in slower drug 
elimination. Growth and development are two 
features of children that are not observed in adults 
[7]. Children, especially infants, are smaller, weigh 
less, and have a higher proportion of total body 
water and lower proportion of body fat compared 
with adults. Furthermore, key organ function, 
specifically kidney and liver function, is immature 
in newborns and infants. All the steps of 
pharmacokinetic (absorption, distribution, 
metabolism and elimination) are concerned. Firstly 
absorption, gastric pH is increased in neonates, 
infants, and young children and reaches adult pH 
values around 2 years old. Gastrointestinal motility 
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is decreased in neonates and reaches adults levels 
in infants. Then, drugs are distributed to various 
body compartments according to its 
physicochemical properties. In neonates and 
infants, the total body water increased which 
contributes to an increase in the volume of 
distribution for hydrophilic drugs. For metabolism, 
enzymatic activity of metabolic enzymes, as CYP 
or uridine diphosphate glucuronosyltransferase 
(UGT) families, depends on genetic, physiologic 
and environmental factors [7].For example, 
expression of CYP1A2 at birth is negligible 
reaching 50% of adult expression by 0.9 years old, 
activity of CYP2C9 is close to 20% of adult value 
at birth and reaches 50% by 1 month of age, 
CYP2C19 activity is approximately 30% of adult 
activity at birth and achieved by 1 year old and 
activity of UGTs is deficient at birth and reaches 
adult levels at 2-4 years old [7]. Concerning 
elimination and renal clearance, the glomerular 
filtration rate increases steadily to 50-75% of adult 
function by 6 months and tubular secretion lags 
behind maturation of glomerular filtration by 7 
months-1 year. Renal function is fully mature by 
around 1 year old. Also, drug dynamics including 
desired and undesired side effects may be very 
different in newborn as the amplitude and the 
nature of the response may be different as 
compared to adults. Diseases states may also be 
different in newborn, compared with infants or 
adults, some of them being only observed in 
newborns. In addition, neonates and young infants 
may suffer from permanent effects resulting from 
stimulus applied at a sensitive point in 
development [8]. 

As awareness of developmental pharmacology 
subsequently expanded, the physiological 
differences in drug handling between children and 
adults were emphasized, leading to the notion that 
‘children are not small adults’ [9]. However, rather 
than dichotomizing adult and pediatric patients, 
recognition that maturation is a continuous process 
has since led to acknowledgment of the need to 
quantify differences and understand similarities 
across the age range with appropriate scaling. 
These numerous physiological differences 
between adults and children, particularly infants, 
contribute to PK processes, and consequent age- 
and size-related differences in pharmacokinetic 
parameters [10]. Therefore, pharmacokinetic 
parameters, as doses, cannot simply be scaled 
linearly from adults to children. Almost 70 years 
ago, Crawford et al. noted that using body surface 
area is preferred over linear weight for predicting 
doses [11]. Decades later, it was suggested that a 
so-called allometric approach, which scales 

metabolic processes with body size, could also be 
used to explain changes in drug clearance [12]: yi 
= a WTi

b where yi is the individual subject’s body 
function of interest (that is being predicted), WT is 
the individual’s body weight in kilograms, a is the 
allometric constant, which assumes the value of y 
when WT = 1 kg, and b is the allometric exponent 
(b<1 indicates that the body function increases 
slower with body size than weight). Using 
allometric models alone, which only account for 
size-related clearance changes, is not sufficient 
[13], particularly for neonates and infants, since 
clearance is frequently lower than expected in 
these pediatric populations due to the physiological 
immaturity of their organs. Therefore, age also 
needs to be taken into account, especially when 
analyzing data from neonates as their organ 
functions change very rapidly [10]. Taking both 
size and age into account in model development 
can help capture clearance changes across the 
whole pediatric age range. 
 
In critically ill patients 
Critically ill patients, hospitalized in intensive care 
unit (ICU) are markedly different from those in 
general ward environments and have significantly 
higher mortality rates. These patients have a much 
higher level of sickness severity that is associated 
with profound pathophysiological changes. These 
several pathophysiological changes can affect drug 
pharmacokinetic behavior [14]. Cardiovascular, 
renal, pulmonary and hepatic systems can be 
affected by critical illness. Many dysfunctions of 
the cardiovascular system could be at the origin of 
pharmacokinetic modifications, especially “third 
spacing” (i.e. a significantly increased interstitial 
volume, due to the administration of large volumes 
of resuscitation fluids in response to the resulting 
hypotension) [15]. Concerning the renal system, 
many of the commonly used drugs (such as 
antibiotics) in critically ill patients are subject to 
renal clearance and therefore alterations in renal 
function will affect concentrations of those drugs. 
As regards the pulmonary system, pneumonia is 
the most common infection in critically ill patients 
and is an important cause of morbidity and 
mortality in ICU patients [16]. Finally, hepatic 
dysfunctions can also affect critically ill patients, 
these dysfunctions may cause a decrease in drug 
metabolism and clearance. 

These pathophysiological changes, leading to 
pharmacokinetic modifications could be included 
in the pharmacokinetic modelling.  
 
Sources of pharmacokinetic variability 
In Pediatric population 
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A number of covariates have been identified and 
use of these covariates improves prediction of the 
time–concentration profile in the individual child. 
Size, age, and organ function have been identified 
as three major covariates in pediatric population 
[17]. Marsot et al. identified also these significant 
covariates in their recent review (body weight, age 
and renal function) [18] (Figure 1). 

Size is the most common covariate used to 
determine dose in pediatric population. The change 
in body weight with age is significant up to 1 year, 
body weight increases approximately three- to 
fourfold from birth to 1 year [19]. Although total 
body weight is used commonly, it is now more 
widely recognized that there is a nonlinear 
relationship between weight and drug elimination 
[20]. Allometric size modelling is used with 
increasing frequency in pediatric pharmacokinetic 
population analyses. It now widely recognised that 
there is a nonlinear relationship between weight 
and drug elimination capacity. It is possible to 
show that the log of the basal metabolic rate plotted 
against the log of the body weight produces a 
straight line with a slope of 0.75. Allometric 
scaling also allows the direct comparison of 
paediatric estimates with adults when a weight 
standard of 70 kg is used. Nevertheless, body 
weight is insufficient to predict clearance in 
neonates and infants from adult estimates. 

Age is the second covariate most used. Indeed, 
the first few years of life are time of growth and 
maturation of enzymatic processes. The addition of 
a model describing maturation is required, sigmoid 

hyperbolic or Hill model has been found useful for 
describing this maturation process but this model 
are little used [20]. Maturation of clearance begins 
before birth, suggesting that covariates like 
postmenstrual age (PMA) or gestational age (GA) 
would be better predictor of drug elimination than 
postnatal age (PNA). Indeed, the impact of 
ontogeny on the expression and functional activity 
of the major drug-metabolizing enzymes may be 
important. Whatever the definition of age (PCA or 
PMA, GA or PNA), this factor largely contributes 
to variability of drugs given to neonates and young 
infants but this impact will depend on the speed of 
maturation and the subpopulation studied. 

The third covariate is organ function. 
Compromised hepatic or renal function alters the 
ability of these organs to clear drugs from the body. 
Indeed, renal function often estimated by serum 
creatinine (SCr or Cr), creatinine clearance (CLcr) 
or glomerular filtration rate (GFR) appears to be 
the third covariate in the review of Marsot et al. 
[18]. But this covariate is of interest only if the 
studied drug is excreted renally.  

Others covariates such as pharmacogenetics 
and drug interaction seem to be interesting but they 
are less used. Indeed pharmacogenetic differences, 
such as single nuclear polymorphisms, may have 
dramatic impact on drug action. Phenotypic 
expression of genotypic differences may vary with 
age. This is particularly true of neonates and 
infants because enzyme systems are still maturing 
[21].  

 

 
 
Figure 1. Main sources of pharmacokinetic variability in pediatrics 
PMA: post menstrual age, GA: gestationnal age, PNA: post natal age, SCr : serum creatinine, CLcr : creatinine 
clearance, GFR: glomerular filtration rate 
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In critically ill patients 
Pharmacokinetic modeling allowed identifying 
relevant factors related to clinical outcome and to 
characterize and quantify their impact. Indeed, the 
main pharmacokinetic parameters (clearance and 
volume of distribution) were modified in this 
specific population. Numerous covariates have 
been included in drug modelling in critically ill 
patients (Figure 2).  

Body weight, as for pediatric population, was 
an important covariate. The relationship between 
total body weight and the volume of distribution 
was often described and administered drug doses 
are commonly adjusted to total body weight. 
Nevertheless it is difficult to list main covariates in 
this population as it is done in pediatrics. Indeed, 
these patients have pathophysiological 
characteristics that vary widely and therefore many 
covariates associated. These covariates are 
included or not in the pharmacokinetic models 
developed based on the characteristics of the 
studied drug to explain the changes in the volume 
of distribution and clearance mainly. 

Changes in the volume of distribution in 
critically ill patients result from critical illness 
related pathophysiology and consequent medical 
interventions such as fluid resuscitation. 
Modifications of cardiac and interstiatial fluids 
shifts result in a modification of volume of 
distribution, which may modify plasma drug levels 
[22]. Specifically, the increase in the volume of 
distribution in septic patients has been attributed to 

hypoalbuminaemia and the resultant decrease in 
oncotic pressure, which may progress with a shift 
in body water from the intervascular to the 
extravascular space [23]. Extracorporeal circuits, 
such as extracorporeal membrane oxygenation 
(ECMO) and renal replacement therapy (RRT) 
alter also the volume of distribution. Nevertheless, 
variability in the techniques used for RRT and 
ECMO is a significant limitation in the 
generalisability of models described with these 
covariates. Indeed, there is no standardized 
approach to delivering RRT, except for 
intermittent haemodialysis, drugs clearance can be 
highly variable across different RRT modalities 
and settings. 

Clearance of drugs may be due to metabolism 
and/or elimination. Renal elimination is 
particularly affected in critically ill patients. A 
reduction in glomerular filtration rate, as occurs in 
acute kidney injury, reduces clearance of renally 
cleared drugs [24]. In contrast, augmented renal 
clearance may occur with some antibiotics as a 
result of increased renal perfusion caused due to 
high cardiac output and an associated enhanced 
blood flow to major organs [25].  As for volume of 
distribution, RRT has an impact on clearance 
mechanism and marked variability in performance 
of clearance by renal replacement therapy has been 
also described. Hepatic dysfunction can also affect 
elimination of drugs, which are metabolized by the 
liver or undergo transintestinal clearance, but little 
data is available for this population.  

 

 
 
Figure 2. Main sources of pharmacokinetic variability in critically ill patients  
SCr : serum creatinine, CLcr : creatinine clearance, GFR: glomerular filtration rate, RRT: renal replacement therapy, 
ECMO: extracorporeal membrane oxygenation 
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Applications in clinical practice 
General 
Population pharmacokinetic models have various 
clinical applications after the drug becomes 
available to the market. The main clinical 
applications can be the therapeutic drug 
monitoring (26). Concerning the therapeutic drug 
monitoring, it is the measurement of drug 
concentrations to optimize dosing regimens for 
individual patients with the objective to maximize 
efficacy and minimize toxicity therapeutic drug 
monitoring can be applied by evaluating whether 
the drug concentrations are in the therapeutic 
range, but in case of deviating concentrations, or 
when the therapeutic target is not just a 
concentration but for example an AUC,  it is 
difficult to provide a dosing recommendation 
manually. A more robust approach to individualize 
dosing by therapeutic drug monitoring is the 
maximum a posteriori probability Bayesian fitting 
procedure [27], which is implemented in various 
therapeutic drug monitoring software programs. 
Several therapeutic drug monitoring computer 
tools are available. In 2012, a review of 12 
software tools was published [28]; the authors of 
the review recommend that most therapeutic drug 
monitoring software tools can be improved, more 
specifically the interface, user friendliness, data 
storage capability and report generation. An 
important aspect of reliable therapeutic drug 
monitoring programs is the choice of a population 
pharmacokinetic model, which must be suitable for 
the patient population for which therapeutic drug 
monitoring is performed. Neef et al. presented a 
case of vancomycin maximum a posteriori 
probability Bayesian adjustment where four 
different population pharmacokinetic models 
resulted in four strikingly different dosing schemes 
recommendations [29]. Another study evaluated 
different population pharmacokinetic models for 
amikacin and also showed significant differences 
in model performance [30]. 
 
Example of vancomycin in pediatric population 
Vancomycin remains a primary therapeutic choice 
against gram-positive pathogens in newborns and 
infants. There has been continued interest in 
describing vancomycin pharmacokinetics in this 
population for nearly 20 years. A review 
describing all population pharmacokinetic models 
of vancomycin was published by Marsot et al. in 
2012. This review allows us to identify some 
covariates having an effect on interindividual 
variability and on the final values of the estimated 
pharmacokinetic parameters. Indeed, to optimize 
vancomycin dosage, this review point out the 

relevant covariates according to the target 
population. In pediatric population, the dosage 
optimization depends on age, body weight and 
CLcr as described previously. The assessment 
report on vancomycin drug products issued in 2017 
by the European Medicines Agency is in line with 
the recommendations by Marsot et al. (31). 

To evaluate the clinical utility and safety of a 
model-based patient-tailored dose of vancomycin 
in pediatrics, Leroux et al. developed a model-
based vancomycin dosing calculator from a 
population pharmacokinetic study that has been 
integrated into the routine clinical care in 3 
neonatal intensive care units between 2012 and 
2014 [32]. Individual clearance and volume of 
distribution were calculated based on the model 
including body weight (current and birth weight), 
PNA and serum creatinine, then loading and 
maintenance doses were calculated with these 
individual pharmacokinetic parameters. This study 
showed that the target attainment rate increased 
from 41% to 72% without any case of vancomycin-
related nephrotoxicity [32]. This model-based 
patient-tailored dose of vancomycin demonstrated 
positive results in terms of pharmacokinetics and 
safety. In conclusion, this study provides a proof-
of-concept for the clinical utility and safety of 
individualized dosing regimens based on 
population pharmacokinetic model. 
 
Example of amikacin in critically ill patients 
Amikacin is one of the most used antibiotics for the 
treatment of severe infections. There has been 
continued interest in describing amikacin 
pharmacokinetics for nearly 20 years, and several 
population pharmacokinetic models have been 
developed for patients with altered 
pharmacokinetic behaviour, including critically ill 
patients [33]. 

Roberts et al. described challenges and 
potential solutions to individualized antibiotic 
dosing for critically ill patients [34]. Different 
solutions were proposed with therapeutic drug 
monitoring, dosing nomograms and Bayesian dose 
adaptation. Bayesian dose adaptation appears to be 
the gold standard with many available programs to 
calculate individualized antibiotic doses for 
patients [28]. As for the developed model-based 
vancomycin dosing calculator in pediatrics, the 
dose optimization software uses the equations of 
pharmacokinetic model and the population 
Bayesian prior, together with the individual 
patient's observed drug concentrations to calculate 
a Bayesian posterior parameter value distribution 
for that patient. The dose optimization software 
then calculates the drug dose that minimizes the 
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expected weighted squared error between the 
predicted and user-specified target drug 
concentrations. Many of these programs have or 
will have electronic medical record interfaces and 
smart-phone applications that can be used at the 
patient’s bedside. With these softwares, the 
clinicians could enter the concentration-time data 
from therapeutic drug monitoring and patient’s 
covariates data into software that personalizes a 
dosing regimen for patient to achieve an evidence-
based pharmacokinetic (and pharmacodynamic) 
target.  
 
Pharmacokinetic modeling, variability and 
individualized dosing 
Therapeutic drug monitoring is increasingly giving 
way to dosing drugs based on population-based 
pharmacokinetic parameters, even when 
pharmacokinetic values vary quite a bit in 
individual patients. 

The promise of personalized medicine offers 
better individualized therapy and improved 
treatment for all patients. Population 
pharmacokinetic models for drugs in pediatric and 
critically ill adults’ patients have been developed 
from many drugs. These population 
pharmacokinetic models allow to calculated 
patient-specific pharmacokinetic parameters. 
Indeed, in Bayesian dose adaptation, the dose of a 
drug is adjusted to ensure an individual patient’s 
exposure meets pharmacokinetic targets (Figure 
3).  

Information about a specific patient’s plasma 
drug concentrations and a population 
pharmacokinetic model (including variability) 
from the relevant population are included. Whilst 
the term ‘Bayesian’ can conjure notions of 
mathematical complexity, the underlying 
principles are quite straightforward. A dose can be 
estimated for a patient using the population model 

embedded in the Bayesian system. This is a 
mathematical description of data obtained from a 
previous drug trial(s) and is considered ‘prior’ 
information. It can be used to estimate a ‘typical’ 
drug effect (concentration or response) and inform 
users of the range of variability likely to be seen. 
What is required is more information about the 
patient – in this case in the form of serum 
concentrations that can be added to the Bayesian 
software. Bayesian statistics and forecasting 
allows a new ‘individualised’ concentration–time 
curve to be estimated using the patient’s individual 
PK parameters. The fundamental principle of the 
Bayesian approach is to learn about the ‘weighted 
average’ of some prior beliefs and observations. As 
more concentrations are obtained, the model can be 
further optimised, and dose estimations can be 
made based on this updated model. One of the most 
practical uses for these systems is the ability to 
simulate dosing strategies. A variety of dose 
strategies could be simulated and the most 
favourable chosen by the treating team. 

In summary, the use of individualized therapy 
correlating each patient's personal response to 
specific drug concentrations, rather than assuming 
a drug is therapeutic within a desired range, can 
improve clinical outcomes if the correct 
biomarkers are selected for response. 

 
CONCLUSION   
 
Population pharmacokinetic analyses are 
increasingly recognized by European or US 
regulatory agencies as an aid to clinical decision-
making. Pharmacokinetic parameters are of 
clinical value for determining dose in a typical 
individual. However, main pharmacokinetic 
parameters (CL, V) are associated with variability. 
Identifying the sources of this variability allows us 
to individualize drug dose.

 

 
Figure 3. Individualized therapy with Bayesian adaptation dose  
PK: pharmacokinetic 
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However, covariate-model-based dosing strat-
egies have been translated in daily clinical practice 
for only a limited number of drugs. Nevertheless, 
covariate-based models have provided useful 
guidance for dose adjustments in many 
circumstances [32]. When used in routine practice, 
more-sophisticated Bayesian approaches to 
adaptive dosing have also been demonstrated to 
improve the efficacy–toxicity balance. This 
innovative personalized dosing approach is a 
promising way to optimize drug therapy in 
clinically relevant populations. Each individual is 
unique in this respect.  
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