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Abstract
The widespread use of drugs for unapproved purposes remains common in children, primarily attributable to practical, ethical, 
and financial constraints associated with pediatric drug research. Pharmacometrics, the scientific discipline that involves the 
application of mathematical models to understand and quantify drug effects, holds promise in advancing pediatric pharma-
cotherapy by expediting drug development, extending applications, and personalizing dosing. In this review, we delineate 
the principles of pharmacometrics, and explore its clinical applications and prospects. The fundamental aspect of any phar-
macometric analysis lies in the selection of appropriate methods for quantifying pharmacokinetics and pharmacodynam-
ics. Population pharmacokinetic modeling is a data-driven method (‘top-down’ approach) to approximate population-level 
pharmacokinetic parameters, while identifying factors contributing to inter-individual variability. Model-informed precision 
dosing is increasingly used to leverage population pharmacokinetic models and patient data, to formulate individualized 
dosing recommendations. Physiologically based pharmacokinetic models integrate physicochemical drug properties with 
biological parameters (‘bottom-up approach’), and is particularly valuable in situations with limited clinical data, such as 
early drug development, assessing drug–drug interactions, or adapting dosing for patients with specific comorbidities. The 
effective implementation of these complex models hinges on strong collaboration between clinicians and pharmacometri-
cians, given the pivotal role of data availability. Promising advancements aimed at improving data availability encompass 
innovative techniques such as opportunistic sampling, minimally invasive sampling approaches, microdialysis, and in vitro 
investigations. Additionally, ongoing research efforts to enhance measurement instruments for evaluating pharmacodynamics 
responses, including biomarkers and clinical scoring systems, are expected to significantly bolster our capacity to understand 
drug effects in children.

1 Introduction

Most pediatricians frequently prescribe medications to chil-
dren and adolescents, but only a minority participate actively 
in drug development and research, even though there are 
clear unmet needs in the field of pediatric pharmacology [1]. 
In recent years, there has been an increasing recognition of 
the pressing demand for safe and effective drugs specifically 
targeted to pediatric populations. This consensus is shared 
by professional societies, regulatory bodies, and the gen-
eral public [2–4]. In response to this imperative, regulatory 
authorities introduced various incentives and mandates to 
promote pediatric drug research. For example, the Euro-
pean Medicines Agency has required the submission of a 
Pediatric Investigation Plan for all new drug submissions 

since 2007 [5]. Furthermore, the Best Pharmaceuticals for 
Children Act was enacted by the US Congress and the US 
Food and Drug Administration in 2002 to catalyze research 
on new medications. On the contrary, the Pediatric Research 
Equity Act incentivizes research on existing medicines [6, 
7], which is of particular importance, as a significant pro-
portion of licensed drugs administered to children still lack 
specific dosages, indications, or age-related labeling [8–12]. 
Pediatric drug studies, marked by their time-consuming and 
resource-intensive nature, often face premature discontinu-
ation because of challenges in patient recruitment [13, 14]. 
Pharmacometrics, a discipline focused on mathematically 
modeling how drugs are processed by the body (pharma-
cokinetics) and their effects on the body (pharmacodynam-
ics), has emerged as a pivotal discipline to address some of 
the limitations to advance pediatric drug research. This dis-
cipline significantly contributes to pediatric drug develop-
ment, personalized pharmacotherapy, and drug repurposing. 
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Key Points 

Pharmacometrics uses mathematical models to under-
stand how drugs work. It is a valuable discipline to help 
fill unmet research needs on drugs in children.

The gathering of high-quality data is crucial for con-
structing models that provide insights into the exposure 
actions of drugs in children.

Population-pharmacokinetic models create customized 
dosing recommendations for a large group of children 
with specific diseases, using data from studies with sam-
ples of a limited number of children.

Physiologically based pharmacokinetic models predict 
how drugs spread in the body using information about 
physiology and the physicochemical characteristics of 
the drug.

Pharmacometric models can be complex, and many pedi-
atricians may not be familiar with them. Therefore, it is 
crucial to foster collaborations between pediatricians and 
pharmacometrics to bring this knowledge to children.

Nevertheless, clinicians frequently lack familiarity with the 
methodology inherent in pharmacometric studies, a profi-
ciency crucial for leveraging its advantages in clinical prac-
tice. In this review, we first succinctly review developmental 
alterations influencing pharmacokinetics and pharmacody-
namics in children. Subsequently, we outline methods for 
the quantification and analysis of pharmacokinetic (PK) 
and pharmacodynamic (PD) responses. Following this, we 
discuss the clinical applications of pharmacometric study 
designs. Finally, we contemplate prospective developments 
within the field.

2  Pediatric Drug Responses: 
Age and Maturational 
Alterations in Pharmacokinetics 
and Pharmacodynamics

Developmental pharmacology investigates changes in thera-
peutic and adverse drug reactions during infancy and child-
hood. Table 1 outlines the developmental aspects of PK pro-
cesses, and readers interested in more in-depth insights are 
encouraged to explore previously published comprehensive 
reviews on this topic [15–18].

Drug absorption involves movement from the admin-
istration site to the bloodstream, critical for all routes of 
administration except an intravascular injection. Bioavail-
ability, a parameter most pertinent to drug absorption, 
denotes the proportion of a drug that reaches the systemic 
circulation, which is inherently 100% after intravascular 
administration [19]. Drugs distribute rapidly to highly 
perfused organs and later to tissues with slower perfusion 
rates. The extent of distribution is influenced by physic-
ochemical properties of the drug and biological factors. 
Egress from the intravascular space involves passive diffu-
sion, carrier-mediated, or active transport processes [20]. 
Volume of distribution describes the relationship between 
the amount of drug administered and the measured con-
centration. It is an apparent volume, as the volume of dis-
tribution can surpass any physiologic volume required to 
contain all the drug within the body at the measured con-
centration. Metabolism modifies a drug into a polar hydro-
philic molecule, promoting drug elimination, a process 
crucial for lipophilic drugs [21]. Elimination (clearance), 
which begins as soon as the drug is absorbed, involves 
drug excretion (i.e., removal from the body), with renal 
and hepatic routes primarily involved.

Research on maturational changes in pharmacody-
namics is limited compared to pharmacokinetics. Never-
theless, structural modifications and alterations in signal 
transduction pathways during infancy and childhood affect 
the potency, denoting organ or tissue sensitivity, and the 
efficacy, signifying the maximum response, of a drug [29]. 
Substantial disparities in drug responses between pediatric 
and adult populations are documented, such as fluoroqui-
nolone-induced tendon rupture being exceedingly rare in 
children but observed more frequently in the elderly [30]. 
Moreover, children exhibit a higher tolerance for digoxin, 
but may paradoxically display heightened susceptibility 
to the immunosuppressive effects of dexamethasone and 
cyclosporine [29, 31]. Additionally, the pediatric popula-
tion exhibits different PD responses compared with adults 
to benzodiazepines, antipsychotics, and antidepressants 
[32, 33]. Children may manifest paradoxical responses to 
benzodiazepines, showcasing heightened agitation and cog-
nitive effects contrary to the anticipated sedating effects 
observed in adults. With antipsychotics, pediatric patients 
are more susceptible to metabolic side effects, such as 
weight gain, dyslipidemia, and insulin resistance, along 
with a greater likelihood of hormonal disturbances such as 
hyperprolactinemia. Additionally, the use of antidepressants 
in children involves an elevated risk of suicidality, espe-
cially during the initial phases of treatment. These diverse 
PD responses underscore the imperative for tailored and 
vigilant prescribing practices when administering these 
medications to children.
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3  Quantifying Pharmacokinetics

Selecting an appropriate specimen for a drug concentration 
analysis is crucial (Table 2) [34]. For instance, considering 
the ease of collection, dried blood spots or saliva may be 
preferable for children, offering a practical alternative to 
venipuncture-based samples such as plasma. However, it 
is imperative to acknowledge that the choice of specimen 
method may impact the measured drug concentrations. 
In this context, it is essential to recognize that precision, 
gauging the consistency and reproducibility of repeated 
measurements, and accuracy, assessing the proximity 
of measurements to the true value, play pivotal roles in 
ensuring the reliability of PK data. Furthermore, microdi-
alysis has gained popularity to obtain samples to analyze 
tissue concentrations of drugs, for example, in the brain 
and in the muscles, bones, and brain [35, 36]. This tech-
nique involves the insertion of fine probes into tissues or 
extracellular spaces, allowing the continuous sampling of 
interstitial fluid, which proved real-time data on local drug 
concentrations at the target site [37].

Standardized operating procedures are essential for 
all sample collections to mitigate pre-analytical factors, 
such as patient and sample misidentification. Poten-
tial contamination during a sample collection, such as 
through lines also used for medication administration, 
should be avoided. The selection of the appropriate col-
lection medium is as crucial, as exposure to light, heat, 

or substances within collection media may contribute to 
drug degradation. Rigorous documentation of sampling 
and drug administration times is paramount.

Chromatographic analysis methods, in particular liquid 
chromatography/mass spectrometry and high-performance 
liquid chromatography, have become indispensable for meas-
uring drug concentrations [43, 44]. Liquid chromatography 
separates drug compounds based on their structural proper-
ties, while mass spectrometry identifies and quantifies them 
based on their mass-to-charge ratio. Liquid chromatography/
mass spectrometry is ideal for detecting drugs in complex 
biological samples with high precision and accuracy [44]. It 
is particularly valuable in measuring low concentrations of 
drugs and metabolites. In contrast, high-performance liquid 
chromatography utilizes high-pressure pumps to move a liq-
uid solvent containing the drug through a chromatographic 
column. The separated components are then detected, using a 
spectrophotometric detector, often based on ultraviolet light. 
Compared with liquid chromatography/mass spectrometry, 
high-performance liquid chromatography is a slightly less 
sensitive, but efficient, simpler, and less expensive method 
[43]. Meanwhile, immunoassays are also capable of quantify-
ing drug concentrations, and are the method most often avail-
able through clinical laboratories because of their efficiency 
and costs, but decreased selectivity, sensitivity, and specificity 
compared with chromatographic methods remain limitations 
[45, 46].

Table 1  Examples of maturational changes that affect PK processes

PK pharmacokinetic

PK process Examples of maturational changes

Absorption [22] Gastric pH decreases to approximately 3 within 48 h post-birth, gradually neutralizing by days 
8–10, reaching adult levels by 2 years

Initially, there is delayed gastric emptying, gradually approaching adult values by 6–8 months
Reduced intestinal motility in neonates and infants

Distribution [23, 24] Body composition undergoes notable changes during childhood. In infancy, the body is primarily 
composed of water. During childhood, muscle mass increases and body fat accumulates, which 
gradually reduces the proportional water content. As adulthood is reached, factors such as genet-
ics and lifestyle play pivotal roles in shaping the final body composition

Levels of plasma proteins, such as albumin, increase during childhood, altering free concentrations 
of protein-bound drugs

Metabolism [25] Increase in the expression and activity of metabolizing liver enzymes, such as cytochrome P450
Elimination [26–28] Glomerular filtration rate increases rapidly during the first year, reaching adult values by 1–2 years

Maturation of tubular secretion and reabsorption processes
Augmented renal clearance in high cardiac output states
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4  Measuring Pharmacodynamic Responses

Evaluating pharmacodynamic responses introduces more 
challenges than investigating pharmacokinetic responses. 
While a conventional therapeutic window spanning from 
minimally effective to toxic concentrations exists, these 
precise values are often elusive [47]. For certain drugs 
such as antibiotics and anti-cancer medications, defined 
thresholds, such as the minimal inhibitory concentration, 
provide in vitro response benchmarks. However, diverse 
measurement instruments are essential to quantify PD 
responses for other drugs, necessitating adherence to 
criteria related to relevance, reliability, reproducibility, 
responsiveness, and appropriateness concerning the child’s 
age and developmental stage [48]. In chronic conditions, 
adjusting measurement instruments becomes impera-
tive to accommodate the expected spontaneous evolution 
influencing the PD response over time. Further details and 
examples of common PD metrics are provided in Table 3 
[49].

Clinical scoring systems, which are structured tools 
employed to quantify health conditions, demand valida-
tion to precisely gauge meaningful changes in disease 
severity following drug treatments [50]. Exemplarily, 
the Acute Otitis Media Severity of Symptom Scale score 
was designed to measure the therapy response in children 

receiving treatment for acute otitis media, and included 
crying, ear tugging, eating behavior, and fever [51].

Biomarkers, objective indicators of normal biological, path-
ogenic, or pharmacologic processes, prove indispensable when 
quantifying clinical responses is challenging, or as a proxy 
for events in the future [48]. As an illustration, creatinine is a 
widely available biomarker for assessing the glomerular filtra-
tion rate and monitoring renal toxicities of drugs. Yet, incre-
ments in creatinine do not necessarily represent renal failure. 
This is most exemplary in patients taking trimethoprim, in 
whom creatinine may underestimate the glomerular filtration 
rate, as trimethoprim inhibits the tubular secretion of creati-
nine [52]. Therefore, multiple biomarkers or other instruments 
may be used to measure pharmacodynamics. Recently, Walsh 
et al. investigated the PD responses of salbutamol in children 
experiencing asthma attacks, by integrating the Pediatric 
Asthma Severity Scale score and the biomarkers lactate, pH, 
and glucose [53]. Using this approach, the authors established 
infusion rates that achieve maximal clinical effects while mini-
mizing toxicities. In conclusion, the process of selecting and 
validating biomarkers as indicators of PD response or prox-
ies for later PD outcomes presents multiple challenges. These 
challenges necessitate careful consideration to ensure the accu-
racy and relevance of biomarker measurements in clinical and 
research contexts.

Table 2  Specimens for a drug concentration analysis

Specimen Considerations

Whole blood [34] Enzymes may metabolize drugs prior to analysis
Lipophilic drugs may partition in red blood cells

Plasma [34] Typically reflects drug concentrations more accurately than whole blood
Enables the analysis of both protein-bound and free fractions of a drug

Dried blood spots [38, 39] Offers convenience for analyzing selected drugs by using small sample volumes
The process of hemolysis may affect drug concentrations

Urine [40] Factors such as intrinsic renal clearance, fluid intake, and concurrent diuretic usage influ-
ence urine concentrations of renally excreted drugs

Often not the optimal specimen for drug concentration–time profiles, but offers insights 
into substance exposure rather than precise qantification

Combining urine drug concentrations with plasma measurements facilitates a com-
prehensive approach, enabling differentiation between renal and non-renal clearance 
processes

Saliva [41] Non-invasive collection method
Good-to-excellent correlations with plasma correlations for weakly acid drugs
Less predicatble for compounds with a neutral and basic pH, and for protein-bound drugs

Hair and nails [42] Most suitable to determine long-term exposure to a drug
Respiratory secretions, feces Drug concentrations not consistent across samples
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5  Population Pharmacokinetic Modeling

In traditional PK studies (Fig. 1a), concentration–time 
profiles are individually constructed for each participant. 
Subsequently, classical non-compartmental analysis meth-
ods are employed to compute descriptive statistics of expo-
sure metrics such as maximum concentration, area under 
the curve, and half-life [54]. These studies necessitate 
nearly identical sampling schedules for each subject and 
are limited in their capacity to analyze covariates explain-
ing inter-individual variability [54, 55]. In contrast, the 
utilization of mathematically advanced, non-linear mixed-
effects models has gained popularity in pediatric popula-
tion PK (popPK) studies, as illustrated in Fig. 1b. The 
term ‘mixed effects’ encompasses a combination of fixed 
parameters, variables that describe the behavior of a typi-
cal individual in the population under study, and random-
effects parameters that can fluctuate across individuals 
and within an individual over time. In these studies, drug 
concentrations from multiple individuals are aggregated 
into a single dataset. Non-linear mixed-effects regression 
methods are then applied to analyze both central tenden-
cies for the population and variations between individu-
als and timepoints [54]. This approach allows the model 

to include both predictable sources of variability (e.g., 
weight, renal function) and unpredictable sources (e.g., 
measurement error) to describe the pharmacokinetics of 
a drug. Furthermore, the design allows flexibility in sam-
pling schedules and sparse sampling, which is a major 
advantage in children compared to traditional PK studies.

Developing popPK models, as depicted in Fig.  1b, 
involves three interconnected steps. First, a structural model 
is fitted to the population data to delineate the central ten-
dency of the concentration–time profile for the entire popu-
lation. This structural model can be characterized as either 
a one-compartment or multiple-compartment model, with 
the central compartment being an abstract representation of 
plasma and tissues directly impacted by drug distribution 
[56]. Multiple-compartment models introduce peripheral 
compartments, where drug distribution occurs at a slower 
rate. Additionally, distinct absorption kinetics are incorpo-
rated for drugs not administered intravascularly. Second, a 
statistical model is constructed to compute the variability 
between subjects, across timepoints, and the unexplained 
variability around the structural model. Last, the analysis of 
covariates is undertaken to identify predictors contributing 
to the variation around the structural model. The process of 
selecting the best-fitting model for describing the population 

Table 3  Examples of PD endpoints

AOM-SOS Acute Otitis Media Severity of Symptom Scale, MIC minimal inhibitory concentration, PD pharmacodynamic, TSH thyroid-stimulat-
ing hormone

Endpoint PD measure Example(s)

Preclinical efficacy Reduction in bacterial colony-forming units
Suppression of viral replication

Area under the concentration–time curve/MIC

Biomarker-based efficacy Normalization of inflammatory markers
Normalization of hormones

C-reactive protein, procalcitonin
TSH

Clinical efficacy Microbiological cure
Clinical cure
Prevention of viral replication
All-cause mortality

No isolation of the causative organism within a 
relevant timeframe upon completion of treat-
ment

Resolution of symptoms by come timepoint dur-
ing or at the end of treatment

Virologic assessments (e.g., viral load) at spe-
cific times during therapy

Death within a specific time frame following the 
start of treatment

Clinical scoring systems AOM-SOS
Finnegan Neonatal Abstinence Scoring System

Clinical toxicity Nephrotoxicity (kidney injury)
Hepatotoxicity (liver injury)
Neurotoxicity

Creatinine, urine output
Alanine transaminase, clotting tests
Electromyography
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data is arduous and consists of goodness-of-fit plots and 
mathematical diagnostics.

A covariate analysis plays a pivotal role in facilitating 
dosing adjustments within specific patient subsets. For 
instance, renal function significantly impacts the clearance 
of medications eliminated by the kidneys. To comprehen-
sively assess the influence of renal function on drug clear-
ance, an ideal popPK study would encompass a pediatric 
population with a spectrum of renal function estimates, 
which may result from maturation, disease-related fac-
tors, or a combination of both. In such a scenario, a dosing 

nomogram could be developed to offer tailored guidance 
for individuals with normal, impaired, or enhanced renal 
function. The covariate model can encompass various clini-
cal parameters, biomarkers, or co-medications. However, 
the selection of potential covariates is primarily contingent 
on scientific plausibility, statistical significance, and clinical 
relevance. It is important to note that the number of predic-
tors is limited by the data that are available for analysis as 
employing an excessive number of predictors may compro-
mise the precision of predictions [58].

Fig. 1  a Traditional  or non-compartmental pharmacokinetic (PK) 
study. Individual PK profiles are analyzed per participant, which 
requires an almost identical sampling schedule for every subject. 
Pharmacokinetic parameters, such as maximum concentration (Cmax), 
area under the curve (AUC), or half-life (t1/2) determined per sub-
ject, after which population values are calculated using descriptive 
statistics. The therapeutic window is defined as the area between 
the minimum effective and minimum toxic concentration. b The 
structural model provides a mathematical representation of the typi-
cal PK profile for the studied population. This model is enhanced 
by the covariate model, which incorporates subject-specific charac-
teristics, or covariates, to explain variations in drug pharmacokinet-
ics within a population. Covariates can include demographic factors 

such as age, sex, and weight; physiological parameters such as renal 
and liver function; genetic factors, such as polymorphisms in drug-
metabolizing enzymes or transporters; and other clinical variables, 
including concurrent medications. For example, in this context, Sub-
ject 1 and Subject 2 illustrate the PK pattern for the covariate weight, 
where Subject 2 is described as a “high weight” individual compared 
to Subject 1. This contrast demonstrates the fixed effect of a covariate 
in pharmacokinetics relative to the “typical subject”. The statistical 
model addresses residual or unexplained variability, representing the 
proportion of the data not captured by the structural model and covar-
iates. This component of the model helps account for differences in 
PK profiles that are not explained by the identified factors
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Ideally, popPK models should undergo an evaluation in 
an external population to broaden their applicability beyond 
the model development cohort. Additionally, prescribers 
should remain cognizant of the specific population for which 
a drug was originally labeled, as the sources of PK variabil-
ity may not become apparent until the drug is administered 
to a more diverse patient group. When a unique population 
was not included in the initial study, it becomes imperative 
to conduct supplementary popPK studies. This necessity is 
particularly pronounced in neonates, given their distinctive 
and evolving physiology. For instance, propofol dosing in 
neonates traditionally considered body weight and gesta-
tional age. However, a popPK model revealed that clearance 
in neonates is more accurately predicted by separating ges-
tational and postnatal maturation, with postnatal maturation 
taking precedence after birth [57]. Consequently, reduced 
doses of propofol are recommended for premature infants 
during their postnatal maturation phase. In contrast, for other 
drugs in infants, such as propranolol, weight or size may 
be the primary covariate predicting pharmacokinetics [58].

Critical illness is a condition warranting specific popPK 
studies, as this condition potentially alters all PK processes. 
For instance, a popPK model examining phenobarbital in 
neonates and infants undergoing extracorporeal membrane 
oxygenation unveiled significantly increased clearance when 
continuous venovenous hemodiafiltration was employed, 
necessitating higher phenobarbital doses for these children 
[59]. Similarly, other popPK studies have identified subsets 
of critically ill children with augmented renal clearance [60]. 
This recognition informs dosing decisions, suggesting that 
intermittent administration of renally eliminated antibiotics 
might suffice for critically ill children with acute renal fail-
ure, while higher doses, prolonged infusions, or continuous 
infusions may be more appropriate for those with augmented 
renal clearance [61–63]. In childhood obesity, the volume of 
distribution for lipophilic drugs such as fentanyl undergoes 
changes, leading to unpredictability in serum steady-state 
concentrations. A popPK study conducted in obese children 
identified a model-based continuous infusion strategy, aimed 
at optimizing the probability of reaching target serum fenta-
nyl concentrations in this population [64].

6  Physiologically Based Pharmacokinetic 
Modeling

Physiologically based PK (PBPK) models predict how drugs 
distribute in various tissues by incorporating the drug’s 
physicochemical properties and biological parameters into 
mathematical functions. In contrast to a data-driven popPK 
model, a PBPK model is predominantly a knowledge-based 
method. Physiologically based PK models comprise three 
primary components: model structure, organism parameters, 

and drug parameters [65]. A typical PBPK model features 
compartments representing organs or tissues interconnected 
through the circulatory system, as depicted in Fig. 2a [66]. 
Organism parameters encompass anatomical and physi-
ological characteristics; these are typically available in lit-
erature resources. Each compartment is defined by specific 
attributes such as volume, tissue composition, and perfusion 
blood flow rates [67]. Enzymatic processes occur within rel-
evant intracellular compartments, with connections to the 
extracellular space facilitated by passive diffusion or active 
drug transport. Blood flow governs mass transfer between 
compartments, and its rate varies for each organ [68, 69]. 
Maturation of physiological processes or changes in patho-
physiological trends, such as the glomerular filtration rate, 
can be captured in mathematical functions. These functions 
can subsequently aid in exploring or predicting the pharma-
cokinetics of other compounds following a similar elimina-
tion pathway [70, 71].

Finally, drug parameters encompass substance-specific 
characteristics describing the interaction between the drug 
and the system. These parameters comprise physicochemi-
cal properties including molecular weight, lipophilicity, 
solubility, the fraction of unbound drug, and tissue-plasma 
partitioning. All these factors hold significant importance in 
predicting membrane permeability, availability for gastro-
intestinal absorption, transmembrane transport, and parti-
tioning within tissues, organs, and plasma [67]. Clearly, the 
biological system in a specific subgroup of children with a 
given trait (e.g., chronic kidney disease, cystic fibrosis) dif-
fers from healthy children. As a result, both organ and drug 
parameters must be integrated into highly specific models 
that mathematically represent the drug’s interaction with 
the system. To achieve this, there are commercially avail-
able validated tools, such as PK-Sim,  MoBI®, and  Simcyp® 
[72, 73]. Those platforms also have the capability to account 
for the maturation of physiological processes and trends 
in pathophysiological processes, enabling the modeling 
of drug exposure in populations of children with specific 
comorbidities.

Figure 2b simplifies and illustrates the development of 
a pediatric PBPK model. It starts with a validated PBPK 
model in healthy adults as a foundation, with subsequent 
adaptations of organ parameters to match the anatomical and 
physiological parameters of healthy children. This includes 
incorporating ontogeny functions related to drug metabo-
lism and elimination. Ultimately, by adjusting the model to 
account for pathophysiological alterations in healthy chil-
dren, drug exposure can be estimated for the population 
of children with a specific disease [74]. The evaluation of 
the model is critical to ensure its accuracy, often accom-
plished by comparing PBPK-based simulated data to in vivo 
observations for a predictive performance analysis. These 
simulations are considered acceptable when they fall within 
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a two-fold prediction error or, for more stringent criteria, 
within a 70–130% prediction range.

Physiologically based models prove particularly valuable 
when limited clinical data are available, such as in early-
phase drug development or when adapting existing drugs 
for new indications. Enhanced understanding of maturation 
and pathophysiology can improve our comprehension of 
PK alterations related to diseases in children. Physiological 
functions within PBPK models can be adjusted to account 
for disease states, enabling predictions of drug disposition 
under these circumstances [75, 76]. Exemplarily, a pediatric 
PBPK model estimated the impact of reduced cardiac output 
on propofol clearance, which is age dependent and propor-
tionally greater in adults. Consequently, age-specific dose 
reductions for propofol were recommended in low cardiac 

output states. Additionally, a PBPK study in children with 
obesity revealed that relative to children with a healthy 
weight, those with obesity experienced reduced weight-
normalized clearance for clindamycin and trimethoprim/
sulfamethoxazole [77]. Nonetheless, simulations still sup-
ported the recommended weight-based dosing in children 
with obesity. Last, other PBPK models supported the use 
of adult metformin doses in older children and adolescents 
with obesity, offering valuable insights into potential drug 
labeling for this unique population [78, 79].

Physiologically based PK models offer significant poten-
tial to enhance drug therapies for children across various 
clinical scenarios. For example, PBPK models can address 
knowledge gaps concerning drug distribution in anatomi-
cal sites that are challenging to sample [80]. The adequate 

Fig. 2  a Overview of a physiologically based pharmacokinetic 
(PBPK) model structure, adapted from [65]. Each block represents 
a compartment, either organs or tissues connected through the blood 
circulation. C represents the rest of the organs and tissues that com-
posed the model structure. b Building blocks of a pediatric PBPK 
model. An intravenous (IV) PBPK model of healthy adults issued as 
a basis, information about absorption kinetics needs to be added to an 

oral (PO) PBPK model. The adult PBPK model needs to be adjusted 
for ontogeny data and pharmacokinetic data in healthy children to 
transform into PBPK models for healthy children. Subsequently, 
data on pathophysiological changes are needed to develop a PBPK 
model for ill children. Finally, pharmacokinetic data in ill children are 
required for model validation in ill children. PK pharmacokinetics
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penetration of antibiotics into the cerebrospinal fluid is cru-
cial for treating central nervous system infections such as 
meningitis and encephalitis. A generic PBPK model was 
developed to predict the passive drug transfer in the cerebro-
spinal fluid in children, both with and without meningitis. 
This model incorporated age-appropriate parameters and 
underwent validation for drugs such as paracetamol, ibupro-
fen, flurbiprofen, naproxen, and meropenem [81]. It serves 
as a valuable template for models focused on cerebrospinal 
fluid penetration. Furthermore, an adult PBPK model was 
scaled down for pediatrics, accounting for different elimi-
nation routes, and successfully predicted the disposition of 
drugs such as meropenem, colistin, and sulbactam in the 
blood, lung, skin, and heart tissues [82]. Physiologically 
based modeling can also estimate drug penetration in human 
milk, contributing to the understanding of drug safety during 
lactation. A workflow concerning lactation-related exposure 
to lamotrigine illustrates its feasibility, including incorpora-
tion of the variability in milk concentrations [83].

Finally, PBPK modeling proves invaluable in adapting 
dosing recommendations to account for drug–drug interac-
tions. For example, rifampicin, a potent cytochrome P450 
(CYP) inducer, can reduce the effective concentrations of 
many drugs, including antiretroviral drugs such as lopina-
vir and ritonavir, potentially compromising HIV control. A 
PBPK model simulated lopinavir/ritonavir exposure in chil-
dren between 2 months and 8 years of age across different 
rifampicin doses, suggesting a super-boosted lopinavir/rito-
navir regimen that could achieve adequate drug concentra-
tions when co-administered with rifampicin [84]. Similarly, 
phenobarbital, another potent enzyme inducer, was found to 
have a greater impact on the pharmacokinetics of tacrolimus 
than in adults, as estimated by a pediatric PBPK model [85]. 
Moreover, in the absence of PK data for tadalafil in children 
aged under 2 years with pulmonary arterial hypertension, 
a recent pediatric PBPK model was developed, incorporat-
ing CYP3A-mediated intrinsic clearance and its ontogeny 
(CYP3A4 and CYP3A7) [86]. This model accounted for 
the common co-administration of tadalafil with bioseston, 
a CYP3A4 inducer, and recommended dosing adjustments 
for children taking both drugs.

Integration of PD responses into PBPK models is contin-
gent upon the availability of quantitative mechanic insights 
into the drug under investigation. For drugs that exert their 
effect via binding to a receptor, efficacy hinges on the avail-
ability of receptors for binding, as the classic receptor occu-
pancy theory posits that drug effects are proportionate to 
the fraction of receptors occupied [87]. Hence, acquiring 
information pertaining to the maturation of drug recep-
tors and signaling processes during infancy and childhood 
becomes imperative for predicting PK/PD outcomes. Ver-
scheijden et al. undertook a modeling effort to elucidate the 
PK/PD responses to morphine in both children and adults, 

recognizing substantial differences in therapeutic responses 
even when serum concentrations remained comparable [88]. 
They sourced data regarding intracellular morphine trans-
port through in vitro studies and leveraged the existing litera-
ture to glean insights into blood–brain permeability over the 
course of lifetime. Remarkably, in their final model, dispari-
ties in PD responses among neonates were not attributable 
to variations in morphine disposition in brain tissues, but 
rather to differences in the brain’s susceptibility to morphine.

7  Therapeutic Drug Monitoring 
and Model‑Informed Precision Dosing

Therapeutic drug monitoring (TDM) is a clinical practice 
employed to measure and analyze drug concentrations, aim-
ing to optimize dosages, ensure therapeutic efficacy, and 
monitor for drug toxicities [89]. In conventional TDM, drug 
concentrations in blood (either serum or plasma) guide indi-
vidual patient dosing [90]. Specific criteria must be met to 
consider TDM for a drug [91]. First, a therapeutic window 
must be established with a target for effectiveness and/or 
toxicity. Therapeutic drug monitoring proves futile in the 
absence of a predictable relationship between drug concen-
trations and outcomes, and for drugs whose drug responses 
are obvious clinically. Second, a validated assay must exist to 
quantify drug concentrations in a timeframe that is relevant 
to the patient. For drugs administered long term on an out-
patient basis, it may be reasonable to get results of TDM a 
day or two later. However, long turnaround times can render 
TDM ineffective in acute care settings. Third, a significant 
inter-individual variation in PK responses is essential. Last, 
the measured drug concentration should reflect the free (i.e., 
unbound) drug, critical for a pharmacological effect. Clinical 
assays frequently measure total drug concentrations, and the 
variability in protein binding, both intra-individually and inter-
individually, can present challenges in establishing a therapeu-
tic window. Additionally, therapeutic windows are commonly 
defined at a population level, neglecting patient-specific factors 
affecting treatment outcomes or toxicity at any dose. Relying 
on a single drug concentration measurement (e.g., maximum 
or minimum concentration) often restricts clinicians to frac-
tional dose adjustments, limiting the precision of personalized 
dosing based on only TDM. Fortunately, more sophisticated 
tools in the form of model-informed precision dosing (MPID) 
have become increasingly available to guide individual dosing 
[92]. Model-informed precision dosing leverages drug behav-
ior knowledge from popPK models along with patient data 
(i.e., drug concentrations, relevant covariate data) to estimate 
individual PK parameters more accurately [93, 94]. In brief, 
MIPD utilizes data from a popPK model, known as the Bayes-
ian prior, to describe the typical PK parameters (and their vari-
ability) in a population in the absence of any patient-specific 



374 K. Meesters et al.

information. When patient information becomes available 
(e.g., weight, renal function, measured drug concentrations), 
mathematical algorithms are then updated to determine how 
this new individual’s data fit within the pre-existing population 
data, calculating what is referred to as a (Bayesian) posterior 
probability and generating predictions of the individual’s phar-
macokinetics. From this, individualized target-oriented dosing 
recommendations can be made. While most MIPD software 
programs can generate dosing recommendations simply based 
on covariate information (e.g., weight, renal function), incor-
poration of measured drug concentrations greatly improves 
the estimation of patient-specific PK/PD parameters and the 
precision of dosing guidance [95]. Model-informed precision 
dosing has proven efficacy in promoting PK/PD target attain-
ment for individual patients for vancomycin and aminoglyco-
sides, among other drugs [96–98]. There are several commer-
cial software programs available to assist clinicians in MIPD 
implementation [99, 100]. Furthermore, MIPD allows the use 
of multiple models at the same time by either applying model 
selection or model averaging techniques, which allows clini-
cians to tailor the predictions to their specific patient popula-
tions without having to develop their own model [101, 102].

8  Future Perspectives

Despite advancements in pediatric pharmacology, signifi-
cant knowledge gaps persist for many drugs in children. 
Pharmacometrics emerges as a promising discipline with 
the potential to enhance the safety and efficacy of pediat-
ric pharmacotherapy. It accomplishes this by expediting 
drug development, extending drug applications to new 
indications, and enabling personalized care through MIPD 
[103–105]. In this review, we outlined diverse pharmaco-
metric study designs and underscored their potential to 
expand our understanding of pharmacotherapy for children. 
Population PK models elucidate predictors for PK responses, 
facilitating optimized dosing within specific subpopulations. 
Pediatric PBPK models integrate the dynamic physiologi-
cal and biochemical changes of childhood and disease into 
mathematical functions, predicting drug disposition across 
tissues and PD responses if quantitative mechanistic data 
are available [106, 107]. These models prove instrumen-
tal in managing drug–drug interactions, adapting dosing 
regimens to various clinical scenarios, and assessing dif-
ferent drug formulations tailored to the pediatric popula-
tion [108–110]. However, overcoming barriers is crucial to 
fully integrate pharmacometrics into routine clinical prac-
tice. First and foremost, increasing the data available for 
analysis is paramount to advance reliable models. Oppor-
tunistic and non-invasive sampling techniques, along with 

microdialysis, are promising avenues for expanding data 
availability for popPK models [111]. Microdosing stud-
ies provide insights into absorption and drug disposition. 
Moreover, routinely collected clinical data can potentially 
be transformed into PD endpoints, offering insights into 
variations in therapy responses. Furthermore, opportunistic 
sampling in children involves collecting clinical specimens 
during routine medical procedures [112, 113]. This method 
maximizes data acquisition without additional discomfort 
or invasive procedures and minimizes the burden on young 
patients while enhancing the efficiency of research endeav-
ors. Ongoing research on the validation of biomarkers for 
PD is pertinent for understanding therapy response differ-
ences [114]. Biobanks play a vital role by increasing data 
for PBPK models through collecting body samples for in 
vitro studies and furthering our knowledge of developmental 
pathophysiology. Leveraging machine learning and artificial 
intelligence can efficiently manage the growing volume of 
data needed for pharmacometrics [115]. These tools enable 
the rapid identification of complex patterns within large 
diverse datasets, facilitating the design of more tailored stud-
ies for children, including improved covariate modeling, but 
are not yet routinely used in pediatric drug development or 
clinical practice and were therefore not within the scope of 
this review. In the same sense, quantitative systems pharma-
cology models, which aim to model the interaction between 
the drug and the biological system in which it operates on 
a fundamental level, are not yet used at the same frequency 
as the techniques described in this review. Quantitative sys-
tems pharmacology models are, however, readily applied 
in the drug discovery space and might in future contribute 
to pediatric drug development [116]. Developing pediatric 
pharmacometric models is an arduous task, underscoring the 
importance of intensive collaborations between pharmaco-
metricians and clinicians. Such collaborations are essential 
for data collection and the translation of advanced modeling 
techniques into clinical practice.

9  Conclusions

Pharmacometrics, employing mathematical models to under-
stand pharmacokinetics and pharmacodynamics, emerges as 
a pivotal discipling in pediatric drug development, facilitat-
ing drug repurposing endeavors, and enhancing personal-
ized pharmacotherapy. Selecting an appropriate specimen, 
adherence to standardized operating procedures, considera-
tion of pre-analytical factors, and utilization of a validated 
measurement assay are essential for accurately and precisely 
measuring drug concentrations. Instruments for measuring 
pharmacodynamics should demonstrate validity, precision, 
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suitability for the age and developmental stage, responsive-
ness to changes over time, and consideration of the natural 
progression of diseases. Non-linear mixed-effect popPK 
models analyze inter-individual variability and predictors for 
PK responses in a population. Ideally, these models should 
be validated in external populations. Physiologically based 
PK modeling is a knowledge-based approach that predicts 
drug distribution in tissues by incorporating physicochemi-
cal characteristics and biological parameters. This is a par-
ticularly helpful approach in situations where there are very 
limited in vivo data available. Therapeutic drug monitoring 
optimizes subsequent dosages using drug concentrations, 
while MIPD employs popPK models and individual patient 
data for a more sophisticated and personalized approach to 
guide drug dosing and enhance therapeutic efficacy. Col-
laborations between clinicians and pharmacometricians are 
indispensable, not only for robust data collection to inform 
models, but also for the translation and integration of these 
models in clinical practice.
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