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Growth in Childhood
Humans grow slower than many other species. A lot of growth and 

weight gain happen during childhood, and specifically during the first 
two years of age. Humans reach 70% of their adulthood height at the age 
of six. Growth accelerates during certain periods of childhood known as 
growth spurts. These growth spurts happen six times through childhood 
which are; neonatal, infantile, early childhood, middle childhood, late 
childhood, and pubertal period [1]. Yet, growth during each of these 
growth peaks varies remarkably among individuals, mainly due to the 
integrative and mixed influence of cultural, behavioral, nutritional, 
genetic, and environmental factors. General body growth (i.e. weight 
and height) differs from internal organs growth. Human organs grow 
at different rates because cell divisions in these organs vary in time and 
pattern. While the liver and kidneys grow fast throughout childhood, 
the brain has shown minimal weight increase from childhood to 
adulthood. Growth of adipose tissues and muscles in childhood is not 
as fast as it is in teenage and adult years. The Lungs grow and gain 
weight faster than the kidneys, but slower than the liver [2,3]. 

Physiological and Anatomical Development
Children breathe at a faster rate than adults. This is because the 

number of alveoli in infants and children are less than those in Adults. 
Alveoli in children are also smaller in size than adults; therefore 
children need higher ventilation rate to meet the oxygen requirement 
of the body. With normal growth during the first few years of life, the 
size and weight of the lung increases, the ratio of ventilation rate to 
lung surface is relatively larger in infants and children compared to 
adults. Higher ventilation rate in children makes particles move faster 
along the respiratory tract and spend less time in any designated area 
of the lung. This faster movement and less residential time allow these 
particles to penetrate deeper in the lung, representing them more into 
the alveolar blood: air barrier [4]. The deeper penetration increases the 
dose absorbed in children. Other factors which assist such penetration 
are cardiac output, physical activity, and mouth to nose breathing 
ratio. Higher mouth to nose breathing ratio raises the chance of a 
deeper penetration because the mouth has a smaller surface area for 
the deposition of particles, and thus, more particles move into the lungs 
compared to particles coming in through the nose [4]. Physical activity 
in children is another factor contributing to increased ventilation rate 
which increases the inhalation of particles and vapors. In addition to 
that, physical activity increases mouth breathing during moderate to 

heavy exercises. One study found increased mouth breathing by 20% in 
children aged 8-16 years while performing a physical activity [5]. It’s not 
yet clear when switching from nose to mouth breathing during exercise 
happens in children. However, it was found that switching in adults 
happens when inhalational rate reaches 15 L/min [4]. The different 
patterns of nasal structural development among children also affect the 
inhalation and deposition rate of particles. The structure of the nose 
in children allows lower nasal filtration rate and higher nasal airway 
resistance. These two factors increase mouth to nose breathing ratio 
and further the penetration of particles into deeper parts of the lower 
respiratory tracts [5,6], and probably cause a higher nasal deposition 
rate [7]. Deposition also varies with variations in breathing patterns. 
Variations of breathing patterns include fluctuations in tidal volume 
and breathing rates during childhood [8,9]. Cardiac output decreases as 
age increases; adults have a lower cardiac output compared to children. 
Ventilation rate, size of the body, metabolic rate, and physical activity 
are factors affecting the cardiac output. All of these variables are higher 
in children compared to adults, which leads to a higher cardiac output. 
A higher cardiac output allows for rapid delivery and exchange of 
substances between the blood and different body tissues. This delivery 
is enhanced for the free un-bounded circulating chemicals, which are 
not bound to plasma binding proteins. This too is higher in children 
in comparison to adults due to the lower amounts of such binding 
proteins as well as their functional immaturity [10]. Chemicals that 
don’t bind or conjugate to any plasma proteins are either metabolized 
or eliminated. Such elimination processes are less efficient in children 
due to their lower glomerular filtration rate and lower renal clearance 
efficiency in the first six months of age [11].

Metabolism and Maturity of Metabolic Processes
The metabolic abilities in children are different than those in adults. 

The metabolic differences make them less susceptible to environmental 
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toxins in some instances or more susceptible in others. It’s thought that 
children have less metabolic capacity than adults that don’t reach its full 
capacity until early adulthood [12] Children’s lower metabolic abilities 
reflect either negatively or positively on them. It can be protective to a 
child if the body cannot process a substance into its toxic metabolites. 
On the other hand, the inability to metabolize a toxic parent compound 
into less toxic substances can be devastating [13]. 

The immaturity of metabolic enzymes might result in low clearance 
levels [14]. Enzymes including oxidases, reducates, and hydroxylases 
have their initial development little after birth and continue to develop 
until full maturity is reached, several months after birth. On the other 
hand, most of other metabolizing enzymes develop approximately in 
the middle of the gestational period, and become fully functional few 
months after birth. One example of late development is the synthesis 
and function of the oxidative demethylation enzyme; it is synthesized a 
few months after birth, and reaches its full functional capacity when a 
child reaches the age of two.

Children tend to have higher metabolic rates than adults due 
to their high cardiac output high ventilation rate, and high physical 
activity. In addition to that, children grow fast and increase in size. 
Resting metabolic rates and oxygen consumption are higher in infants 
and young children in comparison to adolescents and adults. This can 
be explained by their fast growth and higher inhalation rates per unit 
of body weight. Another factor affecting resting metabolic rate is body 
mass index (BMI). Children with increased BMI tend to have higher 
resting metabolic rates compared to children with lower BMIs of the 
same age [15]. 

Unfortunately, data on environmental toxicants metabolism in 
children are very limited, and more data are available for medicinal 
drugs. On the other hand, there is a wealth of data on adult’s 
metabolism of drugs and environmental toxins. Such data on drugs’ 
metabolism in adults and in children help make comparisons between 
half-life of drugs in children and in adults. One of the studies which 
compared neonates’ and adults’ drug metabolism showed that some 
drugs have half-time of metabolism in full–term neonates up to three 
to nine times more than in adults; the database included 45 drugs. 
This difference decreases after two to six months of age, but appears 
back during adulthood for certain drugs. In general, drugs used in 
adults have a shorter half-life for certain drugs and pathways [14]. A 
good example which elucidates the difference in the metabolism of 
chemicals between adults and children is caffeine. Caffeine’s main 
metabolizing enzyme is CYP1A2 [11]. Cytochrome P450 is a wide and 
diverse group of enzymes responsible for a vast majority of metabolic 
reactions in the body during phase 1 metabolism. It changes the 
chemical (natural or synthetic) into a more hydrophilic metabolite 
which can be readily eliminated [16]. CYP1A2 starts the catalysis of 
caffeine by an N-demethylation reaction, followed by N-acetylation 
via N-acetyltransferase. Because CYP1A2 is immature until the age 
of 6 months, infants below that age can have a caffeine half-life up to 
14 times greater than in adults [11]. CYP1A2 is also responsible for 
metabolizing theophylline. Theophylline is a drug structurally and 
pharmacologically similar to caffeine, used to treat respiratory diseases 
like asthma and chronic obstructive pulmonary disease ‘COPD’ [17]. 
Similar to caffeine, a slow metabolism of theophylline makes the half-
life and the effect last longer.

After six months of an infant’s age, a switch in the metabolism 
pattern happens to these two chemicals; causing faster metabolism and 
shorter half-life. This is best explained by increase in blood flow to the 
liver per body weight at six months of age as well as maturation of the 

CYP1A2 pathway. These two factor help improve the metabolism, and 
this is true for many other CYP450 enzymes [11]. However, relatively 
shorter half-life of certain chemicals in children after six months of age 
raises additional challenges. For instance, if a parent compound has 
a faster metabolism leading to a more toxic metabolite without fast 
clearance of the product then greater toxicity is produced. Otherwise, 
if clearance is fast, then the metabolite or even the parent compound is 
removed fast and toxicity will be less of a concern. 

Another example of a metabolic enzyme with lower function 
during infancy is N-acetyltransferse, which is the secondary enzyme 
involved in caffeine and Theophylline metabolism. It exhibits 
insufficient function in infants younger 6 months of age. Epoxide 
hydrolase is another example, it is a detoxifying epoxide, and is also 
deficient in this early period [11]. These enzymes involved in phase 
1 metabolism transform parent compounds to a more hydrophilic 
metabolite(s) ready to be conjugated to a binding protein and then 
eliminated. Glucuronidation-a process of attaching a substance to 
glucuronic acid is one way a metabolite is conjugated and transferred 
for elimination. Glucuronidation is found to be deficient in the first 
month after birth. This deficiency along with the other maturational 
delays mentioned above in phase 1 metabolic enzymes place the 
newborn infant at a higher risk for toxicity. A good example of 
toxicity produced by glucuronidation insufficiency is chloramphenicol 
accumulation. Chloramphenicol accumulates and results in anemia in 
infants if glucuronidation is insufficient [11]. Lack of glucuronidation 
and other conjugation methods adversely affects the elimination of 
toxic materials. Metabolism and half-life varies among children. Some 
studies show that variability in metabolism for many drugs is higher 
in children of younger ages than in adults. However, this is true for 
many, but not for all drugs [4]. Some anesthetic gases for example 
display variability in metabolism among children of different ages. The 
variation in manifested by a variation of binding factors in the blood 
which in turn make differences in partition coefficients of the gases. 
Such differences in partition coefficient were not found in adults [4]. 
Proteins such as albumin and alpha-1- glycoproteins binding proteins 
show lower serum levels in infants in comparison to later childhood 
and adulthood. The levels of these proteins can also influence the 
metabolism of drugs and chemicals [10]. Albumin binds to acidic 
chemicals, whereas alpha-1-glycoproteins bind to basic chemicals. 
The lower levels of these binding proteins causes more free chemical 
compounds ready to be taken up by the cells and can result in toxic 
effects. Nevertheless, non-binding is beneficial for chemicals that don’t 
have high tendency for plasma protein binding because it exposes 
chemicals for metabolism and elimination [11,10].

Toxicokinetics and Toxicodynamics in Children
Toxicokinetics (TK) is the process of absorption, metabolism, 

distribution, and elimination. TK in children is different than in adults 
due to the continuous growth in children’s respiratory system, their 
physical activity, and their body weight. For example, the exposure 
to an ultrafine particulate matter of air pollutant can be two to four 
times higher in a three-month old child than in an adult, as a result of 
lung deposition and body size factors [4]. Drug or ‘toxins’ metabolism-
as discussed in the metabolism section-take longer in children than 
in adults. Therefore, the half-life of substances is longer in children, 
and their elimination rate is slower. Based on the half-life of some 
substances, hepatic and renal functions are considered to be at a lower 
functional rate than in adults for all chemicals’ types: organic, lipophilic, 
hydrophilic, and ionic [18]. This leads to a longer time for elimination 
[19]. At the same time, having relatively less fat tissue compartment 
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makes lipophilic chemicals less soluble [20] and therefore, body 
composition affects the distribution and deposition of chemicals. The 
dose distributed to the tissues of different organs is ready to be up 
taken by the cells. This is when an interaction between the dose and 
a body component happens, and this is what Toxicodynamics (TD) 
basically is. TD relates to the interaction of a chemical with the cellular 
or biological components of the body followed by a biological effect. 
The connection between TK and TD is shown in Figure 1. 

TD shouldn’t be different between children and adults if the 
TK differences are controlled for in the statistical analysis (i.e. dose-
interaction effect and biological response should be the same if TK 
is controlled for). However, the same doesn’t hold true for infants. 
Unfortunately this is difficult to test experimentally [21]. 

Development of the Respiratory System
Lung development is a complicated and long process which starts 

as early as the fourth week of gestation, and continues until the age of 
20 years [22]. This long process includes the integration of a variety 
of regulatory factors responsible for cell proliferation, differentiation, 
migration, and death. These developmental and differentiation 
changes happen prenatally to provide the baby with a functional lung. 
However, a great deal of maturation and growth happens postnatally 
to increase the lung’s size and number of branches and alveoli. 
Embryonic lung formation goes through five consequent stages. Each 
stage is characterized by its own anatomic and histologic features. 
Airways’ formations occur in early embryonic and pseudo-glandular 
stages. Formation of the air-blood barrier through vascularization 
and reduction of mesenchyme occurs in the canalicular, saccular, and 
alveolar stages [23]. This development continues after birth, but mostly 
by increasing lung size and surface area. A neonate at birth is born with 
approximately 50 million alveoli, which have the ability to multifold 
five times to reach near 250 million later in life. The surface area is 
enlarged to reach up an area of 70 m2, with over forty different types of 
fully maturated and differentiated cells in the lung [24]. 

Respiratory Developmental Susceptibility
Inter-species and intra-species differences have been apprehended 

and handled in the process of risk assessment a long time ago. The 
extrapolation from animals to humans is a common procedure 
in risk assessment since most of toxicological studies are done on 
animals. Relevant estimations of human exposures is assessed based 
on physiological and biological differences between animals and 
humans. Thus, estimation of a risk on humans’ inhalational health 
occurs through extrapolating from animals to humans mainly based 
on differences between animals’ and human’s dosimetry.

Humans as a species are divided to a regular population and a 

sensitive population. Children are categorized among the sensitive 
population. They, as a susceptible population, go through a lot 
of developmental changes during their growth (Figure 2), which 
continuously alters their susceptibility to environmental insults. 
Periods of susceptibility in children vary, and there are times when 
children are more susceptible to environmental stressors than other 
times.

Among different environmental stressors, air pollutants are thought 
to be the major chemical stressors for the respiratory system, and most 
likely related to the etiology of many respiratory diseases. Exposure to 
air pollutants during different life stages differs in concentrations based 
on air pollutants’ concentrations; child’s breathing rate, and frequency 
and duration of exposure.

Respiratory uptake and absorption differ among children of 
different ages, and differ among children of the same age. The respiratory 
physiological factors which differentiate children inhalational uptake 
and absorption rates are: ventilation rates (which lead to enhanced lung 
deposition), higher mouth to nose breathing rate (which increase the 
amount of inhaled material) decreased particular uptake from the nasal 
airway (which leads to higher deposition in the lower respiratory tract), 
and the larger deposition efficiency of some particles and vapors in the 
lower respiratory tract [25]. Furthermore, there are factors among 
children which contribute to different degree of particulate matter 
deposition in the child’s lung. These factors include: race, obesity, and 
current status of the lung (the presence of respiratory disease such 
asthma or allergic rhinitis) [25]. 

Periods of Susceptibility 
There are five developmental stages for respiratory system 

development in the fetus. Four are completed before birth, and the 
fifth one, which is alveolar formation, begins prenatally, but continues 
and expands postnatally. This means that most of the true formation 
of the lung system happens in the uterus, thus making this period 
critical in terms of susceptibility and vulnerability to external insults. 
Cell division and differentiation during gestation is very crucial for a 
normal lung development. Lung development is until the age of eight, 
but size increase continues until the age of 18 [26]. 

There are different human and animal studies tried to estimate the 
influence of environmental exposure during fetal life. Experimental 
studies on animals show that fetal exposure to environmental factors 
is more harmful to the fetus, prenatally than postnatally. One study 
done on rabbits found that an environmental exposure resulted in lung 
injury and impaired normal growth of the lung. Lung injury happened 
shortly and resulted in impairment in the lung cells’ differentiation 
and maturation during development [27]. Another study investigated 
the effect of ozone on neonatal monkeys at a daily and seasonal basis. 
Ozone caused higher oxidative stress to exposed monkeys compared to 
the control. The oxidative stress injured the pulmonary gas exchange 
units, and therefore affected the lung functional capability [28]. Some 
other studies done on rats tested the effect of pre- and postnatal 
exposure to cigarette smoking on the functional development of the 
lung. The effect was an induced hyper-responsive in the respiratory 
tract of born rats and malfunction of their lungs [29,30].

Epidemiological studies showed that air pollution has adverse 
health effects on the human body before a person would turn to day one 
of age. Mothers exposed to air pollutants were observed to carry serious 
effects to the fetus. Serious as it would be fatal to the fetus at an early 
phase of pregnancy [31], produce a preterm birth [32-34], or result in 
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low-weight babies [35-40]. For instance, mothers who are smokers or 
mothers who are exposed to polycyclic aromatic hydrocarbons (PAH) 
from combustion sources, have higher tendency to deliver pre-term 
babies, or to deliver low birth weight babies [41-43]. Infant mortality 
rates are noticed to increase with increased air pollution. An example 
of that is London coal smoke tragedy. In 1952, a great smoke covered 
the atmosphere in London killing near 4000 people, most of them were 
adults. However, infant mortality rate was higher during this tragedy; 
it was doubled [44]. Air pollution in general is found to be correlated 
with increased infant mortality rate [45]. An increased concentration 
of particulate matter (PM10) in the air increased infant mortality 
rates for infants aged 2–12 months [46,47]. A cross–sectional study 
examined the reasons of respiratory illness causing infant mortality. 
The findings referred to the increase in air concentrations of total 
suspended particles (TSP) and sulfur dioxide (SO2) [48,49].

Respiratory distress, causing infant mortality, doesn’t always 
happen. Milder adverse health outcomes of the respiratory system 
happen if the exposure is at lower levels, or exposure happen on a later 
stage of a child’s life. One example, is a study on college students found 
that increased risk of wheezing and chronic respiratory symptoms were 
noticed in young college students because of chronic exposure to ozone 
during their childhood, which probably affected the normal growth of 
their lungs [50]. Another cohort study in California associated adults’ 
declined lung’s function with exposure to nitrogen oxide, particulate 
matter (PM2.5), and other vapors [51]. Nonetheless, even if lung grows 
normally during childhood, and nothing observed to be interfering 

with its development, it is believed that many environmental air 
pollutants could provoke or accelerate the development of a respiratory 
disease, such as asthma or allergy any time in life. Many studies linked 
late childhood exposure to particulate matter, ozone, NO2, and sulfur 
oxides with asthma occurrence [52-55]. Although early exposure 
is more harmful to the lung and adversely affects its development, 
anytime exposures during life are still harmful and may end up in a 
respiratory disease, such as asthma.

Asthma: A Respiratory Disease with Developmental 
Sensibility

Asthma is a chronic respiratory disease, the most common 
chronic disease in children. It is multifactorial and complex in origin, 
which makes it difficult to predict when it could occur. However, 
asthma development has been demonstrated to be influenced by 
environmental stressors during early lung development. The effect 
of genetic background, environment, nutrition, and SES on asthma 
development makes it difficult to devise an accurate model that 
predicts its occurrence. This problem can be further complicated by the 
fact that both pre- and postnatal exposure to environmental stressors 
contribute to asthma development. A study reviewing the literature 
showed that prenatal exposure to smoking increases the risk of asthma 
in the same way as postnatal exposure increases it [56]. Unfortunately, 
models structured to predict asthma occurrence through the utilization 
of specific biomarkers are not yet available. However, several studies 
have utilized the physiological, biological, and immunological changes 
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preceding asthma occurrence in a model to predict its occurrence in 
children. These changes are manifested by cellular and biochemical 
biomarkers identified in pathological pathways as a sign of probable 
asthma occurrence in the future [57,58]. 

Environmental Pollutants Linked to Asthma 
Environmental air pollutants have been associated with asthma 

in children. A meta-analysis study reviewed the relationship between 
formaldehyde and formation of asthma in children and concluded a 
positive relationship by an odds ratio of 1.03 (95% CI, 1.02–1.04) for the 
fixed-effects model, and an odds ratio of 1.17 (95% CI, 1.01–1.36) for 
the random effects model [59]. Another meta-analysis study analyzed 
36 studies on particulate matter exposure and asthma occurrence 
in children. The analysis found a statistical significant relationship 
between particulate matter ≤ 10 μm and asthma symptoms [odds 
ratio (OR)=1.028; 95% confidence interval (CI), 1.006–1.051]. Poly 
Aromatic Hydrocarbons ‘PAHs’ relation with asthma was conducted in 
case-control study done on Saudi children. The study considered three 
biomarkers related to asthma, which are IgE, resistin and IL-4. Levels 
of biomarkers in asthmatics were higher than non-asthmatics, levels of 
IgE was (123.1 ± 5.0 for asthmatics vs. 61.1 ± 4.3 for non-asthmatics, 
p=0.004), resistin (24.5 ± 1.6 for asthmatics vs. 17.3 ± 1.3 for non-
asthmatics, p=0.001) and IL-4 (18.5 ± 3.6 for asthmatics vs. 9.2 ± 1.4 
for non-asthmatics, p=0.003) pg/ml [60]. Another study on particulate 
matter found strong association of personal elementary carbon from 
diesel products with asthma exacerbations in children living close to 
roadways [61]. Ozone has been linked to acute respiratory reactions in 
the children and adults, and the main respiratory reaction in children 
was developing asthma [62]. A Chinese study tested the concentration 
of black carbon and particulate matter (PM<2.5 μm) in air before and 
after the Olympics held in Beijing in 2008. The study also tested the 
concentration of exhaled nitric oxide in school children as a biomarker 
of acute inflammation in the respiratory system. Findings of the study 
were: an increase in children’s exhaled nitric oxide by 16.6% [95% 
confidence interval (CI), 14.1–19.2%] per interquartile range (IQR), 
an increase of black carbon concentration in the air to 4.0 μg/m3 or to 
18.7% (95% CI, 15.0–22.5%) per interquartile range (IQR), an increase 
of particulate matter (PM2.5) concentration in the air to 149 μg/m3. 
These findings made the authors to conclude that a strong association 
between (black carbon and particulate matter) and acute respiratory 
inflammation exist in school children [63]. 

Developing Models to Predict Asthma in Children 
Developing such models might not succeed in the near future 

because of the complex nature of the disease. However, several 
experimental studies tested models on animals, and investigated their 
applicability to humans. A study on rhesus monkeys suggested that 
such primates can serve as a good model to assess asthma and allergies 
in humans. Rhesus monkeys possess an epithelial-mesenchyme 
trophic unit of the lung very close in structure to that of humans [64]; 
furthermore, the postnatal growth pattern of the airways of the lung is 
similar in rhesus monkeys and humans. These similarities produced 
an experimental allergic reaction development in rhesus monkeys 
similar to those in humans [64]. Other animal models used for 
asthma assessment were rodent models. They are in general the most 
commonly used models, mostly used for dose-response relationships 
linking between air pollutants and respiratory illness due to initial 
sensitization, testing of epidemiological hypotheses, and for high to 
low dose extrapolation, when assessing risk in humans by using animal 
data [64]. 

Using Computational Toxicology as Predictive Tools 
Challenges in predicting complex diseases such as asthma requires 

the use of advanced methods which have the capability to consider all 
factors and variables related to a certain disease so as to produce the 
best possible prediction. So far, computational modeling applications 
in toxicology and risk assessment are the most promising methods 
to meet the challenges. Computational methods have the ability 
to aggregate, analyze, and summarize large numbers of databases 
with huge datasets. These methods include but are not limited to 
database mining, molecular network analyses, read-across matrices 
and toxicological prediction models such as the physiological-based 
pharmacokinetic (PBPK) models and the quantitative structure-activity 
relationship (QSAR) models. These computational predictive models 
will support the use of a voluminous amount of toxicity data in a cost-
effective and comprehensive manner, produce better interpretations, 
and derive conclusions important for risk assessment, management 
and decision making.

Using the PBPK Model to Predict Asthma in Children 
PBPK models are amongst the first in the literature to describe the 

pharmacokinetic action of drugs. Interest in these models began in the 
early 1970s. PBPK models are mathematically developed equations 
used to describe absorption, distribution, metabolism and excretion 
(ADME) of synthetic or natural chemicals in the human body, based 
on the chemical’s physiological and pharmacological characteristics 
that can determine its effect and final elimination from the body [65-
70]. The advantage of PBPK models is their ability to estimate the 
internal tissue dose rather than predicting the dose from an external 
exposure concentration [69]. This adds reliability to risk assessment, 
and decreases uncertainty related to toxic effects. In addition, PBPK 
models are fairly flexible, and have the ability to be expanded and 
modified if more parameters have to be incorporated into them. 
PBPK models are very useful tools, and their ability to predict health 
outcomes are promising.

Developing a PBPK Model for Children 
Children differ from adults in chemicals’ pharmacokinetics 

and pharmacodynamics. The continuous growth and development 
of children’s bodies affect their physiological, biochemical and 
immunological characteristics in a continuous manner. To build a PBPK 
model specific to children, ADME during different developmental life 
stages has to be considered. Initial use of PBPK models for children 
began in the mid-1980s in an effort to assess children’s exposure to 
environmental toxicants [71]. Many of these models have used an early-
life stage renal clearance model to assess risk of chemicals’ exposure 
[71]. The capability of developing a PBPK model for environmental 
chemicals was limited; furthermore, most of PBPK models developed 
for children were drug models. Some examples of drug modelling using 
a child-adjusted PBPK model are the modeling of theophylline and 
midazolam disposition in infants and children [72]. Teduglutide, an 
analog to glucagon-like peptide 2, is used to enhance intestinal function 
by repair and regeneration, was modeled in neonates and infants [73]. 
Another example is the modelling of caffeine and theophylline in 
neonates and children [74]. PBPK models have the ability to integrate 
data generated from different experimental methods. This is shown in a 
study which used a PBPK model to predict acetaminophen metabolism 
and pharmacokinetics in neonates, infants, children and adolescents. 
The authors integrated in silico, in vitro, and in vivo pharmacokinetics 
data into a single PBPK model and proposed that such a model could 
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predict internal dose in children exposed to certain drugs, even if there 
is a lack of adequate PK data or if limited data is available [75]. 

A study by Johnson et al. [76] used a pediatric PBPK model adjusted 
for physiological development, and CYP450 ontogeny to predict the 
clearance of 11 drugs in neonates, infants, and children [76]. Many 
of these studies evaluated their models by comparing the predicted 
data with the observed data. Comparison was made between drugs’ 
clearance rates, volume of distribution, and elimination half-lives in 
both predicted and observed data. Predictions and observations were 
fairly close and within acceptable ranges for different age groups [71]. 
Such studies prove that PBPK can be adjusted for use with children, 
and that the addition of more parameters is also possible. Edginton and 
Willmann [77] in their study of liver cirrhosis adjusted a physiology-
based model for liver volume and blood flow, plasma binding, enzymatic 
activity, and more parameters in accordance with the pediatric patient 
disease status and age group [77]. Edginton et al. [78], in another 
study, modified an adult PBPK model to serve as an age-dependent 
model useful for children aged 0-18 years. This pediatric PBPK model 
used age-dependent physiological facts to scale for different age levels. 
Parameters used to scale for age are: cardiac output, portal vein flow, 
extracellular and total body water, and lipid and protein values [78].

Most of the PBPK models that were developed were based on 
intravenous (i.v.) administration of a drug. I.V. dose predictions were 
accurate and reliable. Unfortunately, this was not the case for oral or 
inhalational dosing. Oral dosing administration did not lead to reliable 
predictions for plasma concentrations and drugs’ pharmacokinetics 
[71]. A group of researchers concluded that predictions of plasma 
doses through the i.v. route were 69% accurate, but were 23% accurate 
for oral routes [79]. Unfortunately, the estimates of inhalational 
routes may not be accurate; therefore PBPK models of environmental 
chemicals absorbed through inhalational routes are not yet ready to be 
used to predict respiratory diseases caused by inhalational exposures.

Conclusion
Children’s continuous growth, differentiation, and maturation 

make them a different target population, for they are not simply small 
adults. Their physiochemical, biochemical, and pharmacokinetic 
features change during growth. Such developmental changes influence 
their susceptibility to environmental stressors, and thus their responses. 
This means that children at each age group have special characteristics 
which should be accounted for when assessing health outcomes, for 
instance: respiratory diseases. In addition, adjustment for children’s 
measurements and parameters at different age groups must to be 
employed in risk assessment models when predicting health outcomes 
in children.
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