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Abstract: 
 
     Children of different ages vary in their response to environmental stressors due to their continuous development and 
changes in their bodies’ anatomy, physiology, and biochemistry. Each age group of children has special biological features that 
distinguish their toxicokinetic and toxicodynamic characteristics from other age groups. The variability in responses extends to 
include children of the same age group. These intra- and inter- group differences in biological features explains the variability in 
responses to environmental exposures. Based on such differences in children’s responses to exposures, adverse health 
outcomes and diseases develop differently in children. One of these diseases that are common in children is asthma. Asthma is 
a complex respiratory chronic disease that is multifactorial in origin. This paper discusses how variability in certain factors 
among children contributes to asthma occurrence or exacerbation, and links these factors to asthma in children of different 
ages. The importance of this review is to provide an insight on factors affecting asthma prevalence among children. These 
factors are usually overlooked in clinical or public health practice, which might significantly affect asthma management, and 
decrease the predictability of asthma detection measures. Therefore, keeping these factors into consideration can significantly 
improve asthma treatment and assist in asthma prevention amongst susceptible populations.  
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Children’s Inter-Individual Variability and Asthma Development 
 

Methodology 
     A literature review was conducted to identify 
factors that affect the variability in the 
occurrence and severity of asthma among 
children. All pertinent data in the literature, 
including review articles, original articles, and 
documents published by the U.S 
Environmental Protection Agency (USEPA), 
and World Health Organization (WHO) is 
included in our search. Search engines used 
were google scholar, PubMed, and Web of 
Science. Statements used to search for 
potential publications include “Childhood 
asthma”, “Childhood respiratory exposure”, 
“child inhalational risk assessment”, “asthma 
susceptibility”. Only pertinent data in the 
literature were included in this review, and 
other information that is not directly related or 
is beyond the scope of this review was 
excluded.  
 
Factors influencing asthma severity and 
occurrence among children  

1. Age groups’ variability 
Childhood growth occurs over multiple 

stages. During each of these growth stages, 
children differ in regards to their physiological, 
biological, and behavioral features. Such 
differences demanded the consideration of age 
in the assessment of exposure levels and 
responses to environmental factors. In fact, 
children of different ages do not only differ in 
exposures’ levels or responses, but also in 
their routes of exposure and sources of 
exposure. For instance: the habit of hand to 
mouth in the first two years of life, makes the 
oral route the major pathway of exposure in 
this age group. At the same time, indoor rather 
than outdoor exposures are the main source of 
inhalational exposures. That can be explained 
by the fact that children in this age group 
spend most of their time indoors. On the other 
hand, children who are 3-4 years old tend to 
play outside more often, which includes higher 
risk of outdoor dermal exposure from touching 
their surroundings. School age children have a 
relatively higher inhalational exposure risk from 
outdoor exposure because of increased 
physical activities. (1-3) 

Therefore, an age-group classification 
based on the anatomic and physiologic 
development in children is needed when 
considering exposure and dose-response 
relationships. This classification can be better 

outlined once these age-specific physiological 
and biochemical developmental aspects are 
explored. A definite classification might be 
difficult to determine because of rapid cell 
division and differentiation leading to 
continuous changes in physiological status in 
growing children. However, a broad 
classification is possible due to shared 
biochemical and anatomical characteristics at 
certain age stages. Such classification 
disregards some physiological and most 
behavioral changes, because otherwise, 
including many parameters in any classification 
will be difficult to study and analyze. A known 
classification was developed by the U.S 
Environmental Protection Agency (USEPA); 
“Guidance on Selecting Age Groups for 
Monitoring and Assessing Childhood 
Exposures to Environmental Contaminants”. (1) 

It is as follows:  
1. Birth – 1 year of age: Fast growth and 

weight gain, low oxygen that leads to 
high ventilation rate, rapid cell 
differentiation, low hepatic enzyme 
activity and incomplete maturation, as 
well as immature immune system.  

2.  1 – 3 years of age: Almost complete 
maturity of the immune system, and 
higher function of hepatic enzymes.  

3. 3 – 8 years of age: Complete and 
mature body systems, and stability in 
the body and skeleton’s growth rate. 

4. 8 – 16/18 years of age: High 
functionality and rapid growth of the 
reproductive and endocrine systems, 
and rapid musculoskeletal system 
growth.  

Due to rapid cells division, differentiation, 
and maturation during a child’s life, cells are 
more sensitive to several factors. Such factors 
include genetics, ethnicity, physical activity, 
body weight, socioeconomics, nutrition, 
education, geographical region, climate, and 
more. (1) These factors influence body cells’ 
growth, differentiation and maturation, and 
thus, making the whole body more or less 
vulnerable to environmental exposures by 
changing the body’s pharmacokinetics 
(absorption, distribution, metabolism, and 
elimination) for any chemical or compound. 
This vulnerability means that for each age 
group, there is a wide variability in exposure 
and response due to these factors. It can be a 
daunting task to count for such variability in 
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each age group. Because of that, exposure 
assessments for children in each group is 
different, and there are some individuals in 
each age groups who are more sensitive than 
others. (1, 2) 
 

2. Variability in Toxicokinetics and 
Toxicodynamics 
Toxicokinetics (TK) is the process of 

absorption, metabolism, distribution, and 
elimination (ADME) of a certain chemical in the 
body. TK data for children is scarce, and TK 
variability information will be even harder to 
interpret or validate. TK in neonates and 
children is complicated if a judgment about 
their susceptibility to toxicants has to be made 
based on the TK of these toxicants. (4, 5) TK 
characteristics in children either increase or 
decrease their susceptibility following exposure 
to toxic chemicals. When breaking down the 
TK process into its four composing 
components: Absorption, Distribution, 
Metabolism, and Elimination, and describing 
them within children’s physiological features, 
the reasons behind the complexity of the 
judgment become clearer. However, since 
asthma is a respiratory disease, it is important 
to consider ADME more within the boundaries 
of the respiratory system physiology, because 
the physiology of organs is different, and so is 
ADME. The description of ADME in the 
respiratory system of children is as follows: 

 Respiratory absorption 
Children of different ages have 

different respiratory volume per surface area. 
(6) This alters their exposure levels by affecting 
the deposition rate of any air pollutant. The 
difference of lung volume to its surface ratio 
between adults and children, leads to 
approximately two fold increase in respiratory 
exposure in young children compared to 
adults. (4) 

 Respiratory distribution 
Distribution of chemicals in the body 

relies on the body’s water and lipid 
composition, because chemicals are either 
hydrophilic or lipophilic in nature. Neonates 
usually have more water, less lipid, and less 
binding proteins in plasma than older children 
and adults. Less binding proteins in blood offer 
fewer binding sites for toxicants. This might be 
good for neonates since less binding sites 
result in more free chemicals in the plasma, 
and this decreases the systemic toxicity of a 

chemical. (4) More water and less lipid 
composition offer smaller storage areas for 
lipophilic chemicals. Thus, chemicals of 
lipophilic affinity have lower burden in a child’s 
body, and their possibility for toxicity becomes 
lower. (4) 

 Respiratory metabolism and 
elimination 
Children, especially younger ones, 

have immature metabolic and renal clearance 
capacity. (5) The liver is the place where 
metabolic enzymes are formed, reside, and 
act. Cytochrome P450 is a major group of 
enzymes responsible for most of metabolic and 
detoxification actions in the liver. Other 
enzymes are also involved in such actions, 
including estrases, hydroxylases, 
carboxylases, hydrolases, sulfur transferases, 
and more. Some of these enzymes have a 
fetal form, while others are not completely 
mature until the age of six months, (5) and 
therefore, complete metabolism might not be 
available in neonates all the time.  
     The kidney doesn’t function well in 
eliminating undesired material until weeks or 
even months (usually six months) after birth, 
probably because of incomplete maturation of 
renal glomerular filtration and tubular secretory 
functions. (4) After birth, kidney and liver 
enzymes start to increase in activity, and after 
the age of six months, some enzymes might be 
more active than those of adults. The higher 
enzymatic activity leads to higher metabolism 
and shorter half-life of chemicals compared to 
adults. (5, 7) It is crucial to understand that 
immaturity of metabolizing enzymes, and the 
lower capacity of renal clearance in young 
children and neonates lead to either less or 
more metabolism, thus, less or more 
detoxification. Such fact enhances or 
suppresses the toxic effects of a compound 
depending on where the toxicity of a 
compound exists; in the parent compound or in 
the metabolites.  
     Differences in TK between children and 
adults can provide information on the level of 
toxicity of certain chemicals in children 
compared to adults. Differences in TK do not 
exist only between children and adults, but 
also exist among children themselves. 
Variability among neonates in TK results in an 
uncertainty factor in risk assessment equal to 
or greater than 3.16, which is the default level 
of uncertainty used in adults. (7) The wide 
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variability in children’s genetics, nutritional 
status, health conditions, and growth rates 
leads a substantial number of children in each 
age group to lie beyond the half-log TK 
variability range normally used in adults. (5) 
This changes the children’s uncertainty factor 
to be higher than adults, which therefore, 
requires a new uncertainty factor for children. 
(8) 
     Variability in TK among children is mainly 
based on information regarding individuals’ 
enzymatic activity, organs’ systems biology, 
and general physiological development during 
different life stages. (9) Each of these factors 
are important to form a variability TK 
framework for children, but not before 
understanding how children differ in such 
factors. (1) Enzymatic activity is mainly affected 
by polymorphisms, while organs’ systems 
biology and physiological development depend 
on the integration of genetic, nutritional, 
behavioral, and environmental factors. (10) 
These factors differ from one individual to the 
other, and therefore, TK varies among 
individuals. Toxicodynamics (TD) relates to the 
interaction of a chemical with a cellular or a 
biological compartment in the body, and the 
biological effect produced from this interaction. 
Based on physiological and TD differences 
among individuals, children express different 
biological responses and clinical 
manifestations.  
 

3. The effects of genetics on asthma 
susceptibility 

 Etiology 
Differences in genetic formations in a 

population are linked to the development of 
certain diseases, especially diseases known to 
exist among the same family members. The 
existence of asthma in certain families 
compared to others supports that genetic 
predisposition might have a role in asthma 
development. Indeed, some epidemiological 
and immunological evidence in studies 
conducted during the last few decades show 
the influence of genetics on the development 
of asthma. Epidemiological studies show an 
environmental as well as a genetic component 
in asthma etiology. Studies on monozygotic 
and dizygotic twins were the corner stone for 
such conclusions. Some studies showed that 
monozygotic and dizygotic twins have asthma 
developed due to similar genetic skeleton, 

which carried out the emergence of asthma in 
a comparable way in each twin individuals. (11-

16) Other studies on monozygotic and dizygotic 
twins noticed the necessity of an external insult 
to promote asthma occurrence. These studies 
indicated that an interaction should exist 
between the environment and different genetic 
variants to develop asthma. (14, 16-19) 
Immunological evidence is mainly 
characterized by twin studies that used IgE 
measurements, as an immunologic factor with 
a good genetic indication. (20, 21) The genetic 
component of IgE levels exhibits itself mainly 
as an autosomal-recessive inheritance pattern, 
and not as a Mendelian pattern. This was 
discovered during the process of IgE 
segregation, conducted on many families 
involved in the analysis. (22-27) 
     Advances in genetic testing continued to 
reveal some of the obscurity surrounding the 
etiology of many diseases, including asthma. 
Understanding genetic components of certain 
diseases helped to know more about the 
complexity of these conditions. After two 
decades of cloning genes related to asthma, 
six genes have been identified as novel genes 
for asthma. These genes play a key role in 
asthma occurrence. (28-32) Subsequently, more 
genes have been identified as having a role in 
asthma occurrence. One study identified over 
100 polymorphic genes related to asthma after 
reviewing about 500 papers. Among the 
identified genes, 64 were found to have had a 
positive association by at least one study, and 
among these 64 genes, 42 genes were 
replicated in two or more studies. (33) Some of 
the studied genes are linked to environmental 
exposures (CD14, TIM1). They are activated 
when an exposure to an environmental 
stimulator occurs. (34-36)More recently, 
additional susceptible loci have been identified 
in many other studies, indicating that genetics 
are deeply rooted in asthma and asthma-
related phenotypes. (37-40) While the majority of 
genome-wide association studies were 
conducted on people of European origins, (41-43) 
some studies included other populations and 
identified susceptible loci related to asthma. 
These studies included asthma patients from 
African American origins, (40) Puerto Rican 
origins (41) and Mexican origins, (37) 

 Susceptibility and response 
The chronic inflammatory process, 

which precedes the development of asthma, 
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includes many structural and functional 
changes in the lung, which remodel the lung 
shape and capability. The inflammatory 
reaction involves numerous cellular and 
mechanical components participating 
throughout the whole process. Inflammatory 
cells include mast cells, eosinophils, 
neutrophils, macrophages, and T-lymphocytes. 
In addition, specific inflammatory mediators are 
involved in the process, which include 
interleukins, leukotriene, cytokines, and 
interferons. Variations in the function of the 
inflammatory cells or mediators exist among 
individuals. Genetic polymorphisms in any of 
the inflammatory factors can contribute to the 
increase or to the decrease of a function during 
an inflammatory reaction, and therefore alter 
an individual response. (22, 44-50) 
     Other potential contributors to genetic 
polymorphisms are changes in lung growth 
factors or their regulators, which in turn affect 
the way remodeling happens. (51-54) Lung 
remodeling is also affected by variations in the 
lung’s defense system. Some studies showed 
that glutathione or glutathione transferase 
allelic variations could alter the response of the 
lung to inflammatory stimuli. Thus, increase the 
lung sensitivity during development, which 
contributes to lung remodeling. (55-61) 
     The different clusters of genetic variations 
have a wide range of interactions with 
environmental exposures, which might 
increase or decrease the likelihood of asthma 
development. (62) Such phenomenon was 
observed in volunteers who responded 
differently following their exposure to ozone 
gas in closed chambers. Authors of these 
studies provided an explanation that genetic 
polymorphisms exist among individuals, which 
caused different responses to ozone. (63-65) 

 
4. The effects of nutritional variability 

on asthma 
     Normal body development and 
maintenance of good health rely on a balanced 
and an appropriate nutrition. Imbalanced or 
insufficient nourishment have detrimental 
effects on children’s health, which predisposes 
disease development. Children with 
malnutrition do not only have slower growth, 
but also lack a sufficient and a complete self-
defense system, and possess an ineffective 
metabolism. (66-72) 

     Prenatal well-balanced nutrition is as 
important as postnatal. Anemia that results 
from protein insufficiency in a pregnant mother 
negatively affects the child’s growth and 
development. Anemia is a global problem 
affecting two billion people, and accounts for 
20% of perinatal mortality, which mainly 
resulted from iron deficiency. (2) Iron deficiency 
in children causes several health issues 
including anemia. Anemia produces higher 
cardiac and inhalation rates, thereby affecting 
the lung’s absorption and deposition rates of 
air pollutants. (73) 
     Numerous dietary components have been 
linked to asthma. Some studies observed a 
relationship between asthma and anti-oxidants 
in fruits and vegetables. Fruits are a good 
source of vitamins, like Vitamin C, which helps 
improve lung function and ameliorate the 
symptoms of asthma. (74, 75) Vitamin E, which is 
found in fruits, decreases IgE levels in plasma 
and therefore, lessens the inflammatory 
reaction in asthma. (76) The positive effects of 
certain nutrients is not exclusive to Vitamins C 
and E , but also other elements like 
carotenoids, selenium, polyphenols, vitamin D, 
and zinc. All of these beneficial elements are 
linked to asthma enhancement. Some studies 
showed that deficiency in these elements is 
related to asthma exacerbation. (77) 
     Many studies support the positive effects of 
fruits and vegetables in the control of asthma. 
A meal of more vegetables and/or fruits and 
less saturated fatty acids is more beneficial for 
an asthmatic patient. Some studies that were 
conducted in different Mediterranean countries 
showed how contents of a meal affect asthma 
status. Two studies in Spain (78, 79) revealed the 
pleasant and mollifying effects of 
Mediterranean food on asthma. In agreement 
with the findings of these two studies, other 
studies found similar results, one done in Crete 
(80) and the other one in Mexico. (81) The reason 
for this positive effect is the high fruits and 
vegetables contents in the Mediterranean diet 
and the low saturated fatty acids from animal 
sources. Other studies examined the effects of 
an opposite diet composition, low fruits and 
vegetables, on pulmonary function. The 
conclusion for one of these studies was a 
reduced lung function for children aged 9 to 11 
years. (75) 
     Fast food is suggested as a factor that 
contributes to increased asthma prevalence, 
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(82) and may weaken the protective effect of 
breast-feeding on reducing asthma 
occurrence. (83) Trans-fatty acids from 
grounded meat, meat from ruminated animals, 
and industrially hydrogenated vegetable oils, 
can worsen wheezing in asthmatic children, 
and exacerbates asthma overall. (84) It would 
be prudent to consider nutritional factors in 
asthma management, especially for those who 
have frequent asthma attacks. 
 

5. Variability in respiratory function 
among children 

     The function of the lung varies among 
children because of difference in age, 
physiology, physical activity, body weight, and 
genetics. The lung continues to increase in 
size and change in structure after birth. Many 
factors can affect a growing lung by affecting 
its capacity or its function. Such factors might 
be internal or external. Internal factors include 
genetics, age, body weight, physical activity, 
and the general health status of the body. 
External factors are mainly nutrition, and 
chemical and non-chemical environmental 
stressors.  
     Intra-species differences (differences 
among individuals of the same species in 
certain characteristics) in ventilation rates was 
first described by the USEPA in 1997. (85) The 
USEPA released a handbook titled “Exposure 
Factors handbook”. In this handbook, the 
USEPA adapted a method, previously 
developed by Layton in 1993 to describe the 
ventilation rates at different age groups. This 
method considered “ventilatory equivalent” to 
differentiate ventilation rates of different 
individuals. Ventilatory equivalent is the ratio of 
ventilation to oxygen intake. A major limitation 
in this methodology relates to factors that 
result in differences among individuals in the 
values of “ventilatory equivalent”. Differences 
in “ventilatory equivalent” refer to differences in 
metabolic and oxygen uptake efficiency, which 
are affected by the lung structure and 
physiology. (85) 
     Subsequently, the USEPA developed 
another methodology different from Layton’s 
methodology. This newer methodology 
facilitates the calculation of “ventilatory 
equivalent” directly from oxygen consumption 
rate. The description of the methodology is 
found in the “revision of the metabolically-
derived ventilation rates” within the “Exposure 

Factors Handbook” of 2006. (86) The handbook 
describes an approach examining the 
variability of ventilation rates in individuals 
based on age, gender, and metabolic rate 
differences. Oxygen consumption rate used to 
extract “ventilatory equivalent” was estimated 
by measuring “Metabolic Equivalent Task 
(MET)” and “Basal Metabolic Rate (BMR)”. 
MET is the ratio of energy consumed during 
physical activity to the energy needed for life 
sustenance. Estimation of MET helps to 
estimate ventilation rate. On the other hand, 
BMR is the energy consumed at rest. USEPA 
used this approach to test data taken from 
1999-2002 NHANES and CHAD national 
studies. (86-88) NHANES – National Health and 
Nutrition Examination Survey – database has 
records for 19,022 individuals, while CHAD – 
Consolidated Human Activity Database – has 
records 23,000 individuals including location, 
time, and activity. The assessment shows that 
young children have higher ventilation rates 
than adults after adjustment for body weight. 
Ventilation rates keep changing after birth until 
the child reaches adulthood. Most of the 
changes of ventilation rates occur between the 
ages of 5 to 15 years. For example, a one-year 
old child has an adjusted ventilation rate of 
about 1.2 m3/kg-d, while a 41-51 years old 
adult has an adjusted ventilation rate of 0.24 
m3/kg-d. This five-fold difference in ventilation 
rate can increase to reach six-fold difference if 
the child age is less than one. This approach of 
the EPA also showed a variation in ventilation 
rate by some factors, such as age and activity 
level, but not by gender. Comparing EPA 
assessment with Layton assessment indicates 
a difference in the assessment for younger 
children. Both assessments were consistent for 
children above 6 years of age, but were 
different for children below 6 years of age. (86) 
     Variations in ventilation rates among 
children affect their lungs’ affinity for particulate 
matter’s deposition. Among different children 
examined for the ratio of particles they exhale 
to particles they inhale (deposition fraction), 
the tidal volume was the main factor for 
variation in deposition fraction. (88) In addition, 
children at resting state had greater normalized 
deposition rate than adolescents and adults, 
when grouped together, by 35%. (88) Findings 
revealed that tidal volume was highly 
correlated with deposition factor when 
analyzed with the consideration of other 
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variables; age, height, and body mass index 
(BMI). The correlation between tidal volume 
and deposition factor was (r=0.79) and BMI 
was the best predictor for tidal volume 
compared to age and height. (89) BMI was also 
a factor in deposition rate. Results by Bennett 
and Zeman (2004) showed that overweight 
children had 2.7 times higher deposition rate 
than those with normal weight and below. The 
correlation between BMI and deposition rate 
was r=0.46. (89) 
     The information provided by the analysis of 
the EPA approach for the variability of 
ventilation rates among individuals is useful, 
along with Bennet and Zeman (1998, 2004) 
findings on the relations between deposition 
rates, tidal volume, and BMI. Activity level, 
age, BMI, and tidal volumes were important 
factors of ventilation rates. Gender was not a 
factor for differences in ventilation rates. 
 

6. The effect of residential history on 
inter-individual susceptibility  

     Children living in different areas are 
exposed to different kinds of exposures. 
Exposures including chemical exposures do 
not only exist outdoors, but also indoors. Both 
indoor and outdoor exposures affect children’s 
health and might cause diseases. 
     For any exposure, distance to the source of 
contamination is a key factor in the magnitude 
of exposure. In addition, different areas have 
different kinds of contaminants. For example, 
agricultural areas are commonly contaminated 
with pesticides and fertilizers’ residuals, which 
is found in soil, water, air, and biota. Therefore, 
children living close to agricultural areas are 
more susceptible to such chemicals. Further, 
different regions might have different kinds of 
exposures. For example, areas of a thinning 
layer of ozone produce a relatively higher risk 
to Ultra Violet (UV) radiation exposure. This 
kind of exposure exists in Chile and New 
Zealand. (90) Other examples are areas 
contaminated with metals in soil or water, 
fluoride in water, or radon from natural 
resources with radium in soil, which increases 
risk to diseases produced from exposures to 
these materials. (91) 
     Dose-response relationships and 
exposures’ assessment should not be the 
same for children who reside in recently 
contaminated areas and those living in areas 
that are contaminated for a long period. 

Chronically exposed children have altered 
susceptibility to chemicals because of the 
structural and functional changes that happen 
to their bodies over the years. A pre-existing 
damage will make the body fragile and more 
susceptible to any further exposure. 
     Therefore, the geographical residence is 
very important when comparing exposure in 
two groups or two individuals. Twin studies 
show that environmental factors can be more 
important than genetic factors in health 
outcomes. The findings of these studies 
concluded that the environment modifies the 
epigenetics of an individual, and thus, result in 
an altered responses or health outcomes. (92,93) 
Epigenetic modifications change the individual 
susceptibility to environmental stressors. 
However, formation of such susceptibility 
during a person’s life is believed to be more 
dominant and influential during cells division, 
differentiation and maturation. (92, 94-99) 

 
Conclusions and significance to public 
health  
     The variability among children in their 
response to environmental stressors and in 
expressing health outcomes is explained by 
their continuous development during 
childhood. In addition, children of the same 
age are impacted by other factors affecting 
their expression to chronic diseases, as 
noticed in asthma. These factors include 
nutrition, genetics, respiratory system 
susceptibility, and residential history. These 
factors do not only influence asthma 
occurrence, but also the frequency and 
severity of asthma attacks and exacerbations. 
Special considerations to these factors are 
important in asthma management at the 
individual and public levels.  
 
References: 
1. (EPA) USEPA. Guidance on Selecting Age 

Groups for Monitoring and Assessing 
Childhood Exposures to Environmental 
Contaminants. National Center for 
Environmental Assessment, Washington, 
DC; 2005. p. EPA/630/P-03/003F. 

2. Ginsberg G, Foos B, Dzubow RB, 
Firestone M. Options for incorporating 
children's inhaled dose into human health 
risk assessment. Inhal Toxicol, 
2010;22(8):627-47. 

462 



Children’s Inter-Individual Variability and Asthma Development 
 

3. Daston G, Faustman E, Ginsberg G, 
Fenner-Crisp P, Olin S, Sonawane B, et al. 
A framework for assessing risks to children 
from exposure to environmental agents. 
Environ Health Perspect, 2004;112(2):238-
56. 

4. Ginsberg G, Slikker WJr, Bruckner J, 
Sonawane B. Incorporating children's 
toxicokinetics into a risk framework. 
Environ Health Perspect, 2004;112(2):272-
83. 

5. Ginsberg G, Hattis D, Sonawane B, Russ 
A, Banati P, Kozlak M, et al. Evaluation of 
child/adult pharmacokinetic differences 
from a database derived from the 
therapeutic drug literature. Toxicol Sci, 
2002;66(2):185-200. 

6. Firestone M, Sonawane B, Barone S Jr., 
Salmon AG, Brown JP, Hattis D, et al. 
Potential new approaches for children's 
inhalation risk assessment. J Toxicol 
Environ Health A, 2008;71(3):208-17. 

7. (EPA) USEPA. A framework for assessing 
health risks of environmental exposures to 
children. National Center for 
Environmental Assessment, Washington, 
DC; 2006. p. EPA/600/R-05/093F. 

8. (EPA) USEPA. Child-Specific Exposure 
Factors Handbook. Washington, DC2008. 

9. Hopp RJ, Bewtra AK, Watt GD, Nair NM, 
Townley RG. Genetic analysis of allergic 
disease in twins. J Allergy Clin Immunol, 
1984;73(2):265-70. 

10. Lubs ML. Emperic risks for genetic 
counseling in families with allergy. J 
Pediatr, 1972;80(1):26-31. 

11. Thomsen SF, Kyvik KO, Backer V. 
Etiological relationships in atopy: a review 
of twin studies. Twin Res Hum Genet, 
2008;11(2):112-20. 

12. Los H, Postmus PE, Boomsma DI. Asthma 
genetics and intermediate phenotypes: a 
review from twin studies. Twin Res Hum 
Genet, 2001;4(2):81-93. 

13. Akasawa A, Koya N, Iikura Y. 
[Investigation of the genetics in allergic 
children: the first report--Twin study on 
HLA in allergic disease]. Arerugi = 
[Allergy], 1991;40(4):428-34. 

14. Duffy DL, Mitchell CA, Martin NG. Genetic 
and environmental risk factors for asthma: 
a cotwin-control study. Am J Respir Crit 
Care Med, 1998;157(3 Pt 1):840-5. 

15. Duffy DL, Martin NG, Battistutta D, Hopper 
JL, Mathews JD. Genetics of asthma and 
hay fever in Australian twins. Am Rev 
Respir Dis, 1990;142(6 Pt 1):1351-8. 

16. Miller ME, Levin L, Bernstein JA. 
Characterization of a population of 
monozygotic twins with asthma. J Asthma, 
2005;42(5):325-30. 

17. Thomsen SF, van der Sluis S, Kyvik KO, 
Skytthe A, Backer V. Estimates of asthma 
heritability in a large twin sample. Clin Exp 
Allergy, 2010;40(7):1054-61. 

18. Wuthrich B, Baumann E, Fries RA, 
Schnyder UW. Total and specific IgE 
(RAST) in atopic twins. Clinical allergy, 
1981;11(2):147-54. 

19. Ownby DR. Environmental factors versus 
genetic determinants of childhood inhalant 
allergies. J Allergy Clin Immunol, 
1990;86(3 Pt 1):279-87. 

20. Blumenthal MN, Namboodiri K, Mendell N, 
Gleich G, Elston RC, Yunis E. Genetic 
transmission of serum IgE Levels. Am J 
Med Genet A, 1981;10(3):219-28. 

21. Sampogna F, Demenais F, Hochez J, 
Oryszczyn MP, Maccario J, Kauffmann F, 
et al. Segregation analysis of IgE levels in 
335 French families (EGEA) using different 
strategies to correct for the ascertainment 
through a correlated trait (asthma). Genet 
Epidemiol, 2000;18(2):128-42. 

22. Mansur AH, Bishop DT, Holgate ST, 
Markham AF, Morrison JF. 
Linkage/association study of a locus 
modulating total serum IgE on 
chromosome 14q13-24 in families with 
asthma. Thorax, 2004;59(10):876-82. 

23. Noguchi E, Nishimura F, Fukai H, Kim J, 
Ichikawa K, Shibasaki M, et al. An 
association study of asthma and total 
serum immunoglobin E levels for Toll-like 
receptor polymorphisms in a Japanese 
population. Clin Exp Allergy, 
2004;34(2):177-83. 

24. Batra J, Pratap Singh T, Mabalirajan U, 
Sinha A, Prasad R, Ghosh B. Association 
of inducible nitric oxide synthase with 
asthma severity, total serum 
immunoglobulin E and blood eosinophil 
levels. Thorax, 2007;62(1):16-22. 

25. Batra J, Ghosh B. Genetic contribution of 
chemokine receptor 2 (CCR2) 
polymorphisms towards increased serum 

463 463 



Rami Saadeh and James Klaunig  

 

total IgE levels in Indian asthmatics. 
Genomics, 2009;94(3):161-8. 

26. Allen M, Heinzmann A, Noguchi E, 
Abecasis G, Broxholme J, Ponting CP, et 
al. Positional cloning of a novel gene 
influencing asthma from chromosome 
2q14. Nat Genet, 2003;35(3):258-63. 

27. Laitinen T, Polvi A, Rydman P, Vendelin J, 
Pulkkinen V, Salmikangas P, et al. 
Characterization of a common 
susceptibility locus for asthma-related 
traits. Science (New York, NY), 
2004;304(5668):300-4. 

28. Nicolae D, Cox NJ, Lester LA, Schneider 
D, Tan Z, Billstrand C, et al. Fine mapping 
and positional candidate studies identify 
HLA-G as an asthma susceptibility gene 
on chromosome 6p21. Am J Hum Genet, 
2005;76(2):349-57. 

29. Noguchi E, Yokouchi Y, Zhang J, Shibuya 
K, Shibuya A, Bannai M, et al. Positional 
identification of an asthma susceptibility 
gene on human chromosome 5q33. Am J 
Respir Crit Care Med, 2005;172(2):183-8. 

30. Van Eerdewegh P, Little RD, Dupuis J, Del 
Mastro RG, Falls K, Simon J, et al. 
Association of the ADAM33 gene with 
asthma and bronchial 
hyperresponsiveness. Nature, 
2002;418(6896):426-30. 

31. Ober C, Hoffjan S. Asthma genetics 2006: 
the long and winding road to gene 
discovery. Genes Immun, 2006;7(2):95-
100. 

32. Baldini M, Vercelli D, Martinez FD. CD14: 
an example of gene by environment 
interaction in allergic disease. Allergy, 
2002;57(3):188-92. 

33. McIntire JJ, Umetsu SE, Macaubas C, 
Hoyte EG, Cinnioglu C, Cavalli-Sforza LL, 
et al. Immunology: hepatitis A virus link to 
atopic disease. Nature, 
2003;425(6958):576. 

34. Zambelli-Weiner A, Ehrlich E, Stockton 
ML, Grant AV, Zhang S, Levett PN, et al. 
Evaluation of the CD14/-260 polymorphism 
and house dust endotoxin exposure in the 
Barbados Asthma Genetics Study. J 
Allergy Clin Immunol, 2005;115(6):1203-9. 

35. Hancock DB, Romieu I, Shi M, Sienra-
Monge JJ, Wu H, Chiu GY, et al. Genome-
wide association study implicates 
chromosome 9q21.31 as a susceptibility 

locus for asthma in mexican children. 
PLoS genetics, 2009;5(8):e1000623. 

36. Himes BE, Hunninghake GM, Baurley JW, 
Rafaels NM, Sleiman P, Strachan DP, et 
al. Genome-wide association analysis 
identifies PDE4D as an asthma-
susceptibility gene. Am J Hum Genet, 
2009;84(5):581-93. 

37. Li X, Howard TD, Zheng SL, Haselkorn T, 
Peters SP, Meyers DA, et al. Genome-
wide association study of asthma identifies 
RAD50-IL13 and HLA-DR/DQ regions. J 
Allergy Clin Immunol, 2010;125(2):328-
35.e11. 

38. Mathias RA, Grant AV, Rafaels N, Hand T, 
Gao L, Vergara C, et al. A genome-wide 
association study on African-ancestry 
populations for asthma. J Allergy Clin 
Immunol,2010;125(2):336-46.e4. 

39. Moffatt MF, Kabesch M, Liang L, Dixon AL, 
Strachan D, Heath S, et al. Genetic 
variants regulating ORMDL3 expression 
contribute to the risk of childhood asthma. 
Nature, 2007;448(7152):470-3. 

40. Moffatt MF, Gut IG, Demenais F, Strachan 
DP, Bouzigon E, Heath S, et al. A large-
scale, consortium-based genomewide 
association study of asthma. N Engl J 
Med,2010;363(13):1211-21. 

41. Sleiman PM, Flory J, Imielinski M, 
Bradfield JP, Annaiah K, Willis-Owen SA, 
et al. Variants of DENND1B associated 
with asthma in children. N Engl J Med, 
2010;362(1):36-44. 

42. Yazdani N, Amoli MM, Naraghi M, 
Mersaghian A, Firouzi F, Sayyahpour F, et 
al. Association between the functional 
polymorphism C-159T in the CD14 
promoter gene and nasal polyposis: 
potential role in asthma. J Investig Allergol 
Clin Immunol, 2012;22(6):406-11. 

43. Ali S, Hirschfeld AF, Mayer ML, Fortuno 
ES, 3rd, Corbett N, Kaplan M, et al. 
Functional genetic variation in NFKBIA and 
susceptibility to childhood asthma, 
bronchiolitis, and bronchopulmonary 
dysplasia. J Immunol (Baltimore, Md : 
1950), 2013;190(8):3949-58. 

44. Birbian N, Singh J, Jindal SK. Protective 
role of IL-18 -137G/C polymorphism in a 
North Indian population with asthma: a 
pilot study. Cytokine, 2013;61(1):188-93. 

45. Kosugi EM, de Camargo-Kosugi CM, Hirai 
ER, Mendes-Neto JA, Gregorio LC, 

464 



Children’s Inter-Individual Variability and Asthma Development 
 

Guerreiro-da-Silva ID, et al. Interleukin-6 -
174 G/C promoter gene polymorphism in 
nasal polyposis and asthma. Rhinology, 
2013;51(1):70-6. 

46. Lee H, Bae S, Jang J, Choi BW, Park CS, 
Park JS, et al. CD53, a suppressor of 
inflammatory cytokine production, is 
associated with population asthma risk via 
the functional promoter polymorphism -
1560 C>T. Biochimica et biophysica acta, 
2013;1830(4):3011-8. 

47. Ricciardolo FL, Sorbello V, Silvestri M, 
Giacomelli M, Debenedetti VM, Malerba M, 
et al. TNF-alpha, IL-4R-alpha and IL-4 
polymorphisms in mild to severe asthma 
from Italian Caucasians. Int J 
Immunopathol Pharmacol, 2013;26(1):75-
84. 

48. Wang J, Liu X, Xie J, Xu Y. Association of 
interleukin-18 promoter polymorphisms 
with chronic obstructive pulmonary disease 
in male smokers. Int J Immunogenet, 
2013;40(3):204-8. 

49. Ogawa E, Ruan J, Connett JE, Anthonisen 
NR, Pare PD, Sandford AJ. Transforming 
growth factor-beta1 polymorphisms, airway 
responsiveness and lung function decline 
in smokers. Respiratory medicine, 
2007;101(5):938-43. 

50. Ueda T, Niimi A, Matsumoto H, Takemura 
M, Yamaguchi M, Matsuoka H, et al. 
TGFB1 promoter polymorphism C-509T 
and pathophysiology of asthma. J Allergy 
Clin Immunol,2008;121(3):659-64. 

51. Tatler AL, John AE, Jolly L, Habgood A, 
Porte J, Brightling C, et al. Integrin 
alphavbeta5-mediated TGF-beta activation 
by airway smooth muscle cells in asthma. 
J Immunol (Baltimore, Md : 1950), 
2011;187(11):6094-107. 

52. Balantic M, Rijavec M, Skerbinjek Kavalar 
M, Suskovic S, Silar M, Kosnik M, et al. 
Asthma treatment outcome in children is 
associated with vascular endothelial 
growth factor A (VEGFA) polymorphisms. 
Mol Diagn Ther, 2012;16(3):173-80. 

53. Birbian N, Singh J, Jindal SK, Joshi A, 
Batra N, Singla N. GSTT1 and GSTM1 
gene polymorphisms as major risk factors 
for asthma in a North Indian population. 
Lung, 2012;190(5):505-12. 

54. Karam RA, Pasha HF, El-Shal AS, 
Rahman HM, Gad DM. Impact of 
glutathione-S-transferase gene 

polymorphisms on enzyme activity, lung 
function and bronchial asthma 
susceptibility in Egyptian children. Gene, 
2012;497(2):314-9. 

55. Piacentini S, Polimanti R, Moscatelli B, Re 
MA, Manfellotto D, Fuciarelli M. Lack of 
association between GSTM1, GSTP1, and 
GSTT1 gene polymorphisms and asthma 
in adult patients from Rome, central Italy. J 
Investig Allergol Clin 
Immunol,2012;22(4):252-6. 

56. Wu W, Peden D, Diaz-Sanchez D. Role of 
GSTM1 in resistance to lung inflammation. 
Free Radic Biol Med, 2012;53(4):721-9. 

57. Hoskins A, Reiss S, Wu P, Chen N, Han 
W, Do RH, et al. Asthmatic airway 
neutrophilia after allergen challenge is 
associated with the glutathione S-
transferase M1 genotype. Am J Respir Crit 
Care Med, 2013;187(1):34-41. 

58. Hoskins A, Wu P, Reiss S, Dworski R. 
Glutathione S-transferase P1 Ile105Val 
polymorphism modulates allergen-induced 
airway inflammation in human atopic 
asthmatics in vivo. Clin Exp 
Allergy,2013;43(5):527-34. 

59. Piacentini S, Polimanti R, Simonelli I, 
Donno S, Pasqualetti P, Manfellotto D, et 
al. Glutathione S-transferase 
polymorphisms, asthma susceptibility and 
confounding variables: a meta-analysis. 
Mol Biol Rep, 2013;40(4):3299-313. 

60. Yeatts K, Sly P, Shore S, Weiss S, 
Martinez F, Geller A, et al. A brief targeted 
review of susceptibility factors, 
environmental exposures, asthma 
incidence, and recommendations for future 
asthma incidence research. Environ Health 
Perspect, 2006;114(4):634-40. 

61. Bedi JF, Horvath SM, Drechsler-Parks DM. 
Reproducibility of the pulmonary function 
response of older men and women to a 2-
hour ozone exposure. Japca, 
1988;38(8):1016-9. 

62. Romieu I, Sienra-Monge JJ, Ramirez-
Aguilar M, Moreno-Macias H, Reyes-Ruiz 
NI, Estela del Rio-Navarro B, et al. Genetic 
polymorphism of GSTM1 and antioxidant 
supplementation influence lung function in 
relation to ozone exposure in asthmatic 
children in Mexico City. Thorax, 
2004;59(1):8-10. 

63. Yang IA, Holz O, Jorres RA, Magnussen 
H, Barton SJ, Rodriguez S, et al. 

465 



Rami Saadeh and James Klaunig  

 

Association of tumor necrosis factor-alpha 
polymorphisms and ozone-induced change 
in lung function. Am J Respir Crit Care 
Med,2005;171(2):171-6. 

64. Fergusson P, Tomkins A, Kerac M. 
Improving survival of children with severe 
acute malnutrition in HIV-prevalent 
settings. Int Health, 2009;1(1):10-6. 

65. Chisti MJ, Salam MA, Ashraf H, Faruque 
AS, Bardhan PK, Hossain MI, et al. Clinical 
risk factors of death from pneumonia in 
children with severe acute malnutrition in 
an urban critical care ward of bangladesh. 
PloS one, 2013;8(9):e73728. 

66. Fabre A, Baumstarck K, Cano A, Loundou 
A, Berbis J, Chabrol B, et al. Assessment 
of quality of life of the children and parents 
affected by inborn errors of metabolism 
with restricted diet: preliminary results of a 
cross-sectional study. Health Qual Life 
Outcomes, 2013;11(1):158. 

67. Fall CH. Fetal malnutrition and long-term 
outcomes. Nestle Nutrition Institute 
workshop series, 2013;74:11-25. 

68. Medeiros P, Bolick DT, Roche JK, 
Noronha F, Pinheiro C, Kolling GL, et al. 
The micronutrient zinc inhibits EAEC strain 
042 adherence, biofilm formation, 
virulence gene expression, and epithelial 
cytokine responses benefiting the infected 
host. Virulence, 2013;4(7):624-33. 

69. Ozkale M, Sipahi T. Hematologic and 
Bone Marrow Changes in Children with 
Protein-Energy Malnutrition. J Pediatr 
Hematol Oncol, 2013;31(4):349-58. 

70. Rohner F, Woodruff BA, Aaron GJ, Yakes 
EA, Lebanan MA, Rayco-Solon P, et al. 
Infant and young child feeding practices in 
urban Philippines and their associations 
with stunting, anemia, and deficiencies of 
iron and vitamin A. Food and nutrition 
bulletin, 2013;34(2 Suppl):S17-34. 

71. (WHO) WHO. Principles for evaluating 
health risks in children associated with 
exposures to chemicals. 2006. 

72. Ginsberg GL, Foos BP, Firestone MP. 
Review and analysis of inhalation 
dosimetry methods for application to 
children's risk assessment. J Toxicol 
Environ Health A, 2005;68(8):573-615. 

73. Forastiere F, Pistelli R, Sestini P, Fortes C, 
Renzoni E, Rusconi F, et al. Consumption 
of fresh fruit rich in vitamin C and 

wheezing symptoms in children. Thorax, 
2000;55(4):283-8. 

74. Gilliland FD, Berhane KT, Li YF, 
Gauderman WJ, McConnell R, Peters J. 
Children's lung function and antioxidant 
vitamin, fruit, juice, and vegetable intake. 
Am. JEpidemiol, 2003;158(6):576-84. 

75. Fogarty A, Britton J. The role of diet in the 
aetiology of asthma. Clin Exp Allergy, 
2000;30(5):615-27. 

76. Allan K, Devereux G. Diet and asthma: 
nutrition implications from prevention to 
treatment. J Am Diet Assoc, 
2011;111(2):258-68. 

77. Garcia-Marcos L, Miner Canflanca I, 
Batlles Garrido J, Varela AL-S, Garcia-
Hernandez G, Guillen Grima F, et al. 
Relationship of asthma and 
rhinoconjunctivitis with obesity, exercise 
and Mediterranean diet in Spanish 
schoolchildren. Thorax, 2007;62(6):503-8. 

78. Castro-Rodriguez JA, Garcia-Marcos L, 
Rojas JDA, Valverde-Molina J, Sanchez-
Solis M. Mediterranean diet as a protective 
factor for wheezing in preschool children. J 
Pediatr, 2008;152(6):823-8. 

79. Chatzi L, Apostolaki G, Bibakis I, Skypala 
I, Bibaki-Liakou V, Tzanakis N, et al. 
Protective effect of fruits, vegetables and 
the Mediterranean diet on asthma and 
allergies among children in. Thorax, 
2007;62(8):677-83. 

80. de Batlle J, Garcia-Aymerich J, Barraza-
Villarreal A, Anto JM, Romieu I. 
Mediterranean diet is associated with 
reduced asthma and rhinitis in Mexican 
children. Allergy, 2008;63(10):1310-6. 

81. Wickens K, Barry D, Friezema A, Rhodius 
R, Bone N, Purdie G, et al. Fast foods - 
are they a risk factor for asthma? Allergy, 
2005;60(12):1537-41. 

82. Mai XM, Becker AB, Liem JJ, Kozyrskyj 
AL. Fast food consumption counters the 
protective effect of breastfeeding on 
asthma in children? Clin Exp 
Allergy,2009;39(4):556-61. 

83. Weiland SK, von Mutius E, Husing A, 
Asher MI, Comm IS. Intake of trans fatty 
acids and prevalence of childhood asthma 
and allergies in Europe. Lancet, 
1999;353(9169):2040-1. 

84. (EPA) USEPA. Exposure Factors 
Handbook. In: Development EsOoRa, 
editor. Washington, DC1997. 

466 



Children’s Inter-Individual Variability and Asthma Development 
 

85. (EPA) USEPA. Metabolically-Derived 
Human Ventilation Rates: A Revised 
Approach Based Upon Oxygen 
Consumption Rates (External Review 
Draft). In: Agency USEP, editor. 
Washington, DC2006. 

86. (EPA) USEPA. Metabolically  Derived 
Human Ventilation Rates: A Revised 
Approach Based Upon Oxygen 
Consumption Rates. In: EPA, editor. 
Washington, DC2009. 

87. Bennett WD, Zeman KL. Deposition of fine 
particles in children spontaneously 
breathing at rest. Inhal Toxicol, 
1998;10(9):831-42. 

88. Bennett WD, Zeman KL. Effect of body 
size on breathing pattern and fine-particle 
deposition in children. J appl physiol 
(Bethesda, Md : 1985), 2004;97(3):821-6. 

89. McGee R, Reeder A, Williams S, 
Bandaranayake M, Tan AH. Observations 
of summer sun protection among children 
in New Zealand: 1998-2000. N Z Med 
J,2002;115(1149):103-6. 

90. Vaupotic J. Search for radon sources in 
buildings--kindergartens. J Environ 
Radioact, 2002;61(3):365-72. 

91. Steves CJ, Spector TD, Jackson SH. 
Ageing, genes, environment and 
epigenetics: what twin studies tell us now, 
and in the future. Age and ageing, 
2012;41(5):581-6. 

92. Bunyavanich S, Silberg JL, Lasky-Su J, 
Gillespie NA, Lange NE, Canino G, et al. A 
twin study of early-childhood asthma in 
Puerto Ricans. PloS one, 
2013;8(7):e68473. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

93. Bellingham M, Fiandanese N, Byers A, 
Cotinot C, Evans NP, Pocar P, et al. 
Effects of exposure to environmental 
chemicals during pregnancy on the 
development of the male and female 
reproductive axes. Reproduction in 
domestic animals = Zuchthygiene, 2012;47 
Suppl 4:15-22. 

94. Cortessis VK, Thomas DC, Levine AJ, 
Breton CV, Mack TM, Siegmund KD, et al. 
Environmental epigenetics: prospects for 
studying epigenetic mediation of exposure-
response relationships. Hum Genet, 
2012;131(10):1565-89. 

95. Hou L, Zhang X, Wang D, Baccarelli A. 
Environmental chemical exposures and 
human epigenetics. Int J Epidemiol, 
2012;41(1):79-105. 

96. Kim M, Bae M, Na H, Yang M. 
Environmental toxicants--induced 
epigenetic alterations and their reversers. 
J Environ Sci Health C Environ Carcinog 
Ecotoxicol Rev, 2012;30(4):323-67. 

97. Smirnova L, Sittka A, Luch A. On the role 
of low-dose effects and epigenetics in 
toxicology. Exs, 2012;101:499-550. 

98. Vandegehuchte MB, Janssen CR. 
Epigenetics in an ecotoxicological context. 
Mutation research, 2013. 

 

467 


