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Summary 

Background. Obesity is associated with worse asthma outcomes, partly due to inflammasome-

mediated neutrophilic Type IVc immunity. However, the impact of adiposity on Type IVb airway 

inflammation remains poorly understood. This study aimed to evaluate the effect of body fat on 

Type 2 (T2) airway inflammation, measured using fractional exhaled nitric oxide (FeNO). 

Methods. This community-based cross-sectional study included 726 children aged 7–12 years 

(48.9% female) from 71 classrooms in 20 public schools. Anthropometry and bioelectrical 

impedance analysis assessed body mass index (BMI) category, total body fat (%), fat mass (kg), 

fat-free mass (kg) and trunk-predicted muscle mass (%). FeNO levels were measured to evaluate 

airway inflammation and converted into height- and sex-adjusted z-scores (zFeNO) using 

generalized additive models for location, scale and shape (GAMLSS). Linear regression models 

were applied to assess associations between BMI classifications and body composition measures 

with zFeNO. Children with asthma (n=45) were excluded. Results. Mean zFeNO was 0.78 

(±2.64). After adjustment for sex, age, parental education, second-hand smoke exposure, caffeine 

intake, and allergic sensitisation, children classified as overweight according to the International 

Obesity Task Force had lower zFeNO than normal-weight peers (adjusted β [aβ] -0.63; 95% CI: 

-1.26 to -0.02). Similar findings were observed among overweight males classified by CDC (aβ -

0.96; 95% CI: -1.88 to -0.03). Conclusions.  Height- and sex-adjusted FeNO z-scores were 

established, and overweight was associated with lower zFeNO in school-aged children. BMI and 

body composition should be considered when interpreting FeNO as a biomarker of airway 

inflammation in children. 
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Impact statement: Among children without asthma, overweight was associated with lower 

height- and sex-adjusted FeNO z-scores, suggesting BMI and body composition should be 

considered when interpreting FeNO as a T2 biomarker. 

 

Introduction 

The global rise in obesity and asthma presents significant public health challenges, with obesity 

increasingly recognized as a risk factor for asthma onset and severity (1). Obesity arises from a 
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complex interplay among metabolic dysregulation, poor dietary patterns, and obesogenic 

environments characterized by an abundance of energy-dense, nutrient-poor foods lacking anti-

inflammatory and antioxidant properties (2-4). Epidemiological evidence suggests that 23–27% 

of new pediatric asthma cases are directly attributable to obesity (5), which also complicates 

asthma management (6) by worsening disease control (7, 8), reducing lung function (9), lowering 

quality of life (10, 11), and increasing reliance on medications (9, 12). 

Mechanistically, the worse asthma outcomes in obese individuals may stem from inflammasome-

mediated neutrophilic Type IVc immunity. The NLRP3 inflammasome, activated by fatty acids 

through toll-like receptor 4 (TLR4), promotes the release of interleukin (IL)-1β, driving pro-

inflammatory pathways. Additionally, obesity may exacerbate Type IVb inflammation, which 

involves T helper 2 (Th2) cells, innate lymphoid cells (ILC2), and eosinophils, thereby 

contributing to chronic airway inflammation through the production of IL-4, IL-5, and IL-13 (13). 

On the other hand, obesity and type IVb inflammation may also coexist (14). Type IVb 

hypersensitivity reactions involve T helper 2 (Th2) cells, type 2 innate lymphoid cells (ILC2), 

and type 2 cytotoxic T (Tc2) cells (15). These cells, along with IgE and effector cells like 

eosinophils and mast cells, produce interleukins IL-4, IL-5, IL-9, and IL-13, contributing to 

chronic airway inflammation in asthma.  

Fractional exhaled nitric oxide (FeNO), a biomarker of Type 2 (T2) airway inflammation, has 

been used to guide asthma treatment, though its clinical utility remains inconsistent (16). Adipose 

tissue in obesity generates pro-inflammatory cytokines and adipokines such as leptin, TNF-α, and 

IL-6, which may influence FeNO levels and contribute to airway remodelling (17, 18). While 

oxidative stress may decrease nitric oxide (NO) production, pro-inflammatory environments can 

paradoxically increase inducible NO synthase (iNOS) activity, thereby protecting the airways 

from oxidative stress damage (19). 

Despite conflicting findings regarding the association between obesity and FeNO levels (17, 18, 

20), the relationship between adiposity and FeNO remains poorly understood, particularly in non-

asthmatic children. Therefore, this study investigates the impact of body composition on T2 

airway inflammation, measured by FeNO, in non-asthmatic children. 

Methods 

Study design and Participants  

The present study included data from the ARIA (How indoor air quality can affect children’s 

allergies and asthma) project (21). Between January and April 2014, and October 2014 to January 
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2015, 20 public primary schools in Porto, Portugal, were selected from among the 53 schools with 

the highest student populations. 

A total of 1,602 children aged 7 to 12 years were invited to participate (22), with 686 declining 

to provide informed consent (final sample: n=916). Of these, 58 children refused clinical 

procedures, leaving 726 participants with complete data for inclusion in the study. 

Caregivers completed an ISAAC-based questionnaire (23), that collected demographic, 

respiratory, and allergic health data, including asthma history. The study was approved by the 

University Health Ethics Committee, and written informed consent was obtained from legal 

guardians. All procedures followed the principles outlined in the Declaration of Helsinki. 

Body composition assessment  

Height (cm) was measured using a portable stadiometer. Weight (kg) and body composition 

parameters, including total body fat (BF) percentage (%), total BF mass (BFM, kg), total free fat 

mass (FFM, kg), and in trunk – predicted muscle mass (MM, kg), BF, BMF and FFM, were 

measured using a digital scale (Tanita™ BC-418 Segmental Body Analyzer, single frequency) 

based on bioelectrical impedance analysis (BIA) (24). BIA is a reliable method for assessing body 

composition in children and obese populations (25).  

Standard procedures were followed to ensure accurate measurements (26). Personal information, 

such as weight, gender, age, and height, was input into the device. Participants stood barefoot and 

lightly dressed on the device's footpads and held its handles for about 10 seconds. This methodical 

approach helps in minimizing potential variations in body composition analysis due to fluid 

fluctuations or other factors. BF percentage was estimated using the in-built Tanita equations (27). 

BF mass was calculated as BF percentage divided by 100 and then multiplied by body weight, 

and FFM was calculated as the difference between body weight and FM.  

BMI was calculated as weight divided by height squared (kg/m2) and classified according to age- 

and sex-specific percentiles using three systems. The World Health Organization (WHO) 

classification defines underweight (<-2SD), normal weight(≥-2SD to ≤+1SD), overweight (>+1 

SD to ≤+2 SD), and obesity (>+2 SD) using BMI z-scores (28). The US Centers for Disease 

Control and Prevention (CDC) classification uses percentiles: underweight (<5th), normal weight 

(≥5th to <85th), overweight (≥85th to <95th), and obese (≥95th) (29). The International Obesity 

Task Force (IOTF) sets BMI categories at age 18: normal weight, corresponding to 18.5 kg/m², 

overweight to 25 kg/m², and obesity to 30 kg/m² (30). 
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Fractional exhaled nitric oxide (FeNO) and determination of z-scores 

Fraction of exhaled nitric oxide was measured to assess airway inflammation using the NObreath 

analyzer (Bedfont Scientific Ltd.). The results were expressed in parts per billion (ppb) and 

stratified according to the official ATS guidelines for children (31).  

To account for individual variation in FeNO levels, height- and sex-adjusted FeNO z-scores 

(zFeNO) were created with the Generalized Additive Models for Location, Scale and Shape 

(GAMLSS) method(32). Several candidate models were explored, and the final model was 

selected based on best fit. Height and sex were retained in the final model, and zFeNO values 

were derived accordingly. Detailed information on model selection, distribution fitting, and 

diagnostic assessment is provided in the Supplementary Material. 

The model with the lowest GAIC value consists of the linear (sex) and smoother (height) terms 

(m_height, Table 1). Specifically, the FeNO variable was adjusted by adding 10. This adjustment 

shifts all FeNO values uniformly upward, aligning better with a modeling approach.  

Therefore, zFeNO was obtained from the height model (Figure 1). 

Other variables  

Children were classified according to the parent with the higher year of schooling as the number 

of completed years of formal schooling. Parental years of schooling were categorised into one of 

three classes: ≤9 years,≥10 years and ≤12 years, and >13 years of regular school education. 

Second-hand smoking was defined by a positive answer to the question “Is your child exposed to 

tobacco smoke at home?” and/or “In the last 7 days, has the child been exposed to tobacco 

smoke?”.  

Dietary caffeine intake (mg/day) was assessed using an interviewer-administered 24-hour recall 

questionnaire as previously described (33). This detailed collection of foods and beverages 

consumed in the previous 24 hours included quantities, brands, and cooking methods, following 

standard procedures (34). The questionnaire was applied to participants without their parents, 

using a photograph atlas to estimate portion sizes. Nutritional data were estimated using the Food 

Processor® software (ESHA Research, Salem, OR, USA). Participants were excluded if their 24-

hour diet recall was deemed by the trained interviewer to be incomplete or internally inconsistent, 

for example due to likely omission of meals/foods, inability to estimate portion sizes, or 

insufficient detail for nutrient coding. Participants were also excluded if they reported implausible 

energy intake, defined by a kilocalorie metabolic rate ratio <0.5th percentile or >99.5th percentile 
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(35). To account for variations in total dietary intake and isolate the specific effects of caffeine, 

we used the nutrient density method. Caffeine intake was standardized to the amount of caffeine 

per 1000 kilocalories (kcal) of energy consumed. This ratio was computed by dividing the daily 

caffeine intake by the total daily energy intake, then multiplying by 1000 to express caffeine 

intake as milligrams per 1000 kilocalories (mg/1000 kcal).  

Allergic sensitization was assessed through skin prick tests (SPT) which were performed on the 

forearm using a QuickTestTM applicator (Hall Allergy) and allergen extracts of house dust mite, 

mix of weeds, mix of grasses, cat dander, dog dander and Alternaria alternata, a negative (extracts 

diluent) and a positive control (histamine at 10 mg/mL) (Hall Allergy, Netherlands). Asthma was 

defined based on a self-report of asthma diagnosed by a physician through a positive answer to 

the question “Has your child ever been diagnosed with asthma by a physician?” (36).  

Statistical analyses 

Continuous variables are presented as mean values and standard deviation (±SD). Categorical 

variables are described as counts and proportions. To determine differences between groups, the 

T-student test for independent variables was used for continuous variables, except for non-normal 

distributed variables where we used the Mann-Whitney test and the Chi-squared test for 

categorical variables. 

Linear regression models were used to assess the association between different BMI 

classifications, total BF, BFM, FFM and trunk predicted muscle mass, BF, BFM and FFM with 

zFeNO and the magnitude of the association was measured using linear coefficients (β) and its 

respective 95% CI. Different models were performed: unadjusted model: main effects; model 1, 

adjusted for children's sex, age and parental years of schooling; model 2, model 1, second-hand 

smoking and caffeine density; and model 3, model 2 and allergic sensitization. The selection of 

confounders was based on conceptual justification, including evidence from previous studies (37-

39). Participants with asthma diagnosed by a physician (n= 45, 23 girls) were excluded from these 

analyses. A 0.05 level of significance and 95% CI was considered. R software was used to carry 

out the analyses.   

Results 

Participants characteristics are presented in Table 2. The mean zFeNO was 0.78 (±2.64). There 

were significant differences in parental years of schooling between males (0-9 years, 30.8%) and 

females (≥13 years, 43.4%, p-value< 0.001).  
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The prevalence of overweight and obesity varied, with overweight ranged from 14.6 (CDC, 95% 

CI: 12.2; 17.4)) to 21.3% (WHO, 95% CI: 18.5; 24.5) and obesity from 6.7 (IOTF, 95% CI: 5.1; 

8.8) to 13.8% (WHO, 95% CI: 11.5; 16.5). Specifically,  girls had significantly higher BFM 

(7.5kg vs. 6.0, p-value <0.001), BF (23.3% vs. 19.5, p-value <0.001), trunk BFM (3.1kg vs. 2.4, 

p-value <0.001), and trunk BF (16.8% vs. 13.5, p-value <0.001), whereas  boys had significantly 

higher FFM (24.0% vs. 24.8, p-value=0.011), trunk FFM (14.7kg vs. 15.1, p-value=0-020), and 

trunk predicted MM (14.1% vs. 14.6, p-value=0.003).  

The associations between BMI and zFeNO according to different BMI classifications are 

presented in Table 3. After adjusting for sex, age, and parental schooling, children classified as 

overweight according to IOTF had lower zFeNO (model 1, β= -0.63, 95% CI -1.17; -0.10), with 

the association remaining significant after additional adjustment for second-hand smoking, 

caffeine density, and allergic sensitisation (model 3, β= -0.63, 95% CI -1.26; -0.02). Similarly, 

children classified as overweight according to the CDC had decreased zFeNO (model 1, β= -0.64, 

95% CI -1.23; -0.04) compared to normal-weight children, but this association did not remain 

significant in fully adjusted models. No significant associations were observed for other 

classifications. 

Among males, those classified as overweight, according to the CDC, showed decreased zFeNO 

after full adjustment (model 3, β= -0.96, 95% CI -1.88; -0.03). Significant negative associations 

were also observed for males classified as overweight by WHO (model 2, β= -0.90, 95% CI -

1.80; 0.00) and IOTF (model 2, β= -0.90, 95% CI -1.79; -0.01), but these associations did not 

remain significant after adjusting for allergic sensitization. No significant associations were found 

among females. 

The associations between different measures of body composition and zFeNO are presented in 

Table 4. Increased trunk FFM and predicted MM significantly reduced zFeNO (model 1, β= -

0.10, 95% CI -0.20; -0.01 and β= -0.10, 95% CI -0.21; -0.01, respectively) after adjusting for sex, 

age, and parental schooling. These associations did not remain significant after further 

adjustments. Among males, increased BFM significantly decreased zFeNO (model 2, β= -0.08, 

95% CI -0.15; -0.004) after adjusting for sex, age, parental schooling, and caffeine density, but 

this association did not remain significant after adjusting for allergic sensitization. No significant 

associations were observed among females. 
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Discussion and conclusions 

In this study, we evaluated the association between BMI, body composition, and z-scores of 

FeNO, a marker of Type IVb airway inflammation, in school-aged children without asthma. 

Height- and sex-independent z-scores for FeNO were calculated using GAMLSS models. After 

adjusting for confounders such as second-hand smoking, caffeine intake, and allergic 

sensitization, overweight children (IOTF classification) exhibited significantly lower zFeNO 

compared to normal-weight peers. Similarly, overweight males (CDC classification) showed 

reduced zFeNO relative to normal-weight males. While increased body fat mass (BFM) was 

negatively associated with zFeNO in males, this relationship was not significant after controlling 

for allergic sensitization. Nonetheless, the observed negative trend between adiposity and zFeNO 

highlights the importance of considering body composition when interpreting markers of airway 

inflammation (18).  

Our study demonstrated that height and sex were independent determinants of zFeNO in school-

aged children. Similar to other lung function measures, FeNO levels are influenced by individual 

characteristics such as height, in both healthy and asthmatic children (40, 41). Wang et al. showed 

that height significantly impacts FeNO levels, particularly at higher percentiles (41).  While 

clinicians routinely adjust spirometry results for height, age, and sex, expressing them as 

percentages of predicted values, such adjustments are not yet standard for FeNO (41). The 

relationship between height and FeNO is particularly pronounced during childhood, a period of 

rapid growth typically spanning ages 5 to 16 (42). 

Our findings suggest that overweight children, particularly males, have reduced zFeNO levels. 

These sex-stratified findings should be interpreted cautiously. Although statistically significant 

associations were observed only in males, the study was not specifically powered to detect sex 

interactions. The absence of associations in females may reflect sex-related differences in body 

composition accrual and fat distribution during the late childhood-pubertal transition (43, 44), as 

well as sex-dependent immune and inflammatory mechanisms relevant to asthma (45). However, 

these mechanisms were not directly assessed in our study. Nonetheless, previous research on the 

relationship between adiposity and FeNO levels has produced inconsistent results (17, 18, 46). 

For instance, the Project Viva cohort study reported a 13% lower FeNO in children with high 

BMI compared to those with normal weight, with higher body fat percentage further decreasing 

FeNO levels (18). Similarly, den Dekker et al. found that a higher android/gynoid fat mass ratio 

was linked to lower FeNO levels, while greater preperitoneal fat mass - a measure of visceral fat 

- was associated with increased FeNO (46).  In contrast, the NHANES study observed higher 

FeNO levels in obese individuals compared to underweight participants (17). These discrepancies 
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may stem from BMI's inability to distinguish between fat mass (FM) and fat-free mass (FFM), 

differences in adiposity assessment methods, and variations in participant age at measurement 

(47). 

In obesity, the balance between L-arginine, a substrate for nitric oxide synthase (NOS), and 

asymmetric dimethylarginine (ADMA), an endogenous inhibitor of NOS, is disrupted, potentially 

leading to decreased levels of FeNO. ADMA plays a crucial role in maintaining endothelial 

function. At the same time, NO is essential for vascular health as the primary mediator of 

vasodilation, produced by endothelial cells via endothelial NOS (eNOS) (48). This imbalance 

promotes competition between L-arginine and ADMA, which can result in NOS uncoupling. 

Instead of NO, NOS generates superoxide and nitrogen oxide radicals (49). Studies have 

identified an inverse correlation between BMI and the L-arginine/ADMA ratio in adults with late-

onset asthma, suggesting that this imbalance may mediate the relationship between BMI and 

FeNO levels (50). Consequently, individuals with obesity may exhibit lower L-arginine/ADMA 

ratios, leading to increased NOS uncoupling and reduced FeNO production. Recent evidence 

further supports these findings. Plasma ADMA levels were found to be significantly elevated in 

both obese adolescents and diabetic adults. At the same time, animal models demonstrated that 

higher ADMA levels were accompanied by notably lower eNOS gene expression in skeletal 

muscles compared to control groups. These results underscore the association between elevated 

ADMA levels and metabolic disturbances (51). Given the consistently higher levels of ADMA 

observed in individuals with obesity (52), this mechanism contributes to a pronounced reduction 

in FeNO due to diminish NO availability. These insights highlight the critical role of the L-

arginine/ADMA balance in vascular health and its potential implications for managing obesity-

related metabolic and respiratory conditions. 

Additionally, malnutrition, resulting from acute or chronic undernutrition, leads to insufficient 

intake of critical nutrients, notably arginine, essential for NO synthesis (17). The pathway 

involving L-arginine to NOS, which then produces L-citrulline and NO, highlights arginine's 

importance; a deficiency in this amino acid can significantly reduce NO production (53). 

Furthermore, a lack of other vital nutrients like thiamine impairs vasorelaxation, affecting 

endothelial NOS-dependent NO production (54). Despite this, we did not find significant 

associations between underweight and zFeNO. 

This study has some limitations. The cross-sectional design precludes establishing causal 

relationships from the observed associations. However, it is unlikely that caregivers and children 

who completed the ISAAC and 24-hour recall questionnaires had prior knowledge of potential 

associations between the outcomes and risk or protective factors (55). Considering the number of 
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participants not included in the zFeNO analysis, the association between BMI and body 

composition may be underestimated, and the included sample might not fully represent the body 

composition of all participants (56). In addition, body composition was assessed using single-

frequency bioelectrical impedance analysis, which is practical in epidemiological studies but may 

be influenced by measurement conditions and relies on prediction equations rather than direct 

assessment of body composition (57, 58). Waist circumference was not available, which limited 

our ability to further characterize central adiposity (59).” 

Although we applied a single 24-hour recall questionnaire focusing on short-term intake, the data 

collection was comprehensive, detailing food preparation methods, ingredients in mixed dishes, 

brand names, and common container sizes. To minimise misreporting, nutritionists and trained 

interviewers administered the questionnaires, using photographs and food models to quantify 

portion. While multiple recalls are preferable for reporting habitual intake (60) a single 24-hour 

recall can effectively estimate current diet without altering children's eating behaviours (61). This 

approach, however, assumes consistent food intake throughout childhood and does not account 

for seasonal variations. Dietary data might be influenced by recall bias and indirect reporting, 

especially since children's self-reports can contain errors due to limited diet knowledge and 

memory (62). Despite these challenges, children may find it easier to recall recent food 

consumption. The 24-hour dietary recall showed good agreement between energy intake and 

measured total energy expenditure (34), making it suitable for determining typical dietary intake 

in large groups (63). Lastly, allergic sensitisation was defined based on skin prick test results that 

excluded tree pollen. However, in Porto, mites and grass pollen are the primary allergens for this 

age group, with rare tree monosensitization. 

This study also has important strengths. We used the GAMLSS method to assess z-scores of 

FeNO, making them independent of sex and height. The large sample size and consistent data 

collection by the same research team ensured unbiased estimates of participants' characteristics. 

BMI was calculated from measured height and weight to avoid biases from parental perceptions 

(64). However, BMI cut-offs are often derived from predictive equations rather than risk-based 

or actual body fatness, resulting in varying outcomes across populations. Consequently, we used 

multiple criteria to define BMI and evaluated their impact on zFeNO. In addition, although data 

collection was conducted in 2014 to 2015, the main contribution of this study concerns the 

interpretation of FeNO according to body size and composition, which remains clinically relevant. 

Nevertheless, replication in more contemporary pediatric cohorts is warranted Man
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Although we recognized that different reference values provide similar estimates, our results 

indicated that the significance of the association between BMI and zFeNO was different according 

to the BMI classification adopted. Despite BMI's high specificity, it has low sensitivity for 

detecting excess adiposity, failing to identify over a quarter of children with excess body fat (47). 

BMI measures excess weight adjusted for height but does not distinguish between fat mass and 

lean mass, remaining the primary metric used (65). To gain a more comprehensive understanding, 

we also examined the effects of body fat, fat-free mass, and estimated muscle mass on zFeNO. 

Recent studies have highlighted the importance of evaluating adiposity through other 

measurements rather than BMI on FeNO (18, 46). We also considered important confounders, 

including second-hand smoking, caffeine density, and allergic sensitization (37-39). However, we 

cannot exclude the potential impact of other unmeasured covariates.    

In conclusion, we determined height and sex-independent z-scores for fractional exhaled nitric 

oxide using the GAMLSS method. Furthermore, we found that children who were overweight 

had decreased zFeNO, and we further provided evidence for the importance of taking into account 

body weight when interpreting FeNO results.   
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Figure 1a.  Worm-plot for height model (m_height). The blue dots of the worm plot are inside 

the 95% pointwise confidence intervals (curves) and close to the middle horizontal red line. 

Figure 1b. Moment bucket plot for height model (m_height). The pink dots are withing the 

central shaded, which is a 95% acceptance region for jointly testing zero skewness and zero excess 

kurtosis. Figure 1c.  Centile curves for height model (m_height). Centile curves show the 

predicted values of FeNO at different centiles for given heights. Each line represents a different 

centile as indicated by the colours and labels in the legend. X-axis: Represents height in cm; Y-

axis: Represents FeNO levels.  
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Figure 2. Q-Q Plot. The plot shows a trend where the z-scores increase as FeNO increases. X-

axis: Represents the adjusted FeNO values; Y-axis: shows z-scores computed from FeNO values 

based on parameters estimated from the height model (m_height). 
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Table I. GAMLSS models with df (degree of freedom) and GAIC (generalized Akaike 

Information Criteria) for the response variable measured fractional exhaled nitric oxide (FeNO, 

ppb) and explanatory variables– sex, age (months), and height (cm) 

Model name Model df GAIC 

m_age measured FeNO+10~ pb(age)+ sex 5.653 5482.72 

m_height measured FeNO+10~ pb(height)+ sex 7.005 5476.942 

Note: The best fitted model is highlighted in bold, which consist of linear and smoother (as 

indicated by pb) terms.  

 

Table II. Characteristics of the participants 

 
Total  

(n=726) 

Females 

(n=356) 

Males  

(n=370) 
p-value 

Age, years (± SD) 9.15 (± 0.74) 9.15 (± 0.75) 9.15 (± 0.75) 0.955 

Parental years of schooling (n, %)    <0.001 

   0-9 years 169 (25.5) 108 (30.6) 61 (19.7)  

   10-12 years 159 (24.0) 96 (27.2) 63 (20.4)  

   ≥13 years 210 (31.7) 76 (21.5) 134 (43.4)  

   missing 124 (18.7) 73 (20.7) 51 (16.5)  

Second hand smoking (n, %) 220 (31.2) 105 (30) 115 (32.4) 0.545 

Caffeine intake/1000 Kcal (25th; 75th) a 4.0 (1.0, 11.0) 4.0 (1.0, 10.0)  4.0 (1.0, 11.0) 0.500 

BMI (n, %)     

WHO    0.127 

         Underweight 12 (1.7) 5 (1.4) 7 (1.9)  

         Normalweight 459 (63.2) 216 (60.7) 243 (65.7)  

         Overweight 155 (21.3) 89 (25.0) 66 (17.8)  

         Obese 100 (13.8) 46 (12.9) 54 (14.6)  

CDC    0.797 

         Underweight 36 (5.9) 19 (5.3) 17 (4.6)  
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         Normalweight 498 (68.6) 240 (67.4) 258 (69.7)  

         Overweight 106 (14.6) 56 (15.7) 50 (13.5)  

         Obese 86 (11.8) 41 (11.5) 45 (12.2)  

IOTF    0.167 

         Underweight 67 (9.2) 37 (10.4) 30 (8.1)  

         Normalweight 466 (64.2) 214 (60.1) 252 (68.1)  

         Overweight 144 (19.8) 78 (21.9) 66 (17.8)  

         Obese 49 (6.7) 27 (7.6) 22 (5.9)  

BFM, Kg (25th; 75th) a 6.6 (5.0; 9.4) 7.5 (5.6; 10.4) 6.0 (4.6; 8.4) <0.001 

BF, % (25th; 75th) a 21.5 (18.2; 26.3) 23.3 (20.5; 27.6) 19.5 (16.6; 23.7) <0.001 

FFM, kg (25th; 75th ) a 24.4 (21.8; 27.6) 24.0 (21.3; 27.5) 24.8 (22.5; 27.8) 0.011 

Trunk BFM, Kg (25th; 75th) a 2.7 (2.0; 4.1) 3.1 (2.2; 4.4) 2.4 (2.8; 3.6) <.0.001 

Trunk BF, % (25th; 75th) a 15.4 (12.3; 20.0) 16.8 (13.9; 20.9) 13.5 (11.2; 18.5) <0.001 

Trunk FFM, kg (25th; 75th) a 15.0 (13.6; 16.6) 14.7 (13.2; 16.8) 15.1 (14.0; 16.6) 0.020 

Trunk predicted MM, kg (25th; 75th) a  14.4 (13.1 (16.0) 14.1 (12.7; 16.1) 14.6 (13.5; 16.0) 0.003 

Allergic sensitization (n, %) 251 (34.6) 124 (34.8) 127 (34.3) 0.911 

Ever asthma (n, %) 45 (6.2) 23 (6.5) 22 (5.9) 0.894 

FeNO, ppb (25th; 75th) a  11.0 (6.0; 19.0) 10.0 (6.0; 16.0) 12.0 (6.0; 21.0) 0.002 

zFeNO (± SD) 0.78 (±2.64) 0.80 (±2.84) 0.76 (±2.43) 0.857 

Note: The t-student test for independent variables was used for continuous variables unless 

otherwise stated. a: non-normal distributed variables where the Mann-Whitney test was used. 

Allergic sensitisation: positive skin prick test to at least one of the allergens tested; Ever asthma: 

self-report of asthma diagnosed by a physician. BMI, Body Mass Index; WHO, World Health 

Organization; CDC, US Centers for Disease Control and Prevention; IOTF, International Obesity 

Task Force; BFM, body fat mass; FFM, free fat mass; MM, muscle mass; FeNO: fractional 

exhaled nitric oxide; zFeNO: z-score of fractional exhaled nitric oxide 

 

Table III.  Linear model analysis of the association between BMI according to different BMI 

classifications and zFeNO (β; 95% CI) 

 WHO   CDC   IOTF   

 Underw

eight 

Overw

eight 

Obe

sity 

Underw

eight 

Overw

eight 

Obe
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Overw
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Obe

sity 
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Unadju

sted 

Model 

-0.46 

(-2.01; 

1.08) 

-0.16 

(-0.64; 

0.33) 

-

0.39 

(-

0.97; 

0.19

) 

-0.65 

(-1.56; 

0.26) 

-0.59 

(-1.15; 

-0.03)* 

-

0.26 

(-

0.87; 

0.35

) 

-0.51 

(-1.19; 

0.18) 

-0.55 

(-1.06; 

-0.05)* 

-

0.37 

(-

1.13; 

0.39

) 

Model 

1 
-0.69 

(-2.35; 

0.98) 

-0.24 

(-0.76; 

0.28) 

-

0.36 

(-

0.98; 

0.26

) 

-0.86 

(-1.85; 

0.14) 

-0.64 

(-1.23; 

-0.04)* 

-

0.24 

(-

0.89; 

0.41

) 

-0.60 

(-1.34; 

0.13) 

-0.63 

(-1.17; 

-0.10)* 

-

0.26 

(-

1.07; 

0.54

) 

Model 

2 
-0.45 

(-2.37; 

1.46) 

-0.17 

(-0.78; 

0.45) 

-

0.37 

(-

1.06; 

0.33

) 

-0.88 

(-1.99; 

0.23) 

-0.50 

(-1.19; 

0.19) 

-

0.28 

(-

1.01; 

0.46

) 

-0.59 

(-1.41; -

0.23) 

-0.63 

(-1.26; 

0.00) 

-

0.28 

(-

1.16; 

0.60

) 

Model 

3 
-0.36 

(-2.24; 

1.53) 

-0.20 

(-0.80; 

0.41) 

-

0.32 

(-

1.00; 

0.36

) 

-0.70 

(-1.80; 

0.40) 

-0.49 

(-1.17; 

0.19) 

-

0.23 

(-

0.96; 

0.49

) 

-0.50 

(-1.30; 

0.31) 

-0.64 

(-1.26; 

-0.02)* 

-

0.24 

(-

1.11; 

0.62

) 

Males          

Unadju

sted 

Model 

-0.37 

 (-2.18; 

1.44) 
-0.28  

(-0.95; 

0.39) 

-

0.51  

(-

1.25; 

0.23

) 

-0.75  

(-1.96; 

0.46) 

-0.90  

(-1.64; 

-0.16)* 

-

0.35  

(-

1.13; 

0.43

) 

-0.47  

(-1.30; 

0.45) 

-0.58 

(-1.25; 

0.10) 

-

0.91 

(-

1.95; 

0.14

) 

Model 

1 

-0.92  

(-2.95; 

1.11) 

-0.44  

(-1.21; 

0.32) 

-

0.63  

(-

1.44; 

-1.38  

(-2.38; 

0.08) 

-1.07  

(-1.88; 

-

0.25)** 

-

0.54  

(-

1.40; 

-0.63  

(-1.70; 

0.45) 

-0.74 (-

1.49; 

0.01) 

-

1.00 

(-

2.12; 
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0.18

) 

0.32

) 

0.12

) 

Model 

2 

-0.58  

(-3.09; 

1.94) -0.50  

(-1.40; 

0.40) 

-

0.90  

(-

1.80

; 

0.00

)* 

-1.26  

(-2.89; 

0.37) 

-1.10  

(-2.04; 

-0.15)* 

-

0.82  

(-

1.80; 

0.15

) 

-0.54  

(-1.75; 

0.68) 

-0.90  

(-1.79; 

-0.01)* 

-

0.93 

(-

2.11; 

0.25

) 

Model 

3 
-0.11  

(-2.56; 

2.35) 

-0.39  

(-1.26; 

0.49) 

-

0.74  

(-

1.62; 

0.14

) 

-0.98  

(-2.57; 

0.61) 

-0.96  

(-1.88; 

-0.03)* 

-

0.68  

(-

1.63; 

0.27

) 

-0.48  

(-1.66; 

0.70) 

-0.81 

(-1.68; 

0.05) 

-

0.72 

(-

1.87; 

0.43

) 

Female

s 
         

Unadju

sted 

model 
-0.63  

(-3.38; 

2.13) 

-0.06  

(-0.77; 

0.65) 

-

0.25  

(-

1.17; 

0.66

) 

-0.56  

(-1.93; 

0.81) 

-0.28  

(-1.13; 

0.57) 

-

0.17  

(-

1.12; 

0.79

) 

-0.53 

(-1.54; 

0.47) 

-0.53  

(-1.29; 

0.22) 

0.07 

(-

1.04; 

1.18

) 

Model 

1 
-0.53  

(-3.32; 

2.27) 

-0.09  

(-0.81; 

0.63) 

-

0.14  

(-

1.08; 

0.81

) 

-0.52  

(-1.91; 

0.86) 

-0.30  

(-1.16; 

0.56) 

-

0.03  

(-

1.02; 

0.96

) 

-0.53 

(-1.55; 

0.49) 

-0.56 

(-1.33; 

0.21) 

0.30 

(-

0.87; 

1.46

) 

Model 

2 -0.49  

(-3.43; 

2.44) 

0.02  

(-0.86; 

0.89) 

0.16  

(-

0.92; 

1.24

) 

-0.61  

(-2.16; 

0.94) 

-0.04  

(-1.07; 

0.98) 

0.19  

(-

0.93; 

1.32

) 

-0.61 

(-2.16; 

0.94) 

-0.04 

(-1.07; 

0.98) 

0.19 

(-

0.93; 

1.93

) 
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Model 

3 -0.62  

(-3.55; 

2.30) 

-0.06  

(-0.93; 

0.81) 

0.14  

(-

0.93; 

1.22

) 

-0.51  

(-2.05; 

1.04) 

-0.09  

(-1.11; 

0.94) 

0.20  

(-

0.93; 

1.32

) 

-0.39 

(-1.52; 

0.75) 

-0.48 

(-1.39; 

0.43) 

0.25 

(-

1.08; 

1.58

) 

Note: Reference category: Normal weight. BMI, Body Mass Index; WHO, World Health 

Organization; CDC, US Centers for Disease Control and Prevention; IOTF, International Obesity 

Task Force. Unadjusted model: main effects; model 1, adjusted for children's sex and age and 

parental years of schooling; model 2, model 1, second-hand smoking and caffeine density; and 

model 3, model 2 and allergic sensitization. *p-value<0.05; **p-value<0.001 

Table IV.  Linear model analysis of the association between different measures of adiposity and 

zFeNO (β; 95% CI) 

 
BFM, kg BF, % FFM, kg 

Trunk 

BFM, kg 

Trunk BF, 

% 

Trunk 

FFM, kg 

Trunk predicted 

MM, kg 

Unadjusted 

Model 

-0.02  

(-0.06; 

0.03) 

0.003 

(-0.03; 

0.04) 

-0.03  

(-0.07; 

0.01) 

0.004 

(-0.10; 

0.11) 

0.01 

(-0.02; -

0.05) 

-0.07  

(-0.15; 

0.01) 

-0.07 

(-0.15; 0.02) 

Model 1 -0.03 

(-0.08; 

0.03) 

-0.003  

(-0.03; 

0.04) 

-0.04  

(-0.09; 

0.01) 

-0.02  

(-0.14; 

0.10) 

0.01 

(-0.03; 

0.04) 

-0.10 

(-0.20; -

0.01) * 

-0.10 

(-0.21; -0.01) * 

Model 2 -0.02  

(-0.08; 

0.04) 

-0.001 

(-0.04; 

0.04) 

-0.03 

(-0.09; 

0.02) 

-0.01 

(-0.14; 

0.12) 

0.01 

(-0.03; 

0.05) 

-0.08 

(-0.19; 

0.03) 

-0.09 

(-0.20; 0.03) 

Model 3 -0.02 

(-0.07; 

0.04) 

-0.001 

(-0.04; 

0.04) 

-0.03  

(-0.08; 

0.03) 

-0.01  

(-0.14; 

0.12) 

0.01 

(-0.03; 

0.05) 

-0.07 

(-0.18; 

0.04) 

-0.07 

(-0.19; 0.04) 

Males        

Unadjusted 

Model 

-0.05  

(-0.11; 

0.02) 

-0.02 

(-0.06; 

0.03) 

-0.05 

(-0.10; 

0.01) 

-0.06  

(-0.21; 

0.09)  

-0.005 

(-0.05; 

0.04) 

-0.09 

(-0.21; 

0.02) 

-0.10 

(-0.22; 0.03) 

Model 1 -0.07 

(-0.14; 

0.00) 

-0.03 

(-0.08; 

0.02) 

-0.07 

(-0.14; 

0.001) 

-0.13  

(-0.30; 

0.04) 

-0.02 

(-0.07; 

0.03) 

-0.15 

(-0.30; -

0.004) * 

-0.15 

(-0.31; 0.00) 
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Model 2 -0.08 

(-0.15; -

0.004) * 

-0.04 

(-0.10; 

0.01) 

-0.07  

(-0.14; 

0.01) 

-0.16  

(-0.35; 

0.03) 

-0.04 

(-0.09; 

0.02) 

-0.14 

(-0.31; 

0.02) 

-0.15 

(-0.32; 0.02) 

Model 3 -0.06 

(-0.14; 

0.01) 

-0.04 

(-0.09; 

0.02) 

-0.06  

(-0.13; 

0.01) 

-0.14  

(-0.32; 

0.05) 

-0.03 

(-0.09; 

0.03) 

-0.13 

(-0.29; 

0.03) 

-0.13 

(-0.30; 0.04) 

Females        

Unadjusted 

model 

0.01 

(-0.07; 

0.09) 

0.02 

(-0.03; 

0.08) 

-0.01 

(-0.07; 

0.05) 

0.06 

(-0.11; 

0.22) 

0.03 

(-0.02; 

0.08) 

-0.04  

(-0.16; 

0.07) 

-0.05 

(-0.17; 0.07) 

Model 1 0.01 

(-0.07; 

0.09) 

0.02 

(-0.03; 

0.08) 

0.02 

(-0.03; 

0.08) 

0.05 

(-0.12; 

0.22) 

0.03 

(-0.02; 

0.08) 

-0.08  

(-0.20; 

0.05) 

-0.08 

(-0.21; 0.06) 

Model 2 0.02 

(-0.06; 

0.11) 

0.03 

(-0.03; 

0.10) 

-0.01 

(-0.09; 

0.07) 

0.09 

(-0.10; 

0.27) 

0.04 

(-0.01; 

0.10) 

0.04  

(-0.01; 

0.10) 

-0.06 

(-0.22; 0.10) 

Model 3 
0.02 

(-0.06; 

0.11) 

0.03 

(-0.03; 

0.09) 

-6.707e-

05 

(-0.08; 

0.08) 

0.08 

(-0.11; 

0.27) 

0.04 

(-0.02; 

0.09) 

-0.04  

(-0.19; 

0.11) 

-0.05 

(-0.20; 0.11) 

Note: Reference category: Normal weight. BFM, body fat mass; FFM, free fat mass; MM, muscle 

mass. Unadjusted model: main effects; model 1, adjusted for children's sex and age and parental 

years of schooling; model 2, model 1, second-hand smoking and caffeine density; and model 3, 

model 2 and allergic sensitization. *p-value<0.05; **p-value<0.001 
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Different fitted probability distributions were fitted, with the generalized gamma (GG) 

distribution (33)  chosen as the best fit using the GAMLSS package. Models were developed 

based on age and height, with the model showing the minimum value of the generalized Akaike 

information criterion (GAIC) being selected. For both models, sex was also considered.  

To verify the adequacy of the fitted GAMLSS model, we used a worm plot, a de-trended QQ-plot 

of the residuals (34) and a moment bucket plot, which assesses skewness and kurtosis. In an 

adequately fitted model, the worm plot's blue dots are expected to be close to the middle horizontal 

line, with 95% lying between the upper and lower dotted curves, which act as 95% pointwise 

confidence intervals (CI), with no systematic departure. Similarly, in the moment bucket plot, the 

pink dots representing transformed moments of residuals should be close to the central point and 

lie within the shaded area, indicating a 95% acceptance region for testing zero skewness and zero 

excess kurtosis. 

As demonstrated in Supplementary Figure 1a, 95% of the blue dots lie between the two elliptic 

curves of the worm plot. In addition, the moment bucket plot indicates that pink dots lie within 

the 95% central area for skewness and kurtosis acceptance (Supplementary Figure 1b).  

Regarding the centile plot, FeNO levels vary with height, and the height model can detect this 

variation across the observed data range (Supplementary Figure 1c). Altogether, data suggest that 

the fitted terms (height and sex) adequately explain the response variable (FeNO levels).  
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Supplementary Figure 1a.  Worm-plot for height model (m_height). The blue dots of the 

worm plot are inside the 95% pointwise confidence intervals (curves) and close to the middle 

horizontal red line. Supplementary Figure 1b. Moment bucket plot for height model 

(m_height). The pink dots are withing the central shaded, which is a 95% acceptance region for 

jointly testing zero skewness and zero excess kurtosis. Supplementary Figure 1c.  Centile 

curves for height model (m_height). Centile curves show the predicted values of FeNO at 

different centiles for given heights. Each line represents a different centile as indicated by the 

colours and labels in the legend. X-axis: Represents height in cm; Y-axis: Represents FeNO 

levels.  
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