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Abstract 

Respiratory disease substantially impacts global health in children with the highest burden in 

low- and middle-income countries (LMIC). Pneumonia is a leading cause of death in children 

under five years, while chronic respiratory disease is a major contributor to non-

communicable disease burden across the life-course. Early lung function is crucial for 

respiratory health, with low lung function in childhood linked to higher risks of respiratory 

and cardiovascular disease and premature mortality later in life. Lung growth occurs rapidly 

from birth to school age, yet most cohort studies have measured lung function later in 

childhood or adulthood. Until recently, tools for measuring preschool lung function have 

been limited. Additionally, much of the available data comes from cohorts in high-income 

countries. Many factors known to be associated with poor respiratory health such as indoor 

air pollution (IAP), environmental tobacco smoke (ETS) and preterm birth are prevalent in 

LMIC. However, data on the early life impact on lung health in these settings are lacking. 

Emergent pulmonary function tests, feasible in preschool children, have the potential to fill 

this gap. 

This thesis aimed to investigate the determinants of preschool lung function in South African 

children enrolled in a birth cohort, the Drakenstein Child Health Study (DCHS). All 1143 

children followed from birth who had infant lung function were included in the study, with 

lung function measured yearly between 3 to 5 years. Lung function measurements included 

tidal breathing, multiple breath washout and pre- and post-bronchodilator oscillometry and 

spirometry (from 5 years). At each visit, parents completed a questionnaire which assessed 

socioeconomic factors, smoking and exposure to passive cigarette smoke, current and past 

health history including lower respiratory tract infection (LRTI), HIV status and treatment 

history. Air pollutants were measured antenatally and at 4 to 6 months postnatally and 

included particulate matter 10, carbon monoxide, nitrogen dioxide, sulphur dioxide and 

volatile organic compounds. 

The chapters of the thesis cover: 

(1) A review of the need for and feasibility of lung function tools in preschool children, 

contributing to addressing the gap in our understanding of lung growth and development and 

its determinants during the preschool period. The results show that preschool lung function 

measurements are largely under-represented in LMIC, but feasible for clinical and 

epidemiological use, raising the potential of tracking lung function from early life through to 

adulthood and bridging the gap during the critical preschool period. The lack of suitable 

reference ranges for interpretation is highlighted, particularly for emergent preschool tests 

such as oscillometry. 

(2) Deriving the first reference equation for oscillometry in African children using a cohort of 

690 healthy children between 3 and 17 years. 

(3) Investigation of the joint impact of antenatal and postnatal environmental exposures on 

lung development through to 3 years. These analyses show that both antenatal and postnatal 

IAP and ETS exposure impair lung function at 3 years. The effects of postnatal exposures on 

lung function were independent and additional to that of antenatal exposures, an important 

finding as these are modifiable factors.  

(4) The impact of preterm birth on lung function through 5 years, providing the first 

longitudinal description of lung function in preterm infant survivors in LMIC. The findings 
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show that these children had impaired lung function trajectories over the first 5 years, notably 

in the moderate to late preterm group. LRTI and ETS were important modifiable factors 

contributing to reduced lung function in this vulnerable group. These finding have 

implications for clinical practice and public health, highlighting the need for improved 

maternal health initiatives to prevent preterm births, strengthen maternal pre-, peri- and 

postnatal health and to provide long-term follow-up of children born preterm. Additionally, 

the importance of educating healthcare professionals about the long-term effects of preterm 

birth is highlighted.  

In conclusion, preschool lung function testing was found to be feasible in a LMIC setting. 

The reference range equation contributed to developing the usefulness of this tool for African 

children. Major determinants of lung function included LRTI, ETS, and preterm birth. Public 

health initiatives to enhance maternal health and peri- and postnatal care, and strategies to 

reduce ETS and early-life LRTI such as novel preventive therapies, should be prioritised in 

LMIC settings. 
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Scope and layout of the thesis 

 

 

This thesis represents the culmination of my research in the field of preschool lung function 

testing, focusing on the determinants and impacts of early life exposures on lung function.  

 

The chapters of this thesis comprise the following: 

Table 1.1 Overview of thesis chapters 

Chapter Overview 

1 Background and aims. 

2 A review of lung function in preschool children in low- and middle-income countries. 

3 Deriving the first African data on normal reference equations for oscillometry in early 

childhood. 

4 Investigating the impact of antenatal and postnatal indoor air pollution and tobacco smoke 

exposure on preschool lung function.   

5 Investigating the impact of moderate late preterm birth on longitudinal lung function from 

birth to 5 years in African children.   

6 Conclusion chapter which summarises findings, limitations and recommendations. 

 

Chapter 1 provides a comprehensive and updated overview of the tools available for 

measuring and interpreting preschool lung function. The effects of antenatal and postnatal 

exposures on lung function are discussed, particularly within the context of low- and middle-

income countries (LMICs). Background information on the need for and significance of 

preschool lung function is also included, and the rationale, aims and methodology of the 

thesis are described. 

 

Chapter 2 / Publication 1: “Lung function in preschool children in low and middle income 

countries: an under-represented potential tool to strengthen child health”. This first paper 

describes the significant burden of respiratory disease in LMIC and highlights the importance 

of pulmonary function tests as objective measures of lung health and disease progression. 
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While spirometry is the most commonly used test, its application in preschool children is 

limited due to the complexity of the required manoeuvres. This review demonstrates that 

newer lung function techniques such as fractional exhaled nitric oxide (FeNO), oscillometry, 

the interrupter technique, and tidal breathing assessments have been successfully utilised in 

paediatric populations, but these tests are underrepresented in LMIC, yet they are both 

clinically feasible and applicable in epidemiological studies. Given the high burden of 

respiratory diseases in these regions, these tests hold the potential to enhance respiratory care. 

This paper has been published in Frontiers in Pediatrics (2022;10:908607).  

 

Chapter 3 / Publication 2: “Normal values of respiratory oscillometry in South African 

children and adolescents”. This paper includes the first derived oscillometry reference 

equations for African children and adolescents between the ages of 3 to 17 years.  

Oscillometry is a valuable tool for assessing respiratory function, particularly in young 

children from the age of 3 and in those who are unable to perform forced respiratory 

manoeuvres required for traditional tests such as spirometry. Oscillometry can identify 

healthy children and those with respiratory diseases. However, the clinical application of 

oscillometry in African populations has been limited due to the absence of a reference 

equation. To address this gap, we have established the first set of reference equations tailored 

to African children and adolescents, facilitating a more objective and clear understanding 

between health and disease within this population. Additionally, we also observed a broader 

and ongoing issue concerning the lack of global standardisation in oscillometry methodology 

and equipment. This is being addressed on a global platform. This paper has been published 

in ERJ Open Research (2023;9(2):00371-2022). 
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Chapter 4 / Publication 3: “The impact of antenatal and postnatal indoor air pollution or 

tobacco smoke exposure on lung function at 3 years in an African birth cohort”. IAP and ETS 

exposure contribute to the high burden of childhood respiratory illnesse, but research 

describing the impact of environmental exposures on preschool children in LMIC is limited. 

This paper addressed this gap by using comprehensive lung function testing and 

demonstrated that both antenatal and postnatal exposure to IAP and ETS are associated with 

impaired lung function at the age of three. These findings highlight the need for public health 

awareness and initiatives aimed at reducing these exposures. This paper has been published in 

Respirology (2023;28(12):1154-1165). 

 

Chapter 5 / Publication 4: “The effect of moderate to late preterm birth on lung function over 

the first 5 years of life in a South African birth cohort.” Preterm birth is associated with 

increased mortality and morbidity, particularly due to lung disease. LMIC have the highest 

rates of preterm birth with the largest burden being MLP infants. The long-term impact on 

lung function in this group is poorly understood. This paper assessed the impact of MLP on 

lung function trajectories from birth to 5 years using oscillometry and MBW measurements. 

The results demonstrated that these children have impaired lung function trajectories over the 

first 5 years of life. LRTI and tobacco smoke exposure further impaired lung function, 

independent of being born MLP. These findings highlight the importance of strengthening 

maternal health, perinatal care and strategies to reduce tobacco smoke exposure and early life 

LRTI. This paper was recently published in ERJ Open Research (2025;11(3):00733-2024). 

 

Chapter 6 / Research in context and concluding statements: This chapter summarises the key 

findings, broader implications, and impact of this research, as well as its relevance to South 
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Africa and other LMIC. The chapter discusses future directions and recommendations arising 

from this research. 
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Chapter 1: Background and aims 

 

1.1 Background 

1.1.1 Introduction 

Childhood respiratory disease contributes to a high burden of morbidity and mortality 

globally with lower respiratory tract infections (LRTI) being a leading cause of death in 

children under 5 years [1]. Respiratory diseases such as asthma and wheeze are prevalent 

among children and adolescents, and this sets the trajectory for the development of chronic 

respiratory disease in adulthood [2-5].  

 

Several early life exposures significantly impact lung health in adulthood. These include 

LRTI, environmental factors such as tobacco smoke exposure or air pollution, and poor living 

conditions. Additionally, malnutrition or premature birth also play a role [5, 6]. Maternal 

health conditions, including HIV infection and limited maternal education, further impact 

lung development [6]. However, the majority of data informing these findings come from 

high-income countries (HIC). In contrast, there is a scarcity of data examining the effects of 

these exposures on long-term lung health in low- and middle-income countries (LMICs), 

despite the high burden of respiratory illness in these regions which are home to the 

substantial majority of the global population [6].  

 

Early lung development is key to lifelong lung health, with growing evidence suggesting that 

lung function established in early life is crucial for long-term respiratory health. Low lung 

function has been linked to increased risk of respiratory disease, morbidity, and mortality 

later in life [3, 7, 8]. Impaired lung function in childhood is associated with low lung function 

in later life [3]. Findings from the TUCSON study have shown that individuals with low 
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levels of forced expiratory volume in the first second (FEV1) and forced vital capacity (FVC) 

in the second or third decade of life are at increased risk for early cardiopulmonary mortality 

[8]. Significant lung growth occurs from birth to school age, making this period vital for 

determining future lung health [9, 10]. Lung development follows three phases: a growth 

phase until peak function (from birth to early adulthood), a brief plateau, and a decline phase 

[9]. Both genetic and environmental factors influence these trajectories. Since lung 

development continues through childhood, early postnatal exposures can disrupt this process. 

Many studies assess lung function in later childhood, with a notable gap in lung function 

measurements during the critical period of preschool years [2, 10-12]. Understanding how 

these exposures influence early and long-term lung health is essential for developing effective 

interventions and prevention strategies to promote optimal lung development. 

 

A number of longitudinal birth cohort studies from HIC tracking lung development through 

childhood to adulthood have identified several important early life factors associated with 

chronic respiratory illness. These include early life LRTI, prematurity, antenatal and early life 

exposures such as indoor air pollution (IAP) and smoke exposure [4, 13-16]. Cohorts from 

LMICs have contributed additional evidence of the negative impact of early life factors on 

preschool lung function which include air pollution [7, 17, 18], early life LRTI [19, 20] and 

maternal HIV [7, 21]. However, there is a lack of comprehensive lung function data between 

infancy and preschool years, particularly in LMIC where there is a high burden of risk 

factors. While spirometry is the most commonly used and widely available test, its 

application is only feasible from 5 years and older. Available tools that are feasible in the 

preschool age group have limited availability in LMIC. Bridging this gap in lung function 

measurement is essential for understanding the impact of antenatal and early life factors on 

healthy lung development, as well as for identifying potential preventative measures. 
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1.1.2 Measuring lung function in preschool children 

Pulmonary function tests evaluate the physiology and mechanics of the respiratory system. 

Spirometry is the most common pulmonary function test available in both the inpatient and 

outpatient setting, however its use is limited in preschool children due to the need for co-

operation and specific respiratory manoeuvres. In recent years, non-invasive lung function 

tests feasible in young children have been developed and guidelines produced for preschool 

children [22, 23]. Other tests used in preschool children include tidal breathing flow and 

volume, multiple breath washout technique (MBW), oscillometry, fractional exhaled nitric 

oxide (FeNO) and other tests which measure airway resistance, include the interrupter 

technique and plethysmography [22]. These have been used to determine lung function and 

track lung growth in older children [2, 24, 25], summarised in Table 1.1. These tests are 

feasible and reproducible in preschool children and the advantage of being able to identify 

early lung disease makes them useful tools in the diagnosis and management of children with 

respiratory disease. They are also useful for assessing the impact of respiratory illness and 

risk factor exposure on lung health [26, 27], however access to lung function testing is 

limited in Africa due to technical reasons (poor access to training and skilled technicians, and 

poor technical support) and the cost of equipment and consumables [28]. 
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Table 1.2 Summary of preschool lung function tests 

Test Use Manoeuvre Age Advantages Disadvantages Variables 

BDR / 

Bronchial 

challenge 

test 

Spirometry 

[10, 22, 29-

31] 

Assess lung function 

impairment associated with 

chronic lung diseases such as 

cystic fibrosis, asthma, and 

chronic lung disease of 

prematurity. 

Provides information on 

medium to large airways. 

Can perform reversibility 

and hyperresponsive testing.  

Forced manoeuvre- 

The procedure starts 

with normal tidal 

breathing. The child 

then takes a deep 

breath to reach total 

lung capacity, 

followed by a 

forceful exhalation, 

until all the air is 

expelled. 

Reliable 

success 

from 6 

years of 

age 

 

Widely available 

and most used. 

Most childhood 

longitudinal lung 

function studies 

use spirometry. 

GLI race neutral 

reference 

available. 

Complicated 

manoeuvre. 

Does not assess gas 

exchange or lung 

volumes 

comprehensively. 

Only feasible from 

around 5 years of 

age. 

 

FEV1, FVC, 

FEV1/FVC%, 

FEF25-75. 

Yes 

Oscillometry 

(previously 

known as 

FOT) [22, 32-

37] 

 

Sensitive for peripheral 

airway disease.  

Increased resistance in 

patients with bronchiectasis, 

CF, asthma, children with 

HIV lung disease. Can 

perform reversibility and 

hyperresponsive testing. 

 

 

Performed during 

tidal breathing. 

Oscillations applied 

to the mouth in a 

frequency range of 

4-50 Hz generated 

by a loudspeaker. 

Impedance 

calculated. 

Spectral (6-32 Hz) 

(multiple) and 

intrabreath measures 

(single) (10 Hz).  

From 3 

years 

Non-invasive 

technique.  

Does not require 

cooperation. 

Does not require 

sedation. 

Intrabreath 

measured during 

zero flow- more 

sensitive 

measure. 

 

Complex 

interpretation. 

Lack of 

standardisation 

across various 

commercial devices. 

Limited normative 

values and reference 

equations especially 

for underrepresented 

population groups. 

Impedance 

comprises 2 

components: R and 

X. R measures 

airway calibre, i.e. 

airway resistance. 

X measures the 

elastance or 

“stiffness” of the 

lungs. 

Other variables: 

Fres, frequency 

Yes 
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Unclear use in 

parenchymal 

disease. 

 

dependence of Rrs 

(R6-R20) 

Intrabreath 

measurements: ReI, 

ReE, XeI, and XeE.  

Multiple 

breath 

washout [22, 

32, 35, 38, 

39] 

 

 

Detects peripheral airway 

narrowing / obstruction.  

Monitoring of children with 

CF, asthma, bronchiolitis 

obliterans, chronic lung 

disease of prematurity, 

bronchiectasis and patients 

with HIV.  

Tidal breathing 

 

From 3 

years 

Performed 

during tidal 

breathing. 

GLI reference 

range established 

for LCI and FRC 

which include 

data from Africa. 

Cost of equipment 

and tracer gases.  

Technical expertise 

required to perform. 

Mask resistance 

needs to be 

accounted for if 

child unable to use a 

mouthpiece.  

Measures the FRC 

and calculating the 

LCI which is a 

measure of 

ventilation 

homogeneity. 

No 

Tidal 

breathing 

flow volume 

loops [22, 40]  

 

Infants and children with 

wheeze- 

reflect airway obstruction.  

The shape of the tidal 

breathing flow– various 

airway disorders and can  

diagnose the level of 

obstruction. 

Tidal breathing From 3 

years 

Easy to perform Variability in 

breathing patterns. 

No reference values 

for preschool 

children. 

Majority of studies 

focused on infancy-

little data in 

preschool children. 

tPTEF, tE, and the 

ratio of these 

(tPTEF/tE); 

VPTEF (ml), VE 

(ml), and the ratio 

of these 

(VPTEF/VE). 

Yes 

Interrupter 

technique [22, 

41-43]  

Resistance of the respiratory 

system-children with 

wheezing or asthma.  

Tidal breathing- 

sudden interruption 

of flow during tidal 

breathing, this 

allows for alveolar 

and pressure at the 

Preschool 

children- 6 

years of 

age 

Easily performed 

during tidal 

breathing.  

Reference ranges 

for children are 

available. 

Different 

methodology used- 

comparison between 

tests difficult.  

The best algorithm 

to calculate pressure 

Rint  Yes 
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mouth to equilibrate 

so that alveolar 

pressure can be 

estimated. 

Does not require 

sedation. 

 

at the mouth during 

occlusion has not 

been determined  

The cut-off value for 

Rint post 

bronchodilator needs 

to be established. 

FeNO [44-46]  Non-invasive marker of TH2 

eosinophilic airway 

inflammation causing asthma 

and guides ICS use. 

Assist in the differential 

diagnosis of other conditions 

such as cystic fibrosis, PCD, 

scleroderma, obstructive 

sleep apnoea syndrome and 

hepatopulmonary syndrome. 

Monitoring patients with 

pulmonary hypertension. 

Deep inhalation 

through the mouth; 

slow exhalation, 

keeping a constant  

flow rate with 

feedback given to 

the patient during 

the test to maintain a 

constant flow. 

Children 

from 5 

years of 

age 

Normal values 

from 4 years of 

age. 

Adjunct to the 

diagnosis of TH2 

type asthma and 

guiding the use 

of ICS treatment. 

Several techniques 

leading to variability 

of results. 

Requires co-

operation. 

Cost of the 

equipment and 

running cost- 

especially within a 

LMIC setting. 

FeNO No 

BDR: bronchodilator response; CF: cystic fibrosis; Fres: resonance frequency; FEF25-75: forced expiratory flow at 25% and 75% of the forced vital capacity; FEV1: 

forced expiratory volume in the first second; FeNO: fractional exhaled nitric oxide; FOT:  forced oscillometry technique; FRC: functional residual capacity; FVC: 

forced vital capacity;  GLI: Global Lung Initiative; ICS: inhaled corticosteroid; LCI: lung clearance index; PCD: primary ciliary dyskinesia; R: resistance; R6-R20:  

difference between resistance at 6 Hz and resistance at 20 Hz; ReE: R at end expiration; ReI: R at end inspiration; Rint: interruptor resistance; Rrs: respiratory 

resistance; tE: total expiratory time; TH2: T-helper cell type 2; tPTEF: time to peak tidal expiratory flow; VE: expired tidal volume; VPTEF: volume at peak tidal 

expiratory flow; X: reactance; XeE: X at end expiration; XeI: X at end inspiration. 
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1.1.3 Tools needed for lung function interpretation   

Interpretation of pulmonary function tests requires appropriate reference equations to 

differentiate between health and disease [47], and for understanding of normal growth and 

development [47-49]. Since most lung function measures are age and somatic size dependent, 

a reference range equation needs to include age and height [47]. Furthermore, reference data 

needs to include a large number of healthy participants to account for biological difference 

and population variation [50]. Additionally, population based determinants need to be taken 

into account during interpretation [51]. 

 

Over the past decade, global collaborative efforts have attempted to validate all age 

international reference standards for use globally [52]. These initially included an ancestry 

correction, or an averaged equation for un-represented groups. However, the reference 

equations for lung function have recently come under scrutiny especially with regards to the 

historical simplistic use of ancestry in interpretation and have moved towards a proposed 

global race neutral lung function equation [52]. Differences due to race or ethnicity may 

reflect socioeconomic status (SES) and exposures rather than inherent biological differences 

[51, 52]. Therefore the Global Lung Initiative (GLI) have now developed a race neutral 

equation, acknowledging that more research is needed on ways to include the social and 

environmental determinants of pulmonary function in interpretation [51]. Global reference 

equations are being developed for other lung function tests, though the majority of data 

currently remains from Caucasian population groups [53, 54]. A recent MBW reference 

equation was published including two sites from South Africa, one in Cape Town and the 

other in Johannesburg [39]. 
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With respect to oscillometry, there are numerous population reference equations, with the 

majority representing Caucasian populations [55]. These reference equations were derived 

from small population groups with few people without uniform standardisation of equipment 

[36, 55]. Validation of these equations to other populations is rarely performed [55]. 

Currently there are no oscillometry equations for the African continent despite the high 

burden of respiratory illnesses. GLI reference equations are underway. Healthy data are 

needed for Africa and similar representative population groups to strengthen interpretation of 

these measures. 

 

1.1.4 Exposures affecting lung development 

Antenatal and postnatal exposures influence foetal lung development and have long-term 

effects on respiratory health throughout life [3]. Various antenatal and postnatal exposures 

such as maternal smoking, air pollution, maternal nutrition, HIV and early life exposures such 

as preterm birth, nutrition and LRTI are critical during pregnancy and can adversely affect 

the developing foetal lungs [21, 56-66].  

 

1.1.4.1 Nutrition   

Maternal nutrition   

Maternal nutrition plays an important role in foetal lung development by directly affecting 

lung growth as well as through epigenetic changes. Most of our understanding of prenatal 

nutrition is derived from animal models [59, 67]. One of the common effects of chronic 

prenatal malnutrition is intrauterine growth restriction (IUGR). This is as a result of fewer 

nutrients and oxygen delivery to the foetus via the placenta either due to maternal dietary 

deficiency or placental insufficiency [59, 68]. Low birth weight (LBW) is long recognised as 

one of the predictors of poor health outcomes, including lung function in children and adults 
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[58]. This was first described by Barker who hypothesised that suboptimal in-utero 

environment resulting in IUGR, LBW, and premature birth leads to the development of 

insulin resistance, hypertension, coronary heart disease and chronic obstructive pulmonary 

disease (COPD) in adulthood, all factors associated with increased mortality [69, 70]. 

 

Antenatal micronutrient deficiencies may also be important in foetal lung development. 

Maternal micronutrients such as vitamin A regulate expression of the extracellular matrix 

proteins that are essential for airway development and alveolarization. Vitamin D plays a role 

in surfactant metabolism and in epithelial mesenchymal interactions that is needed for lung 

maturation. Maternal deficiency in vitamin E and selenium have been linked to increased 

wheezing in children. Docosahexaenoic acid (DHA), a long-chain polyunsaturated fatty acid, 

found in fish oil and fatty fish plays a role in lung maturation and decreases hyperoxic lung 

injury. A deficiency in infants born less than 30 weeks may increase the risk of 

bronchopulmonary dysplasia (BPD). Maternal supplementation with fish oil in pregnancy has 

been associated with a reduced likelihood of persistent wheezing at 3 years and asthma at 5 

years [59, 71, 72]. 

 

Women living in LMICs are more often exposed to food insecurity and malnutrition [73]. 

South Africa, like other LMIC, faces a double burden of malnutrition which includes both 

undernutrition (micronutrient deficiency, underweight, and childhood stunting and wasting) 

and overnutrition [74]. Overweight/obese mothers are more likely to have stunted children 

and an increase in maternal body mass index (BMI) is associated with increased wheezing in 

the first year of life [75]. Maternal malnutrition can affect the immune system as well as alter 

inflammatory processes. This has an impact on foetal immune system and increases the risk 

of infections in infancy [76]. 
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These findings suggest that the effects of maternal malnutrition are both immediate and long 

term, and are associated with respiratory morbidity in infancy and later lung function. 

 

Postnatal nutrition   

Postnatal nutrition plays a crucial role in lung function development [59, 77], and should be 

one of the key areas of focus in newborn infants especially those born preterm. Studies have 

shown that there is a higher risk of asthma and wheeze in infants and children with LBW (or 

late preterm), and in extremely low birth weight (ELBW) infants [78, 79]. Furthermore, 

growth failure in the first weeks of life was associated with a high rate of BPD [59, 80]. On 

the other hand, a review of 24 birth cohort studies showed that greater infant weight gain in 

those born LBW was associated with an increased risk of childhood asthma and lower FEV1 

and FEV1/FVC z-scores [59, 81]. This may be a result of dysnaptic growth, a disproportionate 

growth between the airways and lung parenchyma which may result in in airflow limitation 

[59]. 

 

Breastfeeding has been shown to be protective against viral infections, likely due to the 

immune properties of breastmilk [59, 82].  Children and adolescents who were breastfed for 

more than 4 months had improved lung function volumes as measured by spirometry 

compared to formula-fed children [5, 83]. 

 

There are limited data on the effect of childhood malnutrition on lung development. 

Alveolarisation, a critical phase of lung growth, continues into early childhood. Malnutrition 

in early life can potentially affect lung growth and development, however one study showed 

that children who suffered from malnutrition before 2 years of age had similar lung function 

to those that were not malnourished [84]. Notably, 46% of patients in this study died before 
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follow up raising concerns of the potential for lower lung function that was not monitored 

[84, 85]. Furthermore, lower spirometry values across all participants in the study indicated a 

generally poorer nutritional status, complicating the comparisons between cases and controls 

[85]. Another cross-sectional study also found that children with a BMI < -2SD had a lower 

FEV1 and FVC, yet maintained a normal FEV1/FVC [86]. Both studies report smaller lung 

sizes in malnourished children but preserved lung function [87] as well as shorter leg lengths 

while sitting heights remained similar concluding that these findings were in keeping with  

“lung sparing growth” [59, 84, 86]. Since spirometry assesses large and medium airways, 

other lung function tools like oscillometry or MBW may be more sensitive in detecting subtle 

or earlier differences. These finding also demonstrate the challenges in identifying 

correlations between severe acute malnutrition and lung growth [85].  

 

Overnutrition resulting in obesity is a major problem globally and also in lower income 

countries especially sub-Saharan Africa [88]. Obesity impacts on lung mechanics resulting in 

decreased diaphragm movement, abnormal gas exchange and increased work of breathing 

[89]. Obesity is associated with increased inflammation resulting in airway hyperactivity and 

asthma [89, 90]. Being overweight and obese is associated with airway dysynapsis which is 

linked to increased asthma morbidity [91]. Lung function measurements show that children 

have lower lung volume and capacity (reducing functional residual capacity, expiratory 

reserve volume and residual volume) and a decrease in FEV1/FVC ratio [92-94]. 

 

A longitudinal study assessing the effect of BMI on lung function in children aged 6-18 years 

demonstrated that higher appendicular lean body mass positively correlated with a higher 

FEV1, FVC and total lung capacity. An increase in muscle mass was associated with a higher 

FVC and total lung capacity. However, a higher fat mass was linked to a lower functional 
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residual capacity (FRC) [95]. This is further highlighted by a birth cohort study identifying 

six distinct BMI trajectories from birth to early adulthood, all diverging from about 2 years. 

Of these, the persistently low BMI group had decreased FEV1 and FVC growth during 8 to 16 

years. The accelerated increasing BMI group had lower pre and post bronchodilator 

FEV1/FVC ratio z-scores and higher lung clearance index (LCI) at 24 years compared to the 

stable normal BMI group. The persistent high BMI group showed reduced FEV1 and FVC 

growth from 16 to 24 years, along with elevated LCI. BMI trajectories from 5 to 43 years 

showed that patients with high and low BMI trajectories were at risk of a restrictive and 

obstructive lung function pattern respectively [96]. These longitudinal studies emphasise the 

importance of healthy nutrition, the lack of preschool lung function data and the need for 

utilising alternative lung function tools feasible in preschool children to track lung function 

during this period. This will help identify divergent lung function earlier and potential 

intervention to improve long-term lung health [97]. 

 

These findings suggest that postnatal nutrition both in early life and childhood are important 

for optimal lung health. Both under and overnutrition impact lung function negatively and are 

important targets for intervention. 

 

1.1.4.2 Tobacco smoke exposure  

The incidence of smoking and second hand smoke exposure remains high in LMICs, notably 

among pregnant women who are at home living in household where individuals smoke [98]. 

 

Antenatal tobacco exposure    

Antenatal smoking during pregnancy can impact lung growth and development. Studies have 

shown that exposure to tobacco smoke in utero can alter lung development, resulting in 

reduced lung function in childhood and beyond [7, 99], and a higher risk of respiratory issues 
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such as asthma, bronchitis, and decreased lung function especially involving the small 

airways later in childhood [3, 60, 100].  

 

Tobacco exposure in the pseudoglandular phase interferes with structural development of the 

airways. This disruption affects the conducting airways causing dysynaptic growth [63, 101, 

102] which results in decreased airflow and increased resistance. Nicotine exposure results in 

an increase in collagen deposition in the airways and parenchyma [63, 102].  

 

Children exposed to tobacco smoke in utero are more likely to experience complications such 

as preterm birth and LBW, both of which are associated with increased respiratory morbidity. 

The effects are compounded by postnatal smoke exposure [3, 63, 100]. Smoke exposure 

within the Drakenstein Child Health Study (DCHS), a LMIC setting in South Africa, was 

associated with abnormal lung function at 6 weeks and 1 year of age [7, 19, 103, 104]. 

 

Postnatal tobacco exposure    

It is difficult to dissect out the respiratory effects of antenatal smoke and additional postnatal 

smoke exposure. Postnatal tobacco smoke exposure is also associated with impaired 

pulmonary function in infants and children, with these effects persisting into adulthood, the 

major effect occurs in utero [60, 105].  

 

A study found three key environmental factors associated with impaired lung growth and the 

progression of preschool wheezing to school-age asthma: aeroallergen sensitization, severe 

wheezing episodes, and tobacco smoke exposure. Of these, tobacco smoke exposure was the 

only modifiable factor, highlighting the importance of addressing this [2]. Children exposed 

to environmental tobacco smoke (ETS) are more likely to experience cough and wheeze 
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[100], as well as lower lung function in childhood and early adulthood. Lower FEV1 has been 

demonstrated in previous studies [60, 105, 106], which is an indicator for early mortality. 

Additionally, the interaction of genetic and environmental factors contributes to the long-term 

effects of tobacco smoke exposure on lung health, with research focussed on the association 

among genes, smoke exposure, and the development of asthma [107].  

 

Understanding these interactions is crucial for developing targeted interventions aimed at 

mitigating the impact of tobacco smoke on respiratory health in children. 

 

1.1.4.3 Air pollution  

Air pollution, both indoor and outdoor, impacts lung function in infants and children. 

Alternative fuels such as coal, wood, dung, and crop residues, paraffin and liquefied 

petroleum gas are used for indoor heating and cooking which releases toxic by-products 

[108]. Pregnant individuals are frequently exposed to high levels of air pollutants, such as 

particulate matter (PM), nitrogen dioxide (NO2), and sulphur dioxide (SO2) which may 

impact on foetal development [62, 63, 109]. 

 

IAP is especially prevalent in LMIC, and in South Africa, despite advancements in 

electrification, approximately 40% of the population continues to rely on alternative fuel 

sources in the household [110, 111] and this increases to about 90% in rural communities 

[111, 112]. 

 

Antenatal exposure 

Air pollutants can trigger inflammatory responses and oxidative stress in the maternal body, 

which in turn can affect placental function and foetal oxygenation [113]. Additionally, the 
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developing lungs of the foetus are particularly vulnerable to environmental toxins, which may 

interfere with normal developmental processes [64]. This results in the disruption of lung 

growth and development leading to reduced lung function, increased susceptibility to 

respiratory diseases, and a higher risk of developing conditions such as asthma later in life 

[63, 109]. 

 

Like tobacco smoke exposure, air pollution exposure is increasingly being recognised as a 

public health concern due to its potential adverse effects on foetal development and long-term 

health outcomes. 

 

Postnatal air pollution   

Children exposed to air pollution exposure (indoor and outdoor), are likely to have associated 

antenatal exposures as well [114]. Children are vulnerable to environmental pollution as they 

receive a proportionally higher dose than adults within the same environment due to the 

larger body surface area [115], lower capacity to metabolise and excrete the toxic substance 

and, specifically to younger children, they have a higher respiratory rate resulting in a 

proportionally higher dose of pollutant exposure [63]. Environmental exposures can 

adversely affect lung growth and function, predisposing children to chronic respiratory 

conditions that can persist into adulthood. For example, long-term exposure to ambient air 

pollution between the ages of 10 and 18 years was associated with decreased FEV1 [116], 

while similar exposures in younger children aged 8 to 11 years resulted in reductions in both 

FEV1 and FVC [117]. IAP poses significant risks to the respiratory system. Indoor biomass 

fuel exposure was associated with an increased risk of pneumonia [112, 118]. Tracking early 

life lung function in high air pollution areas is crucial for understanding long-term respiratory 

health consequences and informing public health policies that promote cleaner air. By 
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identifying early respiratory decline, targeted interventions can be implemented to protect 

vulnerable populations and mitigate the risk of chronic conditions such as asthma. 

 

1.1.4.4 HIV exposure  

The prevalence of HIV among pregnant women in South Africa is 27.5% [119]. With the 

implementation of prevention of mother-to-child transmission (PMTCT) program and the 

introduction of antiretroviral therapy (ART) the rates of perinatal HIV transmission have 

declined, however there are still a number of women living with HIV giving birth each year. 

This results in a growing population of HIV-exposed uninfected (HEU) children who have 

been exposed not only to HIV but also to maternal antiretrovirals (ARVs) during pregnancy 

[120, 121]. Exposure to ART in-utero can affect lung growth and function by dysregulating 

metabolic pathways potentially affecting lung growth and development [122]. 

 

Maternal HIV has shown to be associated with increased infectious morbidity and mortality, 

and poor birth outcomes such LBW, preterm birth and small for gestational age (SGA) [56, 

57, 122, 123-125]. In the DCHS study, HEU infants had higher size-adjusted tidal volumes at 

6 weeks, likely caused by a combination of antenatal exposure to a lower maternal immunity, 

ARVs, and the HIV virus [21].  Initiating ART in the mother during pregnancy was 

associated with a lower tidal volume at 6 weeks compared to initiating ART before 

pregnancy, highlighting the importance of prioritising maternal health by early ART initiation 

as this is beneficial to infant lung growth. At 2 years of age, LCI was higher in vulnerable 

HEU children, particularly in children whose mothers had uncontrolled disease, compared to 

HIV uninfected infants [21].  
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In addition to the direct impact of HIV, factors such as maternal nutrition, maternal viral load, 

maternal inflammation and ART have also been associated with impaired infant immune 

status and clinical outcomes [56, 126]. This is as a result of higher maternal viral load and 

lower CD4 counts associated leading to increased susceptibility to infections in early life. In 

addition, lower placental immunoglobulin G (IgG) transfer is associated with increased 

infectious morbidity in infants [56, 127]. While antenatal exposures to HIV is linked to 

potential adverse effects on lung function and development, these effects are influenced by 

multiple factors including social and environmental determinants. Understanding these 

factors is important to support the health and respiratory development of HEU children.   

HEU children have a high rate of respiratory diseases which include invasive pneumococcal 

infections, tuberculosis (TB), cytomegalovirus (CMV) and respiratory syncytial virus (RSV). 

The risk is highest in the first year of life. It has been shown that HEU children are 40% more 

likely to be hospitalised with LRTI, have longer hospital admissions and more likely to 

require mechanical ventilations compared to unexposed children [123, 128, 129]. Additional 

risk factors such as poverty and exposure to ETS are associated with a higher risk for 

infections by family members who have a compromised immunity [56, 57]. This highlights 

the multifactorial burden of HIV exposure on the developing lung, and the need to track lung 

function from early life to inform optimal management strategies. 

 

1.1.4.5 Prematurity and LBW   

Being born prematurely and having a low birth weight for gestational age are risk factors for 

low lung function which extends to school aged children and adolescents [130]. LBW and 

premature delivery leads to an increased prevalence of respiratory symptoms including 

frequent LRTI especially within a LMIC setting [131]. 
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The majority of studies on the impact of preterm birth have focused predominantly on early 

preterm (<32 weeks) infants requiring ventilation, prolonged oxygen requirements and 

predisposition to sepsis and with the subsequent complication of BPD resulting in ongoing 

respiratory symptoms, airway obstruction in childhood and increased hospitalisations for 

infections in the first year of life [10, 132]. 

 

Studies in early preterm infants demonstrated significant impairment in lung function at 9 to 

11 years, moreover if prematurity is associated with BPD, it may lead to irreversible airway 

obstruction in adulthood [133, 134]. BPD results in altered lung development and children 

develop chronic respiratory symptoms including wheeze and cough. These symptoms may 

decrease over time, but overall lung function remains low during late adolescence [132, 135]. 

These conditions, in addition to alveolar dysfunction, reflect small airway disease therefore a 

reliable measure of small airway function is needed for early diagnosis, to monitor the 

disease and to track respiratory function overtime [10]. 

 

Approximately 85% of global prematurity is late preterm, with 80% occurring in Asia and 

sub-Saharan Africa. There is however the belief that moderate to late preterm (MLP) infants 

(32-37 weeks) are physiologically and metabolically similar to term infants with a low risk of 

morbidity and mortality [66]. Late preterm and early term infants have increased respiratory 

morbidity during the neonatal period [65], and are more likely to require mechanical 

ventilation at birth compared to term infants. MLP birth has also been associated with an 

increased risk of LRTI in infancy from respiratory viruses such as RSV [65, 136], more 

wheezing episodes and risk of asthma in childhood [136]. Studies reporting the long-term 

respiratory outcomes of MLP in childhood are limited; however the finding from a recent 

systematic review and meta-analysis concluded that MLP had lower spirometry expiratory 
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airflows than those born at term, though the reductions were modest [137]. This data is 

particularly relevant to LMIC regions where the burden of preterm birth lies and where early 

preterm survival rates are significantly lower, reflecting limited access to neonatal intensive 

resources [138, 139]. The majority of current studies are focused on ELBW infants and are 

limited to HIC. Studies on the long-term respiratory effects in the MLP group, especially 

within LMIC settings, are limited, and data is needed to assess the long-term impact of lung 

growth and development in this vulnerable group. 

 

1.1.4.6 LRTI 

LRTI is among the leading causes of morbidity in LMIC, and is associated with chronic 

respiratory illness and impaired lung function in later childhood and adulthood [4, 7, 19, 

140]. Impaired lung function in early childhood persists and is associated with increased 

respiratory morbidity in adulthood [2, 141]. Children with a LRTI by 2 years of age are more 

likely to die prematurely from respiratory disease as adults compared to those that had no 

LRTI [141, 142]. Pneumonia in early childhood has been associated with obstructive and 

restricted lung disease in later life [4, 141]. However, there is a gap in the data on the impact 

of early LRTI and its effect on long-term lung growth and development in preschool years, a 

crucial time for lung growth and development, particularly from LMIC with a high burden of 

LRTI such as poverty. Poverty is often associated with increased exposure to tobacco smoke, 

air pollution, poor living conditions, overcrowding and lack of ventilation all of which 

contribute to the transmission of respiratory infections [6]. 

 

Understanding the timing of these infections and their impact on lung function allows for the 

implementation of targeted early interventions aimed at preventing and mitigating the adverse 

effects of LRTI. Therefore, having tools to measure early life lung function is crucial for 
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assessing the impact of these infections on lung growth and for monitoring the trajectories of 

affected individuals. Furthermore, it is important to assess the relative impact of additional 

exposures that may either exacerbate or protect against lung function decline. 

 

1.2 Rationale 

Respiratory illnesses pose a significant risk to lifelong health and are a particular challenge in 

LMIC, leading to a high morbidity and mortality. Social disadvantage, with increased 

exposure to environmental pollutants, food insecurity, and crowded living conditions are 

some of the factors that may contribute to worse outcomes. Both antenatal and postnatal 

exposures impact maternal and foetal health, leading to complications such as IUGR and 

preterm birth. These effects are compounded by ongoing exposures. Identifying and 

quantifying the determinants of respiratory illness is key in understanding their role in early 

lung development and longer-term respiratory health outcomes. Lung function measurements 

in early life, which can measure the impact of harmful exposures and track respiratory health 

to detect early declines in lung function and which are useful to children living in LMIC are 

needed. A better understanding of the determinants and impacts of early life exposures during 

this period of substantial lung growth will contribute to informing management, public health 

interventions and policies to strengthen lifelong respiratory health. 

 

1.3 Aims 

The overall aim was to investigate the determinants of lung function from birth through early 

childhood in South African children. Specific objectives were:  

1. To review the current state of preschool lung function measurement tools and data in 

African children.  
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2. To describe normal lung function from birth to 5 years of age in South African 

children and develop oscillometry reference equations for children.  

3. To investigate the impact of antenatal and postnatal IAP or tobacco smoke exposure 

at 3 years of age. 

4. To investigate the effect of MLP birth on lung function over the first 5 years of life. 

 

1.4 Methodology 

1.4.1 Study design and population 

This was a longitudinal observational study nested within the DCHS, an African birth cohort 

in Paarl, a peri-urban area approximately 60km outside of Cape Town [140]. 

 

1.4.2 Recruitment, enrolment and consent 

Pregnant mothers were enrolled during the second trimester. There were 1143 live births with 

a high cohort retention rate. All children enrolled in the DCHS study were eligible for 

inclusion in the lung function study. Inclusion criteria were broad to maximize 

generalisability: age older than 18 years and intention to remain in the area for at least one 

year. Infants were followed from birth and lung functions measured at 6 weeks, 1 year and 2 

years. All children were subsequently eligible for inclusion in this preschool study and lung 

function was measured annually from 3 to 5 years of age. 

 

Mothers provided informed consent to participate in the study which initially included infant 

lung function testing. Consent for participation in preschool lung function study was taken at 

birth and again at 3 years to include annual testing from 3 years to 6 years.   
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1.4.3 Investigations and data collection 

Mothers and fathers were interviewed at enrolment antenatally as per DCHS protocol 

(401/2009). Other investigations done at annual visit included blood samples, nasopharyngeal  

swabs in children less than 5 years, TB tuberculin skin test (Mantoux), stool sample to assess 

the microbiome and a urine sample to test for cotinine. At each annual visit, parents were 

asked to complete a validated questionnaire assessing socioeconomic factors, smoking and 

exposure to passive smoke, current and past health history, HIV status and treatment history. 

In addition, infants had air pollutants measured in their homes antenatally and postnatally. 

The postnatal measurement was conducted between 4 to 6 months of life and indoor air 

pollutants and by-products of combustion were measured. Exposures measured included 

particulate matter (PM10), carbon monoxide (CO), NO2, SO2 and volatile organic compounds 

(VOCs) [104]. 

 

1.4.4 Respiratory symptoms 

Information about respiratory symptoms (cough, wheeze, difficulty breathing), exposure to 

risk factors for respiratory disease (including tobacco smoke exposure, infectious contacts) 

and acute respiratory events (ambulatory and inpatient) were collected. Parents had access by 

telephone to a study worker 24 hours a day to report any events. 

 

1.4.5 Preschool lung function 

Children were tested at 36 months (range 36 months to 42 months), 48 months (range 46 to 

52 months), 60 months (range 58-64 months) and 72 months (range 68-76) at the Paarl 

Hospital study site. The site has a dedicated room in a quiet section of the hospital in close 

proximity to the paediatric ward. The room has piped oxygen and wall suction. The 

respiratory function testing was completed by 2 of a team of 3 trained professionals: Dr 
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Shaakira Chaya (paediatric pulmonologist), Professor Diane Gray (paediatric pulmonologist) 

and Mr Carvern Jacobs (respiratory scientist and technologist).   

 

Preschool lung function assessment was done in accordance with American/European 

Thoracic Society Statements on pulmonary function testing in preschool children [22, 23]. 

 

1.4.5.1 Tidal breathing measures 

Measurements were taken with children sitting in a chair while breathing normally. A 100 

consecutive breath epoch is measured with an ultrasonic flow-meter (ExhalyzerD, 

EcoMedics, Switzerland) via a face mask and filter. Measurements include respiratory rate, 

tidal volume and ratio of time to peak expiratory flow over total expiratory time (tPTEF/tE).  

 

1.4.5.2 MBW testing 

This was measured with the children sitting upright in a chair during normal tidal breathing. 

The MBW uses endogenous nitrogen as the inert gas and equilibrium of the inert gas occurs 

at baseline by breathing room air. Then a switch from room air to 100% O2 at the start of the 

washout phase begins after 5 stable tidal breathing breaths. Resident N2 is then washed out of 

the lungs by 100% O2 and continues until the tracer gas has washed out to beyond 1/40th of 

its starting end-tidal concentration. Each measurement takes approximately 3-5 minutes. 

Three good quality measures (minimum of 2) are taken with a maximum of 5 attempts. 

Measurements include lung volumes (FRC) and measures of ventilation homogeneity (LCI 

and moment ratios). 
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1.4.5.3 Respiratory function using oscillometry 

This measure was taken with a child sitting comfortably and breathing through a mouth piece 

with cheeks supported. The mouth piece and filter attached to a wave-tube and 

pneumotachograph with 4L per min bias flow of medical air. This was attached to a speaker 

which generated composite signals of 6-32 hertz at the mouth (FOT system, Z Hantos, 

University of Szeged, Hungary). Measurements were done with a maximum of five 16 

second epochs of composite signals to yield a minimum of 3 acceptable measurements and 

one 16 sec epoch of single 10Hz frequency. Testing measures include mean respiratory 

resistance (R) and reactance (X), resonant frequency as well as R and X at specific 

frequencies. The single frequency measure allows for intra-breath analysis of resistance and 

reactance, a more comprehensive assessment of respiratory mechanics.  

 

1.4.5.4 Spirometry 

Spirometry was done at 5 years and 6 years. The test was performed with the child standing 

and testing adhered to ATS/ERS testing standards [143]. A minimum of 3 repeatable efforts 

were obtained. Measurements included FEV1, FVC, and the ratio between FEV1/FVC.  

 

1.4.5.5 Bronchodilator response test 

Following spirometry 4 puffs of bronchodilator (salbutamol, 400ug) was administered via 

spacer and oscillometry and spirometry was repeated after 10-15 minutes. Bronchodilator 

response testing was performed from infancy through to 5 years. 

 

1.5 Significance of this thesis 

In LMIC, antenatal and postnatal risk factors for low lung function in early life are prevalent, 

leading to poor life-long respiratory health. However, most data are from HIC, and a better 
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understanding of the determinants and impact of early life exposures on later lung function is 

needed to inform interventions. This thesis will show the feasibility and value of preschool 

lung function, and describe various factors impacing on lung health. Taken together, this 

thesis will show that interventions to mitigate these exposures and promote early life 

respiratory health are urgently needed.  
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Abstract 

Background: The burden of respiratory disease is high in low-middle income countries 

(LMIC). Pulmonary function tests are useful as an objective measure of lung health and to 

track progression. Spirometry is the commonest test, but its use is limited in preschool 

children. Other lung function methods have been developed but their use in LMIC has not 

been well described. 

Aim: To review the use of preschool lung function testing in children in LMIC, with 

particular reference to feasibility and clinical applications. 

Methods: Electronic databases “PubMed”, “Scopus”,” Web of Science”, and “EBSCO host” 

were searched for publications in low and middle income countries on preschool lung 

function testing, including spirometry, fractional exhaled nitric oxide (FeNO), oscillometry, 

interrupter technique, tidal breathing and multiple breath washout (MBW), from 1 January 

2011 to 31 January 2022. Papers in English were included and those including only children 

≥6 years were excluded. 

Result: A total of 61 papers from LMIC in Asia, South America, Africa, Eurasia or the 

Middle East were included. Of these, 40 included spirometry, 7 FeNO, 15 oscillometry, 2 

interrupter technique, and 2 tidal breathing1. The papers covered test feasibility (19/61), 

clinical application (46/61) or epidemiological studies (13/61). Lung function testing was 

successful in preschool children from LMIC.2 Spirometry was the most technically 

demanding and success gradually increased with age. 

Conclusion: Preschool lung function testing is under-represented in LMIC for the burden of 

respiratory disease. These tests have the potential to strengthen respiratory care in LMIC, 

however access needs to be improved. 

 

 
1 0 MBW papers were identified  
2 Age feasibility for lung function measurements in preschool children: spirometry: ≥6 years; oscillometry: ≥3 

years; tidal breathing: ≥3 years; interrupter technique: ≥6 years; FeNO: ≥ 5 years 
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2.1 Introduction 

Childhood respiratory disease is a common cause of morbidity and mortality globally [1]. 

The burden of acute and chronic respiratory disease is especially high in low-middle income 

countries (LMIC) [2], may result in impaired lung function and set a trajectory for chronic 

illness into adulthood [3, 4]. However, access to respiratory diagnostic and management tools 

such as lung function are limited in many LMIC [5]. 

 

Lung function attained in early life is important for respiratory health, with low lung function 

associated with subsequent risk of respiratory disease [6]. Pulmonary function tests are an 

objective measure of lung health which can be used to diagnose and track lung disease and 

assess response to treatment. In recent years non-invasive tests have been developed and 

guidelines produced for preschool children, facilitating its use in assessing respiratory health 

in early life [7, 8].  

 

Lung function tests used in preschool children include spirometry, bronchial response testing, 

multiple breath washout (MBW), fractional exhaled nitric oxide (FeNO), oscillometry and 

other tests which measure resistance, including the interrupter technique (Rint) and 

plethysmography. With increased recognition of the importance of maximizing early life 

respiratory health and the growing availability of tools to do so, their use in LMIC is of 

particular interest. 

 

Of the preschool lung function tests, spirometry is the most commonly used and most widely 

available. Even though use is limited in very young or uncooperative children, it is feasible in 

children as young as 3 years [9]. Spirometry measures lung volumes at maximal expiration 

and is able to assess airflow obstruction, response to bronchodilator therapy and lung 
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volumes on forced expiration. The commonly reported measures are the forced expiratory 

volume in the first second (FEV1), forced vital capacity (FVC), FEV1/FVC and forced 

expiratory flow between 25 and 75% of FVC (FEF25-75) [10]. Spirometry predominantly 

reflects airflow in large and medium sized airways, and is a poor measure of peripheral small 

airways or early lung disease [11]. Current international recommendations for spirometry 

collection and interpretation in young children are available [10. 12]. 

 

Oscillometry (or the forced oscillation technique, FOT) is a simple, non-invasive technique 

which is performed during tidal breathing. Minimal co-operation is required thereby making 

this a popular measurement in preschool children. This measures the impedance of the 

respiratory system, which includes resistance and reactance across a range of frequencies 

reflecting the entire respiratory system including the small airways [13]. The novel intra-

breath measurement may be a more sensitive measure of small airway disease, thus allowing 

early detection of disease [14, 15]. Recent international recommendations for oscillometry 

have been published on methodology, technical standards and future developments for use in 

children [7, 16, 17]. 

 

The interrupter technique measures the resistance of the respiratory system requiring minimal 

cooperation. The technique involves a sudden interruption of flow during tidal breathing, this 

allows for alveolar and pressure at the mouth to equilibrate therefore alveolar pressure can be 

estimated [18, 19]. Different methods have been used to perform the test making the 

comparison of results difficult thus highlighting the need for test standardization. 

Furthermore, research is still required to determine the best algorithm to calculate pressure at 

the mouth during occlusion and the cut-off value for Rint post bronchodilator needs to be 

established [7]. 



56 

 

Multiple breath washout (MBW) is used to assess ventilation homogeneity. It measures the 

functional residual capacity (FRC) and the lung clearance index (LCI) in preschool children 

[8]. It is more sensitive than spirometry for the detection of peripheral airway disease and has 

been successfully used in the monitoring of children with cystic fibrosis (CF) and primary 

ciliary dyskinesia (PCD) [7, 20]. It correlates with high resolution CT scan in CF patients as 

well as in children with asthma, bronchiolitis obliterans or chronic lung disease of 

prematurity [8, 21]. 

 

Fractional exhaled nitric oxide (FeNO) is a non-invasive marker of T-helper cell type 2 

(TH2) eosinophilic airway inflammation. Tests can be performed with high repeatability and 

accuracy [22-24]. Its main use is an adjunct to the diagnosis of TH2 type asthma and guiding 

the use of inhaled corticosteroid (ICS) treatment. In addition, FeNO can also assist in the 

differential diagnosis of other conditions such as cystic fibrosis (CF), PCD, scleroderma, 

obstructive sleep apnoea syndrome and hepatopulmonary syndrome. Fractional exhaled nitric 

oxide levels are low in PCD; however measurement of nasal NO improves the diagnostic 

accuracy and is a useful screening tool for PCD [23, 25]. Normal values for FeNO are 

published for children from 4 years of age [24], as well as international applications and the 

use of FeNO [23, 24, 26]. However, there are limited data on the use and feasibility of such 

measures in LMIC, despite the high burden of lung disease and need for objective tools to 

diagnose and monitor these. 

 

We aimed to review the use of preschool lung function testing in children in LMIC, with 

reference to feasibility and clinical applications, to identify opportunities for optimizing 

diagnosis and management of childhood respiratory disease in these settings. 
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2.2 Methods 

We reviewed published literature of preschool lung function testing in LMIC, which included 

children between the ages of 3 to 5 years. We included published papers from 1 January 2011 

to 31 January 2022 that included lung function testing in the preschool age group from a 

World Bank defined LMIC.  

 

The search was conducted on the following electronic databases: PubMed, Scopus, 

EBSCOhost (Cinahl, Africa wide information, Health source- Nursing/Academic Edition) 

and Web of Science including the search terms: “Respiratory Function Test∗” OR “Lung 

function test∗” OR “pulmonary function test∗” OR “respiratory function test∗” OR “multiple-

breath washout” OR “Forced oscillation technique” OR” tidal breathing” OR “fractional 

excretion of nitric oxide” OR Spirometry OR Oscillometry OR “impulse oscillometry” OR 

“interrupter technique” OR “interrupter resistance” AND “preschool child∗”. Full search 

strategy can be seen in Supplementary Table S2.1. Reviews, editorials, case reports and 

conference proceedings were excluded. Any papers including only children ≥ 6 years were 

excluded. Abstracts of identified documents were reviewed and screened by SC, with second 

author DG assisting with inclusion queries. All included papers were reviewed by SC. 

 

2.3 Results 

A total of 626 papers were screened of which 61 were eligible for inclusion, Supplementary 

Figure S2.1. They included papers from 4 regions: 30 (49.2%) from Asia, 17 (27.9%) from 

South America, 9 (14.7%) from Africa and 5 (8.2%) from Europe and the Middle East. Five 

lung function tests were most commonly reported: 40 (65.6%) spirometry, 7 (11.5%) FeNO, 

15 (24.6%) oscillometry, 2 (3.3%) interrupter technique and 2 (3.3%) tidal breathing 

measurements. There were no papers including MBW. The papers covered test feasibility 
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(19, 31.1%), clinical applications (46, 75.4%) and epidemiological studies (13, 21.3%). 

Clinical studies focused on development of reference tools (19/46, 41.3%) and on specific 

diseases: asthma (15/46, 32.6%), of which 4 papers in addition to asthma included allergic 

rhinitis, air pollution, obesity and allergic bronchopulmonary aspergillosis (ABPA); CF 

(5/46, 10.9%); 1 bronchiolitis obliterans, 1 recurrent wheeze, 1 systemic sclerosis. 

Epidemiological studies assessed the impact of air pollution (10/13, 77%); electronic waste 

(e-waste) (2/13, 15.4%) [27, 28] and the effect of antenatal omega 3 fatty acid 

supplementation (1/13, 7.7%) on lung function. E-waste is accumulated discarded or broken 

electronic devices which is becoming the largest amount of waste in the world [27, 28]. As 

spirometry, FeNO, oscillometry or tidal breathing were most commonly used they were the 

focus of this review. 

 

2.3.1 Spirometry  

The majority (40, 68%) of papers included spirometry, (Table 2.1). Spirometry was used to 

develop reference equations, diagnose and manage respiratory diseases including asthma or 

CF, assess the impact of air pollution, electronic exposures (e-exposures) or socio-economic 

status on lung function. Twenty (50%) studies were from Asia, 9 (22.5%) from South 

America, 7 (17.5%). From Africa and 4 (10%) from Europe and the Middle East. 
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Table 2.1 Details of included studies using spirometry (n=40) 

Authors, Year Country Age 
No. of 

patients 
Study type Theme Main finding 

Zhu et al. [63] China 

5-12yr; little 

group-divided 

into groups 5-7 

years 

121  
asthma, 

allergic 

rhinitis 

Spirometry was used to assess factors associated with 

FeNO. A greater peak expiratory flow in addition to a 

greater age, height/weight and level of total IgE are related 

to higher FeNO levels 

He et al. [49] China 5-13 years 43  air pollution 
No significant associations were noted between personal 

PM2.5 exposure and spirometry. 

Kang et al. [56] China 4-12 years 
286-asthma, 

301-control 
 Asthma 

A BDR threshold of ≥7.5% may be more valuable 

compared to ≥12% in childhood asthma 

Leung et al. [55] China 2-7 years 1341  Asthma 

The minor allele SNP (rs408223), of CDHR3 was 

associated with lower FEV0.5 (β = −2.411, P = 0.004), and 

FEV0.5/FVC (β = −1.292, P = 0.015) 

Sun et al. [52]  China 3-10 years 112 
experimental 

study 
Asthma 

Pulmonary function indices (FVC, FEV1 and PEF), were 

significantly higher (p < 0.001), in the observational group 

(treated with montelukast and budesonide), than the control 

group (budesonide alone), Treating cough variant asthma 

with montelukast combined with budesonide is more 

effective than budesonide alone. 

Wang et al. [58]  China 2-5 years 120 

randomized, 

double-blind 

placebo-

controlled trial 

acute asthma 

Treating acute asthma exacerbation with montelukast 

compared to placebo demonstrated no significant difference 

in the PEF and FEV1. 

Zeng et al. [28]  China 5-7 years 206   
e-waste 

exposure 

Taken together, birth weight and chest circumference may 

be good predictors for lung function levels in preschool 

children 

Zeng et al. [27] China 5-7 years 206   
e-waste 

exposure  

Children living in the exposed area have lower lung 

function (FVC and FEV1). Levels compared to unexposed 
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children. Haemoglobin levels may be a good predictor for 

lung function- one unit of haemoglobin (1 g/L). Decline 

was associated with 5 mL decrease in FVC and 4 mL 

decrease in FEV1 

Jian et al. [35] China 4-80 years 7115 
cross-sectional 

study 

reference 

equation 

This study established new reference values for the Chinese 

population 4 to 80 years. The “South East Asian” and 

“North East Asian” GLI reference equations under or 

overestimated the FEV1, FVC, and FEV1/FVC. Local 

Chinese equations underestimated FVC and FEV1 

Sonnappa et al. 

[44]  

India and 

UK 
5-12 years 1039 

prospective 

cross-sectional 

study 

socio-

economic 

circumstance 

Spirometry differences were assessed between children 

from urban, semiurban, and rural schools. There were 

significant reductions in FEV1 and FVC in Indian-

semiurban and Indian-rural children when compared with 

Indian-urban children. 

Kumari et al. [57]  India 5-15 years 106 cross-sectional 
asthma, 

ABPA 

Percentage predicted values of FEV1 and FEF25-75 were 

lower in asthmatic children with allergic bronchopulmonary 

aspergillosis (ABPA). Compared to no ABPA, but this did 

not reach statistical significance. PEF that was significantly 

higher in children with aspergillus sensitization (AS). 

Compared to those without AS (P = 0.046). 

Kumar et al. [50]  India 5-18 years 620 
cross-sectional 

study 

asthma, 

obesity 

Obese children with asthma (Group 1). Had significantly 

lower lung function compared to non-obese asthmatic 

children (Group 2). FEV1, FVC, FEF25-75%, PEF for Group-

1 were 66.3 ± 9.9, 63.5 ± 4.2, 54.2 ± 5.7, 67.4 ± 8.4. FEV1, 

FVC, FEF25-75%, PEF for Group-2 were 74.07 ± 3.5, 77.4 ± 

7.2, 60.1 ± 2.1, 71.6 ± 2.4. P values were < 0.001, < 0.001, 

< 0.001, < 0.05 respectively 

Gulla et al. [92]  India 
138-120 

months 
46 

retrospective 

control study 
cystic fibrosis 

Children with viral infection (Group I). Had adverse 

outcome in form of greater worsening of Shwachman 

clinical scores, number of pulmonary exacerbations 
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requiring antibiotic usage, need for intravenous antibiotics, 

hospitalization rates and mortality. Spirometry decreased in 

both groups decrease in lung function in both groups but 

was not significant 

Bolla et al. [37]  India 5-15 years 790 
cross-sectional 

study 

reference 

equation 

Separate equations in males and females were generated 

with age, weight and height as predictors. No comparison to 

other reference equations were made. 

Lum et al. [42]  
India and 

UK 
5-17 years 8124 observational 

reference 

equation 

“GLI-Black” equations were most useful for interpreting 

South-Asian data and “GLI-Other” for North Indian data. 

When using GLI-predicted values from White Europeans, 

FEV1 and FVC in South-Asian children were approximately 

15% lower. There was an association between socio-

economic circumstances (SEC), and lung function. Lung 

volumes were significantly lower in those living in rural 

areas or exposed to poorer SEC. 

Asrul et al. [45]  Malaysia 5 and 6 years 120 

cross-sectional 

comparative 

study 

air pollution 

There was a significant difference in indoor air quality 

between urban and suburban preschools. FVC and FEV1 

among urban children were significantly lower compared to 

the suburban children. Exposures to indoor air pollutants, 

especially PM2.5 increases the risk of getting lung function 

abnormalities. 

Choo et al. [46]  Malaysia 4-6 years 630 

cross-sectional 

comparative 

study 

air pollution 

Urban area preschools have higher CO, PM10 and PM2.5 

concentration compared to from suburban and rural areas. 

FVC, FEV1, FVC% predicted and FEV1% predicted values 

were significantly lower among children from urban and 

suburban area preschools compared to rural preschools. 

Kamaruddin et al. 

[93]  
Malaysia 5-6 years 100 

cross-sectional 

comparative 

study 

air pollution 

Significant associations between PM10 and VOCs with 

FEV1% were noted (PR = 5.55, 95% CI = 2.189–14.07), 

(PR = 6.15, 95% CI = 2.565–14.73), respectively in 

exposed compared to unexposed children. 
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Rawi et al. [47]  Malaysia 5-6 years 11 
cross sectional 

study 
air pollution 

Studied preschools had a significantly higher PM and CO 

concentration compared to the comparative preschools. 

FVC, FEV1, FVC% and FEV1% predicted values were 

significantly lower among studied group. 

Asif et al. [39]  Pakistan 5-14 years 3275 
cross-sectional 

study 

reference 

equation 

Reference range equations were developed with predictors 

that included age, height, and weight. Separate equations 

for males and females were generated. No comparisons 

made to other studies. 

Ventura et al. [59]  Brazil 

1-15 

years(median 

age 3.75 years) 

38 with 

CF,31 

control 

longitudinal 

study 
cystic fibrosis 

Pasclerosisrticipants with higher C-reactive protein/albumin 

ratio at the baseline had higher odds of FEV1 ≤ 70% after 

three years of follow-up. 

Veras et al. [31]  Brazil 
6 years and 

younger 
74 

cross-sectional 

descriptive 
feasibility 

The spirometry success rate was 82%. Performance 

improved with age. 

França et al. [32]  Brazil 4-6 years 195   
reference 

equation 

Reference range generated using height as a predictor. One 

equation for males and females. No comparison to GLI 

2012 

Jones et al. [34] Brazil 3-12 years 1990 

cross-sectional 

observational 

study 

reference 

equation 

Equation generated significantly from those currently in use 

in Brazil-Underestimate FVC and FEV1 values. 

Burity et al. [33] Brazil 3-6 years 425 
prospective 

study 

reference 

equation 

Full expiratory curves are more difficult to obtain in 

preschool children. In addition to height, gender also 

influenced the measures of FVC and FEV1 

Matos et al. [53] Brazil 4-12 years 1129 
cross-sectional 

study 
 Asthma 

Overweight children have less respiratory capacity, and was 

associated with lower FEV1/FVC ratios (PR =1.37; 95% CI 

1.14, 1.64) 

França et al. [30] Brazil 4-6 years 47   Asthma 83% success rate for performing spirometry 

Ardura-Garcia et 

al. [64]  
Ecuador 5-15 years 264 cohort study Asthma Spirometry did not predict asthma recurrence. 
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Heinzerling et al. 

[48] 
Guatemala 5-8 years 506 

prospective 

cohort study 
air pollution 

A significant decrease in PEF [173 mL/min/year (95% CI 

−341 to −7)], and a non-significant decrease in FEV1 

growth were observed with later stove installation at 18 

months compared with stove installation at birth 

Bougrida et al. [38] Algeria 5-16 years 208   
reference 

equation 

Several predictors in the reference range and these include 

height, weight, age, gender BSA, BMI. Separate equations 

for males and females. There were significant differences in 

FEV1 between the measured and predicted values from 

published reference equations except for a USA reference 

equation. 

Jiffri et al. [54] Egypt 1-15 years 

120 

asthma,120 

controls 

  Asthma 

There is an association between the TNFA −308G>A 

polymorphism and susceptibility to asthma. Spirometry 

used to classify patients into asthma severity namely mild 

intermittent asthma, mild persistent asthma, moderate 

persistent asthma, or severe persistent asthma 

Akodui et al. [40] Nigeria 5-12 years 100 
cross-sectional 

study 

sickle cell 

anaemia, 

reference 

equation 

Preferred proxy for spirometry indices in children with 

sickle cell anaemia may be arm span 

Thacher et al. [94] Nigeria 5-11 years 299 
cross-sectional 

study 

asthma, air 

pollution 

The relationship between smoke exposure and airway 

obstruction in households that did and did not use firewood 

daily was not significant (mean FEV1/FEV6 of 0.95 and 

0.97, respectively; P = 0.41). There was a significant 

decline in predicted FEV1 with age (p < 0.001) 

Corten et al. [95] 
South 

Africa 
5-8 years 12 

cross-sectional 

study 
cystic fibrosis 

There were significant correlations between PEF and 

manual dexterity and between FVC % predicted and 

balance scores Poorer lung function may affect motor 

development. 
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Smith et al. [43]  
South 

Africa 
5-95 years 4223 

cross-sectional 

population-

based study 

reference 

equation 

GLI2012 “Other” had the best fit for Black African 

individuals and Mixed Ethnicity group when using z-scores. 

The Caucasian individuals demonstrated a good fit with the 

GLI2012 “Caucasian” equation and participants of Asian 

ancestry demonstrated a good fit to the “Southeast Asian” 

and “Black” equation. 

Sibanda et al. [96] Zimbabwe 1-94 years 

240 (49 

between 1- 

16 years of 

age) 

observational 

study 

systemic 

sclerosis 

The mean FEV1/FVC ratio for all the patients combined 

was Significantly higher than predicted for age, gender, 

ethnicity, and BMI suggesting a restrictive pattern. The 

severity of the restrictive changes varied with the types of 

autoantibodies detected. 

Ghasempour, M. et 

al. [51] 
Iran 5-15 years 73 

description-

observation 
Asthma 

The average FEV1/FVC parameter in the cough variant 

asthma group was 89.44 ± 13.07, and 72.35 ± 8.47 in the 

classic asthma group, with a significant difference between 

the two groups (p < 0.05). Patients with cough variant 

asthma FEF25-75% were lower than expected. Spirometry 

can be used in the diagnosis of cough variant asthma. 

Tabatabaie et al. 

[36] 
Iran 4-10 years 495   

reference 

equation 

Reference range equations were generated for both males 

and females using height and age as predictors. When 

compared to previous published international equations 

significant differences were noted. 

Al-Qerem et al. 

[29] 
Jordan 3-5 years 765 

random 

sampling 

reference 

equation 

The GLI 2012 for Caucasians is a reasonable fit for 

Jordanian preschool aged children. 

Sasihuseyinoglu et 

al. [60] 
Turkey 

mean age7.83 

years 
80 

retrospective 

study 
cystic fibrosis 

There were significant correlations between the Bhalla 

score and FEV1, FVC, and FEF25-75% 

PR, Prevalence Ratio; CI: Confidence Interval; PM, particulate matter; PM2.5: particulate matter 2.5; PM10, particulate matter 10; PEF, peak expiratory flow; SNP, 

single-nucleotide polymorphism; FEV0.5, forced expiratory volume in 0.5-second; FVC, forced vital capacity 
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Success rates for spirometry in preschool children increased with age [29]. Children between 

4-6 years of age achieved a success rate between 82–85% [30-32], while children between 3-

5 years and 3-6 years of age, success rates were 68.4% and 42% respectively [29, 33]. 

 

A number of reference ranges were generated for individual population groups in LMIC, 

which were compared to either local reference ranges and/or The Global Lung Function 

Initiative (GLI) 2012 equation [32-39]. Many resulted in an over estimation/underestimation 

of lung function for the population assessed, highlighting the complexity of population 

differences in lung function. A Nigerian study determined reference equations for children 

with sickle cell anemia [40]. Published international equations also used arm span to 

determine height for spirometry [41]. The GLI 2012 “Caucasian” provided a reasonable fit 

for Jordanian children [29]. When assessing spirometry in two groups of healthy children 

with Indian ancestry, one living in UK and the other in India, the GLI equations for best fit 

differed: the “GLI-Black” equation was most useful for interpreting the South-Asian data and 

“GLI-Other” for North Indian data [42]. Similarly in a South Africa population the GLI 2012 

“GLI-Caucasian” provided a good fit for the Caucasian population, “GLI-Black” and “GLI-

Southeast Asian” was a good fit for the Indian population and “GLI-Other” fit the Black 

African and Mixed ancestry populations well [43]. These findings highlight the importance of 

multiple factors, including environment and socioeconomic exposures that impact population 

differences [42, 43]. 

 

Numerous environmental factors were reported to impact on lung function. Children living in 

rural areas or exposed to poorer socio-economic circumstances had lower lung function 

compared to those in urban areas [42, 44]. Exposures to volatile organic compounds, 
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particulate matter 10 (PM10) or carbon monoxide (CO) were associated with a decrease in 

FEV1 and FVC in exposed preschool children [45-47].  

 

In a study in Guatemala, where CO was used as a proxy for PM2.5, timing of chimney stove 

installation was compared to cooking over open fires, and showed a decrease in PEF of 173 

ml/min/year (95% CI -341 to -7) with chimney stove installation at 18 months compared to 

installation at birth [48]. A Chinese study failed to demonstrate any significant association 

between PM2.5 exposure and any of the spirometry lung function measures, however an 

increase in oscillometry resistance was noted suggesting that oscillometry may be a more 

sensitive measure [49]. In addition to air pollution, e-waste is a growing concern. Chinese 

children living in e-waste exposed areas had significantly lower birth weight, chest 

circumference and spirometry lung function compared to those in unexposed areas [27, 28]. 

 

The majority of included papers used spirometry in the clinical diagnosis and management of 

pediatric obstructive lung disease including asthma and CF. The studies investigated genetic 

predisposition to asthma, and management of acute, poorly controlled and cough-variant 

asthma (CVA) and the impact of obesity [50-53]. Genes associated with increased 

susceptibility to asthma and lower spirometry indices were identified in Chinese and 

Egyptian children [54, 55]. One study assessed current definitions of BDR, suggesting that a 

BDR of >7.5% may be more valuable in young children rather than the adult defined 12% 

[56]. Another study included assessing impact of ABPA on spirometry of asthmatic children 

[57]. In a Chinese study acute asthma did not respond to adding montelukast to the regular 

regimen [58], however it was noted that in children with CVA, cough associated with chronic 

airway allergic inflammation without wheeze, had a significant improvement in FEV1, FVC, 

and PEF (p < 0.001) with montelukast and budesonide compared to budesonide alone, while 
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another study noted that FEV1/FVC was normal in CVA compared to patients with asthma (p 

< 0.001) [51, 52]. 

 

Spirometry was also used in South American, Turkish and South African children to monitor 

lung function in cystic fibrosis [59], and showed good correlation between CT scan Bhalla 

score and FEV1, FVC, FEF25-75 [60]. 

 

2.3.2 Fractional exhaled nitric oxide 

Of the 7 papers using FeNO, 4 (57%) clinical studies measured FeNO to assess risk and 

treatment response of asthma or recurrent wheeze; and 3 epidemiological studies assessed the 

impact of IAP on airway inflammation in children. These included studies mainly from Asia 

(5 from China, 1 from Thailand) and 1 from Ecuador, South America. There were no 

published preschool studies from Africa. Included studies are summarized in Table 2.2. 
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Table 2.2 Detail of included studies that assessed fractional exhaled nitric oxide (n = 7), oscillometry (n = 15), interrupter technique (n = 2) and tidal breathing (n = 2) 

Authors, 

Year 
Country Age 

No. of 

patients 
Study type Theme Main finding 

Fractional exhaled nitric oxide 

Zhang et al. 

[62] 

China 5 years 507 cross-sectional 

study 

air pollution Indoor and outdoor PM2.5 levels in day care centres were associated 

with higher levels of FeNO. FeNO levels were also associated with 

current wheeze and physician diagnosed pneumonia. 

Han et al. [65] China 4-11 years (4-6 

and 7-11 years) 

142 cross-sectional 

descriptive 

study 

Asthma Family management (FM), describes how family members cooperate 

and integrate the management of childhood chronic disease into their 

daily family life. FM was closely related to asthma control and could 

significantly predict FeNO value and C- ACT score. 

Li et al. [22] China 32-48.7 months 88   recurrent 

wheeze 

sRAGE may be a novel biomarker of inflammation of the respiratory 

tract. There was a significant negative correlation between serum 

sRAGE and FeNO (p < 0.001). In the high-risk asthma group, 

sRAGE levels increased significantly while FeNO decreased 

significantly after Pulmicort therapy 

Zhu et al. [63] China 5-12yr; little 

group classified 

as 5-7 years. 

121   asthma, 

allergic 

rhinitis 

Height and total IgE are well correlated with FeNO in asthmatic 

children greater age, height/weight, peak expiratory flow (PEF), and 

higher level of total IgE (p < 0.001) are associated with higher FeNO 

levels 

He et al. [49] China 5-13 years 43   air pollution An increase in 24-h personal PM2.5 exposure one day prior to the 

clinic visit was associated with a significant increase in of FeNO 

(airway inflammation), of 9.6% 

Siwarom et al. 

[61] 

Thailand 29-72 months 436 randomised 

control study 

air pollution The mean FeNO levels were statistically different in each season (p < 

0.001). FENO levels had a strong association with high benzene 

levels (OR 5.9; 95%CI 1.5–22.9; p-value = 0.01). 

Ardura-

Garcia, C.et. 

al. [64] 

Ecuador 5-15 years 264 cohort study Asthma FeNO level did not predict asthma recurrence. 
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Oscillometry  

Zhang et al. 

[78] 

China 3-14 years 120 retrospective 

study 

upper 

airway 

obstruction 

R5 in the OSAHS group was significantly higher than that in the non-

OSAHS group (P = 0.0025) 

He et al. [49] China 5-13 years 43   air pollution An increase in 24-h personal PM2.5 exposure one day prior to the 

clinic visits was associated with a significant increase in total airway 

resistance (R5) of 6.3%, small airway resistance (R5−R20) of 15.8% 

Li et al. [82] China <14 years 42 case review bronchiolitis 

obliterans 

In children with bronchiolitis obliterans impulse oscillometry showed 

an increase in Z5 (147.5 ± 19.3% of the predicted value, normal: less 

than 120% of the predicted value), R5 (140.4 ±12.8% of the predicted 

value, normal: less than 120% of the predicted value), and X5 (226.5 

± 13.4% of the predicted value, normal: less than 120% of the 

predicted value). This suggesting increased peripheral airway 

resistance. 

Udomittipong 

et al. [70] 

Thailand 3-7 years 291 cross-sectional 

study 

reference 

equation 

Reference values for respiratory impedance using FOT were 

generated using height and arm span were generated. 

Udomittipong 

et al. [73] 

Thailand 3-6 years 150   Asthma Cut-off values for evaluating bronchodilator response in FOT were 

determined: Rrs6: −23%, Rrs8: −20%, Rrs10: −20%, Xrs6: 36%, Xrs8: 

60%, and Xrs10: 43%. 

Gupta et al. 

[69] 

North 

India 

2-18 years 345 prospective 

interventional 

study 

Asthma Oscillometry is a useful tool to assess lung function and airway 

reversibility in asthmatic children. It can provide an objective 

measurement in children unable to perform spirometry. 

Medeiros et 

al. [74]  

Brazil  3-6 years 76 cross -sectional 

study 

respiratory 

symptoms 

IOS in children with respiratory symptoms were higher pre-

bronchodilator for R5 Hz and R5−20 Hz compared to those children 

without respiratory symptoms. 

Duenas-Meza 

et al. [77] 

Colombia 3-5 years 96 cross-sectional 

study 

reference 

equation 

Normal IOS reference range equations were determined, and height 

was the only predictor. A fall in R5 Hz of 28% or an increase in X5 Hz 

of 36% postbronchodilator can be considered as an upper limit of 

normal. 
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Gutiérrez-

Delgado et al. 

[68] 

Mexico birth cohort until 

5 years 

772 double blind, 

randomized, 

placebo-

controlled 

study 

Intervention 

with DHA 

Prenatal DHA supplementation did not influence IOS values with 

respect to resistance and reactance at 6, 8, and 10 Hz 

Gochicoa-

Rangel et al. 

[71] 

Mexico 2.7–15.4 years 283  reference 

equation 

Reference range equations were derived for impulse oscillometry. 

Predictors include age and height. Marked differences were noted 

between the derived reference equation when compared to other 

studies. Separate reference ranges for male and females were 

generated. 

Gochicoa-

Rangel et al. 

[75] 

Mexico 4-15 years(mean 

age 8.6) 

224 cross-sectional 

study 

reference 

equation 

Due to the robust adjustment of the equation derived from Gochicoa-

Rangel et al. [71] this equation has been recommended for clinical 

and research purposes in a Mexican population. 

Shackleton et 

al. [72] 

Mexico 3-5.2 years 584 double-blind, 

randomised, 

placebo-

controlled 

clinical trial 

reference 

equation 

Reference ranges for FOT were generated for Mexican children. 

Height was the only predictive factor and the same equation for 

males and females was used. An Australian reference range equation 

overestimate lung function in Mexican children. 

Dubowski et 

al. [67] 

Ghana 4 years 112 Prospective 

study 

infection 

exposure 

Infants exposed to a less diverse NPM (nasopharyngeal microbiota) 

had a higher small airway resistance (R5–R20 = 17.9%, 95% CI 35.6, 

0.23; p = 0.047). Compared to a more diverse phenotype 

Dutta et al. 

[66] 

Nigeria 2 years (mean age 

2.9 years) 

223 randomised 

control trial 

air pollution Increase in postnatal household air pollution (PM2.5). were 

significantly associated with higher airway reactance at 

5 Hz (X5 Hz; P= 0.04) 

Er et al. [76] Turkey 3-7 years 151   reference 

equation 

Reference values for IOS in healthy Turkish children were 

determined. Resistance was significantly correlated with height and 

reactance was significantly correlated with age (p < 0.05). Separate 

equations were derived for males and females. 
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Interrupter technique  

Rocha et al. 

[79] 

Brazil 5 to 18 years 

(mean 10,79 

years) 

38 cross-sectional 

study 

cystic 

fibrosis 

Interrupter resistance (Rint) correlates well with spirometry. There 

was a strong correlation between inverse Rint and FEV1 (r = 0.8; p < 

0.001), and moderate correlation between inverse Rint and FEF25–75% 

(r = 0.74; p < 0.001). Rint was not accurate in evaluating 

bronchodilator response. 

Gochicoa et 

al. [80] 

Mexico 

 

24 days to 6.6 

years 

264 prospective, 

cross-sectional 

descriptive 

study 

reference 

equation 

Reference values for interrupter technique (Rint), was determined in 

Mexican children. There was an inverse relationship between Rint and 

height. Females had a higher Rint than males (P = 0.054). 

Tidal breathing  

Kumar et al. 

[81] 

India 3 years 310 prospective 

birth cohort 

study 

acute 

respiratory 

infections 

The ratio of tidal expiratory flow (TEF) at 25 or 50% of tidal 

expiratory volume to peak TEF (TEF50 or TEF25/peak TEF) at 3 years 

was significantly increased in children who had an acute respiratory 

infection in infancy. 

Li et al. [82] China <14 years 42 case review bronchiolitis 

obliterans 

The tidal breathing analysis revealed a decreased tPTEF% tE (18.2 ± 

0.26%, normal: more than 40%), or VPEF%VE (21.7 ± 0.32%, normal: 

more than 40%). 

FeNO, fractional exhaled nitric oxide; OR, odds ratio; CI, 95% confidence interval; PM2.5, particulate matter 2.5; C-ACT, Childhood Asthma Control Test; sRAGE, 

Receptor for Advanced Glycation End products; Z5, magnitude of respiratory impedance; R5 :total respiratory resistance; X5: distal capacitive reactance; obstructive sleep 

apnea hypopnea syndrome (OSAHS); R5Hz, total resistance at 5 Hz; R20 Hz :central resistance at 20 Hz; R5−R20 Hz, difference between resistance at 5Hz and 20 Hz; 

IOS, Impulse oscillometry; PM2.5: particulate matter 2.5; CI:95% confidence interval; Rrs6, Rrs8, Rrs10, Resistance at 6 Hz, 8Hz and 10Hz; Xrs6, Xrs8, and Xrs10, Reactance at 

6 Hz, 8 Hz and 10Hz; DHA, docosahexaenoic acid; tPTEF% tE, ratio of time to reach peak tidal expiratory flow to total expiratory time VPEF%VE, ratio of volume to reach 

peak expiratory flow to total expiratory volume. 
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The success rate for performing FeNO in preschool children ranged between 86–99%. Thai 

children living in a metropolitan area attending day care, average age of 50.1 months (range 

29–72 months), achieved a success rate between 86–93% with data collected over 3 time 

points [61]. A cohort of 507 Chinese children aged 5 years achieved a success rate of 99% 

[62]. Over half of studies (57%) used a Niox Mino analyser (Aerocrine, Solna, Sweden) to 

measure FeNO using the single breath technique. Most studies used the recommended normal 

standards [26]. No studies have explored population differences in FeNO. 

 

All 3 studies assessing impact of air quality on respiratory health found that environmental 

pollution, including benzene and PM2.5, were associated with high FeNO [49, 61, 62]. 

 

Studies from China and one from South America, used FeNO measurement in the 

management of preschool asthma [63–65], noting the strong association with IgE mediated 

inflammation and ICS efficacy [63]. However, it was also suggested that FeNO may be less 

useful in the preschool age group for detecting ICS response, as the mean FeNO level was 

significantly higher only in the “older” age group than the cut off values reported in other 

studies for the diagnosis of asthma [63]. FeNO was not able to predict recurrence [64]. 

 

2.3.3 Oscillometry and interrupter technique  

Oscillometry has been successfully used in LMIC to assess the impact of early life exposures 

and for clinical management of children with respiratory disease. These include: 6 studies 

from Asia, 6 from South America, 2 from West Africa and 1 from the Middle East 

summarized in Table 2.2. The studies used a range of commercially available equipment 

including both impulse oscillometry (IOS) and airwave oscillometry (AOS).  
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Oscillometry has proven to be effective in assessing the impact of early life exposures on 

preschool lung function [49, 66]. An increase in household PM2.5 exposure increased airway 

reactance in Nigerian children, similarly high personal exposure to PM2.5 was associated with 

an increase in small airway resistance (R5−20), total airway resistance (R5) and resistance 

frequency dependence (R5−20), representing small airway disease, in asthmatic Chinese 

children living outside Shanghai [49, 66]. 

 

In a Ghanaian longitudinal cohort, infants exposed to a less diverse nasopharyngeal 

microbiome had a higher small airway resistance compared to a more diverse microbiome at 

4 years of age [67]. Further, in a Mexican birth cohort study, prenatal omega 3 fatty acid 

supplementation in pregnancy did not influence preschool lung function at 36, 48 or 60 

months [68]. 

 

Oscillometry was easily performed by preschool children with the overall success rate 

ranging between 74–98% in studies making it a particularly attractive option [69–73]. As a 

clinical tool oscillometry for preschool children is supported by studies that are able to detect 

differences in prebronchodilator lung function of preschool children with respiratory 

symptoms compared to those without respiratory symptoms [74]. 

 

Reference data for Mexican, Thai, Turkish and Colombian children have been collected [70–

72, 75–77], facilitating the use in diagnosis of respiratory disease. It is also a useful tool to 

assess airway reversibility in asthmatic children and cut off values for bronchodilator 

response were proposed [69, 73]. A Chinese study in children with obstructive sleep apnea 

hypopnea syndrome (OSAHS) demonstrated an increase in total airway resistance in children 

with OSAHS compared to children with snoring but without OSAHS [78]. 
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The interrupter technique was used in 2 South American studies, one of which looked at the 

development of reference values for newborn, infants and preschool children, while the other 

measured Rint in children with cystic fibrosis and found that Rint correlated well to spirometry 

FEV1 and FEF25−75, but not accurate in determining bronchodilator response [79, 80]. 

 

2.3.4 Tidal breathing 

Tidal breathing was used in 2 studies, one an Indian birth cohort and the other a Chinese 

retrospective cohort study [81, 82], (Table 2.2). Tidal breathing measurements were in 

keeping with an obstructive pattern in patients with bronchiolitis obliterans [82]. Indian 

children who had an acute respiratory tract infection in infancy had increased ratios of tidal 

expiratory flow (TEF) at 25 or 50% of tidal expiratory volume to peak TEF (TEF50 or 

TEF25/peak TEF) at 3 years suggesting increased airway resistance [81]. 

 

2.4 Conclusion 

Preschool lung function tests used in LMIC were feasible with high success rates. Success 

with spirometry increased with age [29], and oscillometry had higher feasibility compared to 

spirometry. All tests were useful for clinical application and epidemiological studies. 

Comprehensive preschool testing including spirometry, FeNO, oscillometry and tidal 

breathing were only reported from China, and only 19 countries of 137 registered LMIC 

(14%) were represented in the review, a large discrepancy as the majority (80%) of children 

live in LMIC, where the burden of early life respiratory disease and exposures known to 

cause illness are high. These include air pollution, maternal smoking, a high infectious load 

including tuberculosis, and high rates of preterm birth [2, 83–86]. Lung functions tests 

assessing these vulnerable groups are lacking. A number of studies explored the effects of air 

pollution; and the studies suggest that air pollutants increase airway inflammation and may in 
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part explain the association between household air pollution and recurrent wheeze [83]. 

Given the burden of early life exposures and the need to identify preventative measure, 

priority should be given to strengthening access to lung function assessment tools. 

 

The majority of clinical studies focussed on asthma diagnosis and management, including 

defining BDR in young children. The prevalence of asthma in LMIC is high, with a temporal 

increase in severe asthma [87]. Of particular concern is that up to 40% of children in LMIC 

with severe symptoms are undiagnosed [87, 88]. Oscillometry was useful, and more sensitive 

than spirometry, in measuring airway resistance and cut off values for BDR response was 

also determined. FeNO has been identified as a useful adjunct in diagnosis and informing 

treatment in asthmatic patients [89]. Access to these tests to improve diagnosis and 

management is needed for the many children living in LMIC. 

 

Other clinical uses have included management of chronic lung conditions like CF, 

bronchiolitis obliterans, OSAHS, obesity and systemic sclerosis all of which are associated 

with respiratory complications. Lung function tests assessing vulnerable groups such as 

children born preterm, those living with HIV or exposed in utero and those with a history of 

pulmonary TB and other early life lower respiratory tract infections are lacking in children 

from LMIC. 

 

The importance of reference range equations were highlighted in these studies. A healthy 

standard is needed for lung function tests to distinguish between health and disease in 

different populations. The GLI reference equations attempt to address this, however unique 

environmental exposures including in-utero exposures influence lung development and this 

needs to be considered when developing reference equations [90]. Research studies assessing 
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impact of exposures require appropriate patient samples and statistical modeling and should 

include both exposed and unexposed control groups. 

 

There are currently no published data for MBW in preschool children in LMIC settings, 

however data on infant testing have been published in South Africa [3, 91]. There is limited 

data on tidal breathing and the interrupter technique. Impulse and airway oscillometry use 

different input signals and this may impact results especially at high impedance, which is 

associated with disease. Furthermore, FeNO single breath and tidal breathing measures have 

different interpretation of normal ranges, and the results are not interchangeable. These 

factors may affect the interpretation and comparison of data. 

 

Challenges to accessing lung function testing need to be addressed, these include lack of 

trained personnel as each lung function test requires specialized training skills and lack of 

financial resources to support development and implementation of these tests. Spirometry and 

oscillometry are relatively inexpensive, whereas FeNO and MBW are currently more 

expensive further limiting access. Equipment maintenance and poor access locally to 

consumables and technical support incur further costs. This reduces research outputs and lack 

of robust data to better diagnose, prevent and manage respiratory disease in these settings [5]. 

 

In conclusion, preschool testing in LMIC is feasible, both epidemiologically and clinically. It 

has the potential to be useful in strengthening the diagnosis, management and prevention of 

respiratory diseases in younger children but is underutilized. Spirometry still remains a key 

clinical and epidemiological tool in LMIC, however has limitations especially in young 

children. Understanding and addressing the challenges for improving access to these tools is 

needed in order to strengthen the prevention, early diagnosis and management of childhood 
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respiratory disease in LMIC. 
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Supplementary information 

Table S2.1 Search strategy 

Search Database  

“Respiratory Function Test*” OR “Lung function” OR “Lung function test*”  OR “pulmonary 

function”  OR “pulmonary function test*”  OR “respiratory function” OR “respiratory function test*”  

OR “Respiratory outcome*” OR “pulmonary outcome*” OR “lung outcome*” OR “multiple-breath 

washout” OR “multiple breath washout” OR MBW  OR “multiple-breath nitrogen washout” OR  

“multiple breath nitrogen washout” OR MBNW  OR  FOT OR “Forced oscillation technique” OR” 

tidal breathing”  OR “fractional excretion of nitric oxide” OR Feno  OR  Spirometry  OR 

Oscillometry OR “impulse oscillometry” ” OR “interrupter technique” OR “interrupter resistance” 

AND" preschool child*" OR "pre-school child*" 

*Scopus-EMBASE Total papers: 355 

* EBSCO host Total papers :41  

- CINAHL:6 

- Africa-Wide Information :2 

- Health Source: Nursing/Academic   

  Edition:33 

*Web of science  Total papers :44 

-core collection:40 

-Sielo:4 

"Respiratory Function Tests" OR Lung function OR Lung function test OR Lung function tests OR 

pulmonary function OR pulmonary function test OR pulmonary function tests OR respiratory 

function OR respiratory function test OR respiratory function tests OR Respiratory outcome OR 

respiratory outcomes OR pulmonary outcome OR pulmonary outcomes OR lung outcome OR lung 

outcomes OR multiple-breath washout OR multiple breath washout OR MBW OR multiple-breath 

nitrogen washout OR multiple breath nitrogen washout OR MBNW  OR oscillometry OR FOT OR 

Forced oscillation technique OR tidal breathing  OR “fractional excretion of nitric oxide” OR Feno 

OR spiro OR spirometry OR "Spirometry" OR "Oscillometry" OR “impulse oscillometry ” OR 

“interrupter technique” OR “interrupter resistance” AND "preschool child" OR "preschool children" 

OR "pre-school child" OR "pre-school children" OR "child, preschool" 

* PubMed 

 

Total papers :186 

 

*Limits to 10 years 
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Figure S2.1 Flow diagram of final papers included 
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Abstract 

Introduction: Noninvasive measurement of respiratory impedance by oscillometry can be 

used in young children aged from 3 years and those unable to perform forced respiratory 

manoeuvres. It can discriminate between healthy children and those with respiratory disease. 

However, its clinical application is limited by the lack of reference data for African paediatric 

populations. The aim of the present study was to develop reference equations for oscillometry 

outcomes in South African children and adolescents. 

Methods: Healthy subjects, enrolled in the Drakenstein Child Health Study, HIV-uninfected 

adolescents in the Cape Town Adolescent Antiretroviral Cohort and healthy children 

attending surgical outpatient clinics at Red Cross War Memorial Children’s Hospital were 

measured with conventional spectral (6–32 Hz) and intra-breath (10 Hz) oscillometry. 

Stepwise linear regression was used to assess the relationship between respiratory variables 

and anthropometric predictors (height, sex, ancestry) to generate reference equations. 

Results: A total of 692 subjects, 48.4% female, median age of 5.2 years (range: 3–17 years) 

were included. The median (interquartile range (IQR)) for weight for age z-score and height 

for age z-score was −0.42 (−1.11–0.35) and −0.65 (−1.43–0.35), respectively. Stepwise 

regression demonstrated that all the variables were significantly dependent on height only. 

Comparison to previous reference data indicated slightly higher resistance and lower 

compliance values in the smallest children. 

Conclusion: We established the first respiratory oscillometry reference equations for African 

children and adolescents, which will facilitate use in early identification and management of 

respiratory disease. Our results suggest differences in oscillometry measures by ancestry but 

also highlight the lack of standardisation in methodology. 
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3.1 Introduction  

Measurement of lung function in early childhood is important for the diagnosis and 

management of lung disease, to promote optimal lung growth and development. Early life 

lung function predicts later morbidity and mortality [1, 2]. Spirometry is currently the most 

commonly performed lung function test, but its use is limited in young children as it requires 

a forced expiratory manoeuvre, mostly only feasible in children ≥5 years of age. In addition, 

it is relatively insensitive to detect early lung disease and is a poor measure of peripheral 

airway function [3]. 

 

Oscillometry is an attractive, feasible option in preschool children as it is a simple 

noninvasive test, requires minimal cooperation and can be used to follow lung function across 

the life course. Oscillometry measures the response of the respiratory system to an external 

small-amplitude oscillatory signal of medium (e.g. 4–40 Hz) frequencies which is 

superimposed on tidal breathing. The oscillatory pressure–flow relationship reflects the 

mechanical impedance of the respiratory system (Zrs), which consists of two components, 

namely resistance (Rrs) and reactance (Xrs) [4, 5]. 

 

The conventional multifrequency or spectral values of Zrs are generally obtained for a number 

of consecutive whole breaths (or, more recently, as mean values for the inspiratory and 

expiratory phases). In contrast, the novel intra-breath measurements, collected with a single-

frequency tracking signal, follow the changes in Rrs and Xrs within the breathing cycle [6]. In 

particular, intra-breath oscillometry focuses on the zero-flow points (end inspiration and 

expiration); these Zrs values are less influenced by the breathing pattern, which is often 

variable in young children and reflects less the contribution of the flow-dependent 

extrapulmonary airways. Owing to the ability to measure Rrs and Xrs at specific points of the 
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respiratory cycle and thus estimate the tidal changes in respiratory mechanics, intra-breath 

oscillometry has proved more sensitive than standard measures to assess airway obstruction, 

ventilation inhomogeneity, asthma control and respiratory disease risk [7–10]. 

 

Accurate interpretation of lung function measurements depends on the availability of a robust 

reference standard specific to the population assessed. Population differences in lung function 

such as anthropometric, sociocultural and environmental characteristics are well recognised 

[11–13]. Most oscillometry reference standards are specific for Caucasian populations from 

Europe, North America and Australia between the ages of 2 and 16 years [14–27]. Studies of 

non-Caucasian participants include Mexican, Thai, Emirati, Korean, Taiwanese, Turkish and 

Indian population groups with an age range between 3 and 17 years [28–34]. While reference 

equations derived from Caucasian data may be adequate for Caucasian South Africans, the 

most recent census describes the South African population as multi-ancestry: 80.7% Black 

African, 8.8% mixed ancestry (which would include African ancestries, Asian, Caucasian, 

amongst others) and 2.6% Indian/Asian [35]. Currently, no oscillometry reference equations 

exist for African populations, despite the high burden of respiratory disease in the region. 

Additionally, normative data on the novel intra-breath oscillometry measures are scant [8] 

and are not available for paediatric populations beyond infancy [9, 36]. Recent technical 

standards for oscillometry equipment and testing, developed by a European Respiratory 

Society (ERS) task force have highlighted the lack of appropriate paediatric reference 

standards, especially for underrepresented populations [37]. 

 

The aim of this study was to develop reference values for spectral and intra-breath 

oscillometry measures in healthy South African children and adolescents. 
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3.2 Methods 

3.2.1 Participants 

Healthy children and adolescents were enrolled from three South African groups: the 

Drakenstein Child Health Study (DCHS), a birth cohort study [38]; the Cape Town 

Adolescent Antiretroviral Cohort (CTAAC), including a healthy HIV-uninfected control 

group [39]; healthy children with no history of respiratory illnesses attending surgical 

outpatient clinics at Red Cross War Memorial Children’s Hospital, Cape Town (HCSOC). 

Participants from the DCHS birth cohort were tested annually (collected 2015–2020) from 3 

to 7 years, with one randomly selected time point per individual included in this study to 

remove any bias in the sample. Participants from CTAAC (11–15 years) and HCSOC (8–17 

years) were tested between 2018 and 2020. All participants were of African ancestry, self-

identifying as either Black African or mixed ancestry and from predominantly low 

socioeconomic communities [38, 39]. Socioeconomic status was determined from 

questionnaires completed at study visits and was based on household income, including 

accessed social grants. Household smoking was self-reported. 

 

All children were healthy at the time of testing. Prior to testing they were screened for 

respiratory symptoms (cough, wheeze, difficult breathing) using a clinical and symptom 

study questionnaire based on the validated International Study of Asthma and Allergies in 

Childhood (ISAAC) questionnaire. Those with acute lower respiratory tract illness (LRTI) or 

any respiratory illnesses in the previous month were excluded from testing. LRTI was defined 

as per the World Health Organization (WHO) case definition [40]. Children with any chronic 

respiratory conditions (self-reported or doctor diagnosed) including recurrent or persistent 

wheeze as well as chronic illnesses such as HIV infection, cardiac or neurological disorders 
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were also excluded. 

 

3.2.2 Ethics 

The study was approved by the University of Cape Town Faculty of Health Sciences 

(048/2020; 082/2018; 423/2012). Parents or legal guardians gave written informed consent in 

their first language and assent was given by all youth 7 years and older. 

 

3.2.3 Lung function measurements   

Oscillometry data were obtained using the same custom-made equipment (INCIRCLE 

wavetube system, University of Szeged, Hungary) [41, 42] by a trained team of three 

technologists3. Measurements were made with the individual sitting comfortably, breathing 

through a mouthpiece and filter, nose clip in place and the cheeks firmly supported, in 

accordance with published consensus guidelines [37]. The oscillometry system operated with 

either a pseudo-random signal in the 6–32 Hz range (conventional oscillometry) or a 10 Hz 

intra-breath tracking frequency; the latter corresponds to a 0.1-s temporal resolution allowing 

identification of the zero-flow Zrs values (see below). Measurements consisted of a maximum 

of five 16-s epochs of multifrequency oscillations to yield a minimum of three acceptable 

measurements and one 16-s intra-breath recording, repeated if necessary to obtain a minimum 

of five regular breaths, i.e. without any vocal cord noise, apnoea, irregular breathing pattern, 

glottic closure, leak or sighs. 

 

Conventional oscillometry measures included Rrs at 6 Hz (R6), 8 Hz (R8) and 10 Hz (R10), Xrs 

at 6 Hz (X6), 8 Hz (X8) and 10 Hz (X10), frequency dependence of Rrs (R6–R20), resonance 

frequency (Fres) and the absolute area of the Xrs versus frequency plot between 6 Hz and Fres 

 
3 The team of technologists testing patients were the same as highlighted in Chapter 1 
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(Ax). Additionally, mean respiratory system resistance (R), inertance (I) and compliance (C) 

were determined from model fitting to the measured Zrs data in the frequency range 10–20 Hz 

for R and 6–32 Hz for I and C [41–43]. This procedure is illustrated in supplementary figure 

S3.1. 

 

The intra-breath measurements were characterised by Rrs at end inspiration (ReI) and at end 

expiration (ReE), Xrs at end expiration (XeE) and end inspiration (XeI), and their tidal changes 

ReE–ReI (ΔR) and XeE–XeI (ΔX). 

 

3.2.4 Statistical Analysis   

Data were analysed using STATA 14.1 (STATA Corporation, College Station, TX, USA) 

and presented as frequencies, proportions, median and interquartile range (IQR) as 

appropriate. A natural logarithmic transformation was used for R, R6, R8, R10, C, Fres, Ax, ReE 

and ReI. The effect of sex on oscillometry outcomes was investigated using Wilcoxon rank-

sum test (Mann–Whitney U-test), and the relationship between the oscillometry outcomes 

and anthropometric covariates (sex, height (Ht) and ancestry) were explored using a 

backward stepwise linear regression. A reference equation for each outcome was generated 

and presented with the adjusted R2 and standard error of the estimate (SEE) to allow z-score 

calculation: z-score=(measured value − predicted value)/SEE. 

 

In order to assess the effect of puberty (particularly as numbers in this age group were 

relatively low) on the reference equation, backward stepwise regressions with anthropometric 

data for sex, Ht and ancestry were used to generate a reference equation in children between 

3 and 7 years of age from the DCHS cohort. 
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Bayesian Information Criteria (BIC) models were used to select the best model fit for each of 

the oscillometry outcomes. In addition, diagnostic checks were done to ensure that the 

assumptions of linear regression were not violated. This included testing for the presence of 

multicollinearity using variance inflation factor, normality of residuals using histograms, 

kernel density and quantile–quantile plots, and homoscedasticity using residual versus fitted 

plots. 

 

3.3 Results 

A total of 692 children between the ages of 3 and 17 years were included in the study; 573 

(82.8%) were from the DCHS cohort, 38 (5.5%) and 81 (11.7%) from the CTAAC and 

HCSOC sites, respectively, all representative of the same population group. All were of 

African ancestry, 361 (52%) were self-identified Black Africans and 331 (48%) of mixed 

ancestry. Demographic details and anthropometry of cohort including the weight for age z-

score and Ht for age z-score data are summarised in table 3.1 and detailed in supplementary 

table S3.1. A total of 13 children (2%) were severely stunted (≤3 standard deviations below 

the mean) and four children (0.6%) were severely underweight (≤3 standard deviations 

below the mean). Six children (0.9%) were obese (≥3 standard deviations above the mean). 

Notably, 29% of mothers self-reported smoking. 
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Table 3.1 Demographics of all children and adolescents (n=692) 

Individual characteristics 

Sex, female 335 (48.4) 

Age years 5.2 (4.2–7.2) 

Site 

CTAAC 

Healthy surgical (HCSOC) 

DCHS 

38 (5.5) 

81 (12.7) 

573 (82.8) 

Ancestry 

Black African 

Mixed ancestry 

361 (52.2) 

331 (47.8) 

Weight kg 18.20 (15.25–23.10) 

WAZ −0.42 (−1.11–0.35) 

Height cm 110 (101–120) 

HAZ −0.65 (−1.43–0.05) 

BMI kg·m−2 15.50 (14.53–17.04) 

BMI-Z −0.04 (−0.70–0.76) 

Housing, informal settlement#,¶ 255/611 (58.3) 

Maternal smoking# 179/611 (29.3) 

Data are presented as median (IQR) or n (%). CTAAC: Cape Town Adolescent Antiretroviral Cohort; 

HCSOC: Healthy Children at Surgical Outpatient Clinics; DCHS: Drakenstein Child Health Study; 

BMI: body mass index; WAZ: weight for age z-score; HAZ: height for age z-score; BMI-Z: body mass 

index z-score. #: information not available for HCSOC. ¶: shelter constructed outside of the formal 

housing delivery system [46]; remainder classified as urban. 
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The conventional and intra-breath impedance measures are shown for all age groups in 

supplementary table S3.2. Values of Fres were available (i.e. fell in the 6–32 Hz range) in 514 

(74.3%), less in the youngest and in most of the older children. The R and C data exhibited 

marked Ht dependences (figure 3.1); the compensatory parameter I has less physiological 

importance, and its values are not reported here. In figure 3.1, regressions on R and C versus 

Ht established in earlier work using model fitting are also plotted for comparison. The 

changes in various Zrs measures with Ht are represented in supplementary figures S3.2a and 

b, exhibiting a decrease in R6 and increase in X6 with Ht. As shown in supplementary figure 

S3.2c–e, Fres, Ax and R6–R20 decreased with increasing Ht. The intra-breath measures are 

plotted against Ht in supplementary figure S3.3. ΔR and ΔX exhibited large scatters but were 

predominantly positive (supplementary figure S3.3c and f, respectively). 

 

Stepwise regression analysis demonstrated the significant association with Ht for all 

variables; R6, X8, XeE and XeI were also found to be associated with sex; X8 and X10 with 

ancestry. However, as demonstrated by the BIC model (supplementary table S3.3), these 

additional associations offered negligible contribution to predictive models. Thus, only Ht 

was included in all regression models. The reference equations are compiled in table 3.2. An 

online tool using these equations for z-score calculation is available from supplementary 

material. The limits of normal are +1.64 z-score for R values, Fres, Ax, R6–20, and −1.64 

z-score for X values. 
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Figure 3.1 a) Respiratory system resistance (R) and b) compliance (C) versus height in healthy children and adolescents. Black solid and blue dashed lines indicate 

the regressions on the total population (n=692) and the 3- to 7-year age range (n=573), respectively. R and C versus height regressions from previous work are also 

plotted for comparison: HANTOS et al. [22]* (green), MAZUREK et al. [25]* (red) and SHACKLETON et al. [41]* (pink). 

 

 

 

 

 

 
 

*Comparisons to previous studies using the same device 
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Table 3.2 Reference equations for children and adolescents 3 to 17 years of age 

Outcome  Equation Adj R2 SEE 

R6 hPa·s·L−1 exp(4.34–0.0189·Ht) 0.723 0.214 

R8 hPa·s·L−1 exp(4.29–0.0190·Ht) 0.735 0.210 

R10 hPa·s·L−1 exp(4.27–0.0191·Ht) 0.747 0.204 

X6 hPa·s·L−1 3.46–727·Ht−1 0.405 1.168 

X8 hPa·s·L−1 3.31–647·Ht−1 0.425 0.995 

X10 hPa·s·L−1 2.73–531·Ht−1 0.359 0.938 

Fres Hz exp(3.74–0.0062·Ht) 0.230 0.211 

R6–R20 hPa·s·L−1 5.67–0.0311·Ht 0.177 1.227 

Ax hPa·L−1 exp(6.35–0.0287·Ht) 0.416 0.624 

R hPa·s·L−1 exp(4.16–0.0187·Ht) 0.739 0.205 

C L·hPa−1 exp(0.099 +0.0168·Ht) 0.523 0.295 

ReE hPa·s·L−1 exp(4.36–0.0204·Ht) 0.734 0.225 

ReI hPa·s·L−1 exp(4.32–0.0208·Ht) 0.729 0.233 

XeE hPa·s·L−1 2.17–409·Ht−1 0.174 1.178 

XeI hPa·s·L−1 3.22–577·Ht−1 0.397 0.943 

ΔR hPa·s·L−1 2.26–0.0144·Ht 0.040 1.272 

ΔX hPa·s·L−1 1.80–0.0117·Ht 0.050 0.928 

Adj R2: adjusted R2; SEE: standard error of the estimate; R6, R8 and R10: resistance at 6, 8 and 10 Hz; X6, 

X8 and X10: reactance at 6, 8 and 10 Hz; Fres: resonance frequency; R6–R20: difference between resistance 

at 6 Hz and resistance at 20 Hz; Ax: area under the reactance curve; R: resistance from model fitting; C: 

compliance from model fitting; ReI: resistance at end inspiration; ReE: resistance at end expiration; ΔR: 

ReE−ReI; XeI: reactance at end inspiration; ReE: reactance at end expiration; ΔX: XeE−XeI. 
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To assess the effect of puberty on the reference range equations, stepwise regression in 

children from the DCHS cohort was done; the coefficients obtained (supplementary table 

S3.4) remained very close to that of the reference equations for the entire cohort, with a 

moderate decrease in adjusted R2 attributable to the narrower Ht range. The consistency of 

reference equations between the full and reduced ranges in Ht is also illustrated in figure 3.1 

and supplementary figures S3.2 and S3.3. Overall, the deviations between the full and 

reduced Ht range predictions are significant only in ΔR (Figure S3.2), and mild in C (figure 

3.1), X6 and Ax (supplementary figure S3.2), ReI, XeE and XeI (supplementary figure S3.3). 

Excellent agreements were found for R and R6 between the full and reduced Ht range 

predictions. 

 

The comparison between R6 predicted with the current equation and other published reference 

equations for different populations is illustrated in figure 3.2 [14–26, 30, 34]. Initially, we 

considered reference data from previous studies only if 1) Rrs values at around 5–6 Hz were 

analysed, 2) Ht was the single independent variable and 3) higher-order than linear 

relationship to Ht was assumed. The main features of these studies are summarised in table 

3.3. Our R6 values are similar to the Rrs plots of the other studies at the medium Ht range. 

Data from nine additional studies that assumed the linear Rrs versus Ht relationship 

(supplementary table S3.5) are shown in supplementary figure S3.4; these reference lines are 

rather scattered and fall outside the nonlinear regressions and illustrate the inadequacy of the 

linear Ht dependence, especially in the wide Ht range. 
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Figure 3.2 Comparison of respiratory resistance (Rrs) versus height relationships established in the 

present and previous studies (see table 3.3 for details). 
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Table 3.3 Summary of reference studies on resistance (R) versus height (Ht) relationships# 

Author(s) Year 
Frequency 

Hz 
Device Country/race 

No. of 

subjects 

Age range 

years 
Reference equation 

MANSELL et al. [19] 1972 5 Custom made Canada 79 3–17 R5=exp(1.877–0.0089·Ht) 

COGSWELL [20] 1973 5–7 Custom made UK 204 3–12 R5–7 versus Ht range data 

STANESCU et al. [18] 1979 4–9 Custom made Belgium 130 3–14 R4 versus Ht range data 

SOLYMAR et al. [21] 1985 2–12 Custom made Sweden 218 2–18 R4=antilog(1.053–2.18·log(Ht)) 

HORDVIK et al. [15] 1985 2–26 Jones Oscillaire USA/C 138 2–16 R6=9.2·Ht2–34.1·Ht+35.2 

HANTOS et al. [22] 1985 3–10 Custom made Hungary 121 4–16 R(3–10)=1.28·105·Ht−2.05 

DUIVERMAN et al. [26] 1985 2–26 Custom made The Netherlands/C 255 2.3–12.5 R6=0.0017·Ht2–0.541·Ht+47.73 

DUCHARME et al. [23] 1998 8–16 Custo Vit R Canada/mixed 199 3–17 R8=exp(10.99–2.37·ln(Ht)) 

MAZUREK et al. [25] 2000 4–32 Custom made Poland 127 2.5–7.5 R6=exp(2.4422–1.7447·ln(Ht)) 

MALMBERG et al. [17] 2002 5–35 Jaeger IOS Finland 109 2–7 R5=exp(2.115–1.786·ln(Ht)) 

DENCKER et al. [24] 2006 5–35 Jaeger IOS Finland-Sweden/C 360 2–11 R5 versus Ht curve 

NOWOWIEJSKA et al. [16] 2008 5–35 Jaeger IOS Poland 626 3–18 R5=exp(−0.0169·Ht+1.818) 

CALOGERO et al. [14] 2013 4–48 Chess i2M Australia–Italy/C 760 2–13 R6=exp(3.3738–0.01155·Ht) 

SHACKLETON et al. [41] 2018 6–26 Custom made¶ Australia/Hungary/C 319 3–6 R6= exp(3.3501–0.01033·Ht) 

ALBLOOSHI et al. [30] 2018 5–37 Tremoflo C-100 UAE/Emirati 291 4–12 R5=exp(3.786–0.014·Ht) 

ER et al. [34] 2019 5–35 Jaeger IOS Turkey/Turkish 151 3–7 R5=antilog(0.527–0.005·Ht) 

DUCHARME et al. [27] – 1 2022 5–37 Resmon Pro Canadian/mixed 271 3–17 
R5=exp(−0.1509+0.00809·Ht-

0.0000824·Ht2) 

DUCHARME et al. [27] – 2 2022 5–37 Tremoflo C-100 Canadian/mixed 292 3–17 
R5=exp(−0.0252+0.00809·Ht-

0.0000817·Ht2) 
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Units in the reference equations are as originally reported: R in cmH2O·s·L−1, hPa·s·L−1 or kPa·s·L−1; Ht in cm or m. C: Caucasian (when stated). #: only studies 

that used nonlinear formulae are included; those assuming linear relationship are added in supplementary table S3.5. ¶: identical device to that used in the present 

study. 
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3.4 Discussion 

This is the first study to report oscillometry data in healthy African children and adolescents 

that includes both conventional and intra-breath measures. Our findings compare favourably 

with previously published normative data from other populations, suggesting that 

standardisation of methodology is a key factor accounting for cohort differences, while 

indicating the role of population differences. 

 

The vast majority of normative data derived since 1972 includes predominantly Caucasian 

populations, covering various age ranges, and utilises a variety of oscillometry equipment. 

Additionally, the predictions employed different statistical models and anthropometric 

variables, further hindering direct comparison.  

 

We therefore limited the comparison of the present data to studies that reported Ht as the only 

independent variable and used a nonlinear Ht dependence of Zrs measures, as appropriate. The 

inappropriateness of the linear Rrs versus Ht relationship is highlighted in supplementary 

figure S3.4. 

 

To our knowledge, figure 3.2 represents the most comprehensive survey on the Ht 

dependence of Rrs values in children and adolescents, although the permissive inclusion of the 

different lowest frequencies (4, 5 or 6 Hz) or frequency ranges for model fitting increases the 

variability. The roughly inverse relationships between Rrs and Ht exhibit some variability 

between the normative studies, and our data, which covers one of the widest Ht ranges, is 

consistent with this (see figure 3.2). We note that some nonlinear models, such as polynomial 

regressions, may predict unrealistic inflections in the Rrs versus Ht relationships towards 

lower Ht [27] or higher Ht [26]. Apart from this, in the lowest Ht range (<120 cm), our 6-Hz 
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Rrs values are among the highest, together with lower-frequency (4 and 5 Hz) measurements 

expected to result in higher Rrs [16, 21], and that obtained with a special (head generator) 

device [25] leads to higher values than the uncorrected Rrs. A more rigorous comparison 

covering only Zrs data at 10 Hz is presented in supplementary figure S3.5; the relative 

position of our R10 values remains similar to that shown in figure 3.2, whereas our X10 data 

are rather in the middle of the smaller set of available X10 predictions. There appears to be a 

systematic difference between our predictions and those based on the same oscillometry setup 

employed in a population of Caucasian children [41]. Comparison of Fres versus Ht 

regressions reveal a wide scatter between studies, in which our data take a midposition. 

 

Ethnic differences in oscillometry measurements obtained with the same device have been 

noted [28]; ancestry, environmental and body habitus differences, which influence Ht, were 

the most likely suggested reasons accounting for this discrepancy. Moreover, differences in 

Ht between populations appear to be greatest in preschool years [44]. The fact that our cohort 

had a higher Rrs at Ht <120 cm possibly indicates that the younger children in our study may 

have smaller lungs for a given Ht compared to other healthy reference populations. We noted 

a higher Rrs with a predominantly lower Xrs in oscillometry variables in females compared to 

males, similar to findings by others [9, 14]. However, we found that sex was not 

independently predictive after adjusting for Ht. Difference in Zrs between females and males 

in childhood and adolescence may be primarily driven by smaller lung volumes and narrower 

airways in females compared to males [45, 46]. 

 

Many early life factors influence lung growth and development, including environmental 

smoke exposure and socioeconomic status (SES) [11, 38]. Our study population was from a 

predominantly low SES community with high smoke exposure; 29% of mothers in our cohort 
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smoked [38, 39]. However, this subtle difference in Rrs at small Ht should be interpreted with 

care as measurement accuracy has been shown to be rather variable between commercial 

oscillometry devices at high load impedances, such as Zrs in small children [47]. It is worth 

noting that the reference equipment in this device comparison study [47] was the wavetube 

setup [41, 42] employed in the present investigation. Efforts are underway to align and 

standardise equipment signalling and processing, including the development of consensus 

guidelines [37, 41, 47, 48]. 

 

In addition to the conventionally reported Rrs and Xrs values at the oscillation frequencies, Fres 

and Ax are increasingly used to determine the elasticity and ventilation inhomogeneity of the 

respiratory system, whereas R6–20 reflects peripheral inhomogeneity and airway obstruction 

[47]. With the exception of Fres, these measures are very sensitive to the value of the lowest 

oscillation frequency, which is rather variable between devices and hence different studies; 

this is another argument calling for urgent standardisation effort. We have added the mean Rrs 

(R) and C parameters from model fitting [42, 43] and propose these measures as more robust 

descriptors of the resistive and reactive behaviour of the respiratory system than the Rrs and 

Xrs readings at individual frequencies. Reports on R and C in paediatric populations are scant 

in the literature [22, 25]; the most important comparison with a previous study [41] that 

employed the same oscillometry device and evaluation procedure (figure 3.1) reinforces the 

single-frequency findings on the relatively high resistance and low compliance values in our 

preschooler population. 

 

This study is one of the first to develop comprehensive reference equations for the novel 

intra-breath oscillometry measurements in the paediatric population [7–9]. Intra-breath 

measures have been shown to be a measure of airway obstruction in preschool children with 
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wheezing and altered in children with asthma [7]. We have also previously shown that these 

measurements were able to predict healthy infants at risk for lower respiratory tract infections 

[9]. The clinical utility of the intra-breath measures together with standardised conventional 

spectral variables in children need to be fully established, and ongoing work is recommended 

in this area to facilitate diagnosis of respiratory disease with more precision. 

 

Strengths of this study include the large sample of healthy children with data collected using 

the same equipment and methodology. The age range of children extended from preschool to 

adolescence provides us with a tool useful through childhood and adolescence. The 

availability of an online tool for calculation of the lower/upper limits of normal and z-score 

simplifies this further, facilitating its use for users in the field. 

 

A limitation of this study is the relatively small sample size in the 8- to 17-year-old age 

interval, a time of variable lung growth particularly between sexes, thus assessing the impact 

of puberty was limited. Since there is a remarkable consistency in the Ht dependencies of the 

major oscillometry measures between the full (3–17 years) and the lower (3–7 years) age 

ranges, these reference equations aim to guide clinical practice until they are updated by 

using more balanced patient cohorts. In addition, these normative values are based only on 

data from a single province, the Western Cape, of South Africa; therefore this may not 

necessarily be generalisable to the rest of the Southern Africa region, although recent multi-

province data collection in healthy individuals shows concordance in spirometry 

measurements [45]. 

 

In conclusion, we have established the first respiratory impedance reference equations for 

South African children and adolescents with an online tool to facilitate its use in early 
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identification and management of respiratory disease. While our results reveal differences in 

oscillometry measures by ancestry, they also highlight the lack of standardisation in 

methodology. 
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Supplementary information 

Table S3.1 Demographic data stratified by age 

Years 

3 

(n=104) 

4 

(n=131) 

5 

(n=114) 

6 

(n=128) 

7 

(n=103) 

8 

(n=9) 

9 

(n=7) 

10 

(n=12) 

11 

(n=23) 

12 

(n=11) 

13 

(n=11) 

14 

(n=10) 

15 

(n=9) 

16 

(n=9) 

17 

(n=11) 

Total 

(n=692) 

Site                 

CTAAC 
0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

9 

(90.0%) 

9 

(100%) 

9 

(100%) 

11 

(100%) 

38 

(5.5%) 

HCSOC 
0 

(0.0%) 

0 

(0.0%) 

1 

(0.9%) 

0 

(0.0%) 

6 

(5.8%) 

9 

(100%) 

7 

(100%) 

12 

(100%) 

23 

(100%) 

11 

(100%) 

11 

(100%) 

1 

10.0%) 

0 

(0.0%) 

0 

(0.0%) 

0 

(0.0%) 

81 

(11.7%) 

DCHS 
104 

(100%) 

131 

(100%) 

113 

(99.1%) 

128 

(100%) 

97 

(94.2%) 

0 

(0%) 

0 

(0%) 

0 

(0%) 

0 

(0%) 

0 

(0%) 

0 

(0%) 

0 

(0%) 

0 

(0%) 

0 

(0%) 

0 

(0%) 

573 

(82.8%) 

Sex                 

Female 
52 

(50.0%) 

69 

(52.7%) 

53   

(46.5%) 

63 

(49.2%) 

48 

(46.6%) 

6 

(66.7%) 

3 

(42.9%) 

4 

(33.3%) 

9 

(39.1%) 

3 

(27.3%) 

5 

(45.4%) 

3 

(30.0%) 

5 

(55.6%) 

5 

(55.6%) 

47 

(63.6%) 

335 

(48.4%) 

Male 
52 

(50%) 

62 

(47.33%) 

61 

(53.51%) 

65 

(50.78%) 

55 

(53.40%) 

3 

(33.33%) 

4 

(57.14%) 

8 

(66.67%) 

14 

(60.87%) 

8 

(72.73%) 

6 

(54.55%) 

7 

(70%) 

4 

(44.44%) 

4 

(44.44%) 

4 

(36.36%) 

357 

(51.59%) 

Weight 

(kg)* 

13.50 

(12.6; 

14.3) 

15.3 

(14.4; 

17.1) 

17.8 

(16.1; 

19.5) 

19. 5 

(17.4; 

21.9) 

21.1 

(19.2; 

23.9) 

29.5 

(25.5; 

30.0) 

28.5 

(26.4; 

37.0) 

36.2 

(31.0; 

40.8) 

35.7 

(30.7; 

42.9) 

41.0 

(31.1; 

49.8) 

45.2 

(34.2; 

49.8) 

49.0 

(44.0; 

62.0) 

52.0 

(41.0; 

69.0) 

55.0 

(49.0; 

61.0) 

55.0 

(49.0; 

61.0) 

18.2 

(15.3; 

23.1) 

WAZ* 

-0.54  

(-1.11;     

-0.02) 

-0.58 

(-1.05; 

0.25) 

-0.37 

(-1.09; 

0.31) 

-0.50 

(-1.38; 

0.34) 

-0.63 

(-1.37; 

0.34) 

0.66 

(-0.07; 

1.19) 

-0.17 

(-0.61; 

1.33) 

0.88 

(-0.10; 

1.56) 

0.28 

(-0.74; 

0.80) 

0.21 

(-1.34; 

1.10) 

0.31 

(-1.40; 

0.63) 

-0.11 

(-0.51; 

0.91) 

-0.77 

(-1.58; 

1.42) 

0.08 

(-1.28; 

0.62) 

-0.04 

(-1.42; 

0.95) 

-0.42 

(-1.11; 

0.35) 

Height 

(cm)* 

92.3 

(89.0; 

95.0) 

101.0 

(97.0; 

104.5) 

107.0 

(104.0; 

111.4) 

114.0 

(110.0; 

117.5) 

120.0 

(115.5; 

124.0) 

127.0 

(126.0; 

131.0) 

132.0 

(120.0; 

145.0) 

140.3 

(138.3; 

145.0) 

141.0 

(136.7; 

146.0) 

151.0 

(143.0; 

152.0) 

144.0 

(142.0; 

158.5) 

156.8 

(153.0; 

161.0) 

158.0 

(151.0; 

159.0) 

160.5 

(156.6; 

163.0) 

161.0 

(157.5; 

167.0) 

110.0 

(101.0; 

120.0) 

HAZ* 

-1.18      

(-2.00;     

-0.49) 

-0.69 

(-1.51; 

0.04) 

-0.69 

(-1.40; 

0.16) 

-0.64 

(-1.26; 

0.13) 

-0.41 

(-1.25; 

0.29) 

0.01 

(-0.38; 

0.47) 

-0.42 

(-1.79; 

1.62) 

0.27 

(-0.22; 

0.82) 

-0.46 

(-1.29; 

0.09) 

0.03 

(-1.13; 

0.53) 

-1.33 

(-1.99; 

0.58) 

-0.79 

(-1.37;    

-0.20) 

-1.46 

(-1.49;    

-0.49) 

-0.82 

(-1.82;    

-0.22) 

-0.31 

(-1.61; 

-0.65 

(-1.43; 
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-0.14) 0.05) 

BMI 

(kg/m2)* 

15.7 

(15.0; 

16.9) 

15.3 

(14.5; 

16.3) 

15.2 

(14.4; 

16.0) 

15.0 

(13.9; 

16.2) 

14.7 

(14.1; 

15.8) 

16.9 

(15.6; 

18.5) 

16.4 

(15.4; 

19.4) 

17.9 

(16.6; 

20.3) 

18.9 

(15.6; 

20.1) 

19.4 

(15.9; 

21.8) 

18.7 

(17.0; 

24.0) 

19.4 

(18.0; 

24.7) 

19.6 

(18.4; 

27.8) 

21.8 

(17.9; 

23.7) 

21.8 

(17.9; 

23.7) 

15.5 

(14.5; 

17.0) 

BMI-Z* 

0.22 (-

0.38; 

1.09) 

0.00 

(-0.62; 

0.73) 

-0.04 (-

0.61; 

0.56) 

-0.27 

(-1.01; 

0.53) 

-0.45 

(-1.15; 

0.19) 

0.55 

(-0.14; 

1.21) 

0.10 

(-0.44; 

1.33) 

0.71 

(0.10; 

1.47) 

0.82 

(-0.88; 

1.27) 

0.39 

(-0.85; 

1.59) 

0.15 

(-0.87; 

1.58) 

0.23 

(-0.62; 

1.67) 

-0.09 

(-0.63; 

1.88) 

0.37 

(-1.15; 

0.86) 

0.47 

(-0.46; 

1.10) 

-0.04 

(-0.70; 

0.76) 

CTAAC: Cape Town Adolescent Antiretroviral Cohort; HCSOC: Healthy children at surgical outpatient clinics; DCHS: Drakenstein Child Health Study; BMI: Body mass index; WAZ: weight for age z-

score; HAZ: height for age z-score; BMI-Z: Body mass index z-score. 

*Median (interquartile range) 
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Table S3.2 Summary of respiratory impedance variables stratified by age 

Standard Intrabreath 

Years R6 R8 R10 X6 X8 X10 R6-R20 Fres Ax R C ReE ReI XeE XeI ΔR ΔX 

3 n=104 n=104 n=104 n=104 n=104 n=104 n=104 n=51 n=104 n=104 n=104 n=104 n=104 n=104 n=104 n=104 n=104 

 

13.23 

(11.81; 

15.35) 

12.50 

(11.31; 

14.29) 

12.05 

(10.83; 

13.65) 

-4.56 

 (-5.63; 

-3.57) 

-3.79 

 (-4.69; 

-3.08) 

-3.07  

(-3.76;  

-2.41) 

2.76 

(1.95; 

3.63) 

25.21 

(22.71; 

27.84) 

45.22 

(34.66; 

61.22) 

11.39 

(10.09; 

12.95) 

5.05 

(4.21; 

5.78) 

11.69 

(10.47; 

13.63) 

10.29 

(9.26; 

12.43) 

-2.30 

 (-3.13; 

-1.48) 

-3.10   

(-3.75;  

-2.35) 

1.22 

(0.66; 

2.43) 

0.80  

(-0.01; 

1.37) 

4 n=131 n=131 n=131 n=131 n=131 n=131 n=131 n=89 n=131 n=131 n=131 n=131 n=131 n=131 n=131 n=131 n=131 

 

11.71 

(9.96; 

13.23) 

10.72 

(9.48; 

12.34) 

10.27 

(9.16; 

12.00) 

-3.45   

(-4.67;    

-2.67) 

-2.91   

(-3.88;  

-2.02) 

-2.28  

(-3.29;  

-1.60) 

2.47 

(1.57; 

3.48) 

22.01 

(18.25; 

24.69) 

28.90 

(19.64; 

48.27) 

9.70 

(8.73; 

10.93) 

6.03 

(4.66; 

7.61) 

10.02 

(8.77; 

11.73) 

9.23 

(8.11; 

10.62) 

-1.51 

 (-2.57; 

-0.78) 

-2.33 

 (-3.12; 

-1.68) 

0.76  

(-0.18; 

1.62) 

0.69 

(0.01; 

1.41) 

5 n=114 n=114 n=114 n=114 n=114 n=114 n=114 n=83 n=114 n=114 n=114 n=114 n=114 n=114 n=114 n=114 n=114 

 

10.14 

(8.60; 

12.20) 

9.58 

(8.26; 

10.98) 

9.20 

(7.93; 

10.63) 

-2.91  

(-3.76; -

2.38) 

-2.48 

 (-3.37; 

-1.95) 

-2.04  

(-2.73; -

1.44) 

2.17 

(1.51; 

3.11) 

21.02 

(18.15; 

25.08) 

28.26 

(16.37; 

40.02) 

8.40 

(7.36; 

9.85) 

6.79 

(5.67; 

8.39) 

8.66 

(7.37; 

10.26) 

7.94 

(6.86; 

9.62) 

-1.28 

 (-2.32; 

-0.73) 

-1.95  

(-2.60; -

1.45) 

0.42  

(-0.22; 

1.20) 

0.52 

(0.07; 

0.97) 

6 n=128 n=128 n=128 n=128 n=128 n=128 n=128 n=109 n=128 n=128 n=128 n=128 n=128 n=128 n=128 n=128 n=128 

 

9.05 

(8.13; 

10.47) 

8.58 

(7.57; 

9.94) 

8.30 

(7.31; 

9.59) 

-2.74 

 (-3.52; 

-2.15) 

-2.18 

 (-2.74; 

-1.50) 

-1.68  

(-2.16; -

1.17) 

1.86 

(1.27; 

2.72) 

20.71 

(17.93; 

23.73) 

20.08 

(14.48; 

29.75) 

7.68 

(6.76; 

8.80) 

7.44 

(6.38; 

9.34) 

7.71 

(6.69; 

9.08) 

7.54 

(6.35; 

8.90) 

-1.17 

 (-1.60; 

-0.56) 

-1.70  

(-2.18; -

1.15) 

0.41 

 (-0.34; 

1.03) 

0.57 

(0.10; 

0.87) 

7 n=103 n=103 n=103 n=103 n=103 n=103 n=103 n=88 n=103 n=103 n=103 n=103 n=103 n=103 n=103 n=103 n=103 

 

7.62 

(6.52; 

9.38) 

7.33 

(6.15; 

8.56) 

6.90 

(6.14; 

8.47) 

-2.03 

 (-2.98; 

-1.69) 

-1.61 

 (-2.31; 

-1.31) 

-1.39 

 (-1.92; 

-0.90) 

1.71 

(1.10; 

2.46) 

19.28 

(16.29; 

22.93) 

16.48 

(9.94; 

27.34) 

6.43 

(5.63; 

7.67) 

9.66 

(7.60; 

11.16) 

6.57 

(5.57; 

7.97) 

6.30 

(5.44; 

7.38) 

-0.80  

(-1.78; -

0.36) 

-1.39  

(-1.91; -

0.96) 

0.29 

 (-0.19; 

0.63) 

0.54 

(0.07; 

0.89) 

8 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=4 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 

 

7.14 

(6.46; 

9.05) 

6.30 

(5.93; 

8.56) 

5.78 

(5.65; 

7.60) 

-2.02  

(-3.32;  

-1.95) 

-2.44 

 (-3.50; 

-2.00) 

-2.34 

 (-3.42; 

-1.60) 

2.29 

(1.01; 

4.00) 

21.07 

(17.74; 

25.69) 

35.40 

(17.57; 

60.76) 

5.76 

(5.36; 

6.18) 

7.41 

(5.53; 

10.94) 

6.10 

(5.27; 

7.22) 

6.44 

(4.43; 

6.73) 

-2.17 

 (-3.23; 

-1.20) 

-1.57  

(-2.51; -

1.20) 

0.55 

(0.06; 

1.67) 

0.004  

(-0.66; 

0.45) 

9 n=7 n=7 n=7 n=7 n=7 n=7 n=7 n=5 n=7 n=7 n=7 n=7 n=7 n=7 n=7 n=7 n=7 



116 

 

 

7.02 

(5.48; 

10.79) 

6.46 

(4.87; 

9.72) 

5.89 

(4.43; 

9.21) 

-2.36  

(-4.19; -

1.36) 

-2.54 

 (-2.96; 

-1.44) 

-1.93  

(-3.42; -

0.72) 

2.40 

(1.13; 

3.34) 

20.17 

(17.48; 

25.79) 

32.12 

(8.70; 

54.33) 

5.04 

(3.98; 

8.38) 

6.99 

(5.29; 

13.70) 

6.11 

(3.89; 

8.07) 

5.12 

(4.12; 

8.14) 

-1.35 

 (-2.64; 

-0.50) 

-1.71 

 (-2.91; 

-0.42) 

0.22  

(-0.07; 

1.00) 

-0.08  

(-0.28; 

0.27) 

10 n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=8 n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=12 n=12 

 

5.86 

(4.67; 

6.63) 

5.74 

(4.36; 

6.58) 

5.56 

(4.51; 

6.16) 

-2.32  

(-3.26; -

1.32) 

-1.55 

 (-2.59; 

-1.18) 

-1.23  

(-2.24; -

0.85) 

1.04 

(0.65; 

2.21) 

19.97 

(18.11; 

23.99) 

20.41 

(10.63; 

39.11) 

5.31 

(3.84; 

5.80) 

9.51 

(7.14; 

14.92) 

5.12 

(3.99; 

6.90) 

4.67 

(3.72; 

5.33) 

-1.16 

 (-2.31; 

-0.35) 

-1.17 (-

1.84; -

0.76) 

0.75 

(0.06; 

1.38) 

-0.13  

(-0.37; 

0.26) 

11 n=23 n=23 n=23 n=23 n=23 n=23 n=23 n=21 n=23 n=23 n=23 n=23 n=23 n=23 n=23 n=23 n=23 

 

5.15 

(4.34; 

5.85) 

4.62 

(3.83; 

5.64) 

4.42 

(3.79; 

5.22) 

-1.92 

 (-2.43; 

-1.46) 

-1.61  

(-2.04; -

1.19) 

-1.29 

 (-1.89; 

-0.87) 

1.64 

(0.88; 

2.43) 

18.57 

(16.46; 

20.98) 

15.77 

(10.44; 

24.20) 

3.89 

(3.41; 

4.51) 

9.84 

(7.22; 

13.01) 

3.98 

(3.72; 

4.58) 

3.55 

(3.16; 

4.18) 

-0.93  

(-1.41; -

0.51) 

-0.89 

 (-1.58; 

-0.52) 

0.40 

(0.20; 

0.77) 

-0.09  

(-0.34; 

0.10) 

12 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=10 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 

 

4.50 

(3.73; 

6.61) 

4.35 

(3.75; 

6.70) 

4.18 

(3.33; 

5.66) 

-1.96 

 (-2.16; 

-1.05) 

-1.15 

 (-2.12; 

-0.81) 

-0.91 

 (-1.70; 

-0.17) 

1.09 

(0.36; 

2.30) 

19.71 

(16.04; 

24.87) 

18.22 

(6.17; 

19.35) 

4.16 

(2.44; 

5.42) 

13.42 

(8.91; 

17.85) 

4.24 

(3.14; 

5.22) 

3.42 

(2.51; 

3.83) 

-0.55  

(-0.91; -

0.40) 

-0.48 

 (-1.29; 

-0.36) 

0.54 

(0.36; 

1.79) 

-0.10 

 (-0.20; 

0.02) 

13 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=9 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 

 

4.19 

(3.51; 

5.57) 

3.91 

(3.25; 

4.53) 

3.99 

(3.24; 

4.20) 

-1.56  

(-1.89; -

1.32) 

-1.22 

 (-1.95; 

-0.97) 

-0.86 

 (-1.40; 

-0.60) 

0.86 

(0.38; 

1.61) 

17.59 

(14.45; 

19.18) 

11.80 

(5.98; 

20.48) 

3.33 

(3.11; 

3.85) 

12.52 

(10.51; 

15.45) 

3.58 

(2.89; 

3.96) 

2.56 

(2.33; 

3.79) 

-0.69  

(-1.05; 

0.03) 

-0.74 

 (-1.29; 

-0.36) 

0.58 

(0.34; 

1.08) 

0.07 

 (-0.31; 

0.43) 

14 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 n=10 

 

4.50 

(3.51; 

5.30) 

4.30 

(3.23; 

5.04) 

4.29 

(3.30; 

4.84) 

-1.22 

 (-1.62; 

-0.90) 

-0.94 

 (-1.01; 

-0.35) 

-0.63  

(-0.83; -

0.56) 

0.41 

(0.01; 

0.77) 

15.74 

(13.00; 

20.58) 

6.11 

(1.40; 

9.42) 

4.08 

(3.42; 

4.82) 

16.98 

(15.29; 

18.07) 

3.43 

(2.98; 

4.00 

3.27 

(2.49; 

3.66) 

-0.28 

 (-0.73; 

0.31) 

-0.50  

(-0.67; -

0.20) 

0.27 

(0.11; 

0.57) 

0.23 

(0.15; 

0.43) 

15 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=8 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 

 

3.77 

(3.16; 

4.74) 

4.00 

(3.31; 

4.66) 

3.86 

(3.35; 

4.54) 

-1.19  

(-1.47; -

0.92) 

-0.94 

 (-1.13; 

-0.50) 

-0.67 

 (-0.81; 

-0.43) 

0.05 

 (-0.04; 

0.53) 

14.00 

(11.95; 

15.27) 

4.77 

(3.07; 

6.80) 

3.82 

(3.43; 

4.55) 

17.27 

(14.48; 

18.07) 

3.63 

(3.06; 

4.19) 

2.78 

(2.55; 

3.53) 

-0.17 

 (-0.46; 

0.16) 

-0.45  

(-0.54; -

0.14) 

0.57 

(0.34; 

0.76) 

0.08  

(-0.001; 

0.27) 

16 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=8 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 
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3.39 

(3.01; 

4.11) 

3.02 

(2.93; 

3.78) 

3.18 

(2.74; 

3.79) 

-1.23 

 (-1.40; 

-1.19) 

-0.66  

(-0.70; -

0.59) 

-0.37  

(-0.66; -

0.28) 

0.23 

(0.01; 

0.58) 

14.83 

(13.26; 

15.94) 

4.18 

(4.36; 

4.33) 

3.19 

(2.67; 

3.83) 

19.24 

(17.78; 

19.75) 

2.97 

(2.46; 

3.84) 

2.50 

(2.20; 

3.32) 

-0.02 

 (-0.25; 

-0.02) 

-0.42  

(-0.75; -

0.13) 

0.29 

(0.15; 

0.67) 

0.30 

(0.03; 

0.46) 

17 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 n=11 

 

3.41 

(2.88; 

4.59) 

3.29 

(2.32; 

4.34) 

3.13 

(2.39; 

4.08) 

-1.23  

(-1.50; -

1.11) 

-0.79  

(-1.07; -

0.38) 

-0.39  

(-0.77; -

0.15) 

0.47 

(0.06; 

0.58) 

14.56 

(12.23; 

16.45) 

4.16 

(2.23; 

7.62) 

3.31 

(2.37; 

4.18) 

15.89 

(13.85; 

17.98) 

2.70 

(2.00; 

3.33) 

2.22 

(2.01; 

2.93) 

-0.28 

 (-0.39; 

0.12) 

-0.44 

 (-0.64; 

-0.07) 

0.23 

 (-0.04; 

0.42) 

0.17 

(0.05; 

0.32) 

Total n=692 n=692 n=692 n=692 n=692 n=692 n=692 n=514 n=692 n=692 n=692 n=692 n=692 n=692 n=692 n=692 n=692 

 

9.62 

(7.19; 

12.26) 

9.15 

(6.90; 

11.33) 

8.88 

(6.65; 

10.79) 

-2.83  

(-3.95; -

1.97) 

-2.34  

(-3.31; -

1.51) 

-1.84  

(-2.77; -

1.18) 

2.01 

(1.15; 

2.99) 

20.67 

(17.16; 

24.57) 

24.30 

(14.26; 

39.53) 

8.11 

(6.08; 

10.11) 

7.20 

(5.48; 

9.85) 

8.22 

(6.22; 

10.60) 

7.85 

(5.97; 

9.62) 

-1.23 

 (-2.23; 

-0.55) 

-1.87 

 (-2.68; 

-1.13) 

0.53 

 (-0.04; 

1.22) 

0.50 

 (-0.05; 

0.97) 

R6, R8 and R10: resistance at 6, 8 and 10 Hz; X6, X8 and X10: reactance at 6, 8 and 10 Hz; Fres: resonance frequency; R6-R20: difference between resistance at 6 Hz and resistance at 20 Hz; Ax: area under the 

reactance curve; R: resistance from model fitting; C: compliance from model fitting; ReI: resistance at end inspiration; ReE: resistance at end expiration; ΔR: ReE-ReI ; XeI: reactance at end inspiration, ReE: 

reactance at end expiration; ΔX: XeE-XeI. 

Median (IQR) values. 

Units: R and X variables: hPa.L.s-1; C: L.hPa-1; Fres: Hz; Ax: hPa.L-1. 
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Table S3.3 Comparison between models adjusted for height only and height, sex and ethnicity 

 Model with height only (n=692) Model with height, sex, and ethnicity (n=692) 

 Height Coefficient 

(95% CI) 
BIC value Adj. R2 

Height Coefficient 

(95% CI) 

Sex  Coefficient 

(95% CI) 

Ethnicity Coefficient 

(95% CI) 
BIC value Adj. R2 

R6 -0.019 (-0.020; -0.018) -156.50 0.723 -0.019 (-0.020; -0.018) -0.032 (-0.064; -0.000) 0.008 (-0.024; 0.041)  -147.55 0.724 

R8  -0.019 (-0.020; -0.018) -187.05 0.735 -0.019 (-0.020; -0.018) -0.028 (-0.059; 0.003) 0.006 (-0.026; 0.038) -177.12 0.735 

R10
  -0.019 (-0.020; -0.018) -227.68 0.747 -0.019 (-0.020; -0.018) -0.023 (-0.054; 0.007) 0.019 (-0.012; 0.049) -218.14 0.745 

X6  -727 (-793; -661) 2189.17 0.405 -731 (-797; -665) 0.089 (-0.085; 0.264) 0.166 (-0.009; 0.341) 2197.61 0.407 

X8 -646 (-702; -590) 1967.53 0.425 -649 (-795; -593) 0.182 (0.034; 0.330) 0.163 (0.014; 0.311) 1969.75 0.433 

X10  -530 (-583; -478) 1886.30 0.359 -533 (-586; -480) 0.118 (-0.022; 0.258) 0.141 (0.001; 0.281) 1892.48 0.364 

Fres
  -0.006 (-0.007; -0.005) -131.29 0.230 -0.006 (-0.007; -0.005) -0.010 (-0.047; 0.026) -0.004 (-0.042; 0.033) -119.20 0.227 

R6-R20  -0.031 (-0.036; -0.026) 2258.30 0.177 -0.031 (-0.037; -0.026) -0.092 (-0.275; 0.092) -0.152 (-0.336; 0.033) 2267.66 0.179 

Ax  -0.029 (-0.031; -0.026) 1322.14 0.416 -0.029 (-0.031; -0.026) -0.052 (-0.146; 0.041) -0.014 (-0.108; 0.080) 1333.89 0.416 

R  -0.019 (-0.020; -0.018) -220.75 0.739 -0.019 (-0.019; -0.018) -0.025 (-0.055; 0.006) 0.023 (-0.008; 0.054) -212.14 0.740 

C  0.017 (0.016; 0.018) 284.34 0.523 0.017 (0.016; 0.018) 0.038 (-0.006; 0.082) 0.045 (0.000; 0.089) 290.30 0.526 

XeE  -409 (-476; -343) 2201.57 0.174 -408 (-474; -341) 0.197 (0.021; 0.373) 0.055 (-0.121; 0.232) 2209.31 0.178 

XeI  -577 (-630; -524) 1894.15 0.397 -579 (-632; -526) 0.184 (0.044; 0.325) 0.137 (-0.004; 0.277) 1896.54 0.404 

ΔR  -0.014 (-0.020; -0.009) 2307.58 0.040 -0.014 (-0.020; -0.009) 0.058 (-0.132; 0.249) -0.101 (-0.292; 0.091) 2319.28 0.039 

ΔX  -0.012 (-0.016; -0.008) 1870.89 0.050 -0.012 (-0.016; -0.008) 0.012 (-0.127; 0.151) -0.090 (-0.230; 0.050) 1882.34 0.049 

R6, R8 and R10: resistance at 6, 8 and 10 Hz; X6, X8 and X10: reactance at 6, 8 and 10 Hz; Fres: resonance frequency; R6-R20: difference between resistance at 6 Hz and resistance at 20 Hz; Ax: 

area under the reactance curve; R: resistance from model fitting; C: compliance from model fitting; ReI: resistance at end inspiration; ReE: resistance at end expiration; ΔR: ReE-ReI ; XeI: 

reactance at end inspiration, ReE: reactance at end expiration; ΔX: XeE-XeI. BIC: Bayesian Information Criterion; Adj R2: adjusted R2. Statistically significant results are printed in bold.  

Units: R and X variables: hPa.L.s-1; C: L.hPa-1; Fres: Hz; Ax: hPa.L-1. 
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Table S3.4 Reference equations for children 3 to 7 years of age from the DCHS cohort 

Outcome Equation Adj R2 SEE 

R6 (hPa.s.L-1) exp(4.23 - 0.0178∙Ht) 0.466 0.203 

R8  (hPa.s.L-1) exp(4.17 - 0.0178∙Ht) 0.479 0.198 

R10
 (hPa.s.L-1) exp(4.14 - 0.0179∙Ht) 0.490 0.194 

X6 (hPa.s.L-1) 5.06-888∙Ht-1 0.333 1.211 

X8 (hPa.s.L-1) 4.81 -798∙Ht-1 0.366 1.011 

X10 (hPa.s.L-1) 3.72  -630/Ht 0.291 0 .946 

Fres
 (Hz) exp(3.85 - 0.0074∙Ht) 0.116 0.204 

R6-R20 (hPa.s.L-1) 5.69 - 0.0316∙Ht 0.066 1.248 

AX (hPa.L-1) exp(7 - 0.0353∙Ht) 0.309 0.561 

    

R (hPa.s.L-1) exp(4.12 - 0.0184∙Ht) 0.510 0.192 

C (L.hPa-1)  exp(-0.30 + 0.0207∙Ht) 0.385 0.279 

ReE
 (hPa.s.L-1) exp(4.30 - 0.0198∙Ht) 0.486 0.216 

ReI (hPa.s.L-1) exp(3.93 - 0.0170∙Ht) 0.408 0.218 

XeE (hPa.s.L-1) 3.11 - 502∙Ht-1 0.139 1.199 

XeI (hPa.s.L-1) 3.96 - 651∙Ht-1 0.301 0.955 

ΔR (hPa.s.L-1) 4.96 - 0.0403∙Ht 0.095 1.316 

ΔX (hPa.s.L-1) 1.97 - 0.0132∙Ht 0.018 0.989 

R6, R8 and R10: resistance at 6, 8 and 10 Hz; X6, X8 and X10: reactance at 6, 8 and 10 Hz; Fres: resonance frequency; 

R6-R20: difference between resistance at 6 Hz and resistance at 20 Hz; Ax: area under the reactance curve; R: 

resistance from model fitting; C: compliance from model fitting; ReI: resistance at end inspiration; ReE: resistance at 

end expiration; ΔR: ReE-ReI ; XeI: reactance at end inspiration, ReE: reactance at end expiration; ΔX: XeE-XeI. Adj R2: 

adjusted R2; SEE: standard error of the estimate. 
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Figure S3.1 Illustration of the resistance (R) - inertance (I) – compliance (C) model fitting to measured 

impedance data. Mean values of resistance (•) and reactance () from repeated measurements, 

whiskers indicate standard deviation. Model fitting curves are plotted in red.  R was obtained as the 

mean value in the 10-20-Hz frequency (f) range; I and C were obtained from fitting the reactance (X) 

data by the model X= 2fI-1/(2fC). Green and blue lines, respectively, illustrate the inertial (Xi) and 

elastic (Xe) components of the total X. 
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Figure S3.2 Conventional oscillometry measures vs height: a) resistance at 6 Hz (R6) , b) reactance at 6 Hz (X), c) resonance frequency (Fres), d) area under the 

reactance curve (Ax) and e) frequency dependence of resistance (R6-R20). Solid and dashed lines, respectively, indicate prediction equations for the 3-17-yr and 3-

7-yr ranges. 
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Figure S3.3 Intra-breath oscillometry measures vs height: a) resistance at end expiration (ReE) , b) resistance at end inspiration  (ReI), c) tidal change in resistance 

ΔR=ReE-ReI, d) reactance at end expiration (XeE), e) reactance at end inspiration (XeI) and f) tidal change in reactance (ΔX=XeE-XeI). Solid and dashed lines, 

respectively, indicate prediction equations for the 3-17-yr and 3-7-yr ranges. 
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Figure S3.4 Comparison of respiratory resistance (Rrs) vs height (Ht) relationships with previous studies using linear regression between Rrs and Ht (see 

References). For the individual studies reporting nonlinear Rrs vs Ht relationships, see Figure 3.2.  
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Figure S3.5 Comparison of at 10-Hz resistance (R10, left) and reactance (X10, right) vs height (Ht) relationships with previous studies (see References). 
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Figure S3.6 Comparison of resonance frequency (Fres) vs height (Ht) relationships with previous studies (see References). 
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Table S3.5 Summary of reference studies on resistance (R) vs height (Ht) relationships 

Author(s) [ref] year 
frequency 

(Hz) 
device country/race 

no. of 

subjects 

age range 

(yr) 
reference equation 

 

units (Zrs; Ht) 

Mansell et al. [1]  1972 5 custom made Canada 79 3-17 R5=exp(1.877-0.0089∙Ht) cmH2O.s.L-1; cm 

Cogswell [2]  1973 5-7 custom made UK 204 3-12 R5-7 vs Ht range data cmH2O.s.L-1; cm 

Stanescu et al. [3]  1979 4-9 custom made Belgium 130 3-14 R4 vs Ht range data cmH2O.s.L-1; cm 

Solymar et al. [4]  1985 2-12 custom made Sweden 218 2-18 R4=antilog(1.053-2.18∙log(Ht)) kPa.s.L-1; m 

Hordvik et al. [5]  1985 2-26 custom made USA/C 138 2-16 R6=9.2∙Ht2-34.1∙Ht+35.2 cmH2O.s.L-1; cm 

Hantos et al. [6]  1985 3-10 custom made Hungary 121 4-16 R(3-10)=1.28∙105∙Ht-2.05 cmH2O.s.L-1; cm 

Duiverman et al. [7]  1985 2-26 custom made The Netherlands/C 255 2.3-12.5 R6=0.0017∙Ht2-0.541∙Ht+47.73 cmH2O.s.L-1; cm 

Ducharme et al. [8]  1998 8-16 Custo Vit R Canada/mixed 199 3-17 R8=exp(10.99-2.37∙ln(Ht)) kPa.s.L-1; cm 

Mazurek et al. [9]  2000 4-32 custom made Poland 127 2.5-7.5 R6=exp(2.4422-1.7447∙ln(Ht)) hPa.s.L-1; m 

Malmberg et al. [10]  2002 5-35 Jaeger IOS Finland 109 2-7 R5=exp(2.115-1.786∙ln(Ht)) kPa.s.L-1; cm 

Dencker et al. [11]  2006 5-35 Jaeger IOS Finland-Sweden/C 360 2-11 R5 vs Ht curve kPa.s.L-1; cm 

Nowowiejska et al. [12]  2008 5-35 Jaeger IOS Poland 626 3-18 R5=exp(-0.0169∙Ht+1.818) kPa.s.L-1; cm 

Calogero et al. [13]  2013 4-48 Chess i2M Australia-Italy/C 760 2-13 R6=exp(3.3738-0.01155∙Ht) hPa.s.L-1; cm 

Shackleton et al. [14]  2018 6-26 custom made** Australia/Hungary 319 3-6 R6= exp(3.3501-0.01033∙Ht) hPa.s.L-1; cm 

AlBlooshi et al. [15] 2018 5-37 tremoflo C-100 UAE/Emirati 291 4-12 R5=exp(3.786-0.014∙Ht) cmH2O.s.L-1; cm 

Er et al. [16]  2019 5-35 Jaeger IOS Turkey/Turkish 151 3-7 R5=antilog(0.527-0.005∙Ht) kPa.s.L-1; cm 

Ducharme et al. [17]-1 2022 5-37 Resmon Pro Canadian/mixed 271 3-17 R5=exp(-0.1509+0.00809∙Ht-0.0000824∙Ht2) kPa.s.L-1; cm 

Ducharme et al. [17]-2 2022 5-37 tremoflo C-100 Canadian/mixed 292 3-17 R5=exp(-0.0252+0.00809∙Ht-0.0000817∙Ht2) kPa.s.L-1; cm 

Frei et al. [18]  2005 5-35 Jaeger IOS Canada 222 3-10 R5=2.117-0.0099∙Ht kPa.s.L-1; cm 

Hall et al. [19]  2007 4-48 Chess i2M Australia 149 2-7 R6=27.86-0.18∙Ht hPa.s.L-1; cm 

Park et al. [20]  2011 5-35 Jaeger IOS Korea/Korean 133 3-6 R5=1.934-0.009∙Ht kPa.s.L-1; cm 

Shackleton et al. [21]  2013 4-48 Chess i2M Mexico/Mexican 584 3-5 R6=25.918-0.152∙Ht hPa.s.L-1; cm 
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Lai et al. [22]  2015 5-35 Jaeger IOS Taiwan/Taiwanese 150 2-6 R5=2.4395-0.0134∙Ht kPa.s.L-1; m 

Udomittipong et al. [23]  2017 4-48 Quark i2M Thailand/Thai 233 3-7 R6=8.834-0.034∙Ht hPa.s.L-1; cm 

De et al. [24]  2020 5-19 Resmon Pro India/Indian 159 5-17 R5=18.683-0.09∙Ht (boys) cmH2O.s.L-1; cm 

Nonlinear and linear predictions; C: Caucasian 
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Abstract 

Background and Objective: Indoor air pollution (IAP) and tobacco smoke exposure (ETS) 

are global health concerns contributing to the burden of childhood respiratory disease. 

Studies assessing the effects of IAP and ETS in preschool children are limited. We assessed 

the impact of antenatal and postnatal IAP and ETS exposure on lung function in a South 

African birth cohort, the Drakenstein Child Health Study. 

Methods: Antenatally enrolled mother–child pairs were followed from birth. Lung function 

measurements (oscillometry, multiple breath washout and tidal breathing) were performed at 

6 weeks and 3 years. Quantitative antenatal and postnatal IAP (particulate matter [PM10], 

volatile organic compounds [VOC]) and ETS exposures were measured. Linear regression 

models explored the effects of antenatal and postnatal exposures on lung function at 3 years. 

Results: Five hundred eighty-four children had successful lung function testing, mean (SD) 

age of 37.3 (0.7) months. Exposure to antenatal PM10 was associated with a decreased lung 

clearance index (p < 0.01) and postnatally an increase in the difference between resistance at 

end expiration (ReE) and inspiration (p = 0.05) and decrease in tidal volume (p = 0.06). 

Exposure to antenatal VOC was associated with an increase in functional residual capacity (p 

= 0.04) and a decrease in time of expiration over total breath time (tE/tTOT) (p = 0.03) and 

postnatally an increase in respiratory rate (p = 0.05). High ETS exposure postnatally was 

associated with an increase in ReE (p = 0.03). 

Conclusion: Antenatal and postnatal IAP and ETS exposures were associated with 

impairment in lung function at 3 years. Strengthened efforts to reduce IAP and ETS exposure 

are needed.  
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4.1 Introduction 

Air pollution is a global health concern contributing to the high burden of respiratory disease. 

Low and middle-income countries (LMICs) are disproportionately affected due to increased 

reliance on unclean fuel sources such as fossil fuels for household energy [1]. Women and 

young children are particularly vulnerable to the harmful effects of indoor air pollution (IAP) 

as they spend more time indoors cooking, often with poor ventilation [2]. IAP and 

environmental tobacco smoke (ETS) are well described risk factors for childhood respiratory 

disease and impaired lung function. Solid and alternate fuels emit a mixture of pollutants 

including particulate matter (PM) and volatile organic compounds (VOCs), all of which 

threaten respiratory health [3, 4]. 

 

In utero exposure to each of ETS and IAP is associated with poor birth outcomes, reduced 

lung function in infancy through to adulthood and increased childhood respiratory disease [3, 

5–7]. We have previously described that in utero exposure to ETS and household benzene 

reduces lung function 4–6 weeks after birth in the Drakenstein Child Health Study (DCHS), a 

South African birth cohort study [6, 8, 9]. 

 

In addition, postnatal exposures have been associated with decreased lung function in adults 

and older children [10]. In childhood postnatal exposures have been associated with a 

decrease in spirometry lung volumes and an increase in resistance and decrease in reactance 

with oscillometry measurements [10–13]. 

 

However, there are limited data from longitudinal cohorts that measure both ante- and 

postnatal exposure. Many studies to date are retrospective and not conducted with preschool 

children. A better understanding of the impact of IAP and ETS on early lung development, 
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particularly in communities with several exposures, is needed to develop targeted preventive 

strategies.  

 

This study aimed to assess the impact of antenatal and early-life IAP and ETS exposures on 

lung function at 3-years of age in the DCHS cohort. 

 

4.2 Methods 

The DCHS is a prospective birth cohort study of mother–child pairs enrolled from March 

2012 to March 2015. This study site is in Paarl, a peri-urban, low socioeconomic community 

approximately 60 km outside Cape Town, South Africa. Participants were enrolled at two 

primary health care clinics [14]. Consecutive consenting mothers were enrolled during the 

second trimester of pregnancy, and mother–child pairs were followed. Study visits 

synchronized with the national immunization program, and included visits at 6, 10 and 14 

weeks, at 6 and 9 months, and then every 6 months from 12 months onward detailed in the 

Supporting Information [14, 15]. This analysis uses prospectively collected data from 6 

weeks through to 3 years of age between July 2012 and October 2015. All children with 

successful lung function measurements at 3 years were included, although we excluded 

children born before 32 weeks of gestation and those living with HIV as they generally have 

poorer lung function for reasons not related to exposure to IAP or tobacco smoke. The study 

was approved by the University of Cape Town Faculty of Health Sciences human research 

ethics committee (048/2020; 082/2018; 423/2012). 

 

4.2.1 Clinical data collection 

Socioeconomic status (SES) was assessed antenatally using a validated score derived from 

employment status, maternal educational attainment, household income, assets and market 
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access [16]. Gestational age at birth was calculated based primarily on antenatal ultrasound 

performed in the second trimester [17].  

 

Anthropometry was measured at all study visits, and weight and length were converted to z-

scores using Anthro software (WHO, Geneva, Switzerland) [18]. Weight-for-age z-scores 

(WFA), height-for-age z-scores (HFA) and body mass index (BMI) for age z-scores were 

calculated. WFA < -2 and HFA < -2 were classified as underweight and stunted respectively. 

 

Active surveillance for lower respiratory tract infection (LRTI) was done from birth through 

3 years of age; LRTI was defined according to World Health Organization (WHO) criteria 

with findings confirmed by a trained study doctor or nurse [19]. 

 

4.2.2 IAP and ETS exposures 

Home visits were conducted antenatally (28–32 weeks gestation) and postnatally (4–6months 

of age) and PM10 and VOCs, benzene and toluene, measured. For PM10, a personal air 

sampling pump (AirChek 52®; SKC, Eighty Four, PA, USA) was left in the home for 24 h 

and a 24-h average was obtained. Passive diffusion tubes (Markes® thermal desorption tubes; 

Llantrisant, UK) which measured VOC were placed in the homes for 2 weeks and a 2-week 

average was obtained, as previously described [20]. Antenatal ETS exposure was measured 

using maternal urine cotinine collected at an antenatal visit (28–32 weeks gestation) and at 

birth using the ImmuliteR 1000 Nicotine Metabolite Kit (Siemens Medical Solutions 

DiagnosticsR, Glyn Rhonwy, UK) quantitative urine cotinine test [21]. The highest measured 

value was used to assign antenatal exposure. Postnatal ETS exposure was determined using 

the highest infant urine cotinine measurement, done at 6 weeks, and yearly until 3 years of 

age [20]. 
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Exposure levels for each pollutant were defined using the South African National Ambient 

Air Quality Standards [22]. Levels for benzene, toluene or PM10 were categorized as above 

threshold if the level was more than 5, 240 or 40 μg/m3, respectively [20]. ETS exposure was 

quantified as no exposure (urine cotinine level <10 ng/mL), moderate (10–499 ng/mL) or 

high (≥500 ng/mL). Details of IAP measurement and ETS exposure methodology have been 

previously published and are summarized in the Supporting Information Table S4.1 [20]. 

 

 

4.2.3 Lung function testing  

All participants had lung function measurements at 6 weeks and 3 years of age but not within 

4 weeks of a respiratory illness. Lung function measurements included intra-breath 

oscillometry measuring respiratory impedance (Zrs) (resistance and reactance); tidal breathing 

flow volume loops (TBFVLs) with measures including tidal volume (TV), respiratory rate 

(RR) and expiratory flow ratios (ratio of time of expiration to total time [tE/tTOT] and ratio of 

time of peak total expiratory flow to time of expiration [tPTEF/tE]); and multiple breath 

washout (MBW) measuring the functional residual capacity (FRC) and the lung clearance 

index (LCI). All tests were done by the same team which included a respiratory technologist, 

a nurse and a paediatric pulmonologist. All testing followed international consensus 

guidelines [9, 23]. 

 

Measurements at 6 weeks were performed in unsedated infants during quiet sleep as 

previously described [9]. Intrabreath oscillometry was performed with custom-built wavetube 

equipment (University of Szeged, Hungary) using a 16-Hz signal [24]. The measurements of 

impedance were made in the supine posture, with the head supported in a neutral position, via 

a facemask and filter. Technically acceptable 30s recordings were collected. Recordings were 

excluded if they contained breath holds, cries, irregular breathing or leaks around the face 



137 

 

mask [8]. The intra-breath oscillometry measures included were the resistance at end-

expiration (ReE) and at end inspiration (ReI), reactance at end-expiration (XeE) and end 

inspiration (XeI), and the tidal changes ReE-ReI (ΔR) and XeE-XeI (ΔX). Mean resistance 

(Rmean) and reactance (Xmean) for the whole breathing periods were also calculated. TBFVL 

and MBW measurements were collected using the Exhalyzer D with ultrasonic flow meter 

(Ecomedics, Duernten, Switzerland) and analysed with specialized analysis software 

(WBreath V.3.28.0; NDD Medizintechnik, Zurich, Switzerland). MBW was done using 4% 

sulfur-hexafluoride (SF6) as a tracer gas.4 

 

At 3 years, lung function tests were performed in awake children. Oscillometry testing was 

completed using a custom-made oscillometry system (INCIRCLE wavetube system, 

University of Szeged, Hungary) [25]. Measurement of one 16-s epoch with 10 Hz oscillation 

frequency was recorded and repeated if necessary to obtain a minimum of five regular 

breaths, without any artefacts (vocal cord noise, apnoea, irregular breathing pattern, glottic 

closure, leak or sighs). Tests were conducted with the child sitting comfortably, nose 

occluded, with the cheeks firmly supported and breathing through a mouthpiece and filter. 

TBFVL and MBW measurements were collected using Ecomedics Exhalyzer D, Duernten, 

Switzerland and analysed with specialized analysis software (Spiroware 3.2.1, Zurich, 

Switzerland). MBW was measured during tidal breathing using inert nitrogen with 100% 

oxygen washout.5 Tests were performed with the child sitting and breathing comfortably 

through a size 2 silicone facemask (Laerdal) and filter (Gibeck Humid-Vent Filter; Perak, 

Malaysia). The deadspace6 of the mask was determined by water displacement. 

 
4 5 Measuring and quality control were performed as per the latest ATS technical statement: Robinson PD, et al. 

Preschool multiple-breath washout testing. An official American Thoracic Society technical statement. Am J 

Respir Crit Care Med. 2018;197(5):e1-e19. 

 
6 Deadspace indicates deadspace volume corrected for facemask 
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4.2.4 Statistical analysis 

Data were analysed using Stata 14 (StataCorp Inc., College Station, TX). Child 

characteristics and exposures to IAP and ETS were summarized and compared between 

children included versus those excluded from analysis using Wilcoxon rank sum (Mann–

Whitney) tests for continuous variables and chi-square and Fisher’s exact tests for categorical 

variables. A Pearson’s correlation matrix was used to assess the association between each of 

antenatal and postnatal PM10, benzene, toluene and ETS. The independent effect of both 

antenatal and postnatal exposure to IAP and ETS on lung function measures at 3 years was 

examined using linear regression models adjusted for potential confounders. Confounders 

were selected a priori based on a directed acyclic graph (DAG) and included enrolment site, 

sex, SES, BMI zscore at the time of testing, and ≥1 episode of LRTI prior to testing 

(Supporting Information Figure S4.1). Supplementary models explored the impact exposure 

to IAP and ETS at 3 years adjusted for these a priori selected confounders as well as lung 

function measured at 6 weeks, to assess the impact of these postnatal exposures adjusted for 

poor early-life lung function. 

 

For VOC, we combined benzene and toluene as these exposures were significantly correlated 

and are by-products of the same alternate fuel combustion. 

 

4.3 Results 

Of 768 children eligible for testing at 3 years, 584 (76%) with ≥1 successful lung function 

measurement (TBFVL, oscillometry and/or MBW) were included. Details of reasons for 

unsuccessful testing are shown in Figure 4.1. Compared to children excluded from analysis, 

those included were significantly less likely to be HIV-exposed and to live in informal 
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housing, and more likely to have antenatal ETS exposure (Supporting Information Table 

S4.2). 
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Figure 4.1 Description of all children in the cohort 

 
 

 MBW, multiple breath wash-out; TBFVL, tidal breathing flow volume loop. 

 
 

 

 

  

 

 

 

The number of good quality trials required for a test to be technically acceptable: more than 30 breaths for TBFVL, at least 5 for oscillometry, and at 

least 3 for MBW. 
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The mean age (SD) of the 584 children included was 37.3 (0.7) months (Table 4.1). Of these 

children, 49% were male, 13% were born late preterm (32–37 weeks), 19% were HIV-

exposed but uninfected, 7% were underweight, and 20% were stunted. Episodes of LRTI 

were common, with 49% experiencing ≥1 episode during the first 3 years of life (mean age at 

first episode: 8.6 [8.4 months]) of which 52% had recurrent LRTI. 

 

Average lung function values at 6 weeks and 3 years of age are shown in the Supporting 

Information Table S4.3. 

 

4.3.1 Environmental exposures 

Antenatal exposure to PM10 and VOC above ambient standards occurred in 44% of children, 

and postnatal exposure in over one-third (Table 4.1). Antenatal ETS exposure occurred in 

82% of children (moderate exposure in 46%; high exposure in 36%), and postnatal exposure 

in 76% (moderate exposure: 67%; high exposure: 9%). There was a strong correlation 

between exposures to antenatal benzene and antenatal toluene, as well as between postnatal 

benzene and postnatal toluene, but there was no correlation between antenatal and postnatal 

exposures. Strong correlations were however noted between antenatal and postnatal ETS 

exposure (Supporting Information Table S4.4). 
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Table 4.1 Characteristics of children with at least one successful test at 3 years of age 

 n (%) 

Number of children 584 

Mean (SD) age in months 37.3 (0.7) 

Male sex 289 (49%) 

Enrolment site 

Mbekweni 

TC Newman 

288 (49%) 

296 (51%) 

Born pre-term (≥32 and <37 weeks gestation) 74 (13%) 

HIV-exposed 110 (19%) 

Ever breastfed 477 (82%) 

Median [IQR] months of breastfeeding 8.0 [2.0, 23.9] 

Ever exclusively breastfed 342 (59%) 

Median [IQR] months of exclusive breastfeeding 1.6 [0.7, 3.2] 

Mean (SD) weight z-score -0.4 (1.1) 

Underweight 42 (7%) 

Mean (SD) height z-score -1.1 (1.1) 

Stunted 117 (20%) 

Mean (SD) BMI z-score 0.4 (1.2) 

Previous LRTI 284 (49%) 

Recurrent LRTI 147 (25%) 

Mean (SD) age of first LRTI in months (n = 284) 8.6 (8.4) 

Antenatal exposure to indoor air pollutants above ambient standards 

PM10 (n = 406) 179 (44%) 

Benzene (n = 393) 170 (43%) 

Toluene (n = 393) 33 (8%) 

Benzene and/or Toluene (n = 393) 171 (44%) 

Exposure to Antenatal tobacco smoke 

Antenatal exposure (n = 566): 

Moderate exposure 

High exposure 

262 (46%) 

202 (36%) 

Postnatal exposure to indoor air pollutants above ambient standards 

PM10 (n = 285) 103 (36%) 

Benzene (n = 257) 83 (32%) 

Toluene (n = 257) 24 (9%) 

Benzene and/or Toluene (n = 257) 83 (32%) 
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Exposure to postnatal tobacco smoke 

Postnatal exposure (n = 507): 

Moderate exposure 

High exposure 

339 (67%) 

45 (9%) 

Note: Underweight: weight-for-age z-scores < -2. Stunted: height-for-age z-scores < -2. 

Abbreviations: LRTI, lower respiratory tract infection; PM10, particulate matter size 10 μg/m3. 
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4.3.2 Impact of IAP and ETS on lung function at 3 years 

4.3.2.1. PM10 

The impact of PM10 on lung function at 3 years is presented in Table 4.2. In unadjusted 

analyses, antenatal PM10 exposure above threshold was associated with decreased LCI 

(p = 0.009), and postnatal exposure was associated with decreased RR (p = 0.062) and 

increased XeI (p = 0.067). In adjusted analyses, the association between antenatal exposure 

and decreased LCI persisted (p = 0.006), and antenatal exposure was associated with 

decreased tidal volume (p = 0.067). In addition, postnatal PM10 exposure was associated with 

increased ΔR (p = 0.052). After additional adjustment for 6-week lung function, no 

significant associations with postnatal PM10 exposure were observed (Supporting Information 

Table S4.5). 
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Table 4.2 Impact of ante- and postnatal exposure to PM10 above ambient standards on lung function at 3 years of 

age 

 Unadjusted models Adjusted models 

n β [95% CI] p-value n β [95% CI] p-value 

ReE (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

299 

203 

0.22 [-0.42, 0.87] 

0.31 [-0.51, 1.12] 

0.499 

0.457 

152 0.49 [-0.42, 1.40] 

0.60 [-0.33, 1.53] 

0.287 

0.205 

XeE (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

299 

203 

-0.13 [-0.53, 0.27] 

0.20 [-0.31, 0.71] 

0.518 

0.435 

152 -0.02 [-0.62, 0.57] 

0.00 [-0.61, 0.61] 

0.943 

0.998 

ReI (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

299 

203 

0.03 [-0.50, 0.57] 

0.01 [-0.70, 0.73] 

0.903 

0.970 

152 0.32 [-0.45, 1.08] 

0.07 [-0.71, 0.86] 

0.416 

0.855 

XeI (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

299 

203 

0.02 [-0.29, 0.32] 

0.37 [-0.03, 0.76] 

0.906 

0.067 

152 0.15 [-0.27, 0.57] 

0.36 [-0.06, 0.79] 

0.472 

0.096 

Rmean (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

299 

203 

0.01 [-0.62, 0.64] 

0.30 [-0.52, 1.13] 

0.979 

0.470 

152 0.38 [-0.52, 1.28] 

0.60 [-0.33, 1.52] 

0.409 

0.202 

Xmean (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

299 

203 

-0.08 [-0.42, 0.26] 

0.25 [-0.20, 0.70] 

0.633 

0.276 

152 0.02 [-0.49, 0.52] 

0.05 [-0.46, 0.57] 

0.951 

0.838 

ΔR (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

299 

203 

0.19 [-0.20, 0.58] 

0.29 [-0.17, 0.76] 

0.346 

0.217 

152 0.18 [-0.34, 0.70] 

0.53 [-0.01, 1.06] 

0.506 

0.052* 

ΔX (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

299 

203 

-0.15 [-0.49, 0.19] 

-0.16 [-0.55, 0.23] 

0.390 

0.408 

152 -0.17 [-0.60, 0.25] 

-0.36 [-0.80, 0.07] 

0.423 

0.103 

FRC (L) 

Antenatal exposure 

Postnatal exposure 

342 

243 

0.01 [-0.01, 0.03] 

-0.02 [-0.04, 0.00] 

0.349 

0.100 

191 0.01 [-0.02, 0.03] 

-0.02 [-0.04, 0.01] 

0.604 

0.199 

LCI (number of 

turnovers) 

Antenatal exposure 

Postnatal exposure 

342 

243 

-0.35 [-0.61, -0.09] 

0.24 [-0.08, 0.55] 

0.009 

0.138 

191 
-0.49 [-0.84, -0.14] 

0.15 [-0.21, 0.50] 

0.006 

0.421 

Respiratory rate (min-1) 

Antenatal exposure 

Postnatal exposure 

340 

236 

0.07 [-1.10, 1.24] 

1.42 [-0.07, 2.91] 

0.910 

0.062 

184 0.02 [-1.59, 1.62] 

0.70 [-0.96, 2.35] 

0.981 

0.408 

Tidal volume (mL) 

Antenatal exposure 

Postnatal exposure 

346 

239 

-3.76 [-9.77, 2.24] 

1.62 [-6.51, 9.75] 

0.218 

0.696 

187 -7.87 [-16.29, 0.55] 

1.35 [-7.31, 10.01] 

0.067 

0.759 
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tE/tTOT  

Antenatal exposure 

Postnatal exposure 

346 

239 

-0.27 [-0.99, 0.45] 

0.01 [-0.90, 0.92] 

0.461 

0.980 

187 0.12 [-0.90, 1.15] 

0.07 [-0.99, 1.13] 

0.812 

0.899 

tPTEF/tE  

Antenatal exposure 

Postnatal exposure 

339 

234 

-0.50 [-3.12, 2.12] 

2.19 [-1.18, 5.56] 

0.708 

0.201 

182 -0.46 [-4.06, 3.14] 

2.44 [-1.28, 6.16] 

0.802 

0.197 

Note: Adjusted model: model of the effect of ante- and postnatal exposure to PM10, adjusted for enrolment site, 

sex, socioeconomic status, BMI z-score, and previous lower respiratory tract illness (LRTI). PM10, particulate 

matter size 10 μg/m3; ReE, resistance at end-expiration; XeE, reactance at end-expiration; ReI, resistance at end 

inspiration; XeI, reactance at end inspiration, Rmean, mean resistance; Xmean, mean reactance; ΔR, ReE-ReI; ΔX, XeE-

XeI, FRC, functional residual capacity; LCI, lung clearance index; tE/tTOT, ratio time of expiration to total time; 

tPTEF/tE, ratio time of peak total expiratory flow to time of expiration. Significant results: p<0.05; * indicates near 

significance. 



147 

 

4.3.2.2. VOCs (benzene and/or toluene)  

Associations between exposure to VOCs and lung function measures are presented in Table 

4.3. In unadjusted analyses, antenatal exposure to VOCs above ambient standards were 

associated with increased FRC (p = 0.035) and decreased tE/tTOT (p = 0.033). Although not 

statistically significant, antenatal exposure was also associated with lower tidal volume (p = 

0.063) and higher ReI (p = 0.067). In addition, postnatal exposure to VOCs above ambient 

standards was associated with a decrease in resistance (ReE, ReI and Rmean), as well as an 

increased reactance (XeI) and RR in unadjusted analyses. 

 

In adjusted analyses, none of the associations between antenatal exposure to VOCs and lung 

function measures persisted. However, postnatal exposure remained significantly associated 

with decreased ReE (p = 0.014), ReI (p = 0.050) and Rmean (p = 0.033), and an increased RR (p 

= 0.041) after adjustment for antenatal exposure and confounding. 

 

When adjusting for 6-week lung function, however, no significant associations were observed 

between postnatal exposure to VOCs and lung function at 3 years of age (Supporting 

Information Table S4.6). 
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Table 4.3 Impact of ante- and postnatal exposure to benzene and/or toluene above ambient standards (vs. below 

ambient standards for both) on lung function at 3 years of age 

 Unadjusted models Adjusted models 

n β [95% CI] p-value n β [95% CI] p-value 

ReE (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

293 

181 

0.29 [-0.36, 0.94] 

-1.12 [-2.01, -0.22] 

0.378 

0.015 

135 0.35 [-0.63, 1.32] 

-1.31 [-2.36, -0.26] 

0.487 

0.014 

XeE (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

293 

181 

-0.01 [-0.41, 0.40] 

0.45 [-0.11, 1.01] 

0.973 

0.112 

135 0.23 [-0.41, 0.86] 

0.62 [-0.06, 1.30] 

0.482 

0.073 

ReI (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

293 

181 

0.49 [-0.04, 1.02] 

-0.79 [-1.58, 0.00] 

0.067 

0.049 

135 0.45 [-0.37, 1.28] 

-0.88 [-1.75, 0.00] 

0.276 

0.050 

XeI (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

293 

181 

0.00 [-0.30, 0.30] 

0.45 [0.03, 0.88] 

0.991 

0.037 

135 0.28 [-0.16, 0.72] 

0.31 [-0.16, 0.77] 

0.209 

0.197 

Rmean (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

293 

181 

0.47 [-0.16, 1.09] 

-0.92 [-1.83, -0.02] 

0.141 

0.046 

135 0.58 [-0.36, 1.53] 

-1.10 [-2.11, -0.09] 

0.226 

0.033 

Xmean (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

293 

181 

-0.04 [-0.38, 0.30] 

0.41 [-0.08, 0.90] 

0.818 

0.099 

135 0.12 [-0.41, 0.64] 

0.44 [-0.12, 1.00] 

0.658 

0.120 

ΔR (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

293 

181 

-0.20 [-0.59, 0.18] 

-0.33 [-0.86, 0.21] 

0.303 

0.230 

135 -0.11 [-0.69, 0.47] 

-0.43 [-1.05, 0.19] 

0.711 

0.170 

ΔX (hPa s L-1) 

Antenatal exposure 

Postnatal exposure 

293 

181 

-0.01 [-0.35, 0.33] 

0.00 [-0.46, 0.46] 

0.960 

0.997 

135 -0.05 [-0.53, 0.42] 

0.31 [-0.19, 0.82] 

0.824 

0.223 

FRC (L) 

Antenatal exposure 

Postnatal exposure 

331 

220 

0.02 [0.00, 0.04] 

0.01 [-0.02, 0.03] 

0.035 

0.503 

173 0.01 [-0.01, 0.04] 

0.00 [-0.03, 0.02] 

0.362 

0.751 

LCI (number of 

turnovers) 

Antenatal exposure 

Postnatal exposure 

331 

220 

-0.11 [-0.36, 0.15] 

0.04 [-0.31, 0.38] 

0.416 

0.839 

173 
0.05 [-0.32, 0.43] 

0.08 [-0.31, 0.47] 

0.834 

0.697 

Respiratory rate (min-1) 

Antenatal exposure 

Postnatal exposure 

328 

210 

0.97 [-0.24, 2.17] 

1.65 [0.02, 3.27] 

0.114 

0.047 

165 1.24 [-0.47, 2.96] 

1.85 [0.08, 3.62] 

0.103 

0.041 

Tidal volume (mL) 

Antenatal exposure 

Postnatal exposure 

334 

214 

-5.81 [-11.94, 0.32] 

-0.56 [-9.20, 8.08] 

0.063 

0.898 

169 -6.34 [-15.39, 2.71] 

-1.89 [-11.25, 7.47] 

0.168 

0.690 
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tE/tTOT  

Antenatal exposure 

Postnatal exposure 

334 

214 

-0.81 [-1.56, -0.06] 

-0.26 [-1.19, 0.68] 

0.033 

0.591 

169 -0.58 [-1.64, 0.48] 

-0.62 [-1.71, 0.48] 

0.280 

0.267 

tPTEF/tE  

Antenatal exposure 

Postnatal exposure 

329 

208 

-0.56 [-3.27, 2.15] 

-1.18 [-4.92, 2.56] 

0.683 

0.535 

164 -0.91 [-4.69, 2.87] 

-1.06 [-4.99, 2.87] 

0.635 

0.596 

Note: Adjusted model, model of the effect of ante- and postnatal exposure to benzene and/or toluene, adjusted 

for enrolment site, sex, socioeconomic status, BMI z-score, and previous LRTI. ReE, resistance at end-

expiration; XeE, reactance at end-expiration; ReI, resistance at end inspiration; XeI, reactance at end inspiration, 

Rmean, mean resistance; Xmean, mean reactance; ΔR, ReE-ReI; ΔX, XeE-XeI, FRC, functional residual capacity; LCI, 

lung clearance index; tE/tTOT, ratio time of expiration to total time; tPTEF/tE, ratio time of peak total expiratory 

flow to time of expiration. 
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4.3.2.3. ETS 

Table 4.4 presents the impact of ETS exposure on lung function. In unadjusted analyses, 

antenatal exposure to high levels of ETS was associated with decreased tidal volume (p = 

0.074), and postnatal exposure with higher ReE (p = 0.026) and Rmean (p = 0.087). In addition, 

both moderate and high exposure to postnatal ETS were associated with decreased tPTEF/tE in 

unadjusted analyses (p = 0.066 and p = 0.067, respectively). None of these associations 

persisted in adjusted analyses, or after adjustment for 6-week lung function (Supporting 

Information Table S4.7). 
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Table 4.4 Impact of ante- and postnatal exposure to moderate and high levels of tobacco smoke, versus low 

levels, on lung function at 3 years of age 

 Unadjusted models Adjusted models 

n β [95% CI] p-value n β [95% CI] p-value 

ReE (hPa s L-1) 

Antenatal exposure 

Moderate 

High 

429 -0.11 [-0.87, 0.65] 

0.34 [-0.44, 1.13] 

0.775 

0.389 
370 

-0.37 [-1.20, 0.47] 

-0.37 [-1.35, 0.60] 

0.387 

0.453 

Postnatal exposure 

Moderate 

High 

379 0.17 [-0.50, 0.84] 

1.27 [0.15, 2.39] 

0.628 

0.026 

0.02 [-0.75, 0.78] 

0.70 [-0.62, 2.03] 

0.964 

0.298 

XeE (hPa s L-1) 

Antenatal exposure 

Moderate 

High 

429 -0.16 [-0.62, 0.30] 

-0.09 [-0.56, 0.39] 

0.493 

0.724 
370 

-0.16 [-0.67, 0.34] 

-0.03 [-0.63, 0.56] 

0.529 

0.918 

Postnatal exposure 

Moderate 

High 

379 0.12 [-0.28, 0.53] 

0.01 [-0.67, 0.68] 

0.555 

0.988 

0.16 [-0.30, 0.63] 

0.01 [-0.80, 0.82] 

0.494 

0.981 

ReI (hPa s L-1) 

Antenatal exposure 

Moderate 

High 

429 0.17 [-0.48, 0.81] 

0.36 [-0.31, 1.03] 

0.614 

0.293 
370 

-0.03 [-0.74, 0.67] 

-0.14 [-0.97, 0.69] 

0.925 

0.739 

Postnatal exposure 

Moderate 

High 

379 0.46 [-0.11, 1.02] 

0.73 [-0.22, 1.68] 

0.115 

0.130 

0.34 [-0.31, 0.99] 

0.28 [-0.85, 1.40] 

0.299 

0.631 

XeI (hPa s L-1) 

Antenatal exposure 

Moderate 

High 

429 -0.12 [-0.49, 0.25] 

-0.03 [-0.41, 0.36] 

0.527 

0.894 
370 

-0.04 [-0.45, 0.37] 

0.03 [-0.45, 0.51] 

0.855 

0.909 

Postnatal exposure 

Moderate 

High 

379 -0.08 [-0.41, 0.25] 

-0.04 [-0.59, 0.50] 

0.628 

0.876 

-0.09 [-0.46, 0.29] 

0.02 [-0.64, 0.67] 

0.647 

0.963 

Rmean (hPa s L-1) 

Antenatal exposure 

Moderate 

High 

429 -0.13 [-0.87, 0.61] 

0.27 [-0.50, 1.04] 

0.728 

0.486 
370 

-0.34 [-1.15, 0.47] 

-0.45 [-1.40, 0.50] 

0.409 

0.355 

Postnatal exposure 

Moderate 

High 

379 0.16 [-0.49, 0.82] 

0.95 [-0.14, 2.04] 

0.626 

0.087 

0.01 [-0.74, 0.75] 

0.38 [-0.91, 1.67] 

0.986 

0.561 
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Xmean (hPa s L-1) 

Antenatal exposure 

Moderate 

High 

429 -0.12 [-0.52, 0.29] 

-0.03 [-0.46, 0.39] 

0.572 

0.872 
370 

-0.10 [-0.55, 0.35] 

0.08 [-0.45, 0.61] 

0.671 

0.765 

Postnatal exposure 

Moderate 

High 

379 0.09 [-0.27, 0.45] 

-0.13 [-0.73, 0.48] 

0.617 

0.682 

0.09 [-0.32, 0.51] 

-0.14 [-0.86, 0.58] 

0.657 

0.701 

ΔR (hPa s L-1) 

Antenatal exposure 

Moderate 

High 

429 -0.28 [-0.72, 0.17] 

-0.02 [-0.48, 0.45] 

0.226 

0.946 
370 

-0.33 [-0.83, 0.17] 

-0.23 [-0.82, 0.35] 

0.192 

0.437 

Postnatal exposure 

Moderate 

High 

379 -0.29 [-0.69, 0.11] 

0.54 [-0.13, 1.21] 

0.154 

0.113 

-0.33 [-0.79, 0.13] 

0.43 [-0.37, 1.22] 

0.164 

0.292 

ΔX (hPa s L-1) 

Antenatal exposure 

Moderate 

High 

429 -0.04 [-0.43, 0.34] 

-0.06 [-0.46, 0.34] 

0.833 

0.768 
370 

-0.12 [-0.54, 0.29] 

-0.06 [-0.54, 0.42] 

0.552 

0.810 

Postnatal exposure 

Moderate 

High 

379 0.20 [-0.13, 0.53] 

0.05 [-0.50, 0.60] 

0.226 

0.861 

0.25 [-0.13, 0.63] 

-0.01 [-0.66, 0.65] 

0.193 

0.986 

FRC (L) 

Antenatal exposure 

Moderate 

High 

481 0.00 [-0.03, 0.02] 

-0.02 [-0.04, 0.01] 

0.700 

0.183 
418 

0.00 [-0.03, 0.02] 

-0.01 [-0.04, 0.02] 

0.841 

0.399 

Postnatal exposure 

Moderate 

High 

428 -0.01 [-0.03, 0.02] 

-0.02 [-0.06, 0.02] 

0.586 

0.258 

-0.01 [-0.04, 0.01] 

-0.03 [-0.08, 0.01] 

0.368 

0.110 

LCI (number of turnovers) 

Antenatal exposure 

Moderate 

High 

481 -0.03 [-0.34, 0.28] 

-0.01 [-0.33, 0.31] 

0.846 

0.950 
418 

0.05 [-0.31, 0.40] 

0.08 [-0.34, 0.50] 

0.796 

0.711 

Postnatal exposure 

Moderate 

High 

428 0.01 [-0.27, 0.29] 

-0.20 [-0.68, 0.27] 

0.948 

0.401 

0.11 [-0.22, 0.43] 

0.03 [-0.54, 0.59] 

0.527 

0.927 
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Respiratory rate (min-1) 

Antenatal exposure 

Moderate 

High 

475 0.59 [-0.81, 1.99] 

0.21 [-1.24, 1.65] 

0.407 

0.777 
416 

1.25 [-0.29, 2.78] 

1.60 [-0.22, 3.42] 

0.111 

0.085 

Postnatal exposure 

Moderate 

High 

427 0.69 [-0.61, 1.99] 

-1.10 [-3.25, 1.06] 

0.297 

0.317 

0.89 [-0.56, 2.33] 

-0.61 [-3.13, 1.91] 

0.231 

0.637 

Tidal volume (mL) 

Antenatal exposure 

Moderate 

High 

482 -1.63 [-8.65, 5.38] 

-6.61 [-13.86, 0.64] 

0.648 

0.074 
423 

-0.33 [-8.02, 7.37] 

-1.81 [-10.95, 7.34] 

0.933 

0.698 

Postnatal exposure 

Moderate 

High 

434 -4.60 [-11.08, 1.88] 

-2.74 [-13.50, 8.01] 

0.163 

0.616 

-2.41 [-9.69, 4.87] 

5.61 [-7.00, 18.22] 

0.516 

0.382 

tE/tTOT 

Antenatal exposure 

Moderate 

High 

482 -0.17 [-0.98, 0.64] 

0.03 [-0.80, 0.87] 

0.686 

0.935 
423 

-0.59 [-1.48, 0.29] 

-0.43 [-1.49, 0.62] 

0.188 

0.418 

Postnatal exposure 

Moderate 

High 

434 -0.46 [-1.19, 0.27] 

0.36 [-0.85, 1.57] 

0.213 

0.559 

-0.57 [-1.41, 0.27] 

-0.09 [-1.54, 1.36] 

0.180 

0.903 

tPTEF/tE 

Antenatal exposure 

Moderate 

High 

475 0.00 [-3.05, 3.05] 

-1.09 [-4.23, 2.05] 

1.000 

0.496 
417 

1.34 [-1.93, 4.62] 

0.33 [-3.55, 4.22] 

0.421 

0.866 

Postnatal exposure 

Moderate 

High 

428 -2.52 [-5.20, 0.16] 

-4.14 [-8.57, 0.28] 

0.066 

0.067 

-1.89 [-4.99, 1.21] 

-3.10 [-8.42, 2.22] 

0.231 

0.253 

Note: Adjusted model: model of the effect of ante- and postnatal exposure to tobacco smoke, adjusted for 

enrolment site, sex, socioeconomic status, BMI z-score, and previous LRTI. ReE, resistance at end-expiration; 

XeE, reactance at end-expiration; ReI, resistance at end inspiration; XeI, reactance at end inspiration, Rmean, 

mean resistance; Xmean, mean reactance; ΔR, ReE-ReI; ΔX, XeE-XeI, FRC, functional residual capacity; LCI, lung 

clearance index; tE/tTOT, ratio time of expiration to total time; tPTEF/tE, ratio time of peak total expiratory flow 

to time of expiration. 
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4.4 Discussion 

In this study, we used comprehensive longitudinal lung function measurements including 

novel intra-breath oscillometry, TBFVL and MBW to assess the impact of antenatal and 

postnatal IAP and ETS exposure on lung function at 3 years of age in an African birth cohort. 

Adjusting for 6 week lung function allowed us to determine the independent effect of these 

exposures on postnatal lung function. Both antenatal and postnatal IAP and ETS were 

associated with decreased lung function at 3 years. Antenatal and postnatal PM10 exposure 

were associated with decreased LCI and increased ΔR, respectively7. Antenatal VOC 

exposure was associated with increased FRC, and postnatal exposure with increased RR.8 

Postnatal ETS exposure was associated with increased ReE.9 

 

Antenatal PM10 was associated with a decreased LCI. No previous comparative studies have 

assessed the impact of antenatal PM10 exposure using MBW. An Australian study assessed 

the effect of ambient ultrafine particles (UFP) in 8–11 year old children, and showed no 

changes in MBW measurements [26]. This suggests that MBW may not be a sensitive 

method to assess the effect of PM10 on lung function or that PM10 exposure antenatally is not 

associated with long-term impairment measured by MBW and oscillometry10. Also of note, 

PM10 and PM2.5 deposit variably within in the airways; PM10 in the larger and PM2.5 in the 

smaller airways. Particulate size may hence have different effects on lung growth and 

function. However, the observed association between postnatal PM10 exposure and increased 

resistance, measured using intra-breath oscillometry, suggests increased airway obstruction. 

 
7 Erratum: Antenatal and postnatal PM10 exposure were associated with decreased LCI and increased ΔR, 

respectively. 
8 and postnatal exposure with increased RR. 
9 In the adjusted analysis, PM10 exposure was associated with increased resistance and decreased LCI, and VOC 

exposure with an increased respiratory rate. 
10 A physiological explanation for a low LCI could be a disruption in lung development caused by these 

exposures, which may lead to non-communicating regions within the lung or “simplification of the lung 

architecture”.   
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Similar to our findings, PM2.5 exposure was not associated with respiratory impedance 

measured using oscillometry in 2 year-old Nigerian children, however, postnatal exposure 

was associated with lower reactance, suggesting stiffer lung [27]. Oscillometry measurements 

in 8–11 year-old children similarly showed an association between exposure to UFPs and 

lower reactance [26]. Taken together, the results of these studies suggest that postnatal PM 

exposure impacts negatively on child lung development [26, 27]. 

 

The deleterious effects of antenatal ETS exposure on infant lung function and growth are well 

described [5]. Here, postnatal exposure to ETS was associated with a decrease in tPTEF/tE and 

an increase in resistance at 3 years after adjusting for antenatal exposure11, which may reflect 

narrowed airways and predispose a child to recurrent LRTI and possibly chronic lung disease 

[7]. These findings are consistent with previous studies which found that postnatal ETS 

exposure increased oscillometry resistance in children aged 3–14 years [11, 12]. It is difficult 

to separate the impact of antenatal and postnatal ETS exposure as they are strongly 

correlated. However, by adjusting for 6-week lung function we were able to show postnatal 

effects on lung function in children with continued exposure. This may reflect either an 

additional effect of postnatal ETS exposure or a persistence of antenatal programming that 

impairs normal lung development in early life, or likely both. 

 

Antenatal VOC exposure was associated with increased FRC and decreased tE/tTOT at 3 years, 

suggestive of an obstructive pattern. This extends our prior findings of an association 

between antenatal benzene exposure and lower expiratory flow ratio, tPTEF/tE, at 6 weeks [9]. 

Our findings are also in keeping with other studies reporting increased respiratory symptoms 

 
11 Here, postnatal exposure to ETS was associated with a decrease in tPTEF/tE and an increase in resistance at 3 

years in the unadjusted analysis. 
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and reduced lung function associated with VOC exposure [3, 28, 29]. Here, postnatal VOC 

exposure was further associated with increased RR at 3 years. We observed a paradoxical 

finding of decreased respiratory system impedance, lower resistance (increased airway 

calibre) and higher reactance (less stiff lungs). A similar pattern of lower resistance was 

noted in the study by Robinson et al. assessing the effect of UFP exposure on lung function 

using oscillometry12 [26]. Prior studies of associations between VOC and respiratory 

outcomes ranged from some effect to no effect and, while increased benzene exposure could 

impair respiratory health, comparisons between studies are difficult in view of different 

methodologies [30, 31]. Our study supports altered lung function after VOC exposure, 

highlighting the importance of avoiding high exposure, but further studies are needed to 

better understand the impact of VOC exposure on lung development. 

 

This large longitudinal cohort included the measurement of antenatal and postnatal 

exposures, comprehensive lung function from birth up to 3 years and robust risk factor 

assessments. There are only a few longitudinal studies which assess antenatal and postnatal 

exposures and many use spirometry, thus limited to older children. In addition, this is one of 

the first studies to assess these impacts in a LMIC setting with high prevalence of risk factors 

for respiratory disease. However, our findings must be considered in light of several 

limitations. Separating antenatal and postnatal exposures is challenging, but adjusting for 6-

week lung function allowed for the assessment of the independent effects of antenatal and 

postnatal exposures. However, the sample size precluded a meaningful exploration of 

potential interactions between antenatal and postnatal exposures. In addition, the small 

number of children in some of the exposure groups, especially postnatally, limited our ability 

to detect significant associations, and dichotomising exposure variables reduced statistical 

 
12 However, in contrast to our findings, a more negative reactance was noted in this setting. 
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power. We measured exposures at two time points, which may underestimate ongoing 

exposure to IAP and seasonal variations. We conducted multiple comparisons and cannot rule 

out the possibility of Type 1 errors, however, our findings are in keeping with the existing 

literature. We included just over half the cohort in analysis and, although the subsample is 

mostly representative of the entire cohort, differences in HIV exposure, ETS exposure and 

housing type were observed. In addition, a complete case analysis was used and that this 

could lead to bias in the results. Further studies and more data are needed to confirm our 

findings. 

 

Despite some limitations, this study provides novel data suggesting that antenatal IAP and 

ETS exposures were associated with decreased lung function at 3 years, with postnatal 

exposures having deleterious effects independent of antenatal exposures. This highlights the 

need for public health interventions including educational initiatives, especially for women of 

child-bearing age to prevent exposure, as well as measures to provide safer, less polluting 

alternative fuel sources. Our study highlights the vulnerability of children to both antenatal 

and postnatal IAP and ETS exposure, but further studies are warranted to explore the longer-

term effects of these exposures on lung function and to assess the long-term clinical 

implications of these findings. 
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Supplementary information: Further Methodological Details 

The Drakenstein Child Health Study is a longitudinal cohort study assessing the impact of 

risk factors on child health, including environmental, infectious, nutritional, genetic, 

psychosocial, maternal, and immunological factors. The study area, a peri-urban, low 

socioeconomic community, is in Paarl, approximately 60 km outside Cape Town, South 

Africa. Pregnant women were enrolled in their second trimester and followed through 

childbirth. All births took place at the regional (Paarl) hospital. Birth information was 

obtained at the time of delivery by study staff members. Visits were synchronised with the 

national immunisation program, and included visits at 6, 10 and 14 weeks, at 6 and 9 months, 

and then every 6 months from 12 months onward. Two home visits (one antenatal and one 

postnatal) were conducted to investigate environmental risk factors, including measurement 

of indoor air pollution. Anthropometry measurements were recorded at each visit. Robust 

surveillance for lower respiratory tract infections (LRTI) was undertaken and all events were 

comprehensively investigated. Study nurses were trained to diagnose LRTI according to the 

WHO clinical case definitions. Each case of suspected LRTI was examined by study staff and 

those with confirmed LRTI had a nasopharyngeal swab for respiratory organisms [1, 2]. 
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Table S4.1 Methods and definitions 

Measurement Definition Collected 

Pollutant measurement equipment 

Particulate matter 

(PM10) 

personal air sampling pump – SKC Aircheck 

52R 

-Between 4 and 6 months of 

life 

-All measurements were done 

in the communal/main living 

room, away from windows 

and doors, approximately 1.5 

meters from the ground 

Volatile organic 

compounds (VOC) 

benzene and toluene 

MarkesR thermal desorption tubes using passive 

diffusion tubes 

National Ambient Air 

Quality Standards 

Expected exposure for each pollutant based on 

an averaging period of 1 year for each measure: 

-PM10: 40 μg/m3 

-benzene: 5 μg/m3 

-toluene: 240 μg/m3 [3] 

 

-Between 4 to 6 months of life 

-VOC: An average 

concentration based on the 2-

week duration in the home 

was obtained for volatile 

organic compounds;  

-PM10: 24-hour averages were 

obtained  

Urine cotinine 

measurement 

Urine cotinine tests were performed using the 

IMMULITER 1000 Nicotine Metabolite Kit 

(Siemens Medical Solutions DiagnosticsR, Glyn 

Rhonwy, United Kingdom) [4]. 

Antenatal: Maternal urine was 

collected at the second 

antenatal study visit and 

maternal and infant urine at 

birth. The higher result was 

used to classify smoking 

levels. 

 

Postnatal: Infant urine was 

collected  at 6 weeks and 

yearly  

Urine cotinine levels The highest value from two visits: 

active smoker (cotinine≥ 500 ng/ml), 

passive smoker (10-499 ng/ml ) or 

non-smoker (<10 ng/ml) [5]. In children these 

were referred to as high, moderate or no 

exposure. 

WHO LRTI 

case definitions 

WHO LRTI case definition: cough or difficulty 

breathing and age-specific tachypnoea or lower 

chest wall in-drawing [6]. 

WHO severe LRTI case definition: any child 

under 2 months of age with signs of LRTI or in 

a child of any age with danger signs (cyanosed, 

unable to drink, seizures, or decreased level of 

consciousness) [6, 7]. 

 

Surveillance for LRTI Active surveillance for LRTI in the cohort was 

undertaken using community field workers, a 

short message system (SMS) phone system, 

ongoing monitoring of cases at health facilities 

and study staff who could always be contacted 

[2].  
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Recurrent LRTI Recurrent LRTI: 2 or more episodes of LRTI in 

the past 12 months 

 

Gestational age  

 

 

 

Assessed by antenatal ultrasound in the second 

trimester, if this was unavailable then 

symphysis-fundal height, recorded by trained 

clinical staff at enrolment, or maternal recall of 

last menstrual period was used [8]. 

Antenatal 2nd trimester 

ultrasound/examination  

 

VOC: volatile organic compounds, PM10 : particulate matter size10 g/m3, LRTI: lower respiratory tract 

infection 
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Table S4.2 Comparison of baseline characteristics between children included in and excluded from 

analysis 

 
Total cohort 

Included in 

analysis 

Not included in 

analysis 1 
P-value 

Number of children 1,143 584 559  

Enrolment site  

Mbekweni 

TC Newman 

634 (55%) 

509 (45%) 

288 (49%) 

296 (51%) 

346 (62%) 

213 (38%) <0.001 

Mean (SD) maternal age at 

enrolment 26.6 (5.7) 26.8 (5.7) 26.4 (5.6) 0.200 

Maternal education 

    Less than secondary 

    Secondary/any tertiary 

695 (61%) 

448 (39%) 

358 (61%) 

226 (39%) 

337 (60%) 

222 (40%) 0.725 

Housing type: Informal shack  419 (37%) 189 (33%) 230 (41%) 0.002 

Parent employed 580 (51%) 300 (51%) 280 (50%) 0.665 

Household income per month 

(South African Rand) 

<R1000/m 

R1000-5000/m 

>R5000/m 

386 (34%) 

596 (52%) 

160 (14%) 

199 (34%) 

305 (52%) 

80 (14%) 

187 (34%) 

291 (52%) 

80 (14%) 0.946 

Male sex 586 (51%) 289 (49%) 297 (53%) 0.218 

Delivery mode: Caesarean section 230 (20%) 118 (20%) 112 (20%) 0.996 

Gestation at delivery 

<32 weeks 

≥32 and <37 weeks 

≥37 weeks 

33 (3%) 

159 (14%) 

951 (83%) 

0 (0%) 

74 (13%) 

510 (87%) 

33 (6%) 

85 (15%) 

441 (79%) <0.001 

Mean (SD) birth weight z-score -0.3 (1.1) -0.3 (1.1) -0.3 (1.1) 0.446 

Mean (SD) birth length z-score 0.4 (1.6) 0.4 (1.6) 0.4 (1.6) 0.635 

HIV-exposed  248 (22%) 110 (19%) 138 (25%) 0.016 

Antenatal exposure to indoor air pollutants above ambient standards 

PM10 (n=767) 345 (45%) 179 (44%) 166 (46%) 0.599 

Benzene (n=738) 334 (45%) 170 (43%) 164 (48%) 0.244 

Toluene (n=738) 67 (9%) 33 (8%) 34 (10%) 0.429 

Benzene and/or Toluene (n=738) 336 (46%) 171 (44%) 165 (48%) 0.240 

Exposure to Antenatal tobacco smoke 

Antenatal exposure (n=1,093): 

No exposure 

Moderate exposure 

High exposure 

249 (23%) 

491 (45%) 

353 (32%) 

102 (18%) 

262 (46%) 

202 (36%) 

147 (28%) 

229 (43%) 

151 (29%) <0.001 

1 Includes children who did not attend 3-year visit, and children who attended visit but had no successful 

lung function tests; PM10: particulate matter size10  g/m3 
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Table S4.3 Oscillometry and multiple-breath washout measures at 6 weeks and 3 years of age 

 6 weeks 3 years 

n with data Mean (SD) n with data Mean (SD) 

ReE  (hPa.s.L-1) 434 45.56 (12.67) 439 12.36 (2.85) 

XeE (hPa.s.L-1)  434 -8.23 (8.22) 439 -2.63 (1.72) 

ReI (hPa.s.L-1) 434 40.60 (13.67) 439 10.86 (2.43) 

XeI (hPa.s.L-1)  434 -5.30 (5.13) 439 -3.22 (1.38) 

Rmean (hPa.s.L-1) 434 53.91 (18.50) 439 12.77 (2.79) 

Xmean (hPa.s.L-1)  434 -8.96 (7.92) 439 -3.45 (1.52) 

ΔR (hPa.s.L-1)  434 4.96 (7.65) 439 1.49 (1.68) 

ΔX (hPa.s.L-1)  434 -2.93 (7.37) 439 0.60 (1.43) 

FRC (L) 572 0.08 (0.02) 495 0.46 (0.09) 

LCI (number of turnovers) 572 7.15 (0.44) 495 8.23 (1.24) 

Respiratory rate (min-1) 608 48.89 (11.30) 491 27.92 (5.63) 

Tidal volume (mL) 608 34.75 (5.96) 498 179.23 (28.65) 

tE/tTOT 608 54.98 (4.51) 498 57.78 (3.30) 

tPTEF/tE 608 38.10 (12.22) 490 42.96 (12.20) 

ReE, resistance at end-expiration; XeE, reactance at end-expiration; ReI, resistance at end inspiration; 

XeI, reactance at end inspiration, Rmean, mean resistance; Xmean, mean reactance; ΔR, ReE-ReI; ΔX, XeE-

XeI, FRC, functional residual capacity; LCI, lung clearance index; tE/tTOT, ratio time of expiration to 

total time; tPTEF/tE, ratio time of peak total expiratory flow to time of expiration. 
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Table S4.4 Correlation matrix for the different exposures, among children with successful lung function tests 

 Antenatal  

PM10 

Postnatal 

PM10 

Antenatal 

Benzene 

Postnatal 

Benzene 

Antenatal 

Toluene 

Postnatal 

Toluene 

Antenatal 

cotinine 

Postnatal 

cotinine 

Antenatal PM10 -        

Postnatal PM10 0.013 -       

Antenatal Benzene -0.010 -0.024 -      

Postnatal Benzene 0.008 0.117 -0.020 -     

Antenatal Toluene 0.027 -0.028 0.500 * -0.068 -    

Postnatal Toluene -0.012 0.218 * 0.012 0.720 * -0.043 -   

Antenatal cotinine -0.084 0.090 -0.005 -0.017 -0.011 0.060 -  

Postnatal cotinine -0.030 0.121 -0.009 -0.013 0.018 0.114 0.618 * - 

PM10: particulate matter size 10ug/m3; * p<0.05 
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Table S4.5 Impact of postnatal exposure to PM10 above ambient standards on lung function at 3 years of age 

 Unadjusted models Adjusted model  

n β [95% CI] P-value n β [95% CI] P-value 

ReE  (hPa.s.L-1) 203 0.31 [-0.51, 1.12] 0.457 119 0.64 [-0.35, 1.63] 0.205 

XeE (hPa.s.L-1)  203 0.20 [-0.31, 0.71] 0.435 119 0.14 [-0.50, 0.77] 0.672 

ReI (hPa.s.L-1) 203 0.01 [-0.70, 0.73] 0.970 119 0.62 [-0.27, 1.51] 0.168 

XeI (hPa.s.L-1)  203 0.37 [-0.03, 0.76] 0.067 119 0.00 [-0.52, 0.52] 0.999 

Rmean (hPa.s.L-1) 203 0.30 [-0.52, 1.13] 0.470 119 0.78 [-0.22, 1.79] 0.125 

Xmean (hPa.s.L-1)  203 0.25 [-0.20, 0.70] 0.276 119 0.05 [-0.48, 0.58] 0.854 

ΔR (hPa.s.L-1)  203 0.29 [-0.17, 0.76] 0.217 119 -0.03 [-0.61, 0.55] 0.916 

ΔX (hPa.s.L-1)  203 -0.16 [-0.55, 0.23] 0.408 119 0.20 [-0.32, 0.72] 0.438 

FRC (L) 243 -0.02 [-0.04, 0.00] 0.100 189 -0.02 [-0.05, 0.00] 0.092 

LCI (number of turnovers) 243 0.24 [-0.08, 0.55] 0.138 189 0.25 [-0.11, 0.62] 0.170 

Respiratory rate (min-1) 236 1.42 [-0.07, 2.91] 0.062 199 0.77 [-0.70, 2.25] 0.300 

Tidal volume (mL) 239 1.62 [-6.51, 9.75] 0.696 202 1.05 [-7.48, 9.59] 0.808 

tE/tTOT 239 0.01 [-0.90, 0.92] 0.980 202 -0.14 [-1.15, 0.88] 0.792 

tPTEF/tE 234 2.19 [-1.18, 5.56] 0.201 198 1.24 [-2.38, 4.86] 0.500 

Adjusted model: adjusted for enrolment site, sex, socioeconomic status, BMI z-score, previous LRTI, and lung 

function parameter at 6 weeks of age. 

ReE, resistance at end-expiration; XeE, reactance at end-expiration; ReI, resistance at end inspiration; XeI, reactance at 

end inspiration, Rmean, mean resistance; Xmean, mean reactance; ΔR, ReE-ReI; ΔX, XeE-XeI, FRC, functional residual 

capacity; LCI, lung clearance index; tE/tTOT, ratio time of expiration to total time; tPTEF/tE, ratio time of peak total 

expiratory flow to time of expiration. 
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Table S4.6 Impact of postnatal exposure to Benzene and/or Toluene above ambient standards (versus below ambient 

standards for both) on lung function at 3 years of age 

 Unadjusted models Adjusted model 2 

n β [95% CI] P-value n β [95% CI] P-value 

ReE  (hPa.s.L-1) 181 -1.12 [-2.01, -0.22] 0.015 107 -1.01 [-2.16, 0.14] 0.085 

XeE (hPa.s.L-1)  181 0.45 [-0.11, 1.01] 0.112 107 0.48 [-0.25, 1.22] 0.196 

ReI (hPa.s.L-1) 181 -0.79 [-1.58, 0.00] 0.049 107 -0.58 [-1.62, 0.47] 0.279 

XeI (hPa.s.L-1)  181 0.45 [0.03, 0.88] 0.037 107 0.54 [-0.03, 1.10] 0.062 

Rmean (hPa.s.L-1) 181 -0.92 [-1.83, -0.02] 0.046 107 -0.75 [-1.91, 0.42] 0.205 

Xmean (hPa.s.L-1)  181 0.41 [-0.08, 0.90] 0.099 107 0.46 [-0.12, 1.03] 0.117 

ΔR (hPa.s.L-1)  181 -0.33 [-0.86, 0.21] 0.230 107 -0.44 [-1.15, 0.28] 0.228 

ΔX (hPa.s.L-1)  181 0.00 [-0.46, 0.46] 0.997 107 -0.04 [-0.68, 0.60] 0.908 

FRC (L) 220 0.01 [-0.02, 0.03] 0.503 175 0.00 [-0.03, 0.03] 0.994 

LCI (number of turnovers) 220 0.04 [-0.31, 0.38] 0.839 175 0.13 [-0.27, 0.53] 0.527 

Respiratory rate (min-1) 210 1.65 [0.02, 3.27] 0.047 182 1.39 [-0.17, 2.96] 0.081 

Tidal volume (mL) 214 -0.56 [-9.20, 8.08] 0.898 186 0.87 [-8.07, 9.81] 0.848 

tE/tTOT 214 -0.26 [-1.19, 0.68] 0.591 186 -0.29 [-1.30, 0.73] 0.578 

tPTEF/tE 208 -1.18 [-4.92, 2.56] 0.535 181 -0.86 [-4.73, 3.01] 0.662 

Adjusted model: adjusted for enrolment site, sex, socioeconomic status, BMI z-score, previous LRTI, and lung 

function parameter at 6 weeks of age. 

ReE, resistance at end-expiration; XeE, reactance at end-expiration; ReI, resistance at end inspiration; XeI, reactance at 

end inspiration, Rmean, mean resistance; Xmean, mean reactance; ΔR, ReE-ReI; ΔX, XeE-XeI, FRC, functional residual 

capacity; LCI, lung clearance index; tE/tTOT, ratio time of expiration to total time; tPTEF/tE, ratio time of peak total 

expiratory flow to time of expiration. 
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Table S4.7 Impact of postnatal exposure to moderate and high levels of tobacco smoke, versus low levels on lung 

function at 3 years of age 

 Unadjusted models Adjusted model 2 

n β [95% CI] P-value n β [95% CI] P-value 

ReE (hPa.s.L-1)  
Moderate 

High 
379 

0.17 [-0.50, 0.84] 

1.27 [0.15, 2.39] 

0.628 

0.026 
237 

-0.32 [-1.16, 0.52] 

-0.30 [-1.88, 1.28] 

0.456 

0.707 

XeE (hPa.s.L-1)  
Moderate 

High 
379 

0.12 [-0.28, 0.53] 

0.01 [-0.67, 0.68] 

0.555 

0.988 
237 

0.15 [-0.34, 0.64] 

0.54 [-0.39, 1.47] 

0.552 

0.256 

ReI (hPa.s.L-1)  
Moderate 

High 
379 

0.46 [-0.11, 1.02] 

0.73 [-0.22, 1.68] 

0.115 

0.130 
237 

0.07 [-0.68, 0.82] 

-0.14 [-1.55, 1.26] 

0.848 

0.840 

XeI (hPa.s.L-1)  
Moderate 

High 
379 

-0.08 [-0.41, 0.25] 

-0.04 [-0.59, 0.50] 

0.628 

0.876 
237 

0.08 [-0.35, 0.51] 

0.05 [-0.76, 0.86] 

0.702 

0.906 

Rmean (hPa.s.L-

1)  

Moderate 

High 
379 

0.16 [-0.49, 0.82] 

0.95 [-0.14, 2.04] 

0.626 

0.087 
237 

-0.37 [-1.21, 0.48] 

-0.17 [-1.76, 1.42] 

0.394 

0.835 

Xmean (hPa.s.L-

1)  

Moderate 

High 
379 

0.09 [-0.27, 0.45] 

-0.13 [-0.73, 0.48] 

0.617 

0.682 
237 

0.19 [-0.25, 0.62] 

0.10 [-0.72, 0.92] 

0.401 

0.814 

ΔR (hPa.s.L-1)  
Moderate 

High 
379 

-0.29 [-0.69, 0.11] 

0.54 [-0.13, 1.21] 

0.154 

0.113 
237 

-0.36 [-0.86, 0.13] 

-0.07 [-1.01, 0.86] 

0.147 

0.874 

ΔX (hPa.s.L-1)  
Moderate 

High 
379 

0.20 [-0.13, 0.53] 

0.05 [-0.50, 0.60] 

0.226 

0.861 
237 

0.05 [-0.36, 0.47] 

0.38 [-0.41, 1.17] 

0.798 

0.345 

FRC (L) 
Moderate 

High 
428 

-0.01 [-0.03, 0.02] 

-0.02 [-0.06, 0.02] 

0.586 

0.258 
326 

-0.01 [-0.04, 0.02] 

-0.03 [-0.08, 0.01] 

0.495 

0.163 

LCI (number of 

turnovers) 

Moderate 

High 
428 

0.01 [-0.27, 0.29] 

-0.20 [-0.68, 0.27] 

0.948 

0.401 
326 

0.14 [-0.21, 0.49] 

0.12 [-0.47, 0.72] 

0.428 

0.690 

Respiratory 

rate(min-1) 

Moderate 

High 
427 

0.69 [-0.61, 1.99] 

-1.10 [-3.25, 1.06] 

0.297 

0.317 
350 

0.88 [-0.54, 2.31] 

-0.64 [-3.10, 1.82] 

0.224 

0.607 

Tidal volume 

(mL) 

Moderate 

High 
434 

-4.60 [-11.08, 1.88] 

-2.74 [-13.50, 8.01] 

0.163 

0.616 
357 

0.89 [-6.47, 8.25] 

8.10 [-4.57, 20.77] 

0.813 

0.209 

tE/tTOT 
Moderate 

High 
434 

-0.46 [-1.19, 0.27] 

0.36 [-0.85, 1.57] 

0.213 

0.559 
357 

-0.55 [-1.42, 0.32] 

-0.06 [-1.55, 1.44] 

0.217 

0.942 

tPTEF/tE 
Moderate 

High 
428 

-2.52 [-5.20, 0.16] 

-4.14 [-8.57, 0.28] 

0.066 

0.067 
352 

-1.71 [-4.83, 1.42] 

-2.36 [-7.71, 2.99] 

0.283 

0.386 

Adjusted model: adjusted for enrolment site, sex, socioeconomic status, BMI z-score, previous LRTI, and lung 

function parameter at 6 weeks of age. 

ReE, resistance at end-expiration; XeE, reactance at end-expiration; ReI, resistance at end inspiration; XeI, reactance at 

end inspiration, Rmean, mean resistance; Xmean, mean reactance; ΔR, ReE-ReI; ΔX, XeE-XeI, FRC, functional residual 

capacity; LCI, lung clearance index; tE/tTOT, ratio time of expiration to total time; tPTEF/tE, ratio time of peak total 

expiratory flow to time of expiration. 
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Figure S4.1 Directed acyclic graph constructed to select minimum set of adjustment variables

 
 

 
 



172 

 

Supplementary references 

1. Zar HJ, Barnett W, Myer L, Stein DJ, Nicol MP. Investigating the early-life 

determinants of illness in Africa: the Drakenstein Child Health Study. Thorax. 

2015;70(6):592-594. doi: 10.1136/thoraxjnl-2014-206242. 

2. le Roux DM, Myer L, Nicol MP, Zar HJ. Incidence of childhood pneumonia: facility-

based surveillance estimate compared to measured incidence in a South African birth 

cohort study. BMJ Open. 2015;5(12):e009111. doi: 10.1136/bmjopen-2015-009111. 

3. Government Gazette Republic of South Africa. National Ambient Air Quality 

Standards. 2009 [cited 2014 Aug]. Available from: 

https://www.environment.gov.za/sites/default/files/legislations/nemaqa_airquality_g3

2816gon1210.pdf 

4. Siemens. Immulite 1000 Nicotine Metabolite. UK, 2009. Available from: 

https://www.siemens-healthineers.com/en-za/immunoassay/systems/immulite-1000-

immunoassay-system. 

5. Vanker A, Barnett W, Brittain K, Gie RP, Koen N, Myers B, et al Antenatal and early 

life tobacco smoke exposure in an African birth cohort study. Int J Tuberc Lung Dis. 

2016;20(6):729-737. doi: 10.5588/ijtld.15.0697. 

6. World Health Organization (WHO). Integrated management of childhood illness: 

distance learning course; 2014. https://apps.who.int/iris/handle/10665/104772. 

7. Zar HJ, Barnett W, Stadler A, Gardner-Lubbe S, Myer L, Nicol MP. Aetiology of 

childhood pneumonia in a well vaccinated South African birth cohort: a nested case-

control study of the Drakenstein Child Health Study. Lancet Respir Med. 

2016;4(6):463-472. doi: 10.1016/S2213-2600(16)00096-5.  

8. Zar HJ, Pellowski JA, Cohen S, Barnett W, Vanker A, Koen N, et al. Maternal health 

and birth outcomes in a South African birth cohort study. PLoS One. 

2019;14(11):e0222399. doi: 10.1371/journal.pone.0222399. 

 

  



173 

 

Chapter 5: The effect of moderate to late preterm birth on 

lung function over the first 5 years of life in a South 

African birth cohort 

 

 

 

Chaya S1, Simpson SJ2,3, Marozva N1, Jacobs C1, Botha M1, Workman L1, Hantos Z4, Zar 

HJ1, Gray D1. The effect of moderate-to-late preterm birth on lung function over the first 5 

years of life in a South African birth cohort. ERJ Open Res. 2025;11(3):00733-2024. doi: 

10.1183/23120541.00733-2024. 

 

 

Affiliations:  

1. Department of Paediatrics and Child Health, Red Cross War Memorial Children’s 

Hospital and SA-MRC Unit on Child and Adolescent Health, University of Cape 

Town, Cape Town, South Africa 

2. Wal-yan Respiratory Centre, Telethon Kids Institute, Perth, Australia 

3. School of Allied Health, Curtin University, Perth, Australia;  

4. Department of Anaesthesiology and Intensive Therapy, Semmelweis University, 

Budapest, Hungary 

 

Author contributions: 

SC contributed to the conceptualisation, methodology, data collection, analyses and writing 

of original draft. LM contributed to the data curation and analysis. NM completed the data 



174 

 

curation and analysis. CJ contributed to data collection and manuscript. MB contributed to 

data collection and the manuscript. SS contributed to conceptualisation, methodology, 

supervision and writing of the original draft. ZH contributed to methodology, data acquisition 

and analysis, developed Oscillometry aspects of study. HJZ contributed to conceptualisation, 

funding acquisition, methodology, supervision and review of original draft. DMG contributed 

to lung function conceptualisation, data collection, funding acquisition, methodology, 

supervision, analyses and writing of original draft. All authors contributed to the final 

manuscript. 

 

Word count: 3527 

  



175 

 

Abstract 

Background: Preterm birth is associated with increased mortality and morbidity, particularly 

due to lung disease. Low-middle income countries (LMIC) have the highest rates of preterm 

birth. Infants born extremely preterm rarely survive, so the largest burden is amongst 

moderate to late preterm (MLP) infants. The long-term health impact on MLP children in 

LMIC is poorly understood. 

Aim: To assess the effect of MLP birth on lung function trajectories from birth to 5 years in 

the birth cohort Drakenstein Child Health Study. Methods: Children were followed from birth 

with lung function measurements at 6 weeks and annually until 5 years. Exposures were 

longitudinally collected from the antenatal period through 5 years of age. Lung function tests 

included spectral and intra-breath oscillometry, tidal breathing and multiple breath washout. 

Mixed-effect models adjusted using a minimum set of variables were used. 

Results: Of 923 children, 119 (13%) were born MLP [32-<37 weeks gestation; median 

gestational age (GA) 35 weeks] and 19 (2%) <32 weeks gestation. Children born MLP had 

altered lung function trajectories. Spectral oscillometry demonstrated a 13% reduction in 

compliance (0.87, 95% CI: 0.82; 0.92), 5% increase in resistance at end expiration (1.05, 

95% CI: 1.01; 1.09) and 1.74 Hz (95% CI: 1.10; 2.39) increase in resonance frequency over 5 

years compared to term children. The proportion of children hospitalised for lower 

respiratory tract infections (LRTI) was higher in preterm born children (29 (23.6%) MLP; 18 

(94.7%) extreme to very preterm; 109 (14%) term born children; p<0.01). LRTI and tobacco 

smoke exposure were associated with impaired lung function, but the impact of MLP on lung 

function was independent of these.  

Conclusion: MLP born children have impaired lung function trajectories over the first 5 

years of life, highlighting the importance of strengthening maternal health, perinatal care and 

strategies to reduce tobacco smoke exposure and early life LRTI. 
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5.1 Introduction  

Approximately 13.4 million infants are born preterm annually [1], with a particularly high 

burden in low- and middle-income countries (LMIC), especially Africa and South East Asia 

[1]. Preterm born infants are grouped as extremely preterm (less than 28 weeks), very preterm 

(28-32 weeks) or moderate to late preterm (MLP) (32 to 37 weeks), with MLP births making 

up 85% of global prematurity [2, 3]. Survival rates of preterm infants, especially very preterm 

are significantly lower in LMIC compared to high income countries (HIC), reflecting limited 

access to neonatal intensive resources [1]. Resultingly, infants born < 32 weeks gestation 

rarely survive in LMIC. Poor long-term outcomes in survivors of preterm birth are well 

reported in all preterm groups in HIC, with earlier gestation correlated with the poorest 

outcomes [4]. However, data on long-term outcomes of preterm birth are lacking from LMIC 

settings, where poor outcome may be more widespread in the MLP groups due to social 

disadvantage, high burden of infectious diseases and limited access to care. 

 

The respiratory system is particularly susceptible to the long term sequalae of prematurity [5]. 

Studies from survivors of very and extremely preterm birth in HIC report increased 

respiratory symptoms, increased frequency and severity of lower respiratory tract infection 

(LRTI) and lower lung function through childhood compared to term born children [6, 7]. 

However, limited attention has been given to the MLP group. A recent meta-analysis of 15 

spirometric studies (n=847 individuals between 5-25 years; all from HIC) showed that MLP-

born individuals have higher rates of airway obstruction, with lower forced expiratory 

volume in 1 second (FEV1), forced vital capacity (FVC), FEV1/FVC and forced expiratory 

flow between 25% and 75% of vital capacity (FEF25-75) compared to those born at term [8]. 

These deficits were further exacerbated in children exposed to passive smoking [9]. However, 

reliable spirometry is difficult to obtain in young children. As such, other lung function tests 
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(such as oscillometry and multiple breath washout) which can be performed in young 

children, may provide viable options to the early assessment of lung disease [10]. Further, 

these tools assess the peripheral lung, including the smaller airways which are increasingly 

recognised as an important indicator of early lung disease. 

 

There is increasing recognition of the role of prematurity in lifelong lung disease, particularly 

in the development of chronic obstructive pulmonary disease (COPD) [11], with changes in 

lung development (from prematurity) and adverse early life exposures recently named as 

COPD etiotypes [12]. As such, the identification of “at-risk” individuals in early life is key. 

The aim of this study was to assess the impact of prematurity, particularly MLP birth, on lung 

growth and function, longitudinally, from birth to 5 years in a South African birth cohort. 

Further, we aimed to identify environmental exposures impacting on lung function 

trajectories in those born preterm. 

 

5.2 Methods 

This was a prospective study of children enrolled in The Drakenstein Child Health Study 

(DCHS) a longitudinal birth cohort in a peri-urban area outside Cape Town, South Africa. 

Pregnant mothers were enrolled between 5 March 2012 to 31 March 2015 in their second 

trimester (20-28 weeks gestation) at public sector clinics and followed through pregnancy as 

previously described [13].  

 

Maternal health was assessed at enrolment, antenatal follow up visits and at birth using 

questionnaires and physical examination performed by trained study staff [14]. Antenatal and 

postnatal maternal smoking as well as postnatal household smoke exposure information was 

self reported [13]. High blood pressure was defined as a BP > 140/90 mmHg and 
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preeclampsia as high blood pressure after 20 weeks with proteinuria or other organ 

dysfunction. Anaemia was defined as haemoglobin < 10 g/dl. Socioeconomic status (SES) 

was assessed antenatally by questionnaires including information on employment status, 

maternal educational attainment, household income, assets and market access (bank accounts, 

shops accessed, retail accounts). 

 

Gestational age was estimated using antenatal ultrasound measurements in the second 

trimester; if this was unavailable then symphysis-fundal height and maternal recall of the last 

menstrual period was used. All deliveries were attended by study staff. The WHO definition 

of preterm birth was used to classify moderate to late (32-<37 weeks gestation), very (28-<32 

weeks) and extremely (<28 weeks gestation) preterm birth [2]. Preterm birthweight for 

gestational age z-score was calculated using the Fenton growth charts [15]. Full-term birth 

and all anthropometry measured post birth were calculated using WHO growth standards 

chart (WHO, Geneva, Switzerland) [16]. Those eligible for maternal antenatal steroids were 

mothers who were in preterm labour with a pregnancy gestation 27 to 34 weeks; infants were 

eligible for surfactant if they were born at 28 to 34 weeks GA as per the local hospital 

protocol. 

 

Mothers and infants were followed until discharge. Regular follow up visits were then 

performed at 6, 10, 14 weeks, 6, 9, 12 months and thereafter 6 monthly at a local clinic [14]. 

Anthropometry was measured from birth and at all study visits. Lower respiratory tract 

infection (LRTI) surveillance was established through community health workers, use of cell 

phones, a dedicated study contact person available 24 hours, and a network of study staff at 

community-based sites. Each suspected case of LRTI was examined by study staff to confirm 

the presence of LRTI as previously described [17]. The WHO clinical case definitions of 
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pneumonia were used to define LRTI [17]. Lung function was done at least 4 weeks after an 

episode of LRTI. A detailed explanation of each of the variables and outcomes used in this 

study are presented in table S1. 

 

5.2.1 Lung function measures 

Lung function testing was performed at the local hospital study site by the trained study team. 

Lung function measurements were done at 5-11 weeks and then yearly until 5 years. Tests 

included oscillometry custom-built wave-tube equipment (University of Szeged, Hungary), 

tidal breathing flow volume loops (TBFVL) and multiple breath washout (MBW) 

Exhalyzer®D with an ultrasonic flow metre (Ecomedics, Duernten, Switzerland). Tests were 

performed in accordance with international guidelines as previously described [18]. 

Oscillometry measured the respiratory impedance (Zrs), expressed as respiratory system 

resistance (Rrs) and reactance (Xrs). An increased Rrs and more negative Xrs would reflect 

reduced lung function (impairment in respiratory system mechanics). We measured both 

standard spectral measures [compliance (Crs), Rrs, frequency dependence of Rrs (R6-R20), 

resonance frequency (Fres) and Xrs area below Fres (AX)] and intra-breath measures [Rrs at end 

inspiration (ReI) and at end expiration (ReE), Xrs at end expiration (XeE) and end inspiration 

(XeI), and their tidal changes ReE-ReI (ΔR) and XeE-XeI (ΔX)]. Tidal breathing measures 

included respiratory rate (RR) and tidal volume (VT). MBW measures are functional residual 

capacity (FRC) and lung clearance index (LCI), an index of ventilation homogeneity. 

Increased LCI indicates ventilation inhomogeneity. Measurements at 5-11 weeks, 1 and 2 

years were performed in unsedated infants using a face mask during quiet sleep in supine 

position. At 3 to 5 years lung function tests were performed in awake children, seated, 

breathing through a mask for MBW and TBFVL; and a mouthpiece for oscillometry. (See 
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Supplementary document for detailed methodology) 

 

5.2.2 Ethics 

The study was approved by the Faculty of Health Sciences, Human Research Ethics 

Committee, University of Cape Town (401/2009; 423/2012; 048/2020) and by the Western 

Cape Provincial Health Research Committee. Mothers gave informed, written consent in their 

first language for their infants to participate, and were re-consented yearly thereafter. 

 

5.2.3 Statistical analysis 

Data was analysed using STATA 14.1 (STATA Corporation, College Station, TX USA) and 

R (R Core team 2021, version 4.1.2). Data were reported as means (and standard deviations), 

frequencies and proportions as appropriate. Two-tailed ANOVA, Student T-tests, Pearson 

Chi-squared and Fisher’s Exact test, were used to examine differences of participant 

characteristics between the preterm and full-term group, as well as differences between 

children included vs excluded from the final analysis. Data that were not normally distributed 

were transformed (logged). 

 

A univariate analysis was done to investigate the association between exposures and lung 

function outcomes. The model selection process was done using a directed acyclic graph 

(DAG) produced on dagitty.net (Figure S1). The DAGs minimal set of variables (sex, height, 

age, indicator of asleep vs awake and interaction between age and indicator, HIV exposure, 

birth weight, maternal antenatal smoking, household income, LRTI counts) were used in 

mixed-effect models to assess the impact of preterm birth on lung function outcomes over a 

5-year period. (Table S5.6) Each outcome was included in individual models. Robust 

standard errors (to account for heteroscedasticity) were used in the estimation. 
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Further, as some of the measures were impacted by whether the child was asleep (during the 

first 24 months) or awake (from 36 months onwards) at the time of the test, an indicator 

variable was created to distinguish between whether the child was awake or not. The 

indicator variable and an interaction between the indicator variable and visit was also 

considered. (See Supplementary document) 

 

5.3 Results 

5.3.1 Characteristics of the cohort 

A total of 1137 mothers delivered 1143 live births. Of these 923 (88%) children had at least 2 

successful lung function tests over 5 years and were included in analysis: Amongst these, 785 

(85%) children were born term (median gestational age (GA): 39 weeks), 119 (13%) MLP 

(32-<37 weeks gestation; median GA: 35 weeks), and 19 (2%) extremely to very preterm 

(<32 weeks gestation; median GA: 30 weeks; p<0.001). For the purposes of this study, very 

and extreme preterm birth were combined as the cohort contained only a few extreme preterm 

births. Cohort retention over the 5 years was 81%. Figure 5.1 shows the study profile. 
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Figure 5.1 Flow diagram of lung function testing in the Drakenstein Child Health Study 

 

 
 
 

                

                                       
        
             
                               
           
                
                                
        

                          

                            
                        

                            
     

                           
                  

                           
                    

                           
                           

                     
                    
                 

                            
                       

                            
                 

                           
                         
                           
                           
                           
                           
                           

                            
                         
                           
                           
                           
                           
                           

                              
                         
                           
                           
                           
                           

                             
                         
                           
                           
                           
                           

                                   
       

Number of successful tests 

Number of 

LF tests 
MBW TBFVL 

Oscillometry 

Standard spectral Intra breath 

2 126 91 217 249 

3 208 200 246 259 

4 261 230 252 203 

5 206 237 121 74 
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Median maternal age at the time of delivery, mothers living with HIV and receiving ART 

were similar among the three gestational age groups. Measures of SES, maternal education 

and household income, were similar between groups. Mothers with high blood pressure 

and/or pre-eclampsia had higher rates of MLP preterm births whereas mothers with diabetes 

had higher rates of very to extreme preterm births. Antenatal steroids in preterm labor were 

given to 71.4% and 50% of mothers of children born MLP and very preterm respectively. 

Data on antenatal steroids were not available for all eligible patients. Maternal antenatal and 

postnatal smoking were present in 28% and 39% and 53% and 63% of MLP and extreme to 

very preterm born children, respectively (Table 5.1). Characteristics of participants included 

and excluded are shown in Table S5.2. The two groups were similar except for maternal 

antenatal, postnatal smoking and postnatal household smoke exposure which were all lower 

in those excluded (p<0.001). 

 

The median birth weight was 2.52 kg for MLP infants, 1.34 kg for extreme preterm infants, 

and 3.17 kg for term infants, respectively (p<0.001). A total of 169 (21.5%) infants were HIV 

exposed uninfected (HEU), with similar frequency across preterm groups. Two children were 

HIV-infected and were excluded from the analysis. Height-for-age z-score at birth was 

similar between preterm and term children, however children born MLP had higher 

weightfor-age z-score (WAZ) mean (SD) -0.02 (1.24) compared to those born at term -0.33 

(1.03). 

 

Surfactant was administered to a total of 6 children, 1 (16.7%) MLP and 5 (33.3%) very to 

extremely preterm infants. More children in the preterm groups, particularly the <32 week 

infants, required supplementary oxygen and ventilation after birth compared to those born at 

term, although numbers were small: the number (%) of children requiring oxygen was 10 
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(1.3%), 7 (5.9%) and 9 (47.4%) in the term, MLP and extreme to very preterm infants 

respectively, p=0.391; the number of infants requiring ventilation was 8 (1%), 7 (5.9%) and 

11 (57.9%) in the respective groups, p=<0.001. 

 

LRTI during the first 5 years of life was more frequent in children born MLP compared to 

term, [60 (50.4%) MLP vs 375 (47.8%) term vs 16 (84.2%) extreme to very preterm, 

p<0.007] and hospitilised [109 (14%) MLP vs 29 (23.6%) term vs 18 (94.7%) extreme to 

very preterm, p<0.001]. The median age of the first and hospitalised LRTI in the first 5 years 

of life were lower in MLP children compared to term born, however did not show any 

significance (Table 5.1). 
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Table 5.1 Characteristics of included children, n=923 

 Full-term  

(785) 

Moderate to late 

preterm (n=119) 

Extremely to 

very preterm 

(n=19) 

P-value 

Maternal and household characteristics 

Number of mothers  783 (85.2%) 117 (12.7%) 19 (2.1%)  

Age at delivery (years)Ω 26.59  

(22.53, 31.16) 

25.2 

(21.47, 30.43) 

25.48 

(20.36, 33.48) 0.310 

BMI at enrollment Ω 26.11 

(22.32, 30.82) 

24.03 

(20.34, 28.24) 

23.78 

(19.49, 28.04) <0.001 

Antenatal steroids n (%)¥ 0 5/7 (71.4%) 6/12 (50%) 0.277 

Maternal antenatal smoking 242 (31.0%) 34 (28.57%) 10 (52.6%) 0.106 

Maternal postnatal smoking 303 (38.6%) 45 (37.8%) 12 (63.2%) 0.091 

Maternal education 

Primary 

Some secondary 

Complete secondary 

Tertiary 

60 (7.6%) 

422 (53.7%) 

255 (32.5%) 

48 (6.1%) 

6 (5.04%) 

70 (58.8%) 

36 (30.3%) 

7 (5.9%) 

2 (10.5%) 

14 (73.7%) 

3 (15.8%) 

0 (0.0%) 0.440 

Household income per month 

<1000 ZAR [$54] 

1000-5000 ZAR 

>5000 ZAR [$270] 

273 (34.8%) 

410 (52.2%) 

102 (13.0%) 

41 (34.5%) 

64 (53.8%) 

14 (11.8%) 

10 (52.6%) 

8 (42.1%) 

1 (5.3%) 0.542 

 

Maternal illnesses during pregnancy 

 Asthma** 9 (1.2%) 4 (3.4%) 0 (0.0%) 0.169 

 Diabetes 7 (0.9%) 3 (2.5%) 2 (10.5%) <0.001 

 Anemia 189 (24.1%) 18 (15.1%) 1 (5.3%) 0.018 

 Pre-eclampsia 13 (1.7%) 8 (6.7%) 1 (5.3%) 0.002 

 High blood pressure 26 (3.3%) 14 (11.8%) 1 (5.3%) <0.001 

Maternal HIV 169 (21.5%) 23 (19.3%) 4 (21.1%) 0.861 

 Antiretroviral regimen 146 (87.4%) 20 (87%) 3 (75%) 0.496 

 

Child characteristics 

    

Gestational age Ω 39 (38, 40) 35 (34, 36) 30 (28, 31) <0.001 

Sex – male  400 (51.0%) 62 (52.1%) 8 (42.1%) 0.720 

Birth weight (kg)Ω 3.17 (2.84, 3.46) 2.52 (2.13, 2.94) 1.34 (1.04, 1.52) <0.001 

Weight for age z-score birth# -0.33 (1.03) -0.02 (1.24) -0.03 (0.99) 0.008 

Height for age z-score birth# 0.40 (1.67) 0.36 (1.38) 0.57 (1.37) 0.890 

Birth length 50 (48, 52) 47 (45, 50) 41 (35, 42) <0.001 

Breastfeeding (months)Ω  7 (2, 23.56) 6.03 (2.7, 18.07) 6 (4, 23.72) 0.863 
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Exclusive breastfeeding 

(months) Ω  1.61 (0.69, 3.22) 1.84 (0.69, 3.47) 1.84 (1, 4.6) 0.311 

Surfactant administered n (%) 0 1/6 (16.7%) 5/15 (33.3%) 0.445 

Oxygen supplement n (%)  

(days) ΩΔ 

10 (1.3%) 7 (5.9%) 9 (47.4%) 0.391 

2 (1,7) 1 (1, 2) 7 (7, 13) 0.01 

Any ventilation n (%) 

(days) Ω  

8 (1%) 7 (5.9%) 11 (57.9%) <0.001 

2 (1, 4) 2 (2, 3) 3 (2,9) 0.317 

Non-invasive ventilation n (%): 

(days) Ω  

7 (0.9%) 7 (5.9%) 11 (57.9%) 0.132 

1 (1, 3) 2 (2, 3) 3 (2, 9) 0.10 

Invasive ventilation n (%): 

(days) Ω  

2 (0.3%) 1 (0.8%) 2 (10.5%) 0.716 

5 (3, 7) 1 (1, 1) 1.5 (1, 2) 0.207 

 

Child exposures 

Household smoke exposure 618 (78.7%) 91 (76.5%) 18 9 (94.7%) 0.195 

Any LRTI episode (0-5 years) 375 (47.8%) 60 (50.4%) 16 (84.2%) 0.007 

Any Hospitalised LRTI 

episode (0-5 years) 109 (14.0%) 29 (23.6%) 18 (94.7%) <0.001 

Age (months) of 1st LRTI (0-5 

years) Ω 5.52 (2.78, 13.31) 4.77 (2.32, 11.71) 4.61 (2.19, 8.82) 0.325 

Age (months) of 1st 

hospitilised LRTI (0-5 

years) Ω 6.91 (2.02, 14.34) 2.43 (1.9, 10.51) 3.07 (2.40, 4.99) 0.270 

Number of LRTI episodes# 0.99 (1.53) 1.32 (1.87) 3.37 (2.03) <0.001 

LRTI: LRTI lower respiratory tract infection; CPAP: continuous positive airway pressure; Extremely to 

very preterm: <32 weeks gestation; moderate to late preterm: 32-37 weeks gestation; full-term: >=37 

weeks gestation 

**Any maternal self-reported wheeze episode 

#Mean and standard deviation reported 

 Ω Median and IQR 

Δ Note: two term-born babies received oxygen for 7 days, and 1 for 10 days resulting in a higher mean 

¥ Antenatal steroid information available in 19/53 mothers 
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5.3.2 Lung function over time 

Lung function measurements from 6 weeks to 5 years of age by gestational age group are 

summarised in Table S3 to S5. These cross-sectional analyses demonstrate deficits in lung 

function outcomes in preterm compared to term infants in tidal breathing (VT, RR), MBW 

(FRC), spectral oscillometry (Rrs, Crs and Fres) and intra-breath oscillometry tests (ReE, ReI, 

ΔR, XeE, XeI, ΔX) at various timepoints of testing. 

 

Longitudinal analysis of lung function trajectories showed that, independent of baseline lung 

function and somatic size, children born preterm had lung function trajectories that diverged 

from the term-born control trajectory through 5 years. With respect to MLP born children we 

noted a 13% decrease in compliance (0.87, 95% CI 0.82 to 0.92). Reactance decreased by 

1.50 and 0.83 hPa.s.L-1 in XeE and XeI, respectively (XeE: -1.50 hPa.s.L-1, 95% CI -2.15 to -

0.86; XeI: -0.83 hPa.s.L-1, 95% CI -1.23 to -0.44). A 5% increase in ReE (1.05 hPa.s.L-1, 95% 

CI 1.01 to 1.09) and a 1.74 Hz increase in Fres (95% CI: 1.10 to 1.09) were observed over 

time, compared to children born at term, Table 5.2 and Fig 5.2. 

 

Children born very and extremely preterm had higher resistance trajectories relative to term-

born children, a 15% increase in R (1.15, 95% CI: 1.03 to 1.30) and 18% increase in ReI 

(1.18, 95% CI: 1.03 to 1.34) over the first 5 years of life. Trajectories of tidal breathing 

measures and LCI were similar over time between term and preterm children and showed no 

significance. 

 

Adjusting for additional confounding factors including LRTI, showed similar results, 

demonstrating an independent effect of prematurity on lung function trajectories throughout 

the first 5 years of life (Table S5.6).  
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Table 5.2 Lung function trajectories for moderate to late preterm, extreme to very preterm and full-term 

born children  over the first 5 years of life 

 
Number Full-term 

Moderate to late 

preterm 

Extremely to very 

preterm 

 *Adjusted coefficient 

(95% CI) 

*Adjusted coefficient 

(95% CI) 

TBFVL 

Tidal volume (mL) 909 Reference -1.26 (-6.24; 3.72) -2.96 (-16.44; 10.51) 

Respiratory rate 

(minutes) 
909 Reference 0.56 (-0.26; 1.38) 0.41 (-2.35; 3.17) 

MBW 

FRC (mL) 889 Reference -6.01 (-19.07; 7.06) 27.15(-16.95; 71.25) 

LCI (n turnovers)# 889 Reference 1.01 (0.94; 1.10) 0.89 (0.65; 1.21) 

Oscillometry 

Spectral 

Resistance# (hPa.s.L-1) 836 Reference 1.04 (1.00; 1.08) 1.15 (1.03; 1.30) 

Compliance# (ml.hPa-1) 836 Reference 0.87 (0.82; 0.92) 0.90 (0.74; 1.09) 

Fres (Hz) 812 Reference 1.74 (1.10; 2.39) 1.65 (-0.92; 4.22) 

Intrabreath 

ReE#(hPa.s.L-1) 785 Reference 1.05 (1.01; 1.09) 1.12 (0.98; 1.29) 

ReI# (hPa.s.L-1) 785 Reference 1.04 (0.99; 1.09) 1.18 (1.03; 1.34) 

ΔR (hPa.s.L-1) 785 Reference 0.42 (-0.03; 0.88) -0.36 (-1.31; 0.58) 

XeE (hPa.s.L-1) 785 Reference -1.50 (-2.15; -0.86) -1.12 (-2.53; 0.28) 

XeI (hPa.s.L-1) 785 Reference -0.83 (-1.23; -0.44) -0.70 (-1.69; 0.30) 

ΔX (hPa.s.L-1) 785 Reference -0.67 (-1.18; -0.18) -0.45 (-1.50; 0.60) 

LRTI: Lower respiratory tract infection; MBW: Multiple breath washout; TBFVL: Tidal breathing flow 

volume loop; FRC: Functional Residual Capacity; LCI: Lung clearance index; 95% CI: 95% confidence 

interval; Fres: Resonant frequency ; ReE: Resistance at end expiration; ReI: Resistance at end inspiration; 

ΔR: the difference between ReE and ReI; XeE: Reactance at end expiration, XeI: Reactance at end 

inspiration; ΔX: the difference between XeE and XeI; 

Full-term: >=37 weeks gestation; Moderate to late preterm: >=32- <37 weeks gestation; Extremely to 

very preterm: <32 weeks gestation 

*Adjusted for sex, height, age, indicator of asleep vs awake and interaction between age  

#Natural log transformation 

Note: bold indicates a significant association 
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Figure 5.2 Oscillometry measures through 5 years. Average (a) Resistance and (b) Compliance 

(adjusted for height) per visit and preterm level trajectories 

 

(a) Resistance 

 

(b) Compliance 
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5.3.3 Predictors of divergent lung function trajectory after preterm birth 

We examined predictors of a divergent lung function trajectory for the moderate to late 

preterm group, including exposures to adverse early life events such as being born small for 

gestational age, tobacco smoke exposure, HIV exposure and the number and severity of 

lower respiratory tract infections (Table 5.3). 

 

Each additional lower respiratory tract infection shifted MLP infants further from an optimal 

trajectory. Respiratory rate increased by 0.90 breaths per minute (95% CI 0.32 to 1.48) with 

each LRTI episode and by 2.44 breaths per minute (95% CI 1.09 to 3.78) for each LRTI 

resulting in hospitalization. LCI increased by 1% (95%CI 1.000 to 1.007) with each 

additional LRTI and respiratory system reactance became more negative over time with each 

LRTI exposure: XeE reduced by 0.47 hPa.s.L-1 (95%CI -0.87 to -0.08) with each additional 

event. 

 

Antenatal tobacco smoke was also detrimental: moderate to late preterm-born children of 

smoking mothers had IeE measures that were -1.63 hPa.s.L-1 lower over time (95% CI -3.17 to 

-0.04) than those of non-smoking mothers. Maternal postnatal smoking was associated with 

an 18% decrease in compliance (95% CI 0.68, 0.99). Postnatal household smoke exposure 

showed no significance. 

 

Children born moderate to late preterm, whose mothers were living with HIV, had a resonant 

frequency that was 1.69 Hz higher (95% CI 0.18 to 3.21) than children born moderate to late 

preterm who were not HIV exposed. In addition, this group had larger decreases in IeE (0.83 

hPa.s.L-1, 95% CI: 0.69 to 0.99) and ReI (0.81 hPa.s.L-1, 95% CI: 0.68, 0.97) over time. 

 



191 

 

The relationship of these exposures to respiratory variables in those <32 weeks are shown in 

Table S5.6. LRTI episodes, LRTI-hospitalization or maternal antenatal smoking was 

associated with an increase in LCI and LRTI episodes with an increase in Fres over 5 years. 

Household smoke exposure was associated with a decrease in tidal volume and an increase in 

resistance.  
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Table 5.3 Exposures associated with lung function trajectories in moderate-late preterm (≥32 & <37 weeks gestation) children over 5 years 

 
Total LRTI 

episodes 

Total 

hospitalized 

LRTI episodes 

WAZ at birth 

Maternal 

antenatal 

smoking 

Maternal 

postnatal 

smoking 

HIV exposure 

Household 

smoke 

exposure 

 Coefficient  

(95% CI) n 

Coefficient  

(95% CI) n 

Coefficient 

(95% CI) n 

Coefficient  

(95% CI) n 

Coefficient  

(95% CI) n 

Coefficient 

(95% CI) n 

Coefficient  

(95% CI) n 

FRC (mL; n=113) 
-7.87  

(-18.24, 2.5) 

-6.70  

(-30.87, 17.47) 

-4.97  

(-21.25, 11.31) 

7.23  

(-34.15, 48.62) 

2.95  

(-35.79, 41.68) 

8.14  

(-40.78, 57.05) 

3.32  

(-41.03, 47.67) 

LCI# (n turnovers; n=113) 
1.00  

(1.00; 1.01) 

1.00  

(0.99; 1.01) 

0.9  

(1.00; 1.01) 

0.99  

(0.97; 1.01) 

0.92  

(0.82, 1.03) 

1.00  

(0.98; 1.02) 

0.94  

(0.82, 1.07) 

Tidal Volume (mL; 

n=113) 

-1.81  

(-5.53, 1.9) 

-7.17  

(-15.77, 1.43) 

2.14  

(-3.61, 7.9) 

-2.94  

(-17.84, 11.97) 

-6.9  

(-21.19, 7.4) 

4.56  

(-13.02, 22.13) 

-2.78 

(-19.13, 13.57) 

Respiratory rate (1/min; 

n=117) 

0.90  

(0.32, 1.48) 

2.44  

(1.09, 3.78) 

-0.62  

(-1.53, 0.29) 

-0.51  

(-2.86, 1.84) 

-0.21  

(-2.42, 2) 

0.09  

(-2.68, 2.87) 

0.04  

(-2.49, 2.56) 

Resistance# (hPa.s.L-1; 

n=110) 

1.01  

(0.98, 1.05) 

1.02  

(0.94; 1.12) 

0.95  

(0.98; 1.01) 

1.15  

(0.99; 1.35) 

1.13  

(0.98, 1.31) 

0.87  

(0.72;1.04) 

1.01  

(0.85, 1.19) 

Compliance# (ml.hPa-1; 

n=110) 

0.96  

(0.92, 1.01) 

0.92  

(0.82; 1.03) 

1.06  

(0.98; 1.15) 

0.84  

(0.69; 1.03) 

0.82  

(0.68, 0.99) 

1.20  

(0.95; 1.51) 

1  

(0.81, 1.24) 

Fres (Hz; n=105) 0.16  

(-0.19, 0.52) 

0.91  

(-0.09; 1.93) 

-0.40  

(-0.91, 0.11) 

0.25  

(-1.17; 1.67) 

0.85  

(-0.41, 2.1) 

1.69  

(0.18; 3.21) 

0.77  

(-0.66, 2.19) 

ReE
# (hPa.s.L-1; n=99) 1.02  

(0.98; 1.06) 

1.04  

(0.92; 1.17) 

0.97  

(0.91; 1.03) 

1.12  

(0.96; 1.31) 

1.13  

(0.99, 1.31) 

0.83  

(0.69; 0.99) 

1  

(0.86, 1.17) 

ReI
# (hPa.s.L-1; n=99) 1.02  

(0.98; 1.06) 

1.03 

(0.91 1.16) 

0.97  

(0.91; 1.02) 

1.11  

(0.95; 1.29) 

1.1  

(0.96, 1.27) 

0.81  

(0.68; 0.97) 

1.02  

(0.87, 1.19) 

ΔR (hPa.s.L-1; n=99) 
0.12  

(-0.13, 0.36) 

0.29  

(-0.47, 1.05) 

-0.15  

(-0.52; 0.22) 

0.72  

(-0.25; 1.68) 

1.01  

(0.16, 1.87) 

-0.36  

(-1.47, 0.76) 

0.23 

(-0.76, 1.22) 
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XeE(hPa.s.L-1; n=99) 
-0.47  

(-0.87; -0.08) 

-0.81  

(-2.02; 0.43) 

0.28  

(-0.32, 0.87) 

-1.63 

(-3.17; -0.04) 

-2.48  

(-3.9, -1.07) 

1.15  

(-0.64, 2.93) 

-0.79  

(-2.39, 0.81) 

XeI (hPa.s.L-1; n=99) 
-0.11  

(-0.35, 0.13) 

-0.48  

(-1.22, 0.26) 

0.49  

(0.15; 0.84) 

-0.89  

(-1.84; 0.06) 

-1.36  

(-2.2, -0.51) 

0.55  

(-0.55, 1.64) 

-0.33  

(-1.3, 0.65) 

ΔX (hPa.s.L-1; n=99) 
-0.36  

(-0.65; -0.07) 

-0.33  

(-1.23; 0.57) 

-0.23  

(-0.67; 0.21) 

-0.74  

(-1.84; 0.45) 

-1.13  

(-2.17, -0.09) 

0.62  

(-0.71; 1.95) 

-0.47  

(-1.65, 0.71) 

WAZ: Weight for age z-score birth; FRC: Functional Residual Capacity; LCI: Lung clearance index; Fres: Resonant frequency ; ReE: Resistance at end expiration; 

ReI: Resistance at end inspiration; ΔR: the difference between ReE and ReI; XeE: Reactance at end expiration, XeI: Reactance at end inspiration; ΔX: the difference 

between XeE and XeI; LRTI: lower respiratory tract infection; CI: Confidence interval. 

# Natural log transformation 

Note: bold indicates a significant association 
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5.4 Discussion  

This study provides a comprehensive assessment of longitudinal lung function measurements 

in MLP children from birth through 5 years in a LMIC setting with several adverse early life 

exposures. MLP infants had lung function trajectories that diverged from term infants over 

the first 5 years of life, in particular increased resistance and reduced compliance in keeping 

with narrower airways and stiffer lungs. These impairments in lung function were 

independent of baseline lung function, early life LRTI and other risk factors including HIV 

exposure and environmental tobacco smoke exposure, suggesting a sustained impact of MLP 

birth on healthy lung development. 

 

These findings challenge the previously held paradigm that the lung health of preterm infants 

“caught up” with term infants in the period after birth [19], especially those born moderate to 

late preterm. The findings are consistent with recent longitudinal studies of lung function of 

MLP born children in HIC which describe impaired lung health including poorer lung 

function and increased airway obstruction compared to term born children [20, 21]. 

Additionally lung function deficits in this group have been shown to persist into the 6th 

decade of life and result in increased risk of COPD [22]. Several inflammatory, cellular and 

genetic mechanisms driving early neonatal lung disease and its persistence into later life have 

been proposed [5]. 

 

A population-based study of children from the United Kingdom measured spirometry at 8-9 

years and again at 14-17 years of age and showed that those born MLP had airway 

obstruction (reduced FEV1/FVC) at both timepoints, but with improvements in FEV1 over 

time [23]. Spirometry requires high levels of co-operation and is not feasible in young 

children. Consequently, monitoring lung growth and development during the early years of 
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life is challenging. Importantly, this study offers insights into lung function from the first 

weeks of life over 5 years in MLP, a time of substantial lung growth and hence a period when 

the impact of additional insults is likely to be greatest. Several risk factors including 

environmental tobacco smoke (ETS) exposure and LRTI, particularly an event requiring 

hospitalisation, contributed to reduced lung function in children born MLP. 

 

In contrast to our observations of worse respiratory impedance, we observed no difference in 

FRC or LCI trajectories through 5 years between MLP and term born children. These 

findings are in keeping with previous reports of cross-sectional studies of older children in 

HICs [24, 25]. Together, these findings suggest that multiple breath washout may not be the 

best tool for monitoring prematurity-associated lung disease in those born MLP. Others have 

reported lower FRC and higher LCI in very preterm infants (mean GA of 29.5 weeks) without 

respiratory disease at 40 weeks corrected GA, compared to term born infants (mean GA of 

39.8 weeks) [26]. We did not show that in our very preterm group, but are limited by small 

numbers born <32 weeks gestation and thus underpowered to investigate these impacts. The 

difference between the findings from <32 weeks and >32 weeks gestation within these 

studies may be explained by the more mature alveoli in MLP, preserved lung volume and 

ventilation homogeneity; and lower perinatal and postnatal respiratory morbidity as compared 

to children born <32 weeks [24]. 

 

We described a high burden of LRTI in MLP children, both ambulatory and hospitalised 

LRTI were higher compared to term infants, as previously described [27]. An immature 

immune system, insufficient transfer of maternal antibodies [28] and lower lung function [29] 

may all increase susceptibility to LRTI risk. However, early life LRTI is itself an independent 

predictor of lower lung function [17, 30] and hence may contribute to lower lung function 
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described in MLP born children. This is supported by our findings that in MLP LRTIs, 

particularly those requiring hospitalisation, resulted in a decreased rise in lung function 

through childhood. These findings emphasize the importance of preventing LRTI in early 

childhood. Access to preventive strategies including vaccination against respiratory 

pathogens may be particularly important for children born MLP. 

 

Both antenatal and postnatal smoking were associated with a lower reactance over 5 years in 

MLP children. This complements the cross-sectional findings of two late preterm studies 

performed in 3-7 year children which demonstrated higher resistance and lower reactance in 

late preterm children exposed to passive smoke compared to unexposed children 20 and the 

observation of accelerated lung function decline in exposed children <32 weeks GA [6]. This 

highlights ETS as an important target to promote healthy lung development in children 

especially those born preterm. 

 

Strengths of this study are the large cohort, high cohort retention and comprehensive lung 

function measurement from 6 weeks to 5 years of age which are novel, particularly in Sub-

Saharan Africa which has a high burden of preterm birth. Additionally, the detailed 

characterisation of maternal health indicators, robust surveillance for LRTI and measures of 

smoke exposure allowed assessment of the impact of these on lung development in MLP. 

Limitations include the small number of extreme to very preterm infants. However MLP 

infants are more likely to survive in LMICs and represent the greatest proportion of preterm 

births in LMICs, and therefore more appropriately reflect the regions of the world most 

impacted by preterm birth. Additionally, data on antenatal steroid and surfactant use were 

incomplete, however the number of eligible patients receiving these interventions were small. 
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We describe the first longitudinal data on lung function from birth through preschool in South 

African children born preterm, showing that children born MLP have long-term impairment 

of healthy lung growth trajectories. This study highlights the importance of strengthening 

antenatal care to prevent prematurity as well as follow-up in children born MLP prioritising 

them for preventive strategies such as vaccination. Further longitudinal data are needed to 

define specific lung function trajectories and the implications of these through adolescents 

and adulthood, to better understand the long term impact of MLP and identify targets for 

intervention to mitigate the consequences across the life course. 
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Table S5.1 Definitions 

 Definition Collected/measured 

WHO LRTI/ pneumonia 

case definitions 

LRTI was diagnosed in children with cough or difficulty breathing 

and age-specific tachypnoea. 

(≥50 breaths per min for children aged 2–12 months) or if the child 

had lower chest wall indrawing. Severe pneumonia was diagnosed 

in children younger than 2 months with tachypnoea (>60 breaths 

per min) or lower 

chest wall indrawing, or in children of any age if the child had a 

general danger sign (ie, cyanosed, unable to drink, seizures, or 

decreased level of consciousness [1]. 

A robust surveillance system  was implemented at all local 

clinics and Paarl hospital. Mothers were counselled on key 

respiratory symptoms and were advised to attend the clinic or 

contact the study staff whenever a child developed cough or 

difficulty breathing. Primary health nurses and study staff were 

trained to recognize World Health Organisation (WHO) defined 

pneumonia. Training of nursing staff included video-clips 

demonstrating clinical signs. The study doctor provided regular 

on-site refresher training and competency assessments [2]. 

Surveillance for 

pneumonia/LRTI 

Active surveillance for pneumonia/LRTI in the cohort was 

undertaken using community field workers, a short message system 

(SMS) phone system, ongoing monitoring of cases at health 

facilities and study staff who could always be contacted [2]. 

 

Gestational age Assessed by antenatal ultrasound in the second trimester, if this was 

unavailable then symphysis-fundal height, recorded by trained 

clinical staff at enrolment, or maternal recall of last menstrual 

period was used [3]. 

Antenatal 2nd trimester ultrasound/examination 

Term infants 

Moderate to late preterm 

Very preterm 

Extreme preterm 

≥37 weeks gestation 

32 to 37 weeks gestation 

28 to less than 32 weeks gestation 

≤28 weeks gestation [4]. 

 

Maternal smoking Antenatal and postnatal maternal smoking information was 

obtained using self-report questionnaires 

Questionnaire 

Household smoke 

exposure 

Any individual residing in the household who smokes including the 

mother. 

Questionnaire 

Socio-economic status Composite variable, placing participants into relative quartiles. 

Score is derived from employment status and standardized scores 

Based on questionnaire information collected at antenatal study 

visit (28-32 weeks). 
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of: educational attainment, household income, assets and market 

access [5]. 

HIV status Mothers: point of care rapid HIV antibody test, positive test 

confirmed with laboratory based combined antibody and antigen 

test [3]. 

Mothers: pregnancy booking and labour 

Exposed infants: 6 weeks PCR, 9 months PCR, ELISA 

or rapid antibody testing and 18 months by rapid 

antibody testing as per provincial PMTCT guidelines [6]. 

Maternal Hypertension High blood pressure was defined as BP >140/90 mmHg [3]. Single arm measurement using an electronic blood pressure cuff  

[3] 

Eclampsia Presence of seizures due to pre-eclampsia [3].  

Pre-eclampsia New onset of hypertension after 20 weeks gestation with 

proteinuria or other organ dysfunction [3]. 

 

Maternal Diabetes  Assessed using urine dipstick. If urine dipstick was positive then 

a fasting blood glucose was done. No formal glucose tolerance 

tests were conducted [3]. 

Anaemia Haemoglobin measurement <10 g/dl [3]. Women had haemoglobin levels measured during pregnancy 

when they attended their antenatal booking visit as standard-of-

care. Haemoglobin was measured using rapid tests [7]. 

Maternal asthma History of asthma and/or low forced expiratory volume [8].  
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Supplementary information 

Lung function measurements 

Oscillometry was measured with custom-built wave-tube equipment (University of Szeged, 

Hungary) using a medium frequency signal for conventional spectral measurement (infants: 

8-48 Hz, minimum of five technically acceptable 30-s epochs; children: 6-32 Hz, maximum 

of five 16-s epochs); and a single frequency for intra-breath measurements (infants: 16 Hz, 

30-s epoch; children: 10 Hz,16-s epoch). The signal was delivered via a wave-tube as 

previously described [9, 10] and performed as per the technical guidelines [11].  

 

Spectral oscillometry measures included respiratory system compliance (Crs), resistance (Rrs), 

frequency dependence of Rrs (R6-R20), resonance frequency (Fres) and Xrs area below Fres (AX). 

Mean respiratory system resistance (R), inertance (I) and compliance (C) were determined 

from model fitting to the measured mechanical impedance of the respiratory system in the 

frequency range 12-32 Hz for R and 8-32 Hz for I and C in infants and 10-20 Hz for R and 6-

32 Hz for I and C in children [12, 13]. The intra-breath measurements included Rrs at end 

inspiration (ReI) and at end expiration (ReE), Xrs at end expiration (XeE) and end inspiration 

(XeI), and their tidal changes ReE-ReI (ΔR) and XeE-XeI (ΔX). 

 

Tidal breathing flow volume loop and MBW measurements were collected using the 

Exhalyzer D with an ultrasonic flow metre (Ecomedics, Duernten, Switzerland) and analysed 

with specialised analysis software (WBreath V.3.28.0 for 0 to 2 years and Spiroware 3.3.1 for 

3-5 years; Zurich, Switzerland). MBW was done using 4% sulfur-hexafluoride (SF6) as a 

tracer gas during quiet natural sleep for infants (14) and using endogenous nitrogen with 

100% oxygen washout for children (3-5 years). The deadspace13 of the face masks (Laerdal) 

 
13 Deadspace indicates deadspace volume corrected for facemask 
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was determined by water displacement. Measurements included: tidal breathing flow volume 

loops with tidal volume (VT) and respiratory rate (RR) and for MBW, FRC and the LCI.  

 

Statistical analysis 

The best model was selected using the Akaike information criterion (AIC)/Bayesian 

information criterion (BIC): these were used to compare models with the variables identified 

with the DAG (as well as height-for-age z-score and age), with the addition of the indicator 

variable models where the interaction between the indicator variable and age was also 

included. In addition, we considered the final model per lung function outcome with the 

addition of lower respiratory tract infections (LRTI) counts per visit per participant.  

Further, diagnostic checks were conducted. These included checking for normality in the 

residuals using histograms, standardized probability (P–P) plot, Quantile–Quantile (Q–Q) 

plots. Further, the presence of multicollinearity was explored using the variance inflation 

factor. If any of the outcomes were found to be non-normal, then transformations were 

explored; these included natural log transformations. 

 

  



205 

 

Table S5.2 Characteristics of participants excluded vs those included (having at least 2 successful lung function 

tests) 

 Total (n=1053) Included (n=923) Excluded (n=130) P-value 

Maternal and household characteristics  

Number of mothers 1048 919 (87.7%) 129 (12.3%)  

Age (year) at delivery Ω 26.59 (22.53, 

31.16) 

25.2 (21.47, 

30.43) 

25.48 (20.36, 

33.48) 

0.455 

BMI at enrollment# 28.29 (6.42) 28.43 (6.43) 27.30 (6.21) 0.067 

Maternal antenatal smoking  303 (28.8%) 286 (31.0%) 17 (13.1%) <0.001 

Maternal postnatal smoking  360 (34.5%) 344 (37.4%) 16 (12.9%) <0.001 

Maternal education***     

  Primary 79 (7.5%) 68 (7.4%) 11 (8.5%) 0.669 

  Some secondary 570 (54.2%) 506 (54.8%) 64 (49.6%) - 

  Completed  

  secondary  

341 (32.4%) 294 (31.9%) 47 (36.4%) - 

  Tertiary  62 (5.9%) 55 (6.0%) 7 (5.4%) - 

Household income per 

month*** 

    

<1000 ZAR [$54] 368 (35.0%) 324 (35.1%) 44 (34.1%) 0.171 

1000-5000 ZAR 543 (51.6%) 482 (52.2%) 61 (47.3%) - 

>5000 ZAR [$270] 141 (13.4%) 117 (12.7) 24 (18.6%) - 

Maternal illnesses during pregnancy 

 Asthma** 15 (1.4%) 13 (1.4%) 2 (1.5%) 0.907 

 Diabetes 14 (1.3%) 12 (1.3%) 2 (1.5%) 0.824 

 Anaemia 233 (22.1%) 208 (22.5%) 25 (19.2%) 0.395 

 Pre-eclampsia 24 (2.3%) 22 (2.4%) 2 (1.5%) 0.546 

 High blood pressure 47 (4.5%) 41 (4.4%) 6 (4.6%) 0.929 

Maternal HIV 228 (21.7%) 196 (21.2%) 32 (24.6%) 0.381 

 Antiretroviral regimen 193 (85.8%) 169 (87.1%) 24 (77.4%) 0.313 

Child characteristics     

Gestational Age Ω 39 (38, 40) 39 (38, 40) 39 (38,40) 0.462 

Sex – male  537 (51.0%) 470 (50.9%) 67 (51.5%) 0.895 

Birth weight Ω (kg) 3.10 (2.71, 3.42) 3.1 (2.72, 3.42) 3.01 (2.65, 3.41) 0.553 

Weight for age z-score birth# -0.29 (1.06) -0.28 (1.06) -0.33 (1.01) 0.651 

Height for age z-score birth# 0.41 (1.61) 0.40 (1.63) 0.50 (1.47) 0.513 

Birth length (cm) 50 (48, 52) 50 (48, 52) 50 (48, 52) 0.806 

Preterm (<37 weeks gestation) 162 (15.4%) 138 (14.9%) 24 (18.5%) 0.301 

Household smoke exposure  780 (74.5%) 724 (78.7%) 56 (44.1%)  <0.001 

LRTI: lower respiratory tract infection 
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*Includes congenital cases 

**Any maternal self-reported wheeze episode 

***1 participant missing maternal education or household income data 

#Mean and standard deviation reported 

Ω Median and IQR 
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Table S5.3 Summary of multiple breath washout and tidal breathing tests stratified by very, moderate to late preterm and full-term birth at each study visit 

 Multiple breath washout (MBW)# Tidal breathing flow–volume loop (TBFVL)## 

 FRC (mL) LCI (n turnovers) Tidal volume (mL) Respiratory rate (minutes) 

 n Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD) 

6 weeks         

Full-term  608 78.43*Ω (15.96) 608 7.16 (0.44) 647 35.26*Ω (6.23) 647 48.43* (11.15) 

Moderate to late preterm  95 73.47*Ω (15.47) 95 7.12 (0.42) 102 32.85*Ω (6.34) 102 50.38* (12.54) 

Very preterm  13 65.94* (8.74) 13 6.97 (0.36) 14 27.42* (5.68) 14 54.17* (11.47) 

12 months         

Full-term  503 200.86*Ω (40.72) 503 6.76 (0.57) 536 93.65* (13.80) 536 29.51 (5.13) 

Moderate to late preterm  73 183.94*Ω (46.23) 73 6.79 (0.48) 77 90.60* (15.14) 77 29.49 (4.34) 

Very preterm  13 154.64* (47.16) 13 6.86 (0.64) 14 81.13* (18.21) 14 29.16 (5.51) 

24 months         

Full-term  508 260.40 (46.02) 508 6.70 (0.47) 526 119.80 (16.34) 526 26.28 (4.34) 

Moderate to late preterm  76 251.95 (42.79) 76 6.65 (0.44) 80 118.16 (18.17) 80 26.71 (4.21) 

Very preterm  15 252.77 (52.64) 15 6.56 (0.54) 16 114.08 (15.94) 16 25.45 (4.22) 

36 months         

Full-term  386 426.46 (79.93) 386 7.01 (0.75) 436 178.87* (28.89) 436 27.83*(5.62) 

Moderate to late preterm  52 450.60 (146.59) 52 7.05 (0.87) 54 181.32* (27.26) 53 28.67*(5.70) 

Very preterm  4 409.07 (30.96) 4 6.12 (0.84) 9 146.09*(32.12) 9 33.79* (8.11) 

48 months         

Full-term  475 484.22 (95.45) 475 6.93 (0.58) 565 202.54 (32.87) 564 26.58 (6.07) 

Moderate to late preterm  65 487.13 (100.47) 65 6.87 (0.62) 81 196.83 (35.45) 81 27.43 (6.73) 

Very preterm  11 477.10 (70.48) 11 7.12 (0.67) 15 201.52 (43.70) 15 27.21 (8.37) 

60 months         

Full-term  456 571.59 (118.03) 456 6.85 (0.55) 535 228.06 (46.08) 532 27.40 (7.99) 

Moderate to late preterm  68 558.46 (111.50) 68 6.88 (0.54) 88 222.62 (55.04) 88 28.34 (7.48) 
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Very preterm  7 600.19 (176.78) 7 6.95 (0.89) 11 209.25 (31.44) 10 25.06 (5.14) 

FRC: Functional Residual Capacity; LCI: Lung clearance index; SD: standard deviation 

# Number of Multiple breath washout (MBW) tests with two or more successful tests over 5-year period: 901 

## Number of Tidal breathing flow volume (TBFVL) tests with two or more successful tests over 5-year period: 910 

*Significant difference among the 3 groups (p<0.005) 

Ω Significant difference among 2 groups – Full term vs moderate to late preterm (p<0.005) 
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Table S5.4 Summary of spectral oscillometry tests stratified by very, moderate to late preterm and full-

term birth at each study visit (2 successful tests) 

 Resistance (hPa.s.L-1) Compliance (ml.hPa-1) Fres (Hz) 

 n Mean (SD) n Mean (SD) n Mean (SD) 

6 weeks       

Full-term  572 47.07*Ω (14.92) 572 1.08*Ω (0.51) 542 19.62*Ω (4.42) 

Moderate to late    

preterm  
81 50.34*Ω (13.86) 81 0.80*Ω (0.32) 70 21.97*Ω (4.05) 

Very preterm  6 46.15* (17.84) 6 1.02* (0.61) 6 22.94* (6.45) 

24 months       

Full-term  480 26.34* (10.81) 480 2.31 (0.86) 467 17.75 (4.28) 

Moderate to late  

preterm  
75 24.50* (7.14) 75 2.25 (0.80) 71 18.76 (4.82) 

Very preterm  13 34.46* (10.46) 13 2.01 (1.19) 12 17.80 (5.03) 

36 months       

Full-term  365 11.47 (2.21) 365 5.32 (1.95) 167 24.32 (4.22) 

Moderate to late   

preterm  
54 11.58 (2.25) 54 4.86 (1.41) 17 24.33 (3.56) 

Very preterm  5 11.35 (1.95) 5 4.23 (1.45) 2 28.99 (1.27) 

48 months       

Full-term  519 10.04*Ω (2.12) 519 6.46 (2.32) 347 22.25 (4.30) 

Moderate to late  

preterm  
77 10.54*Ω (2.12) 77 6.04 (2.16) 42 23.61 (4.63) 

Very preterm  14 11.47* (2.31) 14 6.05 (3.19) 6 23.11 (3.98) 

60 months       

Full-term  509 8.72*Ω (1.96) 509 7.33*Ω (2.46) 390 21.39 (4.62) 

Moderate to late   

preterm  
80 9.26*Ω (1.82) 80 6.43*Ω (1.88) 51 22.61 (4.54) 

Very preterm  10 10.80* (2.77) 10 6.76* (2.75) 4 20.57 (4.18) 

Fres: Resonant frequency; SD: standard deviation;  

Number of standard spectral tests with two or more successful tests over 5-year period: 836 

*Significant difference among the 3 groups (p<0.005) 

Ω Significant difference among 2 groups – Full term vs moderate to late preterm (p<0.005) 
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Table S5.5 Summary of Intra-breath oscillometry tests stratified by very, moderate to late preterm and full-term birth at each study visit (2 successful tests) 

 ReE (hPa.s.L-1) ReI (hPa.s.L-1) ΔR (hPa.s.L-1) XeE (hPa.s.L-1) XeI (hPa.s.L-1) ΔX (hPa.s.L-1) 

 n Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD) 

6 weeks             

Full-term  421 44.76*Ω (12.24) 421 39.78*Ω (13.32) 421 4.97 (7.41) 421 -7.45*Ω (7.32) 421 -5.06*Ω (4.71) 421 -2.40* (6.77) 

Moderate to 

late preterm  
55 48.59*Ω (13.17) 55 43.17*Ω (13.64) 55 5.42 (6.35) 55 -13.82*Ω (10.65) 55 -8.52*Ω (6.39) 55 -5.31* (8.64) 

Very preterm  6 60.08* (18.69) 6 53.17* (22.63) 6 6.91 (5.46) 6 -13.79* (6.41) 6 -7.95* (3.56) 6 -5.84* (4.47) 

24 months             

Full-term  478 19.84* (7.17) 478 19.89* (7.67) 478 -0.05 (4.07) 478 -0.63*Ω (3.25) 478 -0.52 (2.97) 478 -0.11*Ω (2.71) 

Moderate to   

late preterm  
76 19.78* (5.56) 76 19.45* (6.28) 76 0.33 (3.37) 76 -1.58*Ω (3.33) 76 -0.86 (3.22) 76 -0.72*Ω (2.81) 

Very preterm  13 24.74* (9.34) 13 25.21* (10.47) 13 -0.47 (5.23) 13 -0.69* (4.70) 13 -0.10 (3.46) 13 -0.59* (4.65) 

36 months             

Full-term  338 12.22 (2.68) 338 10.83 (2.35) 338 1.39 Ω (1.63) 338 -2.55 (1.62) 338 -3.19 (1.31) 338 0.64 (1.36) 

Moderate to   

late preterm  
50 12.94 (3.33) 50 10.96 (2.37) 50 1.98Ω (1.88) 50 -3.05 (2.12) 50 -3.36 (1.54) 50 0.30 (2.01) 

Very preterm  5 13.35 (3.06) 5 12.41 (2.86) 5 0.94 (1.45) 5 -3.76* (2.47) 5 -5.28* (2.73) 5 1.53 (1.86) 

48 months             

Full-term  491 10.50*Ω (2.51) 491 9.71 (2.12) 491 0.78 (1.71) 491 -2.01Ω (1.49) 491 -2.49 (1.19) 491 0.47 (1.25) 

Moderate to  

late preterm  
71 

11.19*Ω (2.81) 

 
71 10.13 (2.40) 71 1.07 (1.64) 71 -2.47Ω (1.74) 71 -2.72 (1.16) 71 

0.25 (1.34) 

 

Very preterm  14 11.25* (2.47) 14 10.81 (2.10) 14 0.44 (1.75) 14 -2.10 (1.08) 14 -2.92 (1.15) 14 0.82 (1.25) 
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60 months             

Full-term  457 8.93Ω (2.30) 457 8.55* (2.19) 457 0.38 (1.47) 457 -1.45*Ω (1.19) 457 -2.06*Ω (1.05) 457 0.62 (1.08) 

Moderate to  

late preterm 
74 9.83*Ω (3.02) 74 9.04* (2.42) 74 0.78 (1.64) 74 -2.01*Ω (1.79) 74 -2.40 Ω (1.28) 74 0.39 (1.42) 

Very preterm  9 11.01* (4.12) 9 10.47* (3.25) 9 0.55 (1.78) 9 -1.99* (1.88) 9 -2.93* (1.83) 9 0.94 (1.31) 

ReE: Resistance at end expiration; ReI: Resistance at end inspiration ; ΔR: the difference between ReE and ReI; XeE: Reactance at end expiration, XeI: Reactance at end 

inspiration ; ΔX: the difference between XeE and XeI;  SD: standard deviation 

Number of standard spectral tests with two or more successful tests over 5-year period: 785 

*Significant difference among the 3 groups (p<0.005) 

ΩSignificant difference among 2 groups – Full term vs moderate to late preterm (p<0.005) 
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Table S5.6 Adjusted lung function trajectories for moderate to late preterm, extreme to very preterm and full-

term born children over the first 5 years of life 

 
Number Full-term 

Moderate to late 

preterm 

Extremely to very 

preterm 

 

*Adjusted coefficient 

(95% CI) 

*Adjusted coefficient 

(95% CI) 

TBFVL 

Tidal volume (mL) 907 Reference -1.37 (-6.36; 3.62) -3.54 (-17.43; 10.35) 

Respiratory rate (1/min) 907 Reference 0.55 (-0.27; 1.36) 0.33 (-2.46; 3.13) 

MBW 

FRC (mL) 889 Reference -6.90 (-20.26; 6.46) 21.75 (-25.32; 38.83) 

LCI# (n turnovers) 889 Reference 0.92 (0.73; 1.15) 1.07 (0.96; 1.02) 

Oscillometry 

Spectral 

Resistance# (hPa.s.L-1) 834 Reference 1.03 (0.99; 1.07) 1.14 (1.02; 1.28) 

Compliance# (ml.hPa-1) 834 Reference 0.87 (0.83; 0.92) 0.90 (0.74; 1.09) 

Fres (Hz) 810 Reference 1.75 (1.10; 2.39) 1.65 (-0.92; 4.22) 

Intrabreath 

ReE#(hPa.s.L-1) 577 Reference 1.06 (1.02; 1.11) 1.13 (0.96; 1.32) 

ReI# (hPa.s.L-1) 577 Reference 1.04 (0.99; 1.08) 1.18 (1.02; 1.37) 

ΔR (hPa.s.L-1) 783 Reference 0.46 (0.00; 0.92) -0.34 (-1.47; 0.78 

XeE (hPa.s.L-1) 783 Reference -0.53 (-0.98; -0.08) -0.89 (-2.10; 0.31) 

XeI (hPa.s.L-1) 783 Reference -0.16 (-0.49; 0.16) -0.11 (-0.81; 0.60) 

ΔX (hPa.s.L-1) 783 Reference -0.70 (-1.23; -0.18) -0.57 (-1.67; 0.53) 

LRTI: Lower respiratory tract infection; MBW: Multiple breath washout; TBFVL: Tidal breathing flow volume 

loop; FRC: Functional Residual Capacity; LCI: Lung clearance index; 95% CI: 95% confidence interval; Fres: 

Resonant frequency ; ReE: Resistance at end expiration; ReI: Resistance at end inspiration; ΔR: the difference 

between ReE and ReI; XeE: Reactance at end expiration, XeI: Reactance at end inspiration; ΔX: the difference 

between XeE and XeI; Full-term: >=37 weeks gestation; Moderate to late preterm: >=32 - <37 weeks gestation; 

Extremely to very preterm: <32 weeks gestation 

*Adjusted for sex, height, age, indicator of asleep vs awake and interaction between age and indicator, HIV 

exposure, birth weight, maternal antenatal smoking, household income, LRTI counts per child 

#Natual log transformation 

Note: bold indicates a significant association 
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Table S5.7 Exposures associated with lung function trajectories in very preterm (<32 weeks gestation) children over 5 years 

 
Total LRTI 

episodes 

Total 

hospitalized 

LRTI episodes 

WAZ at birth 

Maternal 

antenatal 

smoking 

Maternal 

postnatal 

smoking 

HIV exposure 
Household 

smoke exposure 

Coefficient 

(95% CI),  n 

Coefficient 

(95% CI),  n 

Coefficient 

(95% CI), n 

Coefficient 

(95% CI), n 

Coefficient 

(95% CI), n 

Coefficient 

(95% CI), n 

Coefficient 

(95% CI) n 

FRC (mL; n=18) 
0.26  

(-23.79; 24.31) 

-3.34  

(-45.65; 38.97) 

6.84  

(-47.91; 61.58) 

-31.24  

(-129.30; 66.83) 

-4.85  

(-109.2, 99.5) 

-47.61  

(-174.73; 79.51) 

-68.11  

(-195.93, 59.71) 

LCI# (n turnovers; 

n=18) 

1.02  

(1.01; 1.03) 

1.01  

(1.01; 1.06) 

1.00  

(0.96; 1.04) 

1.06  

(1.00; 1.12) 

1.29  

(0.82, 2.02) 

1.06  

(0.98; 1.14) 

0.96  

(0.9, 1.03) 

Tidal Volume (mL; 

n=19) 

-0.19  

(-8.31; 7.92) 

1.25  

(-13.00; 15.51) 

-3.7  

(-21.25; 13.85) 

-13.58  

(-44.78; 17.61) 

-8.25  

(-40.89, 24.4) 

-7.48  

(-44.73; 29.77) 

-44.49  

(-80.01, -8.98) 

Respiratory rate 

(1/min; n=19) 

0.36  

(-1.11; 1.85) 

-0.67  

(-3.27; 1.93) 

2.09  

(-1.20; 5.37) 

0.21  

(-5.55; 5.96) 

-0.93  

(-6.96, 5.1) 

-1.21  

(-8.02; 5.59) 

3.71  

(-2.95, 10.37) 

Resistance# 

(hPa.s.L1; n=14) 

1.05  

(0.94; 1.17) 

1.06  

(0.87; 1.3) 

1.07  

(0.83; 1.40) 

1.04  

(0.70; 1.54) 

0.92  

(0.61, 1.39) 

0.76  

(0.41; 1.40) 

1.68  

(1.06, 2.66) 

Compliance# 

(ml.hPa1; n=14) 

0.93  

(0.81; 1.07) 

0.92  

(0.71; 1.2) 

0.89  

(0.63; 1.25) 

0.94  

(0.57; 1.55) 

1.27  

(0.75, 2.15) 

1.03  

(0.47; 2.28) 

0.65  

(0.35, 1.21) 

Fres (Hz; n=13) 
1.26  

(0.08; 2.44) 

1.18  

(-1.36; 3.72) 

0.03  

(-2.78; 2.83) 

3.71  

(-0.33; 7.75) 

2.6  

(-2.49, 7.7) 

2.15  

(-6.52; 10.83) 

-1.32  

(-9.73, 7.09) 

ReE
#( hPa.s.L-1; 

n=14) 

1.04  

(0.91; 1.18) 

1.12  

(0.89; 1.40) 

1.07  

(0.79; 1.45) 

1.00  

(0.62; 1.59) 

0.78  

(0.48, 1.25) 

0.71  

(0.36; 1.40) 

1.62  

(0.96, 2.74) 

ReI
# (hPa.s.L-1; 

n=14) 

1.03  

(0.91; 1.16) 

1.09  

(0.89; 1.33) 

1.01  

(0.76; 1.34) 

0.89  

(0.58; 1.37) 

0.71  

(0.47, 1.07) 

0.76  

(0.40; 1.44) 

1.51  

(0.91, 2.51) 

Δ R (hPa.s.L-1; 

n=14) 

0.09  

(-0.58; 0.76) 

0.29  

(-0.95; 1.53) 

1.08  

(-0.44; 2.59) 

2.13  

(-0.21; 4.47) 

1.35  

(-1.21, 3.9) 

-1.48  

(-5.23; 2.27) 

1.43  

(-1.7, 4.56) 
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XeE (hPa.s.L-1; 

n=14) 

-0.57  

(-1.45; 0.32) 

-0.88  

(-2.58; 0.81) 

0.22  

(-2.01; 2.46) 

-1.19  

(-4.52; 2.15) 

1.2  

(-2.35, 4.75) 

-0.46  

(-5.67; 4.76) 

-0.55  

(-4.91, 3.8) 

XeI (hPa.s.L-1; n=14) 
-0.07  

(-0.74; 0.60) 

-0.23  

(-1.43; 0.97) 

-0.35  

(-1.85; 1.14) 

-1.01  

(-3.32; 1.31) 

0.11  

(-2.4, 2.61) 

-2.72  

(-5.98; 0.53) 

0.92  

(-1.85, 3.69) 

Δ X (hPa.s.L-1; 

n=14) 

-0.50  

(-1.10; 0.10) 

-0.65  

(-1.78; 0.49) 

0.61  

(-0.90; 2.11) 

-0.19  

(-2.55; 2.17) 

1.05  

(-1.32, 3.41) 

2.27  

(-1.15; 5.69) 

-1.49  

(-4.36, 1.38) 

FRC: Functional Residual Capacity; LCI: Lung clearance index; Fres: Resonant frequency ; ReE: Resistance at end expiration; ReI: Resistance at end inspiration; 

ΔR: the difference between ReE and ReI; XeE: Reactance at end expiration, XeI: Reactance at end inspiration; ΔX: the difference between XeE and XeI; LRTI: lower 

respiratory tract infection; CI: confidence interval. 

# Natural log transformation 

** All very preterm children had at least one LRTI episode Note: bold indicates a significant association 
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Figure S5.1 Direct acyclic graph to determine minimum set of confounding variables to include in 

adjusted models 
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Chapter 6: Conclusion 

 

6.1  Summary and recommendations 

This work investigated early life factors that impact lung development in early childhood 

(birth to 5 years) in a South African birth cohort, the Drakenstein Child Health Study 

(DCHS). Participants were followed from birth with lung function measured at 6 weeks until 

2 years. The current work extended this to measure lung function through the preschool 

years, from 3 to 5 years of age. Data were collected from almost 1000 child participants with 

high success rates that improved each year as children aged. 

 

This work demonstrated the utility and feasibility of comprehensive lung function testing in 

awake preschool children, developed local reference standards and identified factors 

impacting preschool lung function, providing novel African data during a critical time of life 

for lung growth and development. 

 

6.2  Summary of chapters 

6.2.1 Lung function in preschool children in low- and middle-income countries: an under-

represented potential tool to strengthen child health 

The burden of respiratory disease is high in low- and middle-income countries (LMICs). 

Pulmonary function tests are useful as an objective measure of lung health and for tracking 

progression, though access remains extremely limited in these settings. Spirometry is the 

most common test available, but it requires a complex manoeuvre, which limits its use in 

preschool children. Newer lung function tests such as fractional exhaled nitric oxide (FeNO), 

oscillometry, interrupter technique, tidal breathing and multiple breath washout technique 
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(MBW) have been developed and successfully used in children, however their use in LMIC 

has not been well described. Despite being used successfully in both clinical and 

epidemiological studies, these newer measurements are under-represented in LMIC. These 

tests have the potential to strengthen respiratory care in LMIC, however access needs to be 

improved. 

 

6.2.2 Normal values of respiratory oscillometry in South African children and adolescents 

A reference range was developed using healthy children from the study cohort and older 

children and adolescents from Red Cross War Memorial Children’s Hospital. The 

participants were from a LMIC population. This equation facilitates tracking of an 

individual’s lung function with potential to improve early detection of respiratory disease 

and/or quantify impacts of early life exposures on lung growth and development. It was 

developed using data from 692 children and adolescents and is applicable for use between 3 

and 17 years, using height as the only predictor. This reference range includes one of the 

largest participant cohorts for oscillometry reference standard, allowing for a robust reference 

equation. To allow accessibility and promote widespread use it is freely available online, 

along with a reference range calculator. This enables all users with similar population groups 

to compare individual results against a reference value and to track lung function, the first for 

Africa. In addition, the collected data were shared with international collaborators in efforts 

to harmonise global reference standards. This work provides some of the only African 

paediatric data for oscillometry to date. Until the Global Lung Initiative (GLI) reference 

equation is available, this equation provides a reliable reference for oscillometry in LMIC. 
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6.2.3 Impact of postnatal indoor air pollution on lung function 

Findings in this study indicated that both indoor air pollution (IAP) and environmental 

tobacco smoke (ETS) exposure were associated with decreased lung function at 3 years. 

Children are vulnerable to these exposures both antenatally and postnatally. Both antenatal 

and postnatal exposure to particulate matter (PM10) and volatile organic compounds (VOC) 

were associated with lung function deficits at 3 years. Postnatal exposure to ETS was 

associated with a decrease in expiratory flows and an increase in resistance at 3 years which 

may suggest airway narrowing. ETS was also a key modifiable factor. Separating antenatal 

and postnatal exposures can be challenging, however by adjusting for 6 week lung function, 

the additional impact of ongoing postnatal exposures was assessed. This study highlighted the 

need for regular follow-up as well as tracking lung function over time, to identify early 

decline. 

 

6.2.4 Impact of preterm birth on lung development 

This study provided the first data on lung function outcomes in moderate to late preterm 

(MLP) born African infants, including the first longitudinal findings. This is important as the 

majority of preterm infants are born in LMIC across Africa and southeast Asia, with MLP 

infants making up 85% of the global burden of premature births. This group is a growing 

population. The study findings showed a decrease in compliance, increase in resistance and 

increase in resonance frequency (Fres) over 5 years compared to term born infants. Several 

early life factors in preterm children were associated with lung function impairment including 

low birth weight, ETS exposure, HIV exposure, and number and severity of lower respiratory 

tract infections (LRTI). These children represent a vulnerable group who require close 

monitoring with regular follow-up. This study highlights the importance of maternal antenatal 
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care and the need for interventions aimed at decreasing ETS exposure and reduction in early 

life LRTI. 

 

6.3  Limitations of the study 

• This was an observational study with a large overall sample size, but a relatively 

small exposure group in some instances. For example, there was a relatively small 

sample group for some of the IAP exposures. These exposures were measured at only 

two time points, and this may have underestimated ongoing exposures, seasonal 

variations and the ability to adjust for multiple exposures. These factors may limit the 

generalisability of the findings to other population groups.  

• The oscillometry reference equation was derived from a single group within a South 

African population. As a result, the data may not be generalisable to other population 

groups in the Southern Africa. However, spirometry data collected from various 

regions in South Africa have demonstrated similarity in measurements, suggesting 

that oscillometry results could show comparable consistency. Further testing in other 

regions is needed. 

• In the current study, the number of extreme to very preterm infants was very small, 

and data on participants who received interventions such as surfactant and antenatal 

steroids were incomplete. However, this represented only a small number of eligible 

participants. 

 

6.4  Implications of the study 

• Preschool lung function testing is feasible and useful in tracking respiratory health in 

a LIMC setting; however, access must be strengthened. 
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• High-risk groups, such as children with high environmental exposure, LRTI during 

early life, and those born preterm should be prioritised for follow-up to identify 

individuals at risk for early lung function decline. 

• Educating women and those of child-bearing age on the risk of ETS during and after 

pregnancy is key. This could be supported by providing resources such as pamphlets 

and smoking cessation programs.   

• Strengthening vaccination programs against LRTI in pregnant women and young 

children is important for reducing the incidence of respiratory illnesses in vulnerable 

populations. 

• Healthcare professionals should be educated about the impact of preterm delivery, 

including MLP births, and its effects on lung function. The importance of long-term 

follow-up for these children should be emphasised. 

 

6.5  Areas of future research 

• Lung function testing in other healthy population groups is still needed to contribute 

to international data and reference equation development.  

• Validating the current reference equation in both LMICs and high-income countries. 

• Follow-up studies to track lung function from infancy through adolescence in relation 

to antenatal and early life exposures, aiming to investigate the long-term impact on 

lung health in this cohort.  

• Using these comprehensive lung function measures to better understand the 

pathophysiology of early childhood lung disease, and how this may strengthen clinical 

diagnosis and management.  

• To identify which lung function measurement/s may be most sensitive for detecting 

early lung disease.  
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• To assess the feasibility and clinical benefit of tracking lung function in those with 

early life respiratory disease with the aim of evaluating disease progression and/or 

improvement. 

 

6.6  Strategies implemented to ensure high feasibility in preschool lung function 

testing 

• Adequate funding for equipment and staff. 

• Research staff from the community:  

o Involved nurses from the community to facilitate comfort and cooperation. 

o Leveraged local staff’s cultural understanding to improve communication and 

trust, which helped build rapport with patients and families, improving 

retention in the study. 

o Staff were familiar with community members thus increasing both the parent’s 

and child’s trust and cooperation. 

o Aligned lung function testing with other study related events to minimise the 

number of visits. 

• Preparation and environment: 

o Brought more than one child at a time. 

o Set up a waiting area where families could connect with each other. 

o Offered snacks to children and parents while waiting, however avoiding those 

that could interfere with FeNO testing. 

o Created a child-friendly, non-intimidating testing environment, both in the 

waiting area and in the testing room. 

o Used visual aids or toys to distract and engage the child during testing. 
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o Scheduled tests at convenient times considering the child’s routine or school 

schedule, avoiding late morning or afternoon tests around their nap times. 

o Provided incentives such as small toys or stickers after testing to motivate 

children.  

• Technique and equipment: 

o Used age-appropriate communication and play to reduce anxiety. 

o Explained procedures simply and positively to both children and caregivers in 

their first language. 

o Utilised visual pre-recordings to improve understanding. 

o Used age-appropriate devices, for example for spirometry, with motivations 

like a candle on a cake to blow out. 

• Training and education: 

o Well trained staff in pulmonary function testing, supported by international 

experts in the field including ongoing collaborations, and on-site visits by 

experts as well as staff training in established units. 

o Trained staff in child-centred communication and motivational techniques. 

• Parental and caregiver involvement: 

o Obtained informed consent and addressed parental concerns beforehand. 

o Encouraged caregivers to support and reassure the child during testing. For 

example, in 3- and 4-year-old children, had the child sit on the parent’s lap 

during oscillometry. 

• Active retention: 

o Visited families at home if they did not attend their scheduled appointment to 

reschedule. 
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o Hand delivered lung function booking dates and times if families were not 

reachable by phone. 

 

6.7  Proposed strategies for integrating lung function testing into routine 

paediatric care  

Integrating preschool lung function testing into routine paediatric care in LMICs requires 

comprehensive health policy actions and strategic implementation approaches. Policies need 

to prioritise resource allocation, workforce training and access to equipment at the same time, 

while leveraging on existing healthcare infrastructure.  The aim is to improve early detection 

of respiratory conditions and optimise management, ultimately decreasing the burden of 

childhood respiratory diseases in LMIC. 

 

Suggestions include: 

• Prioritise lung health: Incorporate lung function screening into national child health 

programs such as immunisation visits, growth monitoring or well-child clinics, all of 

which align with broader goals of reducing childhood morbidity and mortality.   

• Resource allocation and infrastructure development: Availability of affordable, 

portable, and open-source equipment—such as low-cost spirometers and oscillometry 

devices (http://www.open-source-medical-devices.com) that require minimal 

calibration and are validated for use in young children, allowing widespread use 

especially in LMIC. 

• Capacity building and training: Training community healthcare workers and primary 

healthcare providers in paediatric lung function assessment and equipment 

maintenance. Develop training modules on testing techniques and results 
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interpretation. Incorporate training into existing medical curricula and continuous 

professional development programs. 

• Standardisation of protocols and guidelines: Development of context-specific, 

evidence-based guidelines specific for LMIC and other high burden settings; and 

integration of these guidelines into existing paediatric care frameworks. 

• Data collection and surveillance: Establish systems for recording and monitoring lung 

function data to inform policy, track disease burden, and evaluate interventions. 

• Community engagement: Educate caregivers about the importance of early lung 

health assessment. Involve community members in co-creating solutions to raise 

awareness about lung health and to advocate for improved preventative and clinical 

services. 

 

6.8  Conclusion  

Early life is a critical time for lung growth and a time when lungs are vulnerable to insults 

with lifelong consequence. Preterm born children, notably MLP born children, have impaired 

lung function trajectories over the first 5 years of life, highlighting the importance of 

maternal and perinatal health care. This data demonstrated the impact of various exposures on 

lung health and highlights the potential of tracking lung function in infancy through 

childhood.  

 

This study showed that preschool lung function is feasible and can be done with high success 

in a LMIC setting, highlighting its use as a tool to assess respiratory health in young children. 

Various factors that impacted lung health were identified, including postnatal environmental 

exposures, and quantified the effects of various exposures such as pollution and ETS 
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exposure on lung function. Programs and interventions to mitigate these exposures are 

urgently needed to prevent lung function decline and to promote healthy lung growth. 

 




