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The physiological development of infant lungs undergoes dynamic 
changes in the first few months of life and in early childhood. 
Parameters such as tidal volume (TV), respiratory rate (RR) and 
minute ventilation (MV), which define the functional characteristics 
of the lungs, change at different scales in relation to lung size. 
Measurements of functional residual capacity (FRC) performed in 
infants have been shown to be significantly associated with lung 
volume and infant anthropometry (weight and length). After birth, 
lung size increases proportionally with body size, and is affected by 
age and sex.[1]

The association between early lung development and airway 
function is complex and is influenced by exposure to prenatal and 
post-natal risk factors. Inconsistencies among studies exploring the 
impacts of growth factors on lung function and risk of respiratory 
morbidity or mortality suggest that normal physiological growth 
and development patterns of the airways of infants are not fully 
understood.[2] Epidemiological studies measuring premorbid lung 
function in infancy indicate the importance of exposure to risk 
factors during fetal and early postnatal life.[3] In low- to middle-
income settings, with a high burden of infant lower respiratory tract 

infections,[4] several environmental factors, including air pollutant 
exposure and environmental tobacco smoke exposure, as well as 
maternal factors, such as maternal smoking during pregnancy 
and maternal HIV status, and socioeconomic factors, require 
investigation for their effect on infant lung function. 

Multiple breath washout (MBW) testing is useful in the early 
detection of structural alterations and a more sensitive measure 
of small airway functioning than conventional lung function 
tests,[5] with application successful among infants and children. 
Some studies have further demonstrated that school-aged children 
with asthma had increased ventilatory inhomogeneity even when 
spirometry results were reflected as normal.[6] The lung clearance 
index (LCI), as determined by MBW testing, has been identified as 
an important index reflecting ventilation inhomogeneity and small 
airway dysfunction and a valuable tool to detect disease progress in 
cystic fibrosis (CF).[7,8] 

Previous studies have shown that the LCI is reproducible and a 
more sensitive measure than forced expiratory ventilation (FEV1) in 
identifying early lung disease in children.[9] It has also been shown to 
be influenced by large changes in TV, RR or FRC.[7] Measures of FRC 
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and LCI reflect lung size and ventilation homogeneity, respectively, 
as markers of growth and maturation. Tidal breathing measures are 
important markers of the control of breathing and airway mechanics 
which are determined by TV, breathing frequency and MV.[10] Studies 
have demonstrated that FRC and tidal flows (volume-dependent 
parameters), are important proxies of early lung health.[4,10-12]

This study aims to identify predictors of lung function  among 
infants aged 6 weeks, 6, 12 and 24 months, from low socioeconomic 
settings, enrolled within the Mother and Child in the Environment 
(MACE) study.

Methods
Selection of study participants
Details on participant selection in the MACE cohort is described 
elsewhere.[13] Infant assessment within this cohort required testing at 
the ages of 6 weeks, 6, 12 and 24 months. Participants were subjected 
to standardised interviews, clinical evaluation and lung function 
testing. This study has been approved by the University of KwaZulu-
Natal Biomedical Research Ethics Committee (ref. no. BE431/17). 
Maternal or primary caregiver written consent was obtained prior 
to lung function testing. Data collection in the cohort entailed 
detailed questionnaire interviews at recruitment, at each trimester 
of pregnancy, early postnatal period, and at regular intervals during 
infancy.

All infant participants were pre-booked and scheduled to attend 
clinical visits at the age of 6 weeks, 6, 12 and 24 months. Participants 
had been pre-screened by simple questionnaire to determine if they 
were ill in the prior week, were on medication, recently vaccinated 
or currently teething (these factors were considered to affect either 
sleep state or success of the test). No appointment was scheduled if 
there were any positive responses to these enquiries. 

Data collection
Data on maternal smoking during pregnancy, HIV status and 
income status (classified as low if annual income <USD2 000 and 
high if above this), and child’s sex, gestational age, birthweight and 
length were obtained from questionnaires. Time-variant data such 
as age, weight, length (reported as postnatal weight and length gain) 
and self-reported wheezing were recorded at each test date. Low 
birthweight (LBW) (<2.5 kg) and pre-term birth (PTB) (gestational 
age <37 weeks) are defined as per the WHO guidelines.[14] Postnatal 
child weight and length gain were calculated as the difference 
between the absolute measures taken at the test occasion and time of 
birth. Environmental exposure data were obtained from recruitment 
questionnaires and included housing type (formal v. informal), 
environmental tobacco smoke exposure and residential proximity 
to the nearest road and industry. In addition to questionnaire 
data, clinical assessments evaluating growth and developmental 
milestones and detailed respiratory evaluation were undertaken at 
the 12 and 24 months visit.

Lung function measurements 
Lung function measures were conducted over the period January 
2017 to September 2019. Participants were clinically assessed on 
the day of the test to exclude respiratory infections which, if 
present, resulted in a rescheduling of the test within at least 1 week. 
Lung function measurements were performed in unsedated infants, 
by trained individuals, competent in testing and analysis. Tests 
were performed during quiet natural sleep in the supine position, 
using the Exhalyzer D with ultrasonic flow meter (Ecomedics AG, 
Switzerland) as per the European Respiratory Society/American 
Thoracic Society (ERS/ATS) standards,[15,16] and analysis using the 

software Wbreath v2.0 (Ndd Medizintechnik AG, Switzerland). For 
quality control blind analysis of test outputs was conducted and 
observations were compared to achieve high accuracy. 

Tidal breathing measurements were assessed for 30 homogenous 
breaths during non-rapid eye-movement sleep from a 2-minute 
recording. Test outputs with sighs, apnoea, interruption in breathing 
pattern, or leak detection, were excluded as part of the quality 
control.[15,16] The main outcome parameters measured included TV, 
RR, MV, mean tidal inspiratory flow (MTIF), mean tidal expiratory 
flow (MTEF) and time to peak tidal expiratory flow over total 
expiratory time (tPTEF/tE).

MBW measurements were performed using 4% sulphur 
hexafluoride (SF6) tracer gas and ultrasonic flowmeter (Spiroson, 
Ecomedics, Switzerland), of which three consecutive tests were 
performed. Acceptability was based on FRC means within 25% 
across three successful tests or 10% for two successful tests and 
LCI within one turnover of each other. Additional quality checks 
for MBW tests included five homogenous breaths before wash in, a 
10-breath plateau before commencement of washout and 10 breaths 
after washout, as the SF6 returns to baseline.[17]

Statistical analysis
Descriptive statistics and regression analyses were performed using 
STATA 15 for Windows (STATACorp., USA) (Table  1). The intra-
subject coefficient of variation was calculated to determine the 
consistency of multiple testing across the different age groups, 
for each participant and for each measurement parameter, and is 
presented for all outcomes (Table 2). 

Because of the novelty of the research, there are few reports for 
the parameters of interest, with similar population characteristics 
and risk factors for precise sample size determination. As a result, 
we used the Bern Infant Lung Development Study (BILD)[12] and 
Drakenstein Child Lung Health Study (DCHLS)[4] to represent 
exposed and unexposed groups, respectively. The sample size 
calculations indicated that 89 per exposure group were necessary 
at the baseline of 6 weeks old. As we intended to address 
several additional covariates, we targeted a sample of 100 in each 
exposure group.

Although some participants contributed to more than one time 
point, no longitudinal analyses were performed. Cross-sectional 
multivariable linear regression models are presented by individual age 
groups (6 weeks, 6, 12 and 24 months) and by individual outcomes 
(TV, RR, MV, MTIF, MTEF, tPTEF/tE %, FRC and LCI) per age 
group. The normality of data was tested by Q-Q plots per outcome 
measure for each age group. The candidate predictors included in 
the bivariate analyses were selected based on their association with 
lung function outcomes as reported in the literature.[4] These included 
anthropometric measures, PTB, LBW, infant wheezing, maternal 
smoking during pregnancy, maternal HIV (all treated as dichotomous 
variables), socioeconomic status and environmental exposures. 
Inclusion of variables in the final multivariable linear regression 
models was focused on growth variables (age, sex and length gain), 
and statistical significance (p<0.1). In the bivariate analyses, LBW and 
maternal smoking were consistently significant across measurement 
parameters, and were thus included in the models. Models were 
further tested for collinearity, and a variance inflation factor <5 was 
considered acceptable.

A strong correlation was observed between the growth variables 
e.g.  birthweight and weight at test date and birth length and 
length at test date. Therefore, these variables were not entered 
simultaneously into regression models. Though birthweight is an 
important physiological predictor of infant lung function, we wanted 
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to assess the effects of LBW as a risk factor for 
lung function. While maternal smoking was 
consistent, other risk factors (e.g. housing type, 
maternal income, etc.) appeared sporadically 
statistically significant. The variables included 
in our final models included age at test date, 
sex, length gain, LBW, and maternal smoking.

Ethics approval 
Research ethics approval was obtained 
from the the University of KwaZulu-Natal 
Biomedical Research Ethics Committee (ref. 
no. BE431/17). Written informed consent 
was obtained from the parent or guardian of 
all infant participants at enrolment.

Results
Of the 302 MBW and tidal breath 
assessments performed across varying age 
groups of 6 weeks, 6, 12 and 24 months, 
272 tests (Fig.  1) were accepted, based on 
the visual quality of the test output and 

adherence to acceptability criteria as per 
the ERS/ATS guidelines.[15,16] 
The overall mean (SD) birthweight of 
participants was 3.1 (0.6) kg, while birth 
length was 50.3 (3.65) cm, with equal sex 
distribution among participants (Table  1). 
None of the infants was HIV-infected 
even though 33% of mothers were HIV-
positive (data not shown). There was a 
low prevalence of maternal smoking during 
pregnancy (5%). Most participants lived in 
formal housing (89%) and used electricity as 
their primary energy source (98%) (data not 
shown), with the overwhelming majority of 
mothers (94%) having a low annual income 
(USD <2 000). A not insubstantial number 
of participants were of LBW (10.9%), and 
the numbers presenting with this health 
status at different time points varied from 
7.3% at 24 months to 15.7% at 6 weeks.

The tPTEF/tE parameter showed a large 
coefficient of variation (CV), implying 

a lower level of confidence in this test 
outcome (Table  2). The mean LCI was 
<7.4, consistent with a healthy cohort. The 
LCI provides a measure of an internally 
adjusted outcome (akin to the FEV1/
forced vital capacity (FVC) ratio in normal 
spirometry). 
The Q-Q plots showed that the distribution 
of measured lung function data was 
approximately normal and appropriate 
for inclusion into linear models (data not 
shown). The association between measures 
of tidal breathing, MBW and potential 
predictors for variance in lung function 
parameters is presented in Table  3 for the 
respective age groups. Age at test date was 
statistically significant in the 6-week age 
group for TV, RR and tPTEF/tE. Females 
had consistently lower TV, MV, MTIF, and 
MTEF among all age groups though this was 
statistically significant for only certain age 
groups. The effect of postnatal length gain 
was inconsistent across age groups.

LBW was shown to have a consistent 
effect on tidal breathing parameters (TV, 
MV and flows), at 6 weeks, 6 months and 12 
months, though not statistically significant 
across age groups (Table  3). LBW and 
maternal smoking effects were less evident 
at 24 months, though LBW was statistically 
significant at 12 months, and showed a 
consistent increase in effect, in the expected 
direction. Maternal smoking emerged 
as a consistent predictor in the expected 
direction for tPTEF/tE %. Although it 
generally contributed to a decline in FRC 
(apart from at 6 months), this was not 
statistically significant across any age group. 

Discussion 
In this study of infants from low 
socioeconomic communities in Durban, 
South Africa (SA), LBW and maternal 
smoking emerged as important predictors 
of infant lung function across different 

Table 1. Descriptive summary of participant data 
Participants 
(N=165)

6 wk
(N=70)

6 mo.
(N=72)

12 mo.
(N=61)

24 mo.
(N= 69)

Female sex, n (%) 83 (50.3) 35 (50.0) 42 (58.3) 30 (49.2) 35 (50.8)
Gestational age (weeks), mean (SD) 38.9 (1.8) 38.9 (1.5) 39.1 (1.3) 38.9 (1.6) 39.1 (2.1)
Birthweight (kg), mean (SD) 3.1 (0.6) 2.9 (0.5) 3.1 (0.5) 3.2 (0.5) 3.2 (0.6)
Birth length (cm), mean (SD) 50.3 (3.7) 50.3 (4.0) 50.5 (3.8) 50.6 (3.2) 50.1 (3.7)
Low birthweight,* n (%) 18 (10.9) 11 (15.7) 9 (12.5) 6 (9.8) 5 (7.3)
Maternal smoking during pregnancy, n (%) 8 (4.9) 2 (2.9) 3 (4.2) 4 (6.6) 5 (7.3)
Maternal income (<USD2 000), n (%) 155 (93.9) 66 (95.3) 68 (94.4) 55 (90.2) 65 (94.2)
Age at study date (mo.), mean (SD) - 1.1 (0.4) 6.1 (1.4) 12.2 (1.2) 24.4 (1.6)
Postnatal length gain (cm),†mean (SD) - 3.9 (4.5) 16.5 (5.1) 24.7 (5.3) 34.8 (4.9)

*Low birthweight is classified as birthweight<2.5 kg as per the WHO guidelines.[14]

†Postnatal length gain is the difference between length at test date and birth length.

Tests performed for MBW and tidal breathing
N=302

Acceptable tests as per ERS/ATS guidelines
n=272 (91%)

Eliminated, based on visual quality of test output 
n=17 (5%)

Eliminated at analysis phase (leak/inadequate number 
of MBWs/not in adherence to speci�ed guidelines) 

n=13 (4%)

Total participants 
n=165

Participants with >1 test 
measurement 

n=79

24 months
n=69

12 months
n=61

6 months
n=72

6 weeks
n=70

Fig.  1. Description and summary of testing (MBW = multiple breath washout; ERS/ATS = European 
Respiratory Society/American Thoracic Society).
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lung function parameters in various age groups. These losses were not 
insubstantial. 

LBW was shown to be associated with lower FRC as well as TV, MV and 
tidal flows (MTEF and MTIF) at 6 weeks, and 6 and 12 months. However 
this was statistically significant at certain time points only. Though the 
impact of LBW on lung function is well documented[1] for older children, 
comparison between studies can be difficult because of heterogeneity in 
lung function, differences in exposures and outcome measures assessed.[3] 
There are no studies that have focused specifically on LBW and the outcome 
measures reported here. However, infant size, postnatal length gain and 
birthweight are known sources of variability in lung function. Lodrup 
Carlson et al.[19] found a decline in tidal breathing (TV and flows) measures 
with birthweight among 803 infants shortly after birth. Dezateux et  al.[20] 
demonstrated that LBW for gestational age among 98 participants with a 
mean (SD) age of 6.6 (2.5) weeks was associated with reduced lung function 
when measured in early infancy prior to the onset of lower respiratory 
illness. This study further reported on reductions in forced expiratory flows 
or volumes as independent of postnatal weight or length. This supports 
evidence that impaired airway function in infants with LBW for gestational 
age is not only related or attributed to growth factors, but may also be due 
to intrauterine exposure factors. Intrauterine growth restrictions in fetal 
weight have been reported to affect the growth of the lungs and airways.
[1] Our finding of reduced FRC (β −6.79 (95% CI −18.03 - 4.44 mL/kg)) in 
LBW infants, who are subject to increased risk for structural changes and 
premorbid lung function, further supports this. This novel finding suggests 
that infants with LBW are likely to have compromised respiratory function 
during the first 24 months of life, predisposing them to more severe 
consequences of acute respiratory infections.

Maternal smoking did not emerge as a consistent predictor of low 
lung function in our sample, unlike other studies, but this is likely due 
to the low prevalence of maternal smoking during pregnancy (4.9%) in 
our study. However, maternal smoking was associated with a decline in 
tPTEF/tE, a measure of airway conductance,[15] across age groups. In a 
study in Oslo, Norway, infants with a mean age of 2.7 days, exposed to 
maternal smoking in utero were shown to have an estimated −0.0021% 
change in tPTEF/tE (p=0.03) per unit increase in daily smoking, compared 
with non-exposed children.[19] Studies have demonstrated tPTEF/tE as 
an important predictor of respiratory morbidity in early childhood,[21] 
reduced tPTEF/tE precedes and predicts important childhood pulmonary 
outcomes, including wheeze and lung function.[22] It has also been shown 
that exposure to tobacco smoke has been linked to lung function in 
airway responsiveness (an indicator for asthma development)[6] and risk 
of wheezing in early life.[23] 

We explored several socioeconomic and demographic factors associated 
with low-income communities, but were unable to relate these to the 
observed measures in tidal breathing and MBW measures. This could 
be attributed to the fact that most households had a low income (94%), 
and our sample lacked sufficient variability in socioeconomic status to 
investigate this variable. Even though 33% of infants were HIV-exposed, all 
HIV-positive mothers received antenatal antiretroviral treatment, and none 
of the infants were HIV-positive, which probably explained the absence of 
HIV-related findings. 

Few studies report on infant lung function under non-sedation using 
similar testing methods and the same analytic software, limiting our ability 
for comparison.[11,17,24,25] The BILD study tested infants at 5 weeks, providing 
normative and reference values for a white Middle European population.
[24] Similarly, a European and Australian multicentre study conducted lung 
function assessment in non-sedated infants aged 4 - 8 weeks, stratified by 
level of prematurity,[11] including ‘full-term controls’. The DCLHS cohort 

assessed lung function in healthy SA infants, aged 5 - 11 weeks,[17] from a 
low socioeconomic community, with the aim of providing reference data for 
tidal breathing and MBW measures. Compared with our findings, the mean 
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(SD) TV at 6 weeks was lower in BILD and the European/Australian 
multicentre study, reporting 29.7 (5.9) mL/kg[24] and 32.4 (5.5) mL/
kg,[11] respectively, compared with our values and that reported by 
the DCLHS, of 33.7 (7.3) mL and 34.9 (6.9) mL/kg,[17] respectively. 
Respiratory rate was on average within 1 SD across studies, whereas 
MV was higher in SA infants[24] from both studies in comparison 
with the European and multicentre studies.[11,17]

For the MBW measures in the 6-week age group, mean (SD) FRC 
was on average higher in the BILD study at 102 (16) mL.[24] Our 
findings (84.2 (18.1) mL) were closer to the range reported by the 
multicentre study (79.6 (14.5) mL) [11] and the DCLHS (77.9 (17.0) 
mL).[17] Mean (SD) LCIs across all studies were within 1 SD of each 
other (BILD 6.75 (0.6);[24] MACE 6.91 (0.4); DCHS 7.2 (0.4);[17] and 
the European/Australian study 7.2 (0.5)).[11] Lung function is known 
to be dependent on specific population characteristics; therefore 
we observe similarities with the DCHLS study, but note some 
differences with BILD, which may be attributed to unmeasured 
sociodemographic differences. When comparing the data for the 
12-month age group with the DCHLS study, on average our values 
were within 1 SD for TV, FRC and LCI.[25] Such differences may be 
attributed to anthropometric differences between studies, e.g. the 
infants from our study were on average taller by 2 cm and heavier by 
1 kg, with a similar mean (SD) age of 2.2 (1.2) months in comparison 
with the DCHLS study, with a mean (SD) age of 12.6 (1.0) months, 
respectively.

A major strength of our study was the use of state-of-the-art 
measures in infant lung function assessment in a low-income setting. 
We were further able to undertake assessments at varying age groups 
(6 weeks, 6, 12 and 24 months), overcoming challenges in sleep and 
behavioural patterns between age groups. Lung function assessment 
without sedation among these age groups is a costly and time-
intensive process, and we were able to achieve a high success rate on 
testing, further ensuring quality control in the test outputs through 
blind analyses.

Among the study limitations were the small sample size and 
distribution of the sample across age ranges, which requires cautious 
interpretation of the results. The characteristics of our study 
population and the lung function parameter results were comparable 
to prior studies for selected age groups.[4,17,24] The assessment of lung 
function in infancy and our understanding and interpretation of 
these outcome measures still requires further technical optimisation, 
as even in studies with larger sample numbers and with longer 
observation periods, the observed inter-individual variability of 
identified outcome measures was not adequately explained.

In conclusion, our study adds to the growing body of knowledge 
on infant lung function generally, and our key finding of LBW and 
its effect on several lung function parameters is particularly relevant 
in low socioeconomic communities. 

Declaration. Lung function testing in infant participants was performed 
without sedation and in compliance with the principles of the Declaration 
of Helsinki and applicable ethical guidelines on research involving 
human participants. 
Acknowledgements. The authors thank all the participants who kindly 
consented for their children to be involved in our study and the MACE 
study team for their efforts in data collection. We wish to thank Prof. 
Peter Sly and the DCLHS team, namely Prof. Heather Zar, Dr Diane 
Gray, Ms Lauren Willemse and Mr Carven Jacobs, for their assistance in 
the initial training of our team in the early developmental phase of our Ta
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study, and provision of the necessary standard operating procedures and 
support when required, enabling us to smoothly conduct our testing in a 
standardised manner. 
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