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BACKGROUND: Fine particulate matter (PM2:5) has been found to be detrimental to respiratory health of children, but few studies have examined the
effects of prenatal PM2:5 oxidative potential (OP) on lung function in infants and preschool children.
OBJECTIVES: We estimated the associations of personal exposure to PM2:5 and OP during pregnancy on offspring objective lung function parameters
and compared the strengths of associations between both exposure metrics.
METHODS: We used data from 356 mother–child pairs from the SEPAGES cohort. PM filters collected twice during a week were analyzed for OP,
using the dithiothreitol (DTT) and the ascorbic acid (AA) assays, quantifying the exposure of each pregnant woman. Lung function was assessed with
tidal breathing analysis (TBFVL) and nitrogen multiple-breath washout (N2MBW) test, performed at 6 wk, and airwave oscillometry (AOS) per-
formed at 3 y. Associations of prenatal PM2:5 mass and OP with lung function parameters were estimated using multiple linear regressions.
RESULTS: In neonates, an interquartile (IQR) increase in OPDTTv (0:89 nmol=min=m3) was associated with a decrease in functional residual capacity
(FRC) measured by N2MBW [b= − 2:26 mL; 95% confidence interval (CI): −4:68, 0.15]. Associations with PM2:5 showed similar patterns in com-
parison with OPDTTv but of smaller magnitude. Lung clearance index (LCI) and TBFVL parameters did not show any clear association with the expo-
sures considered. At 3 y, increased frequency-dependent resistance of the lungs (Rrs7–19) from AOS tended to be associated with higher OPDTTv
(b=0:09 hPa × s=L; 95% CI: −0:06, 0.24) and OPAAv (IQR=1:14 nmol=min=m3; b=0:12 hPa× s=L; 95% CI: −0:04, 0.27) but not with PM2:5
(IQR=6:9 lg=m3; b=0:02 hPa× s=L; 95% CI: −0:13, 0.16). Results for FRC and Rrs7–19 remained similar in OP models adjusted on PM2:5.

DISCUSSION: Prenatal exposure to OPDTTv was associated with several offspring lung function parameters over time, all related to lung volumes.
https://doi.org/10.1289/EHP11155

Introduction
Exposure to ambient particulate matter (PM) increases risk of
chronic respiratory diseases and triggers asthma and chronic ob-
structive pulmonary diseases.1–3 Early life, including pregnancy,
is a vulnerable time window for the health effects of air pollu-
tion.4,5 Exposure to PM during pregnancy is reported to influence
fetal and infant lung development and respiratory health.6–10

Measures of children’s respiratory health, including spirometry
outcomes,11–13 asthma incidence,14 or fraction of nitric oxide in
exhaled air (FeNO),15 have been widely investigated in association
with outdoor air pollution. Although studying lung function of chil-
dren in early childhood is of great interest for the evaluation of their

susceptibility to respiratory diseases later in life, most previous stud-
ies11–15 were limited to children older than 5 y of age, when spirome-
try becomes feasible. Very few studies8,10,16 have used noninvasive
techniques that allow for the measurement of lung function in very
young children, such as tidal breathing flow-volume loops analysis
(TBFVL), nitrogen multiple-breath washout (N2MBW), or airwave
oscillometry (AOS). Yet, these techniques rely on tidal breathing,
making them particularly suitable and feasible in population-based
cohorts. Muttoo et al.16 and Latzin et al.10 found decreases in func-
tional residual capacity (FRC) and tidal volume (VT), respectively,
estimated byMBW and TBFVL, in children who had higher prenatal
exposure to nitrogen oxides (NOx) or particulatematter (PM)with di-
ameter ≤10 lm (PM10). Dutta et al.8 found higher airway reactance
(Xrs5) measured by AOS in children with higher postnatal exposures
to particleswith <2:5 lmdiameter (PM2:5).

Most epidemiological studies examining the health effects of
PM used the mass concentration metric in association with health
parameters.17,18 Although the biological pathways are not fully
understood yet, evidence suggest that oxidative stress caused by
PM is a key factor in understanding PM-associated health
effects.19–22 The ability of PM to generate reactive oxygen species
(ROS) and thereby induce oxidative stress is measured by the oxi-
dative potential (OP), an integrative metric of several physical and
chemical properties of PM and its health effects.23 Several recent
studies have presented OP as a better predictor than concentration
for assessing associationwith some cardiorespiratory diseases.24,25

The studies addressing the effects of OP exposure on children’s
lung function, although few in number, converged to a stronger
detrimental effect of OP as compared to PMmass.26–28 These latter
studies used average urban ambient OP measurements or OP esti-
mated by land-use regression (LUR) models, which could lead to
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measurement errors, given that most people in Western countries
spend more than 80% of their time indoors.29 Thereby, personal
sampling has been proposed to increase the accuracy in exposure
assessment; however, to the best of our knowledge, no study has
estimated personal prenatal exposure to OP in relation to respira-
tory function in the first years of life.

The aim of this study was to assess whether maternal personal
exposure to PM2:5 mass concentration and to the OP of PM2:5 is
associated with lung function in newborns and in preschool chil-
dren. The effects of OP and PM were also compared, and the
independency of OP effects from PM2:5 were tested.

Methods

Study Population
This study is based on the data from the French mother–child
SEPAGES cohort that has been set up to describe maternal and
child personal exposure to environmental pollutants and their
effects on health. The study design and protocol have been previ-
ously described by Lyon-Caen et al.30 Briefly, pregnant women
were recruited from July 2014 to July 2017 in eight obstetrical
ultrasonography practices located in the Grenoble area in the
French Alps. The included women had to be pregnant by <19
gestational weeks, be older than 18 y old, to have a singleton
pregnancy, to be planning to give birth in one of the four mater-
nities clinics from Grenoble area, and to live in the study area
(i.e., living 1 h driving from Grenoble city center). The volun-
teers were then followed during pregnancy, and their children
were recruited at birth and then followed up. The mother–child
pairs selected for this study had at least one period of PM2:5 sam-
pling during pregnancy (n=405), with validated and positive OP
analysis (n=387) and the children had performed at least one
lung function test at either 6 wk or 3 y (n=356) (Figure 1).

Parents signed an informed consent for themselves and their
child, and the study protocol was approved by the Comité de
Protection des Personnes Sud-Est V (CPP) and the French data
privacy institution (Commission Nationale de l’Informatique et
des Libertés, CNIL).

Maternal Exposure
Active personal air samplers (MicroPEM™; RTI International)
were used to sample PM2:5 onto Teflon filters. The participants
were asked to carry the devices or keep them at close proximity
during the entire sampling period (consecutive 7–8 d). The meas-
urements took place at different periods of the pregnancy. The
sample filters on which OP was measured consisted of 286 col-
lected at a median gestational age (GA) of 18 wk (min: 12, Q1:
32, Q3: 19, max: 28) and 294 at 34 wk (min: 28, Q1: 32, Q3: 35,
max: 38). Therefore, the median [interquartile range (IQR)] of
time between the first and second measurement was 16 (14, 18)
wk, with a minimum of 4 wk and a maximum of 23 wk, mainly
due to the availability of the samplers or the volunteers. For each
participant, personal exposure was estimated from one (132 out
of 356, 37%) or 2 wk (224 out of 356, 63%) of sampling. An av-
erage exposure was calculated when two periods of measure-
ments were available.

The net mass (micrograms) of PM2:5 collected was deter-
mined by gravimetric analysis (Mettler Toledo UMX2 ultra-
microbalance) before and after sampling at the same hygrometric
conditions (21°C, 25% relative humidity). Following gravimetric
analysis, the samples filters were cold-stored (−20�C) until OP
analysis, for an average of 26 wk. OP analysis followed the pro-
tocol established by Calas et al.31,32 Briefly, a simulated lung
fluid [SLF, mixture of Gamble and dipalmitoylphosphatidylcho-
line (DPPC)] was used to extract PM2:5 from the filters for a final
concentration of 10 lg=mL, maintaining a constant amount of
extracted PM2:5 for intercomparison. The extracts were then sub-
jected to vortex mixing at 37°C for 1.25 h. The OP was measured
using the dithiothreitol (DTT) and ascorbic acid (AA) assays.

For the DTT assay, PM2:5 extracts were mixed with a DTT so-
lution using a 96-well plate (CELLSTAR, Greiner-Bio). Every 10
min, the remaining DTT was titrated by dithionitrobenzoic acid
(DTNB) and the formation of 2-nitro-5-thiobenzoic acid (TNB)
was measured by absorbance at 412 nm (TECAN spectrophotome-
ter Infinite M200 Pro), for a total reaction time of 30 min (e.g., 3
titrations in total). For the AA assay, a modified version of the syn-
thetic respiratory tract lining fluid (RTLF) was used.33 AA was

Figure 1. Flow chart for the selection of the study population. Note: *PM2:5 net weight <4 lg. AOS, airwave oscillometry; LF, lung function; N2MBW, nitro-
gen multiple-breath washout; OP, oxidative potential; PM, particulate matter; PM2:5, PM with aerodynamic diameter <2:5 lm; TBFVL, tidal breathing flow-
volume loops.
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mixed with the PM2:5 extract in a 96-well plate, and the AA con-
sumption was evaluated measuring the change in absorbance at
265 nm over time. Absorbance measurements were collected at
4-min intervals for a total reaction time of 30 min. For both assays,
the consumption rate (nanomoles per minute) was then normalized
by the corresponding filtrated air sample volume (cubic meters) to
represent human exposure through inhalation. OPDTTv corresponds
to the consumption of DTT (nanomoles per minute per cubic me-
ter), and OPAAv corresponds to the consumption of AA (nanomoles
per minute per cubic meter). All samples were subjected to tripli-
cate analysis, and each sample result is reported as the mean of the
repeated measurements. The coefficient of variation (CV) is
between 0 and 10% for each assay.

To ensure accuracy of each OP measurement, positive control
tests were performed for every experiment. A 1,4-naphthoqui-
none (1,4-NQ) solution was used for both the DTT and AA
assays. Particularly, a 40 lL of 24:7 lM stock solution was used
for the DTT assay and an 80 lL of 24:7 lM 1,4-NQ solution for
AA assay.31,32 The measurement quality, estimated by the CV of
the positive control tests, were at <3:2% for both OP assays.

Lung Function at 6 Weeks
Lung function tests were performed on infants age 6–12 wk,
using an infant face mask during natural sleep, in supine position
and with the head midline, following guidelines of the European
Respiratory Society (ERS) and American Thoracic Society
(ATS).34 After stabilization of the breathing pattern (20–30
breaths rejected), 10 min of tidal breathing flow-volume loops
(TBFVL) were recorded, and three measurements of nitrogen
multiple-breath washout (N2MBW) were performed.

For TBFVL measurements, the first 30 to 50 regular breaths
were used. The sighs and 10 breaths preceding and following a
sigh were excluded. The following TBFVL parameters were
retained in the present analysis: tidal volume (VT) and the ratio
of time to peak tidal expiratory flow (tPTEF) to expiratory time
(tE). Out of the 484 mother–child pairs, 325 children performed
the TBFVL test.

The N2MBW technique measures lung volumes and ventila-
tion heterogeneity. For this test, infants inhaled pure oxygen (O2)
and the concentration of exhaled N2 was monitored employing
the Exhalyzer© and Spiroware© equipment (Ecomedics). The
main outcomes were a) functional residual capacity (FRC) and b)
lung clearance index (LCI), defined as the number of respirations
required to reduce the concentration of N2 below 2.5%. Up to
three valid measurements were obtained, guided by the following
criteria: regular breathing during quiet sleep, tidal volume within
target, no swallowing or sighs in the first five breaths, no sign of
leak, and N2 concentration below 2.5% for at least three consecu-
tive breaths to end the test. A transient decrease in tidal volume
may be induced by using pure oxygen during the test, which has
been shown to affect FRC and LCI measures.35 Hence, the degree
of hypoventilation was calculated for each N2MBW test, compar-
ing the maximum drop of tidal volume during the first 15 breaths
after O2 inhalation and the mean tidal volume before inhalation.
Then, FRC and LCI values were corrected for the degree of
hypoventilation using a 2-step standardization method based on
regression residuals.36 First, the influence of hypoventilation was
characterized using adjusted linear mixed regression models
(accounting for the repeated data), and, in a second step, the
model estimate was used to remove the variability in FRC (or
LCI) due to hypoventilation. A total of 865 valid N2MBW tests
were retained, with a median (Q1; Q3) of 3 (2; 3) tests per child.
Out of the 484 mother–child pairs, 350 children performed the
N2MBW test. For each child, both LCI and FRC corrected values
were averaged.

Lung Function at 3 Years
At the age of 3 y (median: 3.1 y), the impedance of the respira-
tory system was assessed based on airwave oscillometry (AOS)
using commercial device (TremoFlo; Thorasys Systems) comply-
ing with current European standards.37 The device was calibrated
daily, using a reference resistance.

For this technique, pressure waves with frequencies varying
from 7 to 41 Hz are applied during tidal breaths and lung imped-
ance is calculated from the changes in flow and pressure. To
ensure the quality and reproducibility of the measurements, they
were performed at least 15 d after any respiratory infection (self-
reported by the mother via a questionnaire administrated by a
clinical research assistant at the clinical visit), with the child sit-
ting, the head slightly extended, and wearing a nose clip.
Children were asked to firmly close their lips around the mouth-
piece while their cheeks and chins were maintained by the techni-
cian to avoid any signal damping by the mouth walls. After
getting used to the device during approximately 30 s, three to five
acceptable measurements were obtained and averaged. A rest
interval of 1 min was respected between each 16-s-long measure-
ment. We excluded measurements with the following artefacts:
leakage, swallowing, glottis closure, vocalization, or obstruction
of the mouthpiece by the tongue.

The key components of impedance are the resistance and the
reactance of the respiratory system. The resistance is representa-
tive of friction forces mainly in the airways and the reactance
depends on the inertive and elastic behaviors of the respiratory
system.38 The parameters included in this study are raw values of
resistance and reactance at a frequency of 7 Hz (Rrs7 and Xrs7),
the area under the reactance curve (AX), and the frequency de-
pendence of the resistance, defined by the resistance difference
between 7 and 19 Hz (Rrs7–19). Rrs7 is a parameter that reflects
large airway resistance, whereas AX and Rrs7–19 better character-
ize the peripheral airways. Rrs7–19 also evaluates the heterogene-
ous obstruction of the distal bronchi.39 Increased Rrs, Rrs7–19,
and AX and decreased Xrs are associated with a reduced lung
function.

Among the 320 children to the 3-y follow-up who performed
AOS (66% follow-up rate), measurements for 306 children (96%
success rate for AOS test) were retained, complying with validity
and reproducibility criteria (at least two measurements with CV
<15% for Rrs7). The mean value of the valid measurements was
calculated for each parameter and used for the analyses. Out of
them, 248 had personal prenatal exposure to OP, resulting in a
total attrition rate of 51% for the exposure to personal prenatal
OP–AOS parameters association study.

Statistical Methods
Both univariate and multiple linear regressions were used to
study the associations between maternal personal exposure to
PM2:5 and OP with each lung function parameter. The three ex-
posure metrics used in this study (PM2:5, OPDTTv , OPAAv ) were
continuous and scaled by their IQR, allowing to compare their re-
spective effects on the outcomes. The Spearman correlation coef-
ficient (rs) was used to calculate correlations between the
exposures. Linear regressions were used after confirming linear-
ity by a likelihood ratio test between the adjusted model, model-
ing the exposure with a natural spline with 5 degrees of freedom
and the adjusted main model (Figures S1 to S6 in the
Supplement, all p≤ 0:05). All analyses were performed using R
software (version 4.1; R Development Core Team).

Potential confounders were selected a priori, based on previous
studies,10,13 a) parental characteristics: educational level (defined
as themaximum number of studying years after high school degree
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between the parents and expressed in two classes: above or <5 y;
self-reported through an self-administrated questionnaire), paren-
tal history of rhinitis (binary, self-reported by a questionnaire
administrated by a clinical research assistant), mother’s age (calcu-
lated with the date of birth self-reported by a questionnaire admin-
istrated by a clinical research assistant) and body mass index
(BMI) before pregnancy (continuous; calculated based on self-
reported weight before pregnancy and height measured by a clini-
cal research assistant during a SEPAGES clinical visit); b) infant
characteristics: child sex (male/female), age (continuous, calcu-
lated with the date of birth collected in the child health booklet),
height and weight (continuous, measured by a clinical research as-
sistant at the clinical visit), passive smoking (yes/no, in utero,
including maternal passive smoking or until the clinical visit;
assessed by several self-administrated questionnaires during and
after the pregnancy), breastfeeding (still some breastfeeding at 6
wk, yes/no, self-reported by a questionnaire administrated by a
clinical research assistant); c) exposure characteristics: season of
sampling [3-class variable: cold (all filters sampled between
October and March), warm (all filters sampled between April and
September), and cold+warm (one filter sampled in the cold season
and onefilter sampled in thewarm season)], mean temperature dur-
ing pregnancy (continuous, assessed at home address by Hough’s
model).40 The effects of the confounders were analyzed by looking
at the effect of each confounder separately on the regression model
adjusted for sex, height, and weight (Figures S9, S10). Missing
data regarding covariates in the main model were imputed by mul-
tiple chained equation, using the R package mice,41 assuming that
the data was missing completely at random (MCAR), which was
checked by Little’s test42 (p-values of the test >0:05). Descriptive
statistics of the covariates can be found in Table S1. Ten imputed
data sets were created, and results from each data set were com-
bined using Rubin’s rule.43 We did not correct for multiple tests,
but results were interpreted by looking at the consistency of associ-
ation of PM and OP exposures across the different lung function
parameters.

Several sensitivity analyses were conducted to address the
robustness of the results from the main model by assessing the
impacts of: a) data imputation, by conducting a complete case
analysis; b) extreme exposure and health outcome values, by
excluding the lowest (below first percentile) and highest values
(above the 99th percentile) of the outcomes and exposures, result-
ing in the exclusion of 4%–5% of the population of each analysis;
c) the number of PM and OP measurement weeks, by excluding
participants with only one measurement week (n=132); d) the
independency of OP effects to PM, by adjusting OP models on
PM2:5; e) LCI and FRC measurement error due to the degree of
hypoventilation, by adding an analysis excluding one-fourth of
the children who had the highest hypoventilation degree during
the N2MBW test (n=72); f) leverage and influencing points, by
excluding points that had a Cook’s distance44 higher than 4/n,
where n is the number of observations in the main model (exclu-
sion of 4%–7% of the observations); g) the independency of OP
and PM effects to personal NO2 concentrations during the same
weeks of sampling [passive sampler (Passam AG), worn simulta-
neously to the active PM sampler]. Multicollinearity was
assessed using the variance inflation factor in the two-pollutant
models (VIFs<2).

Results

Description of the Population
The present study was conducted with children that had at least one
prenatal measurement of OP and one lung function parameter
assessed, leading to 356 mother–child couples (73% of SEPAGES

cohort) (Figure 1). The included children had parents with a higher
educational level, had less parental history of rhinitis, had higher ex-
posure to PM2:5, higher Rrs7, and a lower Xrs7 in comparison with
the children not included in the study (Table 1). No difference
between the included and excluded population was observed for
both OP and lung function at 6 wk. In the study population, 52%
(n=185) of the children were boys, and the majority of children
were born on term (96%, n=341) by vaginal delivery (85%,
n=302) from mothers who were mainly nulliparous or primipar-
ous (45%, n=160 and 46%, n=162, respectively). In infancy,
most children were still breastfed at 6 wk (86%, n=306) and
<27% (n=95) were exposed to tobacco smoke in utero (includ-
ing maternal passive smoking) and after birth (<6 wk). The pa-
rental level of education is high because 72% (n=256) of the
parents had studied 5 y or more after receiving their French high
school diploma (i.e., having at least a MSc diploma). Only 15
children were born before the 37th week, with a minimum of 34
gestational weeks. Regarding lung function tests (Figure 1), 325
children performed a valid test of the lung function at 6 wk (284
had a valid N2MBWanalysis and 309 had valid TBFVLmeasure-
ments), and 248 children had valid AOS measurements. Out of
these 248 children, 197 had available N2MBW results and 205
had valid TBFVL test results.

Exposure to PM2:5 and Its OP
The median (Q1, Q3) of average prenatal personal exposures
to PM2:5, OPDTTv , and OPAAv were 13:3 ð10:6, 17:5Þlg=m3,
1:49 ð1:11, 2:00Þ nmol=min=m3 and 1:56 ð1:07, 2:21Þ nmol=min=
m3. Personal PM2:5 and OP (particularly OPAAv ) presented a sea-
sonal trend, with higher levels reached during the cold season
(Figure 2; Table S2). OPDTTv was highly correlated with both
PM2:5 concentration and OPAAv (rs =0:64 and rs =0:72, respec-
tively; n=356, p<2:2�10−16 for both), whereas the correlation
between PM2:5 concentration and OPAAv was moderate (rs =0:51,
p<2:2�10−16) (Figure S7). For participants with two periods of
sampling, there were no differences in PM2:5, OPAAv and OPDTTv
levels at early vs. late pregnancy (Figure S8; Table S3).

Association between Exposures to Prenatal PM2:5 and OP
and Lung Function
Lung function at 6 wk. In the univariate analysis, increased perso-
nal prenatal exposure to PM2:5 and OPDTTv were associated with a
lower FRC at 6 wk (−2:16 mL; 95% CI: −4:41, 0.09 for each
6:9 lg=m3 increase of PM2:5, and −2:69 mL; 95% CI: −5:28,
−0:11 for each 0:89 nmol=min=m3 increase of OPDTTv ). After
adjusting for potential confounders (Table 2; Table S4; Figure 3),
in bothmain and complete-case analysis, the magnitude of associa-
tion between OPDTTv and FRC slightly decreased, and associations
were borderline significant (b: −2:26 mL; 95%CI: −4:68, 0.15 for
the main model and b: −2:65 mL; 95% CI: −5:16, −0:14 for the
complete-case analysis). The confounders mainly driving the dif-
ferences between the univariate and themain analysis were the sea-
son of sampling and the parental history of rhinitis (Figure S9).
LCI and tPTEF=tE did not show any clear association trend for all
exposures considered. In general, for air pollution–lung function
associations showingmarginal association, the sensitivity analyses
showed patterns of association similar to the ones in the main
model, except for the negative OPDTTv -VT association that disap-
peared when excluding extreme values. The analyses excluding le-
verage and influencing points (estimated by Cook’s distance)
overall led to similar results and resulted in statistically significant
association for FRC and exposure to both PM2:5 and OPDTTv (Table
S4; Figure S11). The analyses further adjusted on personal NO2
sampled simultaneously with PM2:5 showed that NO2 did not
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Table 1. Characteristics of the included (n=356) and excluded (n=128) population from the cohort SEPAGES in this study. Included population corresponds
to children who had at least both one prenatal oxidative potential assessment and one test of lung function.

Characteristics Included populationa (n=356) Excluded populationa (n=128) p-Valueb

Sex of child — — 0.2
Male 185 (52%) 73 (59%) —
Female 171 (48%) 51 (41 %) —
Missing 0 4 —
Birth weight (g) — — 0.13
Median (IQR) 3,295 (3,048, 3,580) 3,220 (2,995, 3,507) —
Missing 0 5 —
Preterm birth (<37 wk) — — 0.2
0 (No) 341 (96%) 115 (93%) —
1 (Yes) 15 (4%) 9 (7%) —
Missing 0 4 —
Parental educational level >5 y — — 0.048
0 (No) 100 (28%) 48 (38%) —
1 (Yes) 256 (72%) 80 (62%) —
Delivery mode — — 0.084
Vaginal 302 (85%) 96 (78%) —
C-section 54 (15%) 27 (22%) —
Missing 0 5 —
Still breastfed at 6 wk — — 0.11
0 (No) 49 (14%) 20 (20%) —
1 (Yes) 306 (86%) 78 (80%) —
Missing 1 30 —
Parental history of rhinitis — — 0.003
0 (No) 132 (40%) 26 (24%) —
1 (Yes) 202 (60%) 83 (76%) —
Missing 22 19 —
Parity — — 0.6
0 (nulliparous) 160 (45%) 62 (48%)
1 (primiparous) 162 (46%) 52 (41%)
2 or more (multiparous) 34 (9.6%) 14 (11%)
ETS in utero and <6 wk — — 0.7
0 (No) 259 (73%) 84 (75%) —
1 (Yes) 95 (27%) 28 (25%) —
Missing 2 16 —
ETS <3 y — — 0.7
0 (No) 270 (79%) 70 (77%) —
1 (Yes) 73 (21%) 21 (23%) —
Missing 13 37 —
Exposure to particulate air pollutionc

PM2:5 (lg=m3) 13.3 (10.6, 17.5) 12.2 (8.2, 16.6) 0.033
Missing 0 79 —
OPDTTv (nmol=min=m3) 1.49 (1.11, 2.00) 1.53 (1.05, 1.91) 0.8
Missing 0 97 —
OPAAv (nmol=min=m3) 1.56 (1.07, 2.21) 1.66 (0.93, 2.30) >0:9
Missing 0 97
Mean temperature during pregnancy (°C)
Median (IQR) 13.0 (10.6, 14.6) 11.6 (10.1, 13.6) 0.001
Missing 0 4
N2MBW parametersc (6 wk)
FRC (mL) 105 (95, 115) 108 (95, 115) 0.6
Missing 72 62 —
LCI 7.58 (6.75, 8.47) 7.49 (6.99, 8.12) 0.9
Missing 72 62 —
TBFVL parametersc (6 wk)
VT (mL) 34 (29, 39) 33 (29, 36) 0.4
Missing 47 112 —
tPTEF=tE (%) 35 (29, 42) 36 (26, 45) 0.8
Missing 47 112 —
AOS parametersc (3 y)
Rrs7 (hPa × s=L) 11.53 (10.05, 13.04) 12.67 (10.87, 14.17) 0.021
Missing 108 70 —
Rrs7–19 (hPa × s=L) 1.02 (0.56, 1.61) 1.18 (0.63, 1.98) 0.2
Missing 108 70 —
Xrs7 (hPa× s=L) −3:88 (−4:56, −3:28) −4:25 (−5:59, −3:51) 0.037
Missing 108 70 —
AX (hPa=L) 68 (45, 92) 70 (53, 105) 0.3
Missing 108 70 —

Note: —, no data; AA, ascorbic acid; AOS, airwave oscillometry; DTT, dithiothreitol; AX, area under the reactance curve; ETS, environmental tobacco smoke; FRC, functional resid-
ual capacity; LCI, lung clearance index; N2MBW, nitrogen multiple-breath washout; OP, oxidative potential; OPAAv , volume-normalized oxidative potential measured by the AA assay;
OPDTTv , volume-normalized oxidative potential measured by the DTT assay; PM, particulate matter; PM2:5, PM with an aerodynamic diameter <2:5 lm; Rrs7, resistance at a frequency
of 7 Hz; Rrs7–19, difference between the resistance at 7 Hz and at 19 Hz; TBFVL, tidal breathing flow-volume loops; tPTEF=tE ratio of time to peak tidal expiratory flow to expiratory
time; VT, tidal volume, Xrs7, reactance at a frequency of 7 Hz.
aExpressed in n (%) or Median (IQR).
bp-Value from Wilcoxon rank sum test and Pearson’s chi-squared test comparing included and excluded population.
cVariables used for population selection (selected children had prenatal exposure to PM and OP and either N2MBW or TBFVL or AOS measures).

Environmental Health Perspectives 017004-5 131(1) January 2023



modify the estimates and 95% CI for any of the studied associa-
tions. The magnitude of the associations of OPDTTv for lung vol-
umes, estimated by FRC, remained similar in models further
adjusted for PM2:5. The change in FRC in the two-pollutant model
with OPDTTv and PM2:5 showed a stronger effect of OPDTTv than
PM2:5 [−1:82 mL (95% CI: −5:03, 1.40) for OPDTTv vs. −0:59 mL
(95% CI: −3:37, 2.19) for PM2:5], although this association
became nonsignificant (Figure 3; Table S6).

Lung function at 3 y. Increased personal prenatal exposures to
OPDTTv and OPAAv were associated with an increase of 0.09 (95%
CI: −0:06, 0.24) and 0.12 (95% CI: −0:04, 0.27) hPa× s=L in
Rrs7–19 respectively, whereas no trend for association was found
with exposure to PM2:5 (b: 0:02 hPa× s=L; 95% CI: −0:13, 0.16)
(Table 2; Figure 4). The confounders mainly driving the differen-
ces between the univariate and the adjusted model were the season
of sampling, parental history of rhinitis, and maternal age before
pregnancy (Figure S10). The sensitivity analyses confirmed these
trends of association. In particular, the analysis excluding extreme
values resulted in a statistically significant positive association,
with an IQR increase in OP being associated with an increase of
0.20 (95% CI: 0.04, 0.36) hPa× s=L in Rrs7–19 for OPDTTv .
Likewise, the model excluding leverage and influencing points led
to statistically significant results with Rrs7–19 and exposure to both
OPv, whereas the results for other outcomes were not modified,
with their 95% CI largely overlapping with that of the main model
(Table S5; Figure S12). The analyses further adjusted on personal
NO2 sampled simultaneously to PM2:5 showed that NO2 did not
modify the estimates and 95%CI for any of the studied association.
The two-pollutant models for Rrs7–19 showed that the effects of
both OPv were stronger than the effects of PM2:5 [0.14 (−0:06,
0.34) and −0:07 (−0:27, 0.13) hPa× s=L for OPDTTv and PM2:5;
0.15 (−0:03, 0.33) and −0:05 (−0:22, 0.12) hPa× s=L for OPAAv
and PM2:5], and other associations were not modified in this model
(Figure 4; Table S7). No clear trends were observed for the other
AOS parameters in the main model, and this was confirmed by the
sensitivity analyses.

Discussion
To the best of our knowledge, this study is the first one to address
the associations between maternal personal exposures to PM2:5
and OP and children’s objective lung function parameters meas-
ured as early as 6 wk of age and at 3 y. Regarding OPDTTv , our

findings showed consistency across some lung function parame-
ters with higher prenatal exposure being associated with a low-
ered indicator of lung volumes (FRC) at 6 wk and with a trend
toward reduced Rrs7–19 at 3 y, an indicator influenced by both
lung volumes and ventilation heterogeneity. An interesting find-
ing is that the effects of OPDTTv exposure on FRC were stronger
than those of PM2:5 mass in the two-pollutant model.

PM and OP Exposures and Lung Function
Our results are in agreement with existing studies reporting a
higher prevalence of reduced lung function in participants who
are exposed to higher levels of PM2:5.12,45–48 Regarding TBFVL
and N2MBW tests, our findings are in line with the results of the
South African birth cohort, MACE,16 that investigated the effects
of NOx from LUR models and lung function of children at 1.5, 6,
12, and 24 months of age, and with the results of a Swiss birth
cohort10 that examined the association between PM10 and NO2
from an ambient monitoring station and lung function measured
in neonates (median age of 34 d). Both studies showed decreases
in FRC and VT in infants prenatally exposed to higher concentra-
tions of NOx or NO2 and PM10, whereas no effects were found
on LCI. Our results extend their findings by confirming the pat-
tern of decreased FRC with exposure to PM2:5 and OP, further
supporting the importance of considering the oxidative stress
caused by PM during pregnancy to predict lung growth restric-
tion of children. In our study, none of the exposures considered
were associated with LCI or with tPTEF=tE, two parameters still
poorly studied in association with air pollution and with conflict-
ing results regarding LCI.10,16 The decrease in VT with OPDTTv
and PM2:5 is not confirmed by all sensitivity analyses, indicating
limited robustness of this association. Rrs7–19 is usually used to
detect the obstruction of the distal bronchi and can be modified
by both lung volumes and heterogeneity of ventilation.39 The
trend for an increase of this parameter in children prenatally
exposed to higher OP is in accordance with the results found at 6
wk, because lower lung volume could lead to an increased resist-
ance of the small airways. This partially confirms the results from
previous studies indicating a detrimental effect of air pollution on
respiratory mechanical parameters. In the BAMSE birth cohort,
Schultz et al.49 investigated the effects of early-life exposure to
PM10 on lung mechanic components measured by impulse oscill-
ometry in 2,415 adolescents and found increased frequency
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Figure 2.Monthly distribution of personal measurements of PM2:5 (left), OPDTTv (center), and OPAAv (right). See Table S2 for corresponding numeric data.
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late matter; PM2:5, PM with an aerodynamic diameter <2:5 lm (lg=m3).
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dependent resistance (Rrs5–20) and AX0:5 with higher PM10 expo-
sure, although the associations were not statistically significant.
Shao et al.50 found increased AX in 84 children exposed to PM2:5
from a 6-wk episode of fire during infancy. In addition, regarding
acute respiratory effect of OP, He et al.27 found that an increase
in OP measured 2 d prior to visit was significantly associated
with increased Rrs5–20 and Rrs5 in 43 asthmatic children age 5–
13 y. Although AOS parameters have been found associated with
air pollution in previous studies, the parameter varies between
studies.8,27,49,50 In our case, we confirmed results with Rrs7–19, a
parameter specific of the small airways.

Comparison of the Exposure Metrics
Our study, which identified associations between OP and PM
with FRC, an indicator of lung volume, and with Rrs7–19, an indi-
cator also accounting for lung volumes, indicates specific effects
on lung growth. These observations are supported by studies
showing that prenatal exposure to environmental pollutants
impacts in utero growth, including organ growth,51,52 and that
oxidative stress may cause placental tissue damage, which could
in turn affect lung growth in utero.53,54

Only a few cohort studies tackled the associations of PM and
OP exposure with lung function.26–28 The associations found with
reduced lung function seemed generally clearer with OP than with
PM2:5 mass concentration, which agrees with the existing litera-
ture.24 For example, the PIAMA birth cohort study28 found associ-
ations between OPDTTv at home address and increased asthma and
rhinitis prevalence and decreased lung function in 12-y-old chil-
dren but no association with PM2:5 mass. The effect magnitudes of
OP models adjusted on other pollutants were similar, although
more sensitive to NO2 adjustment, which was not the case in our
model. In children with asthma diagnosis at age 9–18 y, Delfino
et al.26 found significant positive associations between ambient
OPDTTv and OP measured by the in vitro ROS-macrophage assay
and airway inflammation, whereas no association was found for
PM2:5. Conclusions were not modified in their two-pollutant
model. He et al.27 also used the ROS-macrophage assay and found
associations with Rrs5, Rrs5–20, and Rrs20 for OP, whereas associa-
tions for PM were only found with Rrs5. Overall our results add to
the existing evidence indicating that the OP of PM has a stronger
effect on various respiratory outcomes than PMmass and is thereby
a relevant complementary health metric for air pollution.26–28,55–58
The different health effects found for PM2:5 and OP could be par-
tially explained by the difference in sources contributing to OP
and PM2:5 concentration in the SEPAGES study area (Grenoble).
In fact, previous studies showed that biomass burning and re-
gional transport of secondary inorganic pollutants (nitrates and
sulfates) were the main sources contributing to the ambient PM2:5
mass concentration, whereas vehicular emissions and biomass
burning were the main drivers of OP levels over the area.59,60 We
acknowledge that by using active personal samplers, exposure
measurements incorporate both indoor- and outdoor-generated
pollution, which can have different compositions and thus differ-
ent health effects.61

Our study extends the findings of others by comparing OP
measured by the AA and the DTT assays. In their reviews, Bates
et al.24 and Rao et al.62 showed that OPDTT was a better predictor
than OPAA for most health outcomes. Here, we found that OPAAv
had an effect comparable to that of OPDTTv on lung function as
measured by Rrs7–19 at 3 y. However, results at 6 wk were more
contrasted. The effects of OPAAv on FRC seemed to be influenced
by PM2:5 mass concentration, because the OPAAv coefficients in
the model adjusted on PM were pulled toward zero. Overall,
although both OP assays (i.e., DTT and AA) were developed to
account for the toxicity of PM components, their health impactT
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may differ, which could be explained by their different sensitivities
to chemical components (traffic-related metals, organic carbon,
and inorganic species for OPDTT and metals only for OPAA)63–65

and their different reactivities to specific ROS.66

Strengths and Limitations
One of the main strengths of this study is the assessment of
maternal exposure by personal measurements, which was proven

to be more representative of real exposure29,61,67 than assess-
ments in studies using ambient measurement from monitoring
stations or exposure models. It is also expected to be more accu-
rate as compared to approaches modeling the personal expo-
sure,27 combining a) self-reported time-activity patterns in
different microenvironments (at home, at work, in a car, in public
transport, outdoors) and b) indoor–outdoor ratios estimation for
each identified microenvironment, both being at risk for errors.
Additionally, the use of OP in this study is a way to consider the
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pollution (63%–66% of the population); “Excluding extreme values” are the analyses excluding the exposures and outcomes below the first percentile and
above the 99th (exclusion of approximately 5% of the population); “Adjusted on PM” corresponds to adding personal exposure to PM2:5 in the set of confound-
ers, “Adjusted on NO2” corresponds to adding personal exposure to NO2 in the set of confounders, and the last analyses were performed excluding children
that had the highest hypoventilation degree during the nitrogen multiple breath washout test (excluding 25% of the population). Note: AA, ascorbic acid; BMI,
body mass index; DTT, dithiothreitol; FRC, functional residual capacity; IQR, interquartile range; LCI, lung clearance index; OPAAv , volume-normalized oxida-
tive potential measured by the AA assay (nmol=min=m3); OPDTTv , volume-normalized oxidative potential measured by the DTT assay (nmol=min=m3); PM,
particulate matter; PM2:5, PM with an aerodynamic diameter <2:5 lm (lg=m3); tPTEF=tE, ratio of time to peak tidal expiratory flow to expiratory time; VT,
tidal volume.
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potential oxidative stress caused by PM, which is thought to be a
better predictor of PM damages than its concentration. An inter-
esting finding is that the similitude of the seasonality observed in
personal levels of PM2:5 and OP in the present study with the
results of a previous study that showed higher ambient PM2:5 and
OP during winter in the Grenoble area,60 supports the external
validity of our exposure data.

We acknowledge that a mixed influence of pre- and postnatal
exposure cannot be totally ruled out, but such influence cannot be
assessed becauseOP of PM2:5 was notmeasured in early childhood
in SEPAGES. Nevertheless, other studies6,68 that considered both

pre- and postnatal exposure to PM found an effect of prenatal expo-
sure on reduced lung function in children. Although the design of
the study enables evaluation of the effects of air pollution on child’s
lung function at different stages of the pregnancy, we a priori
decided not to perform this analysis in our study to avoid lowering
the number of participants included (224 with two measurement
weeks) and increasing the number of statistical tests.

One limitation of active personal samplers is that it cannot be
used by the participants during their entire pregnancy. The com-
promise in this study was to perform sampling for two 1-wk peri-
ods during the pregnancy and to use the average of the two

R
r s

7
(h Pa

s
L

−
1)

R
rs

7−
19

( hPa
s

L
−

1)
Xrs

7
(h Pa

s
L

− 1)
AX

(hPa
L

−
1)

-0.25 0.00 0.25 0.50

PM2.5

OPv
DTT

OPv
AA

PM2.5

OPv
DTT

OPv
AA

PM2.5

OPv
DTT

OPv
AA

PM2.5

OPv
DTT

OPv
AA

beta

Analysis
Univariate
Main model
Complete Cases
2 sampling periods
Excluding extreme values
Adjusted on PM
Adjusted on NO2

Figure 4. Association between personal exposure to PM2:5, OPDTTv , and OPAAv during pregnancy and lung function parameters measured at 3 y in the univariate and
multiple linear models and in the sensitivity analyses. Outcomes and exposures were scaled by their IQR. See Tables S5 and S7 for corresponding numeric data.
Whiskers represent the 95% confidence interval around the estimate. The main model was adjusted on child’s height, weight, sex, age, season of sampling, breast-
feeding, environmental tobacco smoke, maternal age and BMI before pregnancy, parental level of education, parental history of rhinitis and mean temperature dur-
ing pregnancy. In addition, “2 sampling periods” are the analyses reduced to the children that had 2 wk of prenatal measurements of air pollution (61% of the
population); “Excluding extreme values” are the analyses excluding the exposures and outcomes below the first percentile and above the 99th (exclusion of approx.
5% of the population); “Adjusted on PM” corresponds to adding personal exposure to PM2:5 in the set of confounders; “Adjusted onNO2” corresponds to adding per-
sonal exposure to NO2 in the set of confounders. Note: AA, ascorbic acid; AX, area under the reactance curve; BMI, body mass index; DTT, dithiothreitol; IQR,
interquartile range; OPAAv , volume-normalized oxidative potential measured by the AA assay (nmol=min=m3); OPDTTv , volume-normalized oxidative potential
measured by the DTT assay (nmol=min=m3); PM, particulate matter; PM2:5, PMwith an aerodynamic diameter <2:5 lm (lg=m3); Rrs7, resistance at a frequency of
7 Hz; Rrs7–19, difference between the resistance at 7 Hz and at 19 Hz; Xrs7, reactance at a frequency of 7Hz.

Environmental Health Perspectives 017004-9 131(1) January 2023



measures in the association studies. This approach tended to
avoid the influence of seasonality and extreme pollution events
during the sampling weeks, especially for OPDTTv (Figure 2;
Figure S8). However, this influence could not be avoided for
individuals with only 1 wk of measurement (n=132). To account
for this limitation, models were adjusted for the season of sam-
pling, and sensitivity analysis excluding participants with only
one measurement week were conducted. It is interesting to note
that, in general, the associations between OP or PM2:5 and FRC
and Rrs7–19 were stronger in this latter sensitivity analysis con-
sisting of a restricted population with a more accurate exposure
assessment, which supports our a priori hypothesis.

The novelty of this study also lies in the repeated assessment
of lung function in early life, whereas most of the other studies
considered children older than 5 y old, when spirometry starts to
be feasible. Assessing lung function at the youngest age allows
researchers to better investigate the effects related to pregnancy
and early infancy time windows, which are believed to predict
long-term respiratory morbidity. However, the use of pure oxy-
gen during the N2MBW test (SF6 being forbidden in France)
induced a transient decrease in tidal volume, which could affect
the measurement of FRC and LCI. Although parameters were a
posteriori corrected for the degree of hypoventilation, and sensi-
tivity analysis excluding children with the highest hypoventila-
tion degree showed similar patterns of association, residual errors
in lung function assessment that would lead to underestimated
effect estimates cannot be totally excluded. Because two different
techniques of lung function measurement were used at 6 wk and
3 y of age, the effect of prenatal exposure of air pollution on lung
function growth could not be assessed.

The amount of data collected during the follow-up of the
cohort allowed us to adjust for a number of confounding factors.
However, the residual confounding due to the observational
design of this study remains a limitation. An interesting finding is
that the analysis excluding leverage and influencing points
showed that these points tended to drive some of the regression
estimates toward the null hypothesis, which indicates that influ-
encing points might be partly related to measurement errors.
Although the aim of our study was based on an a priori hypothe-
sis derived from previous association studies and from the biolog-
ical specificities of OP of PM2:5, the number of associations
tested was still relatively high (n=24) and we did not apply any
formal correction for multiple comparisons. Thus, we acknowl-
edge part of the associations observed may result from chance
findings and thus should be interpreted cautiously. The attrition
rate of 51% for the associations between the personal prenatal OP
and lung function at 3 y could not be a priori defined as low, but
given the demanding protocol and the originality of the longitudi-
nal data collected, both for exposures (personal prenatal exposure
to OP) and health outcomes (with objective lung function meas-
ures in preschool children, which is rare in population-based
cohorts), this can be considered acceptable. However, a selection
bias cannot be totally ruled out; in particular, the associations for
PM2:5 may have been underestimated because included partici-
pants tended to have both higher exposure to PM2:5 and better
lung function on two AOS parameters (lower Rrs7, higher Xrs7)
at 3 y in comparison with the excluded participants. Nevertheless,
with no differences in OP between included and excluded chil-
dren, the associations reported with OP are probably not driven
by selection bias. Although a bigger sample would lead to more
statistical power and therefore clearer conclusions, the use of
objective and validated respiratory health parameters in early life
and novel personal prenatal air pollution exposure metrics offers
important and relevant information on PM exposure and its
health effects.

In summary, our study shows consistency in the associations
between personal prenatal OPDTTv and several early-life lung
function parameters related to lung growth restriction and there-
fore supports findings of the detrimental health effects of PM2:5
exposure on health through oxidative stress and the relevance of
OP of PM2:5 as a useful health-based metric. These findings, to-
gether with identifying sources of OP of PM, could help target
emission sources that are critical in decreasing health effects of
atmospheric pollution.
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