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ackground: No prior study has examined associations between prenatal and early-life stress on childhood
ng function or identified critical windows of exposure.
bjective: To prospectively examine associations between prenatal and early-life stress and childhood lung
nction.

Methods: Stress was indexed by a maternal negative life events (NLEs) score ascertained during pregnancy
and between 1 and 2 years post partum. Spirometry was performed when children were a mean (SD) of 6.99
(0.89) years old. Associations of prenatal and early postnatal stress with spirometry z scores were examined
in 199 children using linear regression. Effect modification by child sex was explored.
Results: Most mothers were minorities (65% Hispanic, 21% African American), had 12 years or less of
education (67%), and did not smoke prenatally (78%). The highest level of prenatal stress (�5 NLEs) was
associated with lower levels of forced expiratory volume in 1 second (FEV1) (z score ¼ �0.53, P ¼ .03), forced
vital capacity (FVC) (z score ¼ �0.49, P ¼ .04), and forced expiratory flow between 25% and 75% (FEF25%e75%)
(z score ¼ �0.68, P ¼ .01) after covariate adjustment; effects were similar for postnatal stress considered
separately. In sex-stratified analyses, high postnatal stress (�5 NLEs) was associated with lower FEV1

(z score ¼ �0.76, P ¼ .01), FVC (z score ¼ �0.77, P ¼ .01), and FEF25%e75% (z score ¼ �0.67, P ¼ .02) in boys but
not girls, although the interaction term was not significant (P for interaction >.10).
Conclusion: These are the first prospective data that link perinatal stress with reduced child lung function.
High levels of stress in the prenatal and postnatal periods were associated with symmetric reductions in
FEV1 and FVC consistent with impaired lung growth. Given that lung function growth patterns are estab-
lished by 7 years of age, these findings have lifelong implications.
� 2017 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.
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An important step toward identifying children at risk for chronic
respiratory disease is characterizing exposures and mechanisms
that lead to and maintain early predisposition. Lung function at
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age determine early adulthood pulmonary function.2,3 Impaired
adult maximal attained lung function is a major risk factor for the
development of chronic obstructive pulmonary disease (COPD),4

the projected fourth leading cause of death by 2020.5 Longitudi-
nal studies have associated early life factors, including active and
passive smoking prenatally and during childhood,6 birth weight,7

gestational age,8 and asthma,9 with reduced lung function during
the life course. However, these factors account for a relatively small
proportion of the risk, suggesting that as yet unidentified risk fac-
tors exist. Further delineation of factors that contribute to lung
function development that may be amenable to intervention is thus
important.
sevier Inc. All rights reserved.
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Developmental origins of lung structure and function, beginning
in utero, involve the coordinated maturation of the immune, neu-
ral, and endocrine systems. Environmental toxins, such as psy-
chological stress, that disrupt these interrelated systems in critical
developmental periods can alter the course of lung morphogenesis
and maturation, resulting in long-term changes in the respiratory
system.10 Infants remain vulnerable because these systems are
highly reactive and labile in response to environmental stressors,
particularly in the first 2 years when rapid lung development
continues.11

Although studies link stress to age-related deterioration in
pulmonary function,12 the few studies that have examined effects
on childhood lung function present mixed results. Urban Boston
children exposed to higher levels of interpersonal violence over
childhood had symmetric reductions in forced vital capacity (FVC)
and forced expiratory volume in 1 second (FEV1) by 6 to 7 years of
age.13 A study of adolescents in California found associations be-
tween family conflict and reductions in FEV1 among boys but not
girls.14 A study in the United Kingdom found no association be-
tween racism and adolescent lung function.15 No prior study has
examined associations between stress starting prenatally and
childhood lung function or assessed the relative effect of prenatal
or postnatal stress exposure to better delineate critical windows.

Leveraging an ethnically mixed prospective pregnancy cohort
study, we examined the relative importance of exposure to prenatal
and/or postnatal stress in association with children’s lung function
by 7 years of age. Specifically, we first examined effects of prenatal
and postnatal stress in independent models, then mutually
adjusted for prenatal and postnatal stress to examine their relative
importance. We also explored effect modification by child’s sex.

Methods

Study Participants

Participants were from the Asthma Coalition on Community,
Environment, and Social Stress project, a pregnancy cohort designed
to examine the effects of perinatal stress and other environmental
factors on childhood respiratory disorders.16 Between August 2002
and January 2007, 500 English- or Spanish-speaking pregnant
women (mean [SD] of 28.4 [7.9] weeks’ gestation) receiving care at
Brigham & Women’s Hospital, Boston Medical Center, and affiliated
community health centers were enrolled. Research assistants
approachedwomen receiving prenatal care on select clinic days; 78%
of those approached who were eligible agreed to enroll. There were
no significant differences in race/ethnicity, educational level, and
income betweenwomen enrolled and those who declined; 455 gave
birth to a live born infant and continued follow-up. Lung function
testing was conducted on children naive to spirometry at a mean
(SD) of 6.99 (0.89) years of age between March 2012 and September
2014; 230 of the 375 children actively followed up participated in
spirometry testing. Procedures were approved by human studies
committees at the Brigham and Women’s Hospital and Boston
Medical Center; written consent was obtained from all mothers, and
assent was obtained for children 7 years or older.

Negative Life Events

Prenatal and postnatal maternal stress was measured using the
Crisis in Family SystemseRevised survey, validated in English and
Spanish, administered within 2 weeks of enrollment and between
12 and 18 months postnatally.17,18 Mothers were asked to endorse
life events experienced in the past 6 months across 11 domains
(eg, financial, legal, career, relationships, safety in the home, safety
in the community, medical issues pertaining to self, medical issues
pertaining to others, home issues, authority, and prejudice) and to
rate each as positive, negative, or neutral. The number of domains
with one or more negative event was summed to create a negative
life events (NLEs) domain score (range of 0 to 8 in our sample), with
higher scores indicating greater stress.19

Pulmonary Function Testing

Trained research assistants measured child height, weight, and
lung function, with overreading performed for all spirometry tests to
ensure quality control. Heightwasmeasured to the nearest 0.1 cmon
a stadiometer, and weight was measured to the nearest 0.1 kg on an
electronic scale. Spirometry was performed in participant homes
with a portable MedGraphics laptop-supported spirometer, which
displays real-time flow-volume plots to facilitate testing. Testing
procedures met American Thoracic Society guidelines20,21 with
techniques modified for children 8 years or younger.22,23 Subjects
without acute respiratory symptoms for 3 weeks or more were
eligible for testing. Short-acting b-agonists, atropinics, and theoph-
ylline preparations were withheld for 4 hours and long-acting b-
agonists for 12 hours before testing. Parameters were recorded from
a minimum of 3 (no more than 8) maneuvers and included the
following: forced vital capacity (FVC), forced expiratory volume in 1
second (FEV1), and forced expiratory flow between 25% and 75% of
the FVC (FEF25%e75%). Lung function measures, height, and weight
were all approximately normally distributed. Raw FEV1, FVC, FEF25%e
75%, and FEV1/FVC values were adjusted for age, sex, height, and race/
ethnicity using multivariable regression and then converted to
z scores with a mean (SD) of 0 (1). The rationale for using z scores in
our ethnically diverse population aged 7 years is that z scores, unlike
percent predicted,24,25 describe each child’s lung function parameter
in relation to that of other children in the distribution.26

Covariates

Potential confounders and pathway variables were considered.
Questionnaires ascertained maternal age, educational level, race/
ethnicity, asthma history (ever having clinician-diagnosed asthma),
as well as child’s sex, season of birth, and birth weight. Child’s
gestational age was based on reported last menstrual period or
obstetric estimates based on a second-trimester ultrasonogram if
dates differed by more than 10 days on medical record review.27

Sex-specific birth weight for gestational age z scores were calcu-
lated based on US reference data.28 Mothers who reported smoking
at baseline and/or in the third trimester were classified as prenatal
smokers; postnatal smoke exposure was based on maternal report
of smoking and/or whether others smoked in the home at each
postpartum interview. Maternal-reported clinician-diagnosed
asthma was ascertained through interviews at approximately
3-month intervals for the first 24 months of life and then annually
thereafter up to the time of spirometry. Mothers were asked, “Has a
doctor or nurse ever said that your child had asthma?”

Statistical Analysis

We considered stress exposure categorized in 2 different ways.
In the primary initial analysis, the NLEs score was categorized a
priori as 0, 1 to 2, 3 to 4, or 5 or higher to assess exposure-response
associations. Univariate and multivariable linear regressions were
run to examine associations between prenatal and postnatal
maternal stress and children’s pulmonary function measures,
including FEV1, FVC, FEF25%e75%, and FEV1/FVC z scores. We first
examined effects of prenatal and postnatal NLEs in separate
models. In addition to the covariates accounted for in deriving the
spirometry measure z scores (age, sex, height, race/ethnicity), we
adjusted for potential confounders linked to stress and lung func-
tion, including maternal educational level and child’s asthma
diagnosis. We next adjusted for variables potentially on the
pathway between stress and lung function, including sex-specific
birth weight for gestational age z score and maternal tobacco
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smoke exposure, as a sensitivity analysis. We also considered stress
dichotomized as low (<5 NLEs) compared with high stress (�5
NLEs) to facilitate our ability to consider sex differences. We
examined associations with lung function by considering high- and
low-stress exposure in separate models in the sample as a whole
and then in sex-stratified analyses. We next included both prenatal
and postnatal stress (high vs low) in the same model to explore the
relative importance of stress exposure in these developmental
windows. Again, we considered the sample as a whole as well as
stratifying by child sex. Effect modification was also explored by
including a product term (sex by NLE) in the models using the
dichotomous NLEs indicator. Because prenatal and postnatal NLEs
were moderately correlated (r ¼ 0.54, P < .01), we assessed
collinearity using standard collinearity diagnostics for linear
regression. The condition indexes are defined as the square roots of
the ratio of the largest eigenvalue to each individual eigenvalue of
the cross-product matrix X’X, where X is the set of the explanatory
variables used in the regression model.29 The index number of the
matrix, the largest condition index, was used as an indicator of
collinearity. A condition index of 10 is associated with weak
collinearity, whereas numbers approaching 30 to 100 suggest
moderate to strong collinearity.30 The condition index in our
analysis, including both prenatal and postnatal NLEs, was 3.99,
indicating minimal collinearity. Analyses were performed using
SAS statistical software, version 9.4 (SAS Institute Inc, Cary, North
Carolina).

Results

Of the 230 participating children, 211 (91.7%) provided accept-
able spirometry; among these, 199 had data available on prenatal
Table 1
Characteristics of Asthma Coalition on Community, Environment, and Social Stress Study

Characteristic All (N ¼ 199

Categorical variables, No. (%)
Maternal race
Hispanic 129 (64.8)
African American 42 (21.1)
White or other 28 (14.1)

Maternal educational level, y
>12 65 (32.7)
�12 134 (67.3)

Child ever asthmaa

No 164 (82.4)
Yes 35 (17.6)

Prenatal maternal smoking
No 170 (85.4)
Yes 29 (14.6)

Postnatal household tobacco smokeb

No 155 (77.9)
Yes 44 (22.1)

Continuous variables
FEV1, mean (SD), L 1.44 (0.25)
FVC, mean (SD), L 1.58 (0.29)
FEF25%e75%, mean (SD), L/s 1.87 (0.46)
FEV1/FVC ratio, mean (SD) 0.92 (0.05)
z score of FEV1, median (IQR)c �0.09 (�0.79
z score of FVC, median (IQR)c �0.12 (�0.74
z score of FEF25%e75%, median (IQR)c �0.12 (�0.73
z score of FEV1/FVC ratio, median (IQR)c 0.02 (�0.66
Prenatal negative life events, median (IQR) (range, 0e8)d 2 (1 to 3
Postnatal negative life events, median (IQR) (range, 0e8)d 2 (1 to 3
Age at spirometry test, mean (SD), y 6.99 (0.89)
Height at spirometry test, mean (SD), cm 121.8 (7.4)
Birth weight for gestational age z score, median (IQR) �0.11 (�0.79

Abbreviations: FEF25%e75%, forced expiratory flow between 25% and 75%; FEV1, forced ex
aEver diagnosed with asthma before spirometry test.
bMaternal report of smoking and/or whether others smoked in the home at each postpa
cAdjusted for age, sex, height, and race.
dAssessed using Crisis in Family Systems-Revised survey; multi-item survey summarized
and postnatal stress. Demographic characteristics of those included
in analyses vs excluded participants were not significantly
different.

Table 1 summarizes the participant characteristics. Mothers
were predominantly ethnic minorities (65% Hispanic, 21% African
American), most had less than or equal to 12 years of education
(67%), and most did not smoke prenatally (78%). No significant
differences were found between boys and girls except that boys
were more likely to be diagnosed with asthma compared with
girls (P < .01).

Independent Effects of Prenatal and Postnatal Maternal NLEs on
Child Spirometry

Results of models considering prenatal and postnatal stress
separately (Table 2 and Table 3) did not show a clear exposure-
response association. Rather, the highest stress group (�5 NLEs)
was most significantly related to lower levels of lung functionwhen
compared with children of mothers reporting the lowest levels of
stress in these periods (0 NLEs). In the sample as a whole, the
highest level of prenatal stress compared with the lowest stress
category was associated with lower levels of FEV1 (z score ¼ �0.53,
P ¼ .03), FVC (z score ¼ �0.49, P ¼ .045), and FEF25%e75%
(z score ¼ �0.68, P ¼ .01), adjusting for maternal educational level,
child’s asthma status, birth weight z score, and prenatal smoking
(Table 2). For postnatal stress, the highest vs lowest stress category
was significantly associated with reduced FEV1 (z score ¼ �0.51,
P ¼ .04) and FVC (z score ¼ �0.51, P ¼ .04) in the fully adjusted
model; there was a reduction in FEF25%e75% in the highest stress
group, although this finding did not reach statistical significance
(z score ¼ �0.45, P ¼ .09) (Table 3).
Participants

) Boys (n ¼ 106) Girls (n ¼ 93)

67 (63.2) 62 (66.7)
22 (20.8) 20 (21.5)
17 (16.0) 11 (11.8)

36 (34.0) 29 (31.2)
70 (66.0) 64 (68.8)

77 (72.6) 87 (93.6)
29 (27.4) 6 (6.5)

90 (84.9) 80 (86.0)
16 (15.1) 13 (14.0)

79 (74.5) 76 (81.7)
27 (25.5) 17 (18.3)

1.46 (0.23) 1.42 (0.26)
1.60 (0.26) 1.55 (0.32)
1.83 (0.47) 1.91 (0.44)
0.91 (0.06) 0.92 (0.05)

to 0.66) �0.13 (�0.58 to 0.61) �0.08 (�0.96 to 0.68)
to 0.64) �0.02 (�0.51 to 0.68) �0.15 (�1.03 to 0.57)
to 0.63) �0.31 (�0.87 to 0.33) 0.29 (�0.62 to 0.96)
to 0.64) �0.43 (�0.99 to 0.14) 0.59 (0.02 to 1.27)
) 2 (1 to 3) 2 (1 to 3)
) 2 (1 to 3) 2 (1 to 3)

6.90 (0.78) 7.10 (0.99)
121.9 (7.3) 121.7 (7.6)

to 0.57) �0.10 (�0.76 to 0.72) �0.11 (�0.72 to 0.54)

piratory volume in 1 second; FVC, forced vital capacity; IQR, interquartile range.

rtum interview.

into a continuous score.



Table 2
Associations Between Prenatal Maternal NLEs and Childhood PFT z Scores: Linear Regressiona

Univariate model Multivariable-adjusted modelsb

b (SE) P value Model 1 Model 2 Model 3

b (SE) P value b (SE) P value b (SE) P value

Outcome: FEV1

0 NLEs Reference NA Reference NA Reference NA Reference NA
1e2 NLEs �0.13 (0.20) .49 �0.14 (0.20) .48 �0.12 (0.19) .54 �0.25 (0.19) .18
3e4 NLEs �0.03 (0.22) .89 �0.04 (0.22) .86 �0.05 (0.21) .81 �0.11 (0.20) .59
�5 NLEs �0.46 (0.26) .08 �0.48 (0.25) .06 �0.50 (0.25) .05 �0.53 (0.24) .03

Outcome: FVC
0 NLEs Reference NA Reference NA Reference NA Reference NA
1e2 NLEs �0.11 (0.20) .58 �0.11 (0.20) .56 �0.09 (0.19) .63 �0.231 (0.19) .22
3e4 NLEs �0.01 (0.22) .96 �0.02 (0.22) .93 �0.03 (0.21) .89 �0.09 (0.20) .66
�5 NLEs �0.42 (0.26) .11 �0.43 (0.25) .09 �0.46 (0.25) .07 �0.49 (0.24) .045

Outcome: FEF25%e75%

NLEs 0 Reference NA Reference NA Reference NA Reference NA
NLEs: 1e2 �0.28 (0.19) .16 �0.28 (0.19) .15 �0.27 (0.19) .17 �0.37 (0.19) .05
NLEs: 3e4 �0.16 (0.22) .46 �0.17 (0.21) .43 �0.18 (0.21) .41 �0.22 (0.21) .28
NLEs �5 �0.62 (0.25) .02 �0.65 (0.25) .01 �0.66 (0.25) .01 �0.68 (0.25) .01

Outcome: FEV1/FVC ratio
0 NLEs Reference NA Reference NA Reference NA Reference NA
1e2 NLEs �0.15 (0.20) .44 �0.15 (0.20) .44 �0.18 (0.19) .36 �0.06 (0.19) .74
3e4 NLEs �0.22 (0.22) .31 �0.22 (0.22) .32 �0.20 (0.21) .34 �0.15 (0.21) .47
�5 NLEs �0.09 (0.26) .74 �0.08 (0.26) .75 �0.06 (0.25) .82 �0.03 (0.25) .92

Abbreviations: FEF25%e75%, forced expiratory flow between 25% and 75%; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; NA, not applicable; NLEs,
negative life events; PFT, pulmonary function test.
aPrenatal NLEs sample sizes: 0 NLEs, n¼ 37 (18.6%); 1 to 2 NLEs, n¼ 86 (43.2%); 3 to 4 NLEs, n¼ 50 (25.1%); and 5 or more NLEs, n¼ 26 (13.1%). The PFT z scores were adjusted
for age, sex, height, and race.
bMultivariable-adjusted linear regressions (models 1e3) predicting PFT z scores (dependent variables). Model 1 was adjusted for maternal educational level. Model 2 was
adjusted for maternal educational level and child’s asthma diagnosis (yes/no). Model 3 was adjusted for maternal educational level, child’s asthma diagnosis (yes/no), birth
weight z score, and prenatal smoking.
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Because linear regression models in Table 2 and Table 3
demonstrated that the highest NLEs exposure group (�5) was
most strongly associated with reduced lung function, subsequent
analyses considered stress dichotomized as high (�5 NLEs) vs low
(<5 NLEs). Considering stress exposure as a dichotomized indicator
Table 3
Associations Between Postnatal Maternal NLEs and Childhood PFT z Scores: Linear Regre

Univariate model Multivariable-adjusted mo

b (SE) P value Model 1

b (SE) P va

Outcome: FEV1

0 NLEs Reference NA Reference NA
1e2 NLEs 0.11 (0.18) .57 0.12 (0.18) .50
3e4 NLEs 0.16 (0.22) .47 0.16 (0.22) .46
�5 NLEs �0.52 (0.27) .05 �0.48 (0.26) .07

Outcome: FVC
0 NLEs Reference NA Reference NA
1e2 NLEs 0.12 (0.18) .51 0.14 (0.18) .45
3e4 NLEs 0.17 (0.22) .43 0.18 (0.22) .42
�5 NLEs �0.51 (0.26) .06 �0.47 (0.26) .07

Outcome: FEF25%e75%

0 NLEs Reference NA Reference NA
1e2 NLEs 0.09 (0.19) .64 0.11 (0.19) .55
3e4 NLEs 0.14 (0.22) .53 0.14 (0.22) .52
�5 NLEs �0.49 (0.27) .07 �0.44 (0.27) .11

Outcome: FEV1/FVC ratio
0 NLEs Reference NA Reference NA
1e2 NLEs �0.22 (0.19) .23 �0.22 (0.19) .23
3e4 NLEs �0.19 (0.22) .40 �0.19 (0.22) .40
�5 NLEs 0.31 (0.27) .25 0.30 (0.27) .26

Abbreviations: FEF25%e75%, forced expiratory flow between 25% and 75%; FEV1, forced e
negative life events; PFT, pulmonary function test.
aPostnatal NLEs sample sizes: 0 NLEs, n ¼ 40 (23.1%); 1 to 2 NLEs, n ¼ 79 (45.7%); 3 to 4
bMultivariable-adjusted linear regressions (models 1e3) predicting PFT z scores (depen
adjusted for maternal educational level and child’s asthma diagnosis (yes/no). Model 3 w
weight z score, and prenatal smoking.
also maintained reasonable cell sizes to facilitate examination of
sex-specific effects in stratified analyses. In the sample as a whole,
high stress (�5 NLEs) vs low stress (<5 NLEs) was significantly
associated with reductions in FEV1, FVC, and the FEF25%e75% for both
the prenatal and postnatal periods (Table 4). In sex-stratified
ssiona

delsb

Model 2 Model 3

lue b (SE) P value b (SE) P value

Reference NA Reference NA
0.14 (0.18) .46 0.12 (0.17) .48
0.12 (0.22) .58 0.14 (0.21) .52

�0.54 (0.27) .04 �0.51 (0.25) .04

Reference NA Reference NA
0.15 (0.18) .40 0.14 (0.17) .42
0.13 (0.22) .54 0.15 (0.21) .48

�0.54 (0.26) .04 �0.51 (0.25) .04

Reference NA Reference NA
0.12 (0.19) .53 0.11 (0.18) .55
0.12 (0.22) .59 0.13 (0.22) .56

�0.47 (0.27) .08 �0.45 (0.27) .09

Reference NA Reference NA
�0.24 (0.18) .19 �0.23 (0.18) .20
�0.13 (0.22) .57 �0.15 (0.22) .49
0.40 (0.27) .14 0.37 (0.26) .15

xpiratory volume in 1 second; FVC, forced vital capacity; NA, not applicable; NLEs,

NLEs, n ¼ 35 (20.2%); and 5 or more NLEs, n ¼ 19 (11%).
dent variables). Model 1 was adjusted for maternal educational level. Model 2 was
as adjusted for maternal educational level, child’s asthma diagnosis (yes/no), birth



Table 4
Associations Between Prenatal and Postnatal NLEs and Childhood PFT z Scores in in Separate Models: Linear Regressiona

NLEs score (�5 vs Others) PFT outcomes All Boys Girls

b (SE) P value b (SE) P value b (SE) P value

Prenatal FEV1 �0.42 (0.21) .04 �0.41 (0.27) .12 �0.43 (0.33) .19
FVC �0.40 (0.21) .05 �0.40 (0.27) .13 �0.39 (0.33) .23
FEF25%e75% �0.48 (0.21) .02 �0.45 (0.26) .08 �0.52 (0.32) .11
FEV1/FVC 0.09 (0.21) .66 0.15 (0.23) .51 �0.01 (0.28) .98

Postnatal FEV1 �0.64 (0.23) .01 �0.76 (0.29) .01 �0.47 (0.38) .22
FVC �0.65 (0.23) .01 �0.77 (0.28) .01 �0.46 (0.38) .22
FEF25%e75% �0.56 (0.24) .02 �0.67 (0.29) .02 �0.50 (0.38) .19
FEV1/FVC 0.55 (0.23) .02 0.67 (0.25) .01 0.25 (0.31) .43

Abbreviations: FEF25%e75%, forced expiratory flow between 25% and 75%; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; NLEs, negative life events;
PFT, pulmonary function test.
aModel adjusted for maternal educational level and child’s asthma diagnosis (yes/no). PFT z scores adjusted for age, sex, height, and race.
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analyses, reductions in FEV1, FVC, and FEF25%e75% were similar in
magnitude in relation to high prenatal stress exposure, although
these associations did not reach statistical significance in boys or
girls. However, associations between high postnatal stress expo-
sure and lower FEV1 (z score¼�0.76, P¼ .01), FVC (z score¼�0.77,
P ¼ .01), and FEF25%e75% (z score ¼ �0.67, P ¼ .02) remained sig-
nificant in boys but not girls (Table 4). Interaction terms did not
reach significance (prenatal NLE dichotomous indicator � sex P for
interaction >.10, postnatal NLE dichotomous indicator � sex P for
interaction >.10).

Mutual Adjustment for Prenatal and Postnatal Maternal Stress

Table 5 presents results from linear regression models concur-
rently considering prenatal and postnatal maternal NLEs and pul-
monary function testing (PFT) z scores. When prenatal stress and
postnatal stress were included in the model together (Table 5), the
highest level of postnatal stress exposure remained significantly
associated, with lower FEV1 (z score ¼ �0.58, P ¼ .02), FVC
(z score ¼ �0.59, P ¼ .01), and FEF25%e75% levels (z score ¼ �0.48,
P ¼ .05). In sex-stratified analyses, this association was significant
only among boys (P for interaction >.10).

Discussion

This is the first prospective study demonstrating that increased
psychological stress in pregnancy and the first 2 years of life is
associated with reductions in children’s lung function by 7 years of
age. Overall, the patterns reflect a threshold effect for stress in that
those children exposed to the highest level of stress in either
developmental window had significant reductions in FEV1, FVC,
and FEF25%e75% z scores with a preserved FEV1/FVC ratio when
these exposure periods were considered separately. Although
Table 5
Linear Regression Models Mutually Adjusted for Prenatal and Postnatal NLEs Predicting

PFT outcomes NLEs score All

b (SE) P value

FEV1 Pre �5 �0.20 (0.21) .34
Post �5 �0.58 (0.24) .02

FVC Pre �5 �0.18 (0.21) .40
Post �5 �0.59 (0.24) .01

FEF25%e75% Pre �5 �0.27 (0.22) .21
Post �5 �0.48 (0.24) .05

FEV1/FVC Pre �5 �0.07 (0.21) .73
Post �5 0.57 (0.24) .02

Abbreviations: FEF25%e75%, forced expiratory flow between 25% and 75%; FEV1, forced ex
PFT, pulmonary function test.
aMultivariable-adjusted linear regressions predicting PFT z scores (dependent variables
diagnosis (yes/no). PFT z scores adjusted for age, sex, height, and race.
associations were in the same direction for both boys and girls in
stratified analyses, these associations reached significance only
in boys.

The mind-body paradigm linking psychological stress and af-
fective states to key physiologic mechanisms, including neuroen-
docrine and immune functioning, oxidative stress, and autonomic
response, provides a framework to explore plausible physiologic
mechanisms through which psychological stress can influence lung
development.10 Disturbed regulation of stress systems (eg, HPA
axis, autonomic nervous system) may modulate offspring immune
function starting in utero,31 leading to altered systemic cytokine
production.32,33 Chronic maternal or caregiver stress in pregnancy
and the early childhood period have been associated with persis-
tent wheeze34,35 and asthma36,37 in early childhood as well as
factors that may initiate or potentiate inflammation in the lung (eg,
HPA axis disruption, enhanced nonspecific and allergen-specific
lymphocyte proliferation, differential cytokine expression).38e40

Persistent wheeze,41 atopy,42 and asthma2 have, in turn, been
linked to reduced lung function in childhood. Chronic psychological
stress has also been linked to other risk factors that are associated
with reduced lung function, including respiratory infections43 and
smoking behaviors.44 Other research indicates that early-life stress
can enhance the effects of other environmental factors that affect
lung growth and development.45,46

Our results reveal a symmetric reduction in FEV1 and FVC with a
preserved ratio in response to prenatal and postnatal stress, sug-
gesting impaired lung growth in these critical windows. These
findings expand on prior research linking prenatal maternal stress
or stress correlates (eg, depression, anxiety) to impaired fetal
growth47; impaired fetal growth, in turn, can limit lung growth and
maturation, resulting in smaller lungs. Studies have demonstrated
associations between poor fetal growth and reduced lung function
PFT z Scores at 6 Years of Agea

Boys Girls

b (SE) P value b (SE) P value

�0.05 (0.27) .85 �0.33 (0.34) .34
�0.74 (0.31) .02 �0.4 (0.39) .30
�0.04 (0.26) .89 �0.29 (0.34) .40
�0.76 (0.30) .01 �0.40 (0.38) .30
�0.15 (0.27) .58 �0.41 (0.34) .23
�0.61 (0.31) .05 �0.41 (0.38) .29
�0.15 (0.23) .51 �0.08 (0.28) .78
0.73 (0.26) .01 0.26 (0.32) .41

piratory volume in 1 second; FVC, forced vital capacity; NLEs, negative life events;

). Models additionally adjusted for maternal educational level and child’s asthma
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in adults that are independent of smoking and socioeconomic
status.48 Similar associations have been found among poor fetal
growth and children’s lung function that are independent of
gestational age and maternal prenatal smoking.49 Furthermore,
these findings support those of our earlier Boston cohort study
linking violence exposure (a community-level stressor) during
childhood with reduced FEV1 and FVC at 6 years of age.13

Sex-stratified analyses reveal that lung function was most
significantly reduced in boys in the postnatal period, with a trend
toward significance prenatally. Our results support the previously
reported associations between maternal stress assessed using the
same NLE measure and child asthma risk by 6 years of age, which
also found that boys were more susceptible to both prenatal and
postnatal maternal stress.36 It may be the case that different types
of stress have variable effects on lung development and may affect
girls and boys differently, as demonstrated for other disorders.50

This finding may explain disparate findings in other studies
examining effects of early-life stress on childhood lung function in
relation to child sex.

These data indicate that children exposed to the highest levels of
prenatal and postnatal maternal stress have a mean 133-mL (9.2%)
and 128-mL (8.9%) reduction in FEV1 and a 142-mL (9.0%) and 148-
mL (9.4%) reduction in FVC, respectively, at 7 years of age compared
with their counterparts experiencing lower stress in these critical
periods. These reductions may have lifelong implications. Prior
prospective studies demonstrate that lung function growth pat-
terns established by 7 years of age track through middle adulthood
with impairments in early-life lung function persisting even after
20 years of follow-up.1e3,51 Furthermore, the prior paradigm that
adult chronic respiratory disorders, such as COPD, result from a
rapid rate of lung function decline in adulthood has been chal-
lenged by the finding that many adults with COPD have impaired
maximally attained lung function reflective of impaired early life
lung growth with a subsequent normal rate of lung function
decline.4 Therefore, in addition to the implications for childhood
respiratory disease, reduced lung function in children exposed to
elevated levels of prenatal and postnatal maternal stress can pre-
dispose individuals to future chronic respiratory diseases.

Strengths of this study include the prospective study design
with assessment of stress prenatally and in the first 2 years of life
(ie, previously identified vulnerable developmental windows for
lung growth and stress programming) using a validated measure of
maternal life events. Other strengths include our focus in an
ethnically diverse lower income population more likely to be
affected by increased stress and reduced lung function and our
ability to adjust for several important confounders and potential
pathway variables.

We also acknowledge limitations. Although we adjust for a
number of sociodemographic factors and possible pathway vari-
ables, including tobacco smoke exposures and birth weight
adjusted for gestational age, we were unable to consider other
factors that may be associated with stress and compromised lung
growth (eg, prenatal and early-life nutritional status of mothers
and infants, respectively). Future studies should also incorporate
biomarker measures of stress response systems, including the HPA
axis, autonomic nervous system functioning, and immune function,
during early development that may be dysregulated by stress and
play a role in morphogenesis and maturation of the respiratory
system. Although our sample size was large enough to detect as-
sociations between prenatal and postnatal maternal stress and
child lung function in the sample as a whole, further exploration of
sex-specific effects will be enhanced through increased sample size
in future studies. Continued research examining sex differences in
associations between maternal stress and child respiratory out-
comes may elucidate underlying programming pathways. Thus,
future studies should also incorporate biomarker measures of
stress response systems, including the HPA and hypothalamic-
pituitary-gonadal axes, autonomic nervous system functioning,
and immune function, during early development that may be
sexually dimorphic.52 There should also be increased focus on
placental functioning, given emerging evidence of a significant role
of placenta in lung morphogenesis53 and stress-elicited epigenetic
programming.54 For example, recent analyses in the Lifestyle and
Environmental Factors and Their Influence on Newborns Allergy
Risk study reported differentially methylated regions in calcium-
and Wnt-signaling pathways involved in lung maturation prena-
tally among children exposed to increased prenatal stress who
developed wheeze.54 Other evidence indicates that stress-induced
epigenetic changes that influence development can be sex
specific.55,56

In summary, these data are the first to identify psychosocial
stress as an important environmental factor that influences lung
growth and development in early life. These data add to an
increasing body of epidemiologic research demonstrating an as-
sociation between increased perinatal maternal stress and adverse
childhood respiratory outcomes. Given the increasing evidence
linking perinatal stress to early respiratory morbidity, researchers
should begin to develop and study interventions, at the individual
and policy levels, to reduce maternal stress to promote optimal
lung development and potentially reduce the burden of childhood
respiratory disease. Given known associations between child and
adult respiratory disease, these interventions may have lasting
implications. Regarding the threshold effect for stress, these ana-
lyses found that children born to mothers with the highest levels of
stress exposure in these critical windows had significantly
decreased lung function. Although it is not practical to eliminate
stress, these data suggest that providing resources and supports
that reduce stress experiences during pregnancy and early child-
hood to more normative levels can mitigate effects on the next
generation. This would involve screening pregnant women and
mothers in the early postpartum period for stress exposures so that
we can target interventions especially to those with more extreme
stress exposure.

Acknowledgment

We thank Darcie Revay, CPFT, who trained the research team and
overread the PFT results.
References

[1] Stern DA, Morgan WJ, Wright AL, Guerra S, Martinez FD. Poor airway function
in early infancy and lung function by age 22 years: a non-selective longitu-
dinal cohort study. Lancet. 2007;370:758e764.

[2] Grad R, Morgan WJ. Long-term outcomes of early-onset wheeze and asthma.
J Allergy Clin Immunol. 2012;130:299e307.

[3] Morgan WJ, Stern DA, Sherrill DL, et al. Outcome of asthma and wheezing in
the first 6 years of life: follow-up through adolescence. Am J Respir Crit Care
Med. 2005;172:1253e1258.

[4] Lange P, Celli B, Agusti A, et al. Lung-function trajectories leading to chronic
obstructive pulmonary disease. N Engl J Med. 2015;373:111e122.

[5] Mannino DM, Braman S. The epidemiology and economics of chronic
obstructive pulmonary disease. Proc Am Thorac Soc. 2007;4:502e506.

[6] Gilliland FD, Berhane K, McConnell R, et al. Maternal smoking during preg-
nancy, environmental tobacco smoke exposure and childhood lung function.
Thorax. 2000;55:271e276.

[7] Tennant PW, Gibson GJ, Pearce MS. Lifecourse predictors of adult respiratory
function: results from the Newcastle Thousand Families Study. Thorax. 2008;
63:823e830.

[8] den Dekker HT, Sonnenschein-van der Voort AM, de Jongste JC, et al. Early
growth characteristics and the risk of reduced lung function and asthma: a
meta-analysis of 25,000 children. J Allergy Clin Immunol. 2016;137:
1026e1035.

[9] Tagiyeva N, Devereux G, Fielding S, Turner S, Douglas G. Outcomes of child-
hood asthma and wheezy bronchitis. a 50-year cohort study. Am J Respir Crit
Care Med. 2016;193:23e30.

[10] Wright RJ. Perinatal stress and early life programming of lung structure and
function. Biol Psychol. 2010;84:46e56.

http://refhub.elsevier.com/S1081-1206(17)30463-5/sref1
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref1
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref1
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref1
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref2
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref2
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref2
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref3
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref3
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref3
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref3
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref4
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref4
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref4
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref5
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref5
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref5
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref6
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref6
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref6
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref6
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref7
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref7
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref7
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref7
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref8
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref8
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref8
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref8
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref8
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref9
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref9
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref9
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref9
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref10
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref10
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref10


A.G. Lee et al. / Ann Allergy Asthma Immunol xxx (2017) 1e7 7
[11] Herriges M, Morrisey EE. Lung development: orchestrating the generation
and regeneration of a complex organ. Development. 2014;141:502e513.

[12] Lehrer P. Anger, stress, dysregulation produces wear and tear on the lung.
Thorax. 2006;61:833e834.

[13] Suglia SF, Ryan L, Laden F, Dockery DW, Wright RJ. Violence exposure, a
chronic psychosocial stressor, and childhood lung function. Psychosom Med.
2008;70:160e169.

[14] Bandoli G, Ghosh JK, von Ehrenstein O, Ritz B. Psychosocial stressors and lung
function in youth ages 10-17: an examination by stressor, age and gender.
J Public Health (Oxf). 2017;39:297e303.

[15] Astell-Burt T, Maynard MJ, Lenguerrand E, Whitrow MJ, Molaodi OR,
Harding S. Effect of air pollution and racism on ethnic differences in respi-
ratory health among adolescents living in an urban environment. Health
Place. 2013;23:171e178.

[16] Wright RJ, Suglia SF, Levy J, et al. Transdisciplinary research strategies for
understanding socially patterned disease: the Asthma Coalition on Commu-
nity, Environment, and Social Stress (ACCESS) Project as a case study. Cien
Saude Colet. 2008;13:1729e1742.

[17] Berry CA, Quinn KA, Portillo N, Shalowitz MU. Reliability and validity of the
Spanish Version of the Crisis in Family Systems-Revised. Psychol Rep. 2006;
98:123e132.

[18] Shalowitz MU, Berry CA, Rasinski KA, Dannhausen-Brun CA. A new measure
of contemporary life stress: development, validation, and reliability of the
CRISYS. Health Serv Res. 1998;33(5 pt 1):1381e1402.

[19] Myers H. Ethnicity- and socio-economic status-related stresses in context: an
integrative review and conceptual model. J Behavioral Med. 2009;32:9e19.

[20] Miller MR, Hankinson J, Brusasco V, et al. Standarisation of spirometry. Eur
Respir J. 2005;26:319e338.

[21] Beydon N, Davis SD, Lombardi E, et al. An official American Thoracic Society/
European Respiratory Society statement: pulmonary function testing in pre-
school children. Am J Respir Crit Care Med. 2007;175:1304e1345.

[22] Arets HG, Brackel HJ, van der Ent CK. Forced expiratory manoeuvres in chil-
dren: do they meet ATS and ERS criteria for spirometry? Eur Respir J. 2001;18:
655e660.

[23] Eigen H, Bieler H, Grant D, et al. Spirometric pulmonary function in healthy
preschool children. Am J Respir Crit Care Med. 2001;163:619e623.

[24] Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a
sample of the general U.S. population. Am J Respir Crit Care Med. 1999;159:
179e187.

[25] Wang X, Dockery DW, Wypij D, Fay ME, Ferris BG Jr. Pulmonary function
between 6 and 18 years of age. Pediatr Pulmonol. 1993;15:75e88.

[26] Quanjer PH, Stanojevic S, Cole TJ, et al. Multi-ethnic reference values for
spirometry for the 3-95-yr age range: the global lung function 2012 equa-
tions. Eur Respir J. 2012;40:1324e1343.

[27] Hoffman CS, Messer LC, Mendola P, Savitz DA, Herring AH, Hartmann KE.
Comparison of gestational age at birth based on last menstrual period and
ultrasound during the first trimester. Paediatr Perinatal Epidemiol. 2008;22:
587e596.

[28] Oken E, Kleinman KP, Rich-Edwards J, Gillman MW. A nearly continuous
measure of birth weight for gestational age using a United States national
reference. BMC Pediatr. 2003;3:6.

[29] Freund RJ. SAS System for Regression. 3rd ed. Cary, NC: SAS Institute Inc; 2000.
[30] Belsley DA, Wlech RE. Regression Diagnostics: Identifying Influential Data and

Sources of Collinearity. New York, NY: John Wiley & Sons; 1980.
[31] deWeerth C, Buitelaar JK. Physiological stress reactivity in human pregnancye a

review. Neurosci Biobehav Rev. 2005;29:295e312.
[32] von Hertzen LC. Maternal stress and T-cell differentiation of the developing

immune system: possible implications for the development of asthma and
atopy. J Allergy Clin Immunol. 2002;109:923e928.

[33] Wright RJ. Stress and atopic disorders. J Allergy Clin Immunol. 2005;116:
1301e1306.

[34] Mathilda Chiu YH, Coull BA, Cohen S, Wooley A, Wright RJ. Prenatal and
postnatal maternal stress and wheeze in urban children: effect of maternal
sensitization. Am J Respir Crit Care Med. 2012;186:147e154.
[35] Chiu YH, Coull BA, Sternthal MJ, et al. Effects of prenatal community violence
and ambient air pollution on childhood wheeze in an urban population.
J Allergy Clin Immunol. 2014;133:713e722.e714.

[36] Lee A, Mathilda Chiu YH, Rosa MJ, et al. Prenatal and postnatal stress and
asthma in children: temporal- and sex-specific associations. J Allergy Clin
Immunol. 2016;138:740e747.

[37] van de Loo KF, van Gelder MM, Roukema J, Roeleveld N, Merkus PJ,
Verhaak CM. Prenatal maternal psychological stress and childhood asthma
and wheezing: a meta-analysis. Eur Respir J. 2016;47:133e146.

[38] Wright RJ, Fisher K, Chiu YH, et al. Disrupted prenatal maternal cortisol,
maternal obesity, and childhood wheeze: insights into prenatal program-
ming. Am J Respir Crit Care Med. 2013;187:1186e1193.

[39] Wright RJ, Finn P, Contreras JP, et al. Chronic caregiver stress and IgE
expression, allergen-induced proliferation, and cytokine profiles in a birth
cohort predisposed to atopy. J Allergy Clin Immunol. 2004;113:
1051e1057.

[40] Wright RJ, Visness CM, Calatroni A, et al. Prenatal maternal stress and cord
blood innate and adaptive cytokine responses in an inner-city cohort. Am J
Respir Crit Care Med. 2010;182:25e33.

[41] Guilbert TW, Singh AM, Danov Z, et al. Decreased lung function after pre-
school wheezing rhinovirus illnesses in children at risk to develop asthma.
J Allergy Clin Immunol. 2011;128:532e538.e531-510.

[42] Illi S, von Mutius E, Lau S, Niggemann B, Gruber C, Wahn U. Perennial allergen
sensitisation early in life and chronic asthma in children: a birth cohort study.
Lancet. 2006;368:763e770.

[43] Nielsen NM, Hansen AV, Simonsen J, Hviid A. Prenatal stress and risk of in-
fectious diseases in offspring. Am J Epidemiol. 2011;173:990e997.

[44] Nguyen KH, Subramanian SV, Sorensen G, Tsang K, Wright RJ. Influence of
experiences of racial discrimination and ethnic identity on prenatal smoking
among urban black and Hispanic women. J Epidemiol Community Health.
2012;66:315e321.

[45] Islam T, Urman R, Gauderman WJ, et al. Parental stress increases the detri-
mental effect of traffic exposure on children’s lung function. Am J Respir Crit
Care Med. 2011;184:822e827.

[46] Peters JL, Cohen S, Staudenmayer J, Hosen J, Platts-Mills TA, Wright RJ. Pre-
natal negative life events increases cord blood IgE: interactions with dust
mite allergen and maternal atopy. Allergy. 2012;67:545e551.

[47] Lewis AJ, Austin E, Galbally M. Prenatal maternal mental health and fetal
growth restriction: a systematic review. J Dev Origins Health Dis. 2016;7:
416e428.

[48] Barker DJ, Godfrey KM, Fall C, Osmond C, Winter PD, Shaheen SO. Relation of
birth weight and childhood respiratory infection to adult lung function and
death from chronic obstructive airways disease. BMJ. 1991;303:671e675.

[49] Rona RJ, Gulliford MC, Chinn S. Effects of prematurity and intrauterine growth
on respiratory health and lung function in childhood. BMJ. 1993;306:
817e820.

[50] Gobinath AR, Mahmoud R, Galea LA. Influence of sex and stress exposure
across the lifespan on endophenotypes of depression: focus on behavior,
glucocorticoids, and hippocampus. Front Neurosci. 2014;8:420.

[51] Phelan PD, Robertson CF, Olinsky A. The Melbourne Asthma Study:
1964-1999. J Allergy Clin Immunol. 2002;109:189e194.

[52] Tibu F, Hill J, Sharp H, Marshall K, Glover V, Pickles A. Evidence for sex dif-
ferences in fetal programming of physiological stress reactivity in infancy. Dev
Psychopathol. 2014;26:879e888.

[53] Di Bernardo J, Maiden MM, Jiang G, Hershenson MB, Kunisaki SM. Paracrine
regulation of fetal lung morphogenesis using human placenta-derived
mesenchymal stromal cells. J Surg Res. 2014;190:255e263.

[54] Trump S, Bieg M, Gu Z, et al. Prenatal maternal stress and wheeze in children:
novel insights into epigenetic regulation. Sci Rep. 2016;6:28616.

[55] Mansell T, Novakovic B, Meyer B, et al. The effects of maternal anxiety during
pregnancy on IGF2/H19 methylation in cord blood. Transl Psychiatry. 2016;6:
e765.

[56] Nugent BM, Bale TL. The omniscient placenta: metabolic and epigenetic
regulation of fetal programming. Front Neuroendocrinol. 2015;39:28e37.

http://refhub.elsevier.com/S1081-1206(17)30463-5/sref11
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref11
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref11
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref12
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref12
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref12
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref13
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref13
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref13
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref13
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref14
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref14
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref14
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref14
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref15
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref15
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref15
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref15
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref15
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref16
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref16
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref16
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref16
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref16
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref17
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref17
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref17
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref17
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref18
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref18
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref18
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref18
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref19
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref19
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref19
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref20
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref20
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref20
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref21
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref21
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref21
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref21
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref22
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref22
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref22
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref22
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref23
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref23
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref23
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref24
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref24
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref24
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref24
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref25
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref25
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref25
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref26
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref26
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref26
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref26
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref27
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref27
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref27
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref27
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref27
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref28
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref28
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref28
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref29
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref30
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref30
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref31
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref31
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref31
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref31
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref32
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref32
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref32
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref32
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref33
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref33
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref33
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref34
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref34
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref34
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref34
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref35
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref35
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref35
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref35
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref36
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref36
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref36
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref36
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref37
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref37
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref37
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref37
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref38
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref38
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref38
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref38
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref39
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref39
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref39
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref39
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref39
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref40
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref40
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref40
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref40
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref41
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref41
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref41
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref41
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref42
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref42
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref42
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref42
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref43
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref43
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref43
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref44
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref44
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref44
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref44
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref44
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref45
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref45
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref45
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref45
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref46
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref46
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref46
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref46
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref47
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref47
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref47
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref47
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref48
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref48
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref48
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref48
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref49
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref49
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref49
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref49
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref50
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref50
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref50
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref51
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref51
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref51
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref52
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref52
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref52
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref52
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref53
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref53
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref53
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref53
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref54
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref54
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref55
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref55
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref55
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref56
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref56
http://refhub.elsevier.com/S1081-1206(17)30463-5/sref56

	Association of prenatal and early childhood stress with reduced lung function in 7-year-olds
	Introduction
	Methods
	Study Participants
	Negative Life Events
	Pulmonary Function Testing
	Covariates
	Statistical Analysis

	Results
	Independent Effects of Prenatal and Postnatal Maternal NLEs on Child Spirometry
	Mutual Adjustment for Prenatal and Postnatal Maternal Stress

	Discussion
	Acknowledgment
	References


